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Inverse magnetic susceptibility as a function of temperature in the
presence of dc magnetic fields and data for 100 Oe, plotted as log

(x-1) verses log(T/T0-1) for nanoform specimen of DysRhAl.
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6.8

Adgar Plate with HosPtAl (A), ErsPtAl (B), Ho2RhSi3 (C), Nd2RhSis
(D), Er2RhSiz (E) sample disks.
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6.9

Agar Plate with HosPtAl (A), ErsPtAl (B), Ho2RhSiz (C), Nd2RhSis3
(C), Er2RhSiz (D) disks, lawned with E. coli and incubated for 2 days
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6.10

Agar Plate lawned with sixth dilution of mixture of E. coli, BHI
broth and powders of DysRhAI (A), ErsPtAl (D), HosPtAl (G),
Er2RhSiz (M), Ho2RhSiz (P), Nd2RhSiz (J) and incubated for 2

days.

227

6.11

Agar Plate lawned with sixth dilution of mixture of Pseudomonas,
BHI broth and powders of DysRhAI (B), ErsPtAl (E), HosPtAl (H),
Er.RhSiz (N), Ho2RhSi3 (Q), Nd2RhSi3 (K) and incubated for 2
days.
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6.12

Agar Plate lawned with sixth dilution of mixture of S. Aureus, BHI
broth and powders of DysRhAI (C), ErsPtAl (F), HosPtAl (1),
Er.RhSiz (O), Ho2RhSi3 (R), Nd2RhSi3 (L), and incubated for 2
days.
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6.13

Left image shows agar plate with wells filled with DysRhAI (A),
HosPtAl (B), ErsPtAl (C) and Hoz2RhSis (D) on day 0 and right
image shows the growth after 28 hours of Incubation at 37°C for P.

Acne.
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6.14

S. Aureus with ErsPtAl nano powder and K region acts as control.
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6.15

E. coli with ErsPtAl nano powder and K region acts as control.
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6.16

Pseudomonas with ErsPtAl nano powder and K region acts as

control.

233
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6.17 | E. Faecalis with ErsPtAl nano powder and K region acts as control. | 233

6.18 | S. Aureus with HosPtAl nano powder and K region acts as control. | 234

6.19 | E. coli with Ho4PtAl nano powder and K region acts as control. 234

6.20 | Pseudomonas with Ho4PtAl nano powder and K region acts as | 234
control.

6.21 | E. Faecalis with HosPtAl nano powder and K region acts as control. | 235

6.22 | S. Aureus with DysRhAI nano powder and K region acts as control. | 235

6.23 | E. coli with Dy4RhAI nano powder and K region acts as control. 235

6.24 | Pseudomonas with DysRhAI nano powder and K region acts as | 236
control.

6.25 | E. Faecalis with DysRhAI nano powder and K region acts as control. | 236

6.26 | S. Aureus with Er,RhSiz nano powder and K region acts as control. | 236

6.27 | E. coli with ErRhSis nano powder and K region acts as control. 237

6.28 | Pseudomonas with Er.RhSiz nano powder and K region acts as | 237
control.

6.29 | E.Faecalis with Er,RhSiz nano powder and K region acts as control. | 237

6.30 | S. Aureus with HoRhSiz nano powder and K region acts as control. | 238

6.31 | E. coli with Ho2RhSi3 nano powder and K region acts as control. 238

6.32 | Pseudomonas with Ho2RhSiz nano powder and K region acts as | 238
control.

6.33 | E. Faecalis with Ho2RhSi3 nano powder and K region acts as control. | 239

6.34 | S. Aureus with Nd2RhSi3 nano powder and K region acts as control. | 239

6.35 | E. coli with Nd2RhSi3 nano powder and K region acts as control. 239

6.36 | Pseudomonas with Nd>RhSiz nano powder and K region acts as | 240
control.

6.37 | E. Faecalis with Nd2RhSis nano powder and K region acts as | 240
control.

A.1 | a) Magnetic susceptibility as a function of temperature obtained ina | 254

field of 100 Oe in both zero-field-cooled and field-cooled conditions
for nanoform specimen of Nd2RhSis. b) Magnetic susceptibility and
inverse of magnetic susceptibility in a field of 5 kOe. Curie-Weiss
fitting above 100 K is also shown. c) Isothermal magnetization

measured at 2 K. d) Heat-capacity as a function of temperature (<60
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K) measured in the presence of external magnetic fields as well. €)
Heat-capacity divided by temperature f) Isothermal entropy change
as a function of temperature (2-100 K) for different final fields

starting from zero-field.

A2

a) Magnetic susceptibility as a function of temperature obtained in a
field of 100 Oe in both zero-field-cooled and field-cooled conditions
for nanoform specimen of Er,RhSis b) Magnetic susceptibility and
inverse of magnetic susceptibility in a field of 5 kOe. Curie-Weiss
fitting above 100 K is also shown, see red line through the data
points. c) Isothermal magnetization measured at 2 K. d) Heat-
capacity as a function of temperature (<15 K) measured in the
presence of external magnetic fields as well. e) Isothermal entropy
change as a function of temperature (2-40 K) for different final fields

starting from zero-field.
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A3

a) Magnetic susceptibility as a function of temperature obtained in
a field of 100 Oe in both zero-field-cooled and field-cooled
conditions for nanoform specimen of HosPtAl. b) Magnetic
susceptibility and inverse of magnetic susceptibility in a field of 5
kOe. Curie-Weiss fitting above 100 K is also shown. c) Isothermal
magnetization measured at 2 K. d) Heat-capacity as a function of
temperature (<50 K) measured in the presence of external magnetic
fields as well. e) Isothermal entropy change as a function of
temperature (2-60 K) for different final fields starting from zero-
field.
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A4

a) Magnetic susceptibility as a function of temperature obtained in a
field of 100 Oe in both zero-field-cooled and field-cooled conditions
for nanoform specimen of ErsPtAl. b) Magnetic susceptibility and
inverse of magnetic susceptibility in a field of 5 kOe. ¢) Isothermal
magnetization measured at 2 K d) Heat-capacity as a function of
temperature (<40 K) measured in the presence of external magnetic
fields as well. e) Heat-capacity divided by temperature. (f)
Isothermal entropy change as a function of temperature (2-50 K) for
different final fields starting from zero-field.
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Synopsis
Abstract

There has been a considerable interest in understanding the physical properties of the
compounds containing rare-earths, not only from the angle of basic science but also
considering growing application potential. Current trends in condensed matter area
suggest that investigation of new materials in particular are important in this respect, as
such studies often paved the way for new concepts and resultant applications. Keeping
this in mind, some ternary compounds — less investigated in the literature — have been
taken up for magnetic investigations, and also for exploring antibacterial studies. Such
compounds for our studies are: Nd2RhSis, Er,RhSis, HosPtAl, ErsPtAl, and DysRhAl
among metals and spin-chain insulators Th2BaNiOs and Th2BaCoOs, in both bulk and
nanoforms. There are structural features facilitating ‘geometrically frustrated
magnetism’ — a current trend in magnetism - in the above-mentioned metallic
compounds. While many novel features (revealing structure-property relation) in the
magnetic behavior of these compounds are reported in this thesis, main highlights are:
(i) Establishment of an exceptional magnetism of Nd2RhSis.

(i) Establishment of antiferromagnetism at 5 K in Er2RhSis,

however, with concurrent cluster spin-glass features, attributable to partially disordered
antiferromagnetism; 1/3 magnetization plateau — less known among metals — and
corresponding magnetoresistance plateau are intriguing findings.

(iii) HosPtAl and ErsPtAl exhibit a re-entrant cluster spin-glass behavior, with the
onset of an antiferromagnetic ordering; isothermal entropy change is very large at the
onset of magnetic order, making these compounds useful for magnetic refrigeration

applications. DysRhAIl exhibits spin-glass features which coexists with
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antiferromagnetic order (18 K); this magnetic behavior is interestingly different from
that of Dy4PtAl, which is ferromagnetic.

(iv) Pressure studies on the magnetic ordering temperatures of well-known ‘exotic’
multiferroic systems. Th.BaNiOs and Th.BaCoOs bring out how magnetism of
localized 4f electrons behave in a complex fashion to the application of external and
chemical pressures, influencing other coupled phenomena.

(v) A reduction in particle to nanoform in Dy4RhAl, leads to the evolution of a Griffiths-
phase like behavior (a novel concept in magnetism), suppressing antiferromagnetic
order — a rare demonstration in magnetic metals. In other cases, the changes in
magnetic properties in nanoform are subtle.

This reinforces the fact that one needs to be cautious while employing nanoparticles for
medicinal applications based on the properties of the bulk forms, though none of these
compounds are efficacious in inhibition of bacterial and fungal growths. The studies
serve as a classic study for exploration of such rare-earth intermetallic materials for

medicinal applications.

Background

The rare-earth (R) compounds have been subjected to intense research for the past few
decades in condensed matter physics due to a variety of unusual phenomena exhibited
by such materials. In these materials, the magnetic properties are determined by the
incomplete 4f shell which undergoes progressive filling when one moves from La to
Lu. The incomplete 4f orbital in the R-based compounds was historically considered
localized, shielded by filled 5s? and 5p® shells. This initial belief got changed during
last few decades for lighter rare earths (Ce, Sm and Eu) where manifestations of some
degree of delocalization have been found in many physical properties. The basic aim of

the studies for this thesis is to explore novelties in magnetism associated with heavy
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rare-earth compounds in which 4f electrons are strictly localized, and also to explore
such materials for antibacterial applications.

The materials under study contain transition metal (TM) ions also. In the case
of transition metals, the d electrons, responsible for magnetism, are known to be
essentially itinerant, often losing its moment due to bonding with other atoms. The
compounds with moment-carrying rare-earths elements and transition metal elements
(3d, 4d, 5d) elements have especially attracted considerable interest in materials physics
as well as applications area, since the interaction between 4f of rare-earth and d of the
transition metal has been often reported to promote magnetic and transport properties.
A survey of the current research areas in condensed matter reveals the following trends:
(i) While disorder in the lattice can create a competition between antiferromagnetic and
ferromagnetic interactions leading to magnetic frustration, certain crystallographic
arrangement (e.g., triangular) of magnetic ions can also induce magnetic frustration
without disorder and this phenomenon is called ‘geometrically frustrated magnetism’.
(i) Investigation of new rare-earth materials, particularly those with strictly localized
4f electrons, brings out hitherto unknown concepts. Therefore, there is a need to probe
such rare-earth materials which have not been paid much attention in the literature.
Understanding various magnetic interactions and in turn the properties exhibited by
these compounds can offer inputs for various industrial, technological and biomedical
applications. These observations are central to this thesis work, and the three families

of materials are chosen accordingly.

Objectives

Many of the members in the family of compounds, having a general formula

R2TMX3s (X= silicon/ germanium), derived from AIB.- type hexagonal structure have
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been of great current interest due to novel anomalies exhibited by Pd-based series in
the field of magnetism and superconductivity. This structure is of honey-comb type, in
which TM-Si (Ge) layers are sandwiched by R layers. R ions form triangular lattice,
interestingly with multiple areas, thereby favoring geometrically frustrated magnetism.
Despite wide interest in Pd-based compounds, less work had been done on other
isostructural families, in particular Rh-based family. There is a need to probe other
families of compounds in depth and two such compounds were taken up for this thesis
work.

Another family of interest in this respect is with 4:1:1 stoichiometry, like
R4PtAl, R4RhAI etc., which are characterized by fascinating structural features, that is,
these compounds are made up of magnetic layers, with triangular as well as kagomé-
lattice arrangement of atoms, therefore, there is a potential for geometrically frustrated
magnetism, as evidenced for some members of these families in the recent literature.
Besides, 3 sites for R offer an opportunity to probe magnetism in the event of competing
R-R magnetic interactions. Therefore, it is worthwhile to probe hitherto unexplored
compounds in these families. Interestingly, complications in the magnetic and transport
properties were seen not only in the magnetically ordered state, but also in the
paramagnetic state in this family in the recent literature. Therefore, there is a need to
extend such investigations for other members of this family.

The above two families are metallic in character, in which magnetism is
mediated by Ruderman-Kittel-Kasuya-Yosida (RKKY) indirect exchange interaction.
Insulating rare-earth materials, in which RKKY interaction is absent, were also studied
for the aim of this thesis. The spin-chain family, R2BaNiOs (R = Gd, Dy, Er, Sm, Nd,
Ho and Tb) crystallizing in a centrosymmetric orthorhombic structure (Immm space-

group) has been recently reported to exhibit novel multiferroic behavior. Among these,
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Th2BaNiOs and also isomorphous Th,BaCoOs have been reported to be unique in the
field of multiferroics in multiple ways. It is of interest to explore how external and
chemical pressure tune the respective magnetic ordering temperatures to enable factors
influencing exotic multiferroicity.

Metals and bimetallic compounds have also been extensively studied in the past
literature and have been found to exhibit excellent physiochemical and biological
properties. These properties have been used in drug delivery, therapeutic and other
biomedical applications including bio-imaging and magnetic resonance imaging.
Recently, there has been renewed interest in Au, Ag and Ga based binary compounds
(bimetals), because these metals have been known to exhibit excellent antibacterial
properties. Therefore, it is important to collect such data on the magnetism of rare-earth
based intermetallic compounds, particularly in nanoform, for any such future
applications.

Thus, our study focusses on those materials (both intermetallic and oxides),
which have not been paid much attention in the existing literature, with the intention of
sowing seed to discover new rare-earth metallic materials for medical applications. The
magnetic and transport properties of these compounds were studied for the aim of this
thesis in bulk polycrystalline form and also to understand the effects of particle size
reduction on their magnetic properties, at least for some cases. The main measurement
techniques are ac and dc magnetization, electrical and magnetoresistance and heat-
capacity, depending on the material under study. We explored the antibacterial
properties of these compounds to ascertain if their properties can be made useful for

biomedical applications.
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In a nutshell, the objectives can be stated as follows:

>

To study the magnetic and transport properties of R2RhSi3 (R = Nd and Er) in

bulk and nano forms
To study the magnetic and transport properties of R4PtAl (R = Ho and Er) and

DysRhAl in bulk and nano forms

To assess the pressure effects [chemical and external] on the magnetic

properties of Th,BaNiOs and Th2BaCoOs.

To study the antimicrobial and antifungal efficacy of the nanocrystalline

intermetallic compounds.

Methodology

Intermetallic samples R2RhSis and RsTMAI were prepared by arc melting
technique.

Oxide compounds R2BaNiOs and R.BaCoOs and other chemical doping viz.
Sr for Ba etc. were prepared by a standard solid-state reaction route.
Nanoform specimens of the intermetallic compounds were prepared by high-
energy ball milling technique.

For all the samples, phase purity and stoichiometry were determined by x-ray
diffraction and SEM-EDAX measurements.

Magnetic properties of these compounds were studied using SQUID or VSM
magnetometers.

Magneto-transport and heat capacity measurements were done using a
commercial physical property measurement system.

High pressure magnetic studies on the oxide compounds were carried out

under hydrostatic pressure conditions using high pressure cells.
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»  Anti-microbial activity was carried out in gram positive bacteria S. Aureus,
E. Faecalis, P. Acnes and the gram-negative bacteria E. coli and Pseudomonas
aeruginosa. The anti-fungal studies were carried out on Candida albicans. To
carry out the efficacy studies, we employed the disk diffusion technique, well

diffusion technique and serial dilution bio-reaction technique.

Results and Conclusions

Chapter 3 of the thesis presents the results of exhaustive investigations by dc and ac
magnetization, heat-capacity and transport measurements for the two compounds,
R2RhSiz (R= Nd and Er), crystallizing in a AlB2-derived hexagonal structure. The
results reveal that these compounds exhibit interesting properties — unique in their own
way — due to a competition between ferromagnetic and antiferromagnetic interactions,
which can be tuned by temperature and magnetic-field. While there are many
interesting features in the properties, the key findings are only summarized below for

each of these compounds.

The compound Nd2RhSis is established to exhibit long range ordering of a
ferromagnetic type (at Tc = 16. 5 K). The observed value of Tc¢ is essentially the same
as that of isostructural Nd2PdSis, unlike the antiferromagnetic behavior at different
temperatures for a given R within the two families, thereby suggesting the dominant
role of Nd 4f-Si 3p hybridization. This hybridization in addition causes a significant
enhancement of Tc, disobeying de Gennes scaling. Such demonstrations of 4f
hybridization effects on magnetism are rather scarce previously for Nd compounds.
The ferromagnetism shows cluster spin-glass dynamics and complexities at

temperatures lower than ~10 K with magnetic properties pointing to the development
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of an antiferromagnetic component as in the Pd analogue. However, there are subtle
differences between Nd2PdSizand Nd2RhSis well below Tc (e.g., in the nature of virgin
isothermal magnetization behavior in the magnetic hysteresis loop, suggesting
dominance of ferromagnetic component in the latter). The point to be stressed is that
there is a remarkable difference between these two Nd compounds in the magnetic
behavior above Tc; that is, there are evidences for the gradual onset of ferromagnetic
clusters with spin-glass dynamics (as revealed by the bifurcation of ZFC-FC dc y
curves, frequency -dependent ac  peaks and slow decay of isothermal remanent
magnetization) as the temperature is lowered towards Tc for the Rh case, as though Nd
4f-Rh 4d interaction is a triggering factor for its origin. Given that this family is
characterized by a triangular arrangement of rare-earth ions and that there is a
crystallography-favored bond disorder, the local variations in Nd 4f covalency should
be the key for above-mentioned frustrated magnetism (that is, reflected in the form of
cluster spin-glass dynamics). It is intriguing that some other heavy rare-earth members
of this family do not show spin-glass anomalies in polycrystalline form. The
temperature dependence of electrical resistivity and the features (including sign
reversals) in the magnetoresistance are in conformity with the conclusions made above
for the Rh compound. The results overall reveal this Nd compound is an exotic
magnetic material.

With respect to Er.RhSis, Er is known to contain 4f electrons of localized
character only, unlike Nd 4f, and hence offers an opportunity to explore anomalous
magnetism of 4f in the localized limit. The results provide evidence for a proposal of
onset of long-range antiferromagnetic order at 5 K, however, interestingly, with cluster
spin-glass features at the same temperature (just as the Nd case, which is however

ferromagnetic). A notable finding is that this compound exhibits a characteristic feature
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of partially disordered antiferromagnetism (PDA), viz., 1/3 magnetization plateau. This
is fascinating as such a PDA magnetism has been proposed for some insulators with
geometrically frustrated magnetism. But this is not so common among metals, that is,
in a material with RKKY interaction, that too without any interference from other 4f-
related hybridization phenomena. Additionally, none of the isostructural ternary rare-
earth compounds has been known to show such PDA characteristics in the past, in
particular, other rare-earth compounds of this Rh family (R= Gd, Dy and Ho) as well
as the Er counterpart in the Pd-based family, EroPdSiz. Clearly, this compound is also
a unique magnetic material. It is also demonstrated that this compound should also

serve as a prototype for transport behavior across 1/3 magnetization plateau.

Chapter 4: In the 4:1:1 family, the three compounds discussed in this chapter are:
HosPtAl, ErsPtAl and Dy4RhAI. While Ho4PtAl and Er4PtAl exhibit a re-entrant
cluster spin-glass behavior, with the onset of an antiferromagnetic type of magnetic
order. Antiferromagnetism has been known for other rare-earth members in the family,
except DysPtAl, which is known to exhibit a ferromagnetic ordering. From the degree
of suppression of ac susceptibility peaks by the application of the magnetic fields, it is
concluded that the spin glass dynamics in DysRhAl is relatively weaker. Within this
family of compounds, both HosPtAl and ErsPtAl exhibit the largest value of isothermal
entropy change at the onset of magnetic order with a large tail above Tn. Since the
values exceed that of an S-state ion, this finding suggests that the topology of the 4f
orbital can enhance the magnetocaloric effect. The intriguing conclusion inferred from
the comparison of the magnetocaloric effect (MCE) between the Pt-based family and
the Rh-based family, is the following: It seems that the Pt 5d spin-orbit coupling also

plays a role in the enhancement of the MCE values. Such a correlation should provide

XXXiV



clues for the advancement of theories in the field of MCE. This will in turn be helpful
in engineering of materials for magnetic refrigeration at room temperature. The
reversible isothermal entropy curves establish that the Er compound meets the criterion
for magnetocaloric applications in the low temperature range.

In the case of DysRhAl, the results establish that the compound undergoes
antiferromagnetic order which is different from the ferromagnetic ordering seen in the
case of Dy4PtAl (as stated above). This result provides an indirect support to the fact
that the ferromagnetism seen in the case of DysPtAl is interesting and unusual. It is
quite possible that the Pt 5d orbital, extended more spatially when compared to Rh 4d
orbital, plays an important role by strong interaction with crystal-field-split anisotropic
orbitals of Dy giving rise to the anomalous magnetism seen in the case of DysPtAl. In
addition, the 5d electrons are relatively less correlated with stronger spin-orbit coupling
than the 4d electrons. These results suggest an important role of transition metal bands,
which interact with the Dy 4f electrons, determining the magnetism of these systems.

In addition, there are various other interesting features, e.g. antiferromagnetic
energy gap formation, large magnetoresistive behavior, not only in the magnetically
ordered state but also in the paramagnetic state, well above Ty extending to T > 3Ty,
and spin-orientation effects as a function of T and H in the magnetically ordered state,
leading to complex sign reversals with the variation of such external parameters. Thus,
the work brings out the complex nature of magnetism in these compounds, in the
magnetically ordered state, arising from the different sites of rare-earth ions. Thus, this
work offers a family of materials to theorists to explore how the interaction among three

sites of rare-earth plays a role in deciding the magnetic behavior of the system.
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Chapter 5: This chapter presents the results of high-pressure magnetization studies on
the exotic multiferroic compounds, Th2BaNiOs and Th.,BaCoOs. The maximum
external hydrostatic pressure applied being 10 kbar. In addition, the effects of chemical
pressures induced by doping of Sr at the Ba site in Th.BaNiOs have also been probed
for comparison. It is known that under ambient pressure conditions, both Th and Ni/Co
moments order at the same temperature (interestingly with the involvement of Tb 4f in
inducing ferroelectricity, a situation which is not encountered in the case of rare-earth
based manganites). Our study shows that the externally applied pressure does not have
any effect on the magnetic properties of Th.BaCoOs, indicating a robust nature of
magnetism, in contrast to the opposite effect on the two magnetic transitions (Tny = 63
K and. Tn1 = 25 K) in the case of Th2BaNiOs, Tni is found to get enhanced to higher
temperatures, and Twz, at which multiferroicity sets in, is interestingly depressed to
lower temperatures. Such an effect of applied external pressures, on the two magnetic
features, at two different temperatures, in the same compound, is quite interesting,
particularly noting that both Th and Ni have been known to order magnetically at the
same temperature establishing coupling between these two moments. Since there is no
change in magnetic symmetry across Tnz, one would expect that both the transitions
behave in the same way with the application of external pressure. This observation is
different from that noted for the Mn sublattice in the well-known type-I1 multiferroic
materials, ToMnOs and RMn20s, including the magnetic transition temperature at
which ferroelectric transition sets-in in these examples. Therefore, it can be concluded
that the local distortions due to ferroelectricity in this compound influence the pressure
dependence of corresponding magnetic transition temperature.

In addition, the study of the magnetic properties under the influence of

chemical pressures induced by doping of Sr at the Ba site shows a difference in
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variations of both the magnetic transition temperatures under the influence of chemical
pressures. If these results are compared with the reported changes in the magnetic
features seen by other isoelectronic substitution at Tb and Ba sites, it is concluded that
the subtle distortions cause a profound effect on magnetic characteristics of this
compound.

Thus, this chapter brings out a case of rare-earth in insulating environment
(that is without RKKY interaction), in which localized 4f electrons (as far as
magnetization is concerned) behave in a complex fashion to the application of external

and chemical pressures.

Chapter 6 presents the results of nanocrystalline DysRhAI where the dominant
antiferromagnetic ordering seen in the case of bulk specimen disappears when the
particle size is reduced to nanoform, with the evolution of a Griffiths-phase like
behavior (a novel magnetic state proposed by P.W. Anderson) in the range 10-30 K.
Demonstration of such a particle-size induced transformation to Griffith’s phase-like
features in an intermetallic compound due to localized 4f electrons is generally quite
rare. In the case of other intermetallic compounds studied here, there is no result
leading to a conceptual change in magnetism, though subtle changes are noted for each
compound. Thus, these results overall suggest that a reduction in particle size may in
some cases lead to a conceptual change in magnetic behavior, whereas in some other
cases, the changes could be minor, reinforcing the fact that one needs to be cautious
while employing nanoparticles for medicinal applications based on the properties of the
bulk forms. The efficacy studies on the bulk and nanocrystalline intermetallic samples

revealed that none of these compounds are efficacious in inhibition of microbial growth
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Chapter 1
Introduction

1.1 Preliminary remarks

The rare-earths (R) and their compounds play crucial roles in our day-to-day life in multiple
ways, in terms of high-tech consumer products, permanent magnets etc. The applications
of these materials have been expanding in a variety of directions and therefore there has
been a constant demand for new rare-earth materials. Naturally, there is an absolute need
to understand the fundamental physical properties of new materials, to provide inputs for
exploring applications, to mention a few more, magnetic refrigeration, multiferroic and
medicinal applications. In that direction of research over a period about six decades, the
basic science researchers discovered a variety of exotic phenomena, e.g., valence
fluctuations, Kondo lattice (KL) anomalies, heavy-fermion superconductivity, high-
temperature superconductivity, and other phenomena (not specific to rare-earth systems
alone) like multiferroicity, giant magnetoresistance, metal-insulator transitions,
magnetization (M) reversal etc. While it is outside the scope of this thesis to elaborate all
these phenomena, some of these will figure in this thesis. Several experimental tools have
been employed in the literature as a function of temperature (T), magnetic-field (H), high
pressure (P), and chemical substitution/doping in all these investigations to gain in-depth
knowledge of the physics and chemistry of the materials. Considerable efforts have also
gone in to understand the structure-property relationships and there are theoretical
advancements as well.

Compounds containing R and TM (also carrying magnetic moments) have attracted

special interest in the field of magnetism [1]. The 3d/4d/5d orbitals of TM responsible for



magnetism exhibit in general more itinerancy, often losing magnetic moment due to
bonding with other atoms, compared to 4f orbitals of rare-earths. When the magnetic-
moment is retained on TM, its coupling with R 4f present interesting anomalies. The degree
of delocalization of magnetic moments determines the type of exchange interactions that
could arise in the compound [2].

This thesis focusses on some of these rare-earth transition metal (TM) compounds.
In this chapter, the following concepts relevant to the understanding of the results presented
in this thesis are briefly outlined: Elementary aspects of magnetism in solids including
commonly known well-ordered magnetic structures and disordered magnetism (spin-glass
and geometrically frustrated magnetism), different types of exchange interactions, and
rare-earth magnetism, apart from a brief introduction to the basics of electrical transport

and heat-capacity (C).

1.2 Elementary aspects of magnetism in solids

1.2.1 Paramagnetism, diamagnetism, and magnetic ordering
The nature of magnetism of a material depends upon the magnetic moment each ion
possesses due to the presence of unpaired electrons, orbital motion of electrons and how
these moments get internally arranged below a particular characteristic temperature, called
‘magnetic ordering temperature’ (Curie temperature Tc or Néel temperature Tn), by
intersite magnetic interaction [3,4]. Paramagnetism and diamagnetism basically are
intrasite effects, whereas the magnetic ordering is a cooperative effect when the magnetic
centers interact with the neighboring magnetic centers, resulting in various magnetic

structures, depending on material and other physical variables. In addition, the electrostatic



forces from the ions in the lattices result in the ‘so-called’ ‘crystal field’, which has an
influence on determining the electronic ground state and hence the magnetic moment and

magnetic structure. Some of these fundamentals are briefed below.
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Figurel.1l: Schematics of isothermal magnetization behavior of a paramagnet. The right
figure (magnetic susceptibility as a function of temperature), is strictly for localized
moments.

In a paramagnetic material (that is, those containing at least one unpaired electron),
when an external magnetic field is applied, these spins tend to align in the direction of the
applied magnetic field. But thermal effect opposes this tendency for alignment. Naturally,
as the temperature is increased, this influence of thermal effect increases. The parameter,
‘magnetic susceptibility” (y = M/H) shown in figure 1.1 demonstrates this for an electron
localized in an orbital, for the fields that can be applied in the laboratories in a T-range
which is generally low (<200 kOe). The curve obeys Curie-Weiss law, y= Npefr® /3K(T-0p),
where N is the Avogadro number, k is the Boltzmann constant, and 0p is the Curie-Weiss
parameter (also called ‘paramagnetic Curie temperature’) and et IS the effective magnetic

moment in Bohr-magneton units in the paramagnetic state, defined as



kett = g;J(J + D]V2 ... (1.1)

where ] is the total angular momentum and g; is the Lande g factor. In the event that there
IS N0 interaction between the magnetic moments at different sites, 0p IS zero (See also,
below), and when there is an interaction, the value is finite. The left figure (figure 1.1)
shows M as a function of H, and the right one depicts behavior as a function of T (when &p
= 0). The sign of y is positive in paramagnets. The spin alignment is not retained when
the external magnetic field is removed, and the moment undergoes thermal fluctuation
leading to ‘zero’ spontaneous magnetization. In metals, the unpaired electrons which are
band-like exhibit ‘Pauli paramagnetism’, i.e., T-independent susceptibility, and this

contribution often is superimposed over that from localized moment.

J=1/2

Figure 1.2: The Brillouin function is simulated for various J, the total angular momentum
values.



Before closing this section on ‘paramagnetism’, a brief mention on Brillouin function is
made here. Magnetization strength (M) of a paramagnetic material depends upon the ratio
of the strength of individual magnetic dipole in the paramagnet to the thermal energy. This
is dependence which is calculated using the quantum theory is given by the Brillouin

function. The Brillouin function Bj(x), applicable to non-interacting spin system is defined

as
2]+1 2J+1 1 x
B;(x) ==—co th( x) 2]coth (2]) ......... (1.2)
H
here, X = g]k]_u? , kg is the Boltzmann constant. At low magnetic fields, the
B

magnetization is linearly proportional to the applied magnetic field and magnetization
reaches its maximum saturation value when the magnetic energy is much greater than the
thermal energy (figure 1.2). One can estimate the magnetization of a system in the
paramagnetic state. An approximation to this magnetization at high temperatures and low
magnetic field was made by Perrie Curie, considering x<« 1, and the paramagnetic

susceptibility was determined as

_ M _NJU+Dgfup _c
X== ST DT e (1.3)

Equation 1.3 is known as the Curie Law, which shows that in a non-interacting system the

susceptibility is inversely proportional to the temperature. When there is finite interaction

then y is given by ( ~ 9P)

Diamagnetism arises from the orbital motion of electrons (including those which

are paired up in an atom). According to the classical electromagnetic theory, when a



charged particle like an electron moves in the external magnetic field, it experiences a force
which is perpendicular to its velocity and magnetic field. This force causes the charged
particle to move in a circular or elliptical path generating a magnetic field which opposes
the external magnetic field. Hence, the sign of y is negative (that is diamagnetism),
exhibiting usually a linear variation with H and a T-independent behavior. But the
magnitude is usually smaller compared to paramagnetic contribution. However,
superconducting materials exhibit a strong diamagnetism, as the diamagnetism arises due
to large super current which is known as the Meissner effect; here the magnetic field is
completely expelled from the sample in the superconducting state.

Returning to cooperative ordering, in which unpaired electrons at different sites
interact with each other through an exchange interaction, a few simple situations are

discussed in the rest of this section.
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Figurel.3: Schematic representation of a ferromagnet, circles represent the magnetic
centers of the atoms or ions and the arrows represent the direction of spins. In the right,
hysteresis loop for a hard ferromagnet is shown.



For instance, in ‘ferromagnetism’, there is a long-range collinear alignment of all
the moments in the absence of an external magnetic field (figure 1.3, left), resulting in a
net non-zero magnetization below the characteristic temperature, Tc , called Curie
temperature. A typical M(H) curve is shown in Fig. 1.3 (right) for a ‘hard’ ferromagnet for
which a hysteretic loop can be seen; a finite remnant magnetization (Mirm) is observed
when the external field is removed, and thus such ferromagnets are characterized by a finite
‘coercive’ field (Hc). The saturation magnetization Ms is the maximum magnetic moment
per unit volume. ‘Soft” ferromagnets are characterized by zero remnant magnetization. In
antiferromagnetism, the spins at different sites pair up and align in the opposite direction
(figure 1.4, left) below a characteristic temperature, Tn, called the Néel temperature. This

results in a net zero moment in a perfect antiferromagnet.
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Figurel.4: Illustrative example of antiferromagnetic behavior(left). Arrows show the

direction of spin. Right figure shows a typical behavior of temperature dependance of
magnetic susceptibility.
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A typical y(7) behavior for an antiferromagnet is shown in the right panel of figure
1.4. 1t is also possible that there is a canting of the magnetic moments with respect to that

at the neighboring site (that is, with a ferromagnetic component), which can lead to a finite



value of magnetic moment. There are more complex situations, like sinusoidal modulation,
that are often met with in real materials. In principle, the sign of g, defines the nature of
magnetic interaction; positive (negative) sign implies ferromagnetic (antiferromagnetic)
interaction in the paramagnetic state, though ultimate magnetic structure in the
magnetically ordered state as the temperature is lowered can be different or can be more
complex due to other details like crystallographic features, crystal-field effects etc.
Ferrimagnetism usually occurs in materials when the magnetic ions (either same or
different ion) occupying two different crystallographic sites bear different magnetic
moments, but couple antiparallel to each other. As a result, there is a partial cancellation
of magnetic moment (figure 1.5). Hence, there is a net non-zero magnetic moment in the

material, leading to ferromagnetic- like behavior.
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Figurel.5: Illustrative example of ferrimagnetic behavior

1.2.2 Spin-glasses
Spin-glass freezing is a type of cooperative phenomenon different from the magnetic
structures briefed above. Unlike in other cases, below the magnetic ordering temperature,
the magnetic moments are frozen randomly in space [6,7]. The response of the spins to a

measurement technique depends on probing time scale. Note that, in the paramagnetic



state, the spins are random in time domain also. The spin-glass freezing (figure 1.6) was
originally observed in systems containing magnetic impurities dispersed in non-magnetic
matrix, like CuMn [8]; subsequently, this was noted even in concentrated magnetic systems
with well-defined crystal structure and the randomness of exchange interaction induced by
various factors like defects and geometry. There are various signatures of spin-glass
freezing:

i) Bifurcation between zero-field-cooled (ZFC) and field-cooled (FC) curve in dc

susceptibility below spin glass freezing temperature (Tg).
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Figurel.6: lllustrative example of a conventional spin-glass.

ii) A frequency (v) dependent behavior in ac y, both in real (') and imaginary (") parts.
For a canonical spin glass like CuMn [8], the ac susceptibility shows frequency dependance
with values shifting (weakly upwards typically about 0.5K) in response to increasing ac
frequency from 1 Hz to 1 kHz. The peak temperature in " vs T is often fitted with some
power law (like VVogel-Fulcher law [9], Arrhenius law, etc.) which enables to understand

slow spin relaxation [10].



iii) Isothermal remnant magnetization (Mirm) below Tg shows a slow decay (often
logarithmically/exponentially) with time (t)[11]. From this data, one learns about
relaxation strength of spins to infer more details about spin glass freezing (such as, cluster
glass or canonical spin glass), because the relaxation time, 1, for a cluster spin glass is
significantly higher than that for canonical spin glasses like CuMn.

iv) Memory effect ‘(aging and rejuvenation) [12] should be observed below Tg. In this
case, if the sample is cooled and held at a particular temperature (Tw) for some time duration
(tw), it will show a local dip around the Ty in temperature dependent magnetization data
while warming. The depth of the local dip depends on the duration of the wait; it increases
with increasing tw. If one waits at additional T below the spin-glass transition, additional

local dips appear at each Tw.

1.3 Crystal-field effects

The 4f multiplets (2J+1 levels) of an isolated lanthanide ion are degenerate, but when
lanthanide ions are incorporated into a crystal lattice, the crystal field created by
surrounding ligands can perturb the degeneracy of the 4f orbitals and these orbitals can
undergo partial splitting. This splitting is termed as the crystal field effects and is denoted
by Acr (figurel.7). This crystal field in some cases decides the spin value of the magnetic
ions which determines the magnetic state of a system. The nature of coordination, orbital
arrangement and hybridization around the lanthanide ion decide the ultimate value of the
magnetic moment. However, the degree to which the 4f orbitals are split by crystal-fields
is smaller than what is observed for the d orbitals in transition metals because of the

shielding effect and relatively large extension of the d orbitals. The partially filled orbitals
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following crystal-field effects can be further split by a phenomenon called ‘Jahn-Teller
effect’ [13] which is explained as follows. When there is an electronic degeneracy of the
partially filled orbital (e.g., d® configuration of transition metal ions), this electronic system
is unstable and undergoes a geometrical distortion for adopting a structure with a lower
symmetry as well as lower energy. This lifts the degeneracy of the orbital concerned. For
instance, for Cu?* in an octahedral geometry, the d° electronic configuration results in 3
electrons in the 2-fold degenerate eq orbitals. Thus, the polyhedra undergoes distortion
along the four-fold axis (usually along z-axis) for lifting the degeneracy of the eg orbitals

while lowering of the overall energy.

.... 2
degenerate R . u dz
d- orbitals :

AR T
Free ion RIS .

On
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Figurel.7: (i) Degenerate d-orbitals of a transition metal ion, (ii) Splitting of the d-orbitals
into higher energy eg and low energy tzg orbitals in the octahedral environment, and (iii)
Further splitting due to Jahn-Teller distortion for Cu?* ion.

In octahedral symmetry the d -orbitals split into two sets with an energy difference,

10Dq that is ten times the "differential of quanta” (the crystal-field splitting parameter),
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while the dyy, dx; and dy; orbitals having tog symmetry will be lower in energy than the d,?
and dx?-y? (eq Symmetry), because the former group is farther from the ligands than the
latter and therefore experiences lesser repulsive force. The lattice may distort to further
lowering of energy as shown in the extreme right of the figure. Such a distortion can occur
through the elongation of the metal-ligand bonds along z-axis as shown in the figure. In

some cases it may take place through the contraction of the metal ligand bonds as well.

1.4 Geometrically Frustrated magnetism

It is known that disorder can result in randomization of exchange interaction, possibly
giving rise to magnetic frustration leading to spin-glass anomalies, avoiding a long-range
magnetic structure, as discussed in section 1.2.2. However, due to the geometrical
arrangement of the magnetic ions and the presence of competing neighbor interactions,
there can be situations in which there is a conflict in minimizing the exchange interaction
energies associated with different spin pairs [14,15]. Such a conflict can also result in
magnetic frustration leading to different interesting types of magnetism and such magnetic
systems are termed as “geometrically frustrated magnetic systems” [16].

Here, we will brief some lattice geometries in which frustration is possible. For
lattices such as square lattices (figure 1.8-a), simple cubic lattices, etc., where the ground
state is such that each spin is antiparallel to its neighbors, every bond interaction is fully
satisfied. However, in the event that both the first nearest neighbor interaction and second
nearest neighbor interactions are antiferromagnetic, there is a magnetic frustration. In the

case of lattices containing magnetic ions at the vortices of triangles, frustration can occur
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(figure 1.8b). The reason is, in such cases, one cannot construct a ground state where all

bond interactions are fully satisfied for antiferromagnetic nearest neighbor interaction.
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Figure 1.8: (a) Square lattice (b) triangular lattice with nearest neighbor
antiferromagnetic interaction. (c) hyper-kagome lattice
Some of the best examples for geometrically frustrated triangular lattice
arrangement are: ABO; system (A= Li, Na, Cu, Pd, etc. B=V, Cr, Co, Mn, etc.) [17-19],
RoT2X (R =rare earth, T = transition metal, X = Pb, Mg, etc.) [18], AsBB*O¢ (A = Ca, Sr,
B = Co, Cu, Ni, B*=Co, Mn, Rh, Ir) [20-22], etc. Another example of a frustrated lattice is
the kagome lattice (as shown in figurel.8-c), such as, ZnCusz(OH)sCi2 [23]. 3-dimensional
(3D) kagome lattice is called ‘hyper-kagome’ lattice; one compound to our knowledge
belonging to this category is Naslr:Os.[24]. The spinel structure is another class of
frustrated lattice structure in 3D [25]. It is possible that the 2D honeycomb lattice may also
show frustration, and the magnetism in such systems is dominated by what is known as
‘Kitaev interaction [26]; the prototype example for such a frustrated magnetism is proposed
to be NaxIrOz in the literature [27]; this is a vast subject of research in the current literature
and it is outside the scope this thesis to discuss this aspect further. The degree of magnetic

frustration (Fm) is measured as [28],

_ O
Fo= ole (1.4)
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In some systems, the magnetic frustration is so large that the system can in principle
not undergo any magnetic ordering, even when there is a finite intersite magnetic
interaction, indicated by a large value of 6,,. Such systems are termed as ‘quantum spin-
liquids’. Though many examples have been proposed in the literature, a consensus is yet
to be reached for a convincing example for ‘spin liquids.’

In short, geometrically frustrated magnetic systems have been shown to exhibit a
variety of magnetic anomalies, most common consequences under discussion in the
literature being spin-glass, spin-ice, spin-liquid etc. It is also possible that there is a partial
magnetic order and this phenomenon known as ‘partially disordered antiferromagnetism

(PDA), has been known among insulators like CsCoCl3, CazC020s, CazCoRhOs [29-36]

1.5 Types of exchange interactions

Exchange interactions can be categorized into direct exchange interaction and indirect
exchange interaction. Depending upon how these interactions influence magnetic ordering
of the magnetic moments, one can observe ferromagnetic, antiferromagnetic, spin glass
like, ferrimagnetic properties or a combination of various magnetic properties. These kinds
of interactions have been explained, for instance, originally using the Heisenberg model
[37], where there is an underlying assumption that the magnetic ions would interact only
with their next nearest neighbors and also that these interactions are isotropic in nature.
While direct exchange [38,39] and super exchange interaction [40] commonly control
magnetic ordering in insulators, indirect exchange interactions, common in metals, can
occur between the localized moments via the conduction electrons. The double exchange

interaction is also a type of indirect exchange interaction which is seen in oxides containing
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the transition metals. This interaction is generally mediated via the partially filled d-shell

which is located near the magnetic ion of another element in a crystal structure.

Direct exchange interaction
Direct exchange interaction is seen in materials where there is an overlap of the orbitals of
interacting ions. Based on the types of interactions, direct interactions can be categorized
into different types as magnetic exchange interaction, van der Waals interaction, chemical
exchange interaction, Coulombic exchange interaction, hydrophobic interaction etc. [41]
Even though there are many kinds of direct interactions, we would restrict our focus on the
magnetic exchange interactions.

In magnetic direct exchange, neighbouring magnetic moments (usually nearest
neighbours) interact directly with each other with no intermediary involved in the
interaction. There is a direct overlap of the electron wavefunctions and such interactions
can give rise to both ferromagnetism and antiferromagnetism in compounds. Direct
magnetic exchange interaction is generally seen in materials consisting of transition metals

with partially filled d orbitals.

Indirect Exchange interaction
In the indirect exchange interaction, the interaction happens via a mediator which can be a
nonmagnetic ion or a ligand in a complex compound. The two magnetic ions which are
close to each other can interact via the overlap of the individual wavefunctions with the
nonmagnetic mediator. Super-exchange interaction [42-44] and double exchange

interaction [44] belong to this class. Ruderman Kittel Kasuya Yosida (RKKY) interaction
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discussed below [40] can be also considered as ‘indirect exchange interaction. We try to
elaborate each of these interactions in brief.

Superexchange interaction: The superexchnage mechanism (figure 1.9) was first
proposed by H A Kramers [45] and P W Anderson [46, 47]. In the case of transition metal
compounds, generally the metal ions are connected via anions, say for example, oxygen in

case of transition metal oxides.
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Figure 1.9: lllustrative example of super-exchange interaction. In most of the transition
metal complexes, the TM d orbitals are coupled via oxygen 2p orbitals; (a) and (b) shows
the possible electron hopping in 180° superexchange mechanism for antiferromagnetic
arrangements of the transition metal spins and (c) ferromagnetic arrangement of the
transition metal spins.

In such cases, the overlap between the wavefunctions of the two nearest transition
metals is extremely small. As a result, it is not possible for the transition metals to interact
via the direct exchange mechanism. In such cases, the interaction is mediated via hopping

of electrons between the transition metal ion and oxygen 2p orbitals, since there is a
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significant overlap between the d-orbitals of TM and the oxygen 2p orbitals. The exchange
interaction mediated via the intermediate oxygen atom is called superexchange.

One of the examples of such an interaction has been demonstrated in the case of
MnO and MnF;, where both these compounds are known to be antiferromagnetic
insulators. In these compounds, the oxygen p orbital is located in between two d orbitals
from the transition metals ions, (schematic illustration shown in figure 1.9). In such a
scenario, if the spins are aligned antiparallelly in the d-orbitals, there are two possible ways
of two successive hoppings, while, if the spins are aligned parallelly, Pauli’s exclusion
principle forbids the second hopping, as this principle favours an antiferromagnetic
exchange coupling only. In this example, the transition metals and oxygen are located in
one line. In case of a 90° geometry, superexchange mechanism would favour a
ferromagnetic coupling. Thus, it can be seen that depending on the relative orientation of
the electron spins on the two magnetic ions, superexchange interaction can either lead to a
ferromagnetic or antiferromagnetic nature of magnetism.

RKKY Interaction: This interaction [40] is seen in metallic compounds, most
commonly discussed ones being the rare earth containing metals. In the case of rare earths,
the incomplete localized 4f-orbital results in a lattice of localised magnetic moments. The

4f electrons can hybridize with the conduction band states, forming a complex electronic
structure. At the beginning of the rare-earth series the R spin S, localized at the site i
interacts with a conduction spin §(?) at position #, which leads to a polarization of the spin
§(F). This polarization in turn interacts with the spin of the R ion §; at site j, thus leading
to an indirect exchange interaction known as the RKKY interaction (figure 1.10) between

the spins ?{ and ?j The interaction results in a spatial polarization of conduction band
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2
P(r) = —% I{(S,;) F(2ks1) ...... (1.5)

Here P(r) is the electronic polarization (not to be confused with the notation for pressure),
Nat is the total number of atoms in a volume V, ny is the conduction electron to atom ratio,
I" is the exchange integral between the 4f electron and the conduction electrons, Er is the
Fermi energy, kp is the Fermi wave vector and (S;) is the expectation value of the spin

moment. The function

F(2kpr) = ZkEmcos g’:; 2;5“1 @ker) (1.6)

Figure 1.10: Schematic of RKKY interaction. illustrating an oscillatory nature of exchange
coefficient with increasing distance, dotted lines represent the direction of polarized
conduction electrons.

is oscillatory in space (figure 1.10), and can therefore give rise to positive (ferromagnetic)
and negative (antiferromagnetic) interactions between R ions, depending on their interionic

distances. The local conduction electron polarization at an R site isasum P = }; P (R;)

over all magnetic moment sites at distance R;.
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Double exchange interaction: The double exchange interaction [44] is a type of
indirect exchange interactions seen in certain types of transition metal oxides with partially
filled d orbitals having different oxidation states. In this exchange, an electron gets
exchanged between two magnetic centres giving rise to ferromagnetism or
antiferromagnetism. An example for such an interaction is a manganese oxide (figure 1.11)
in which the Mn eq orbitals interact via the oxygen 2p orbitals. The exchange involves the
outermost orbitals for each atom, which are 3d* for Mn®*, 3d® for Mn**, and 2p® for the 0>
If the oxygen gives its spin ‘up’ electron to Mn**, the vacancy can be filled by an electron
from Mn®*. In this process an electron has moved between the neighbouring ions while
retaining its spin confirming the Hund’s rule. This hoping of the electron reduces the
overall energy and gives rise to ferromagnetic alignment of neighbouring ions, leading to
electrical conductivity.

The double exchange interaction is somewhat similar to that of super exchange interaction,
with the following difference between the two interactions. In the case of a superexchange
interaction, the alignment of the spins of the two magnetic centers, giving rise to
ferromagnetic or antiferromagnetic interactions, can only happen between when the two
interacting atoms have the same valency. However, in the case of double exchange, the
interaction occurs only when one of the interacting atoms has an extra electron as compared

to the other atom involved in the interaction process.
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Figure 1.11: Schematic representation of double exchange interaction in an octahedral
crystal field. In (a) up electron of O moves to eg of Mn**, then up electron in eq of Mn®*
moves to O. (b) movement of the up electron of O is forbidden for retaining the spin

confirming Hund'’s rule.
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1.6 Transport properties

1.6.1 Electrical resistance
As far as this property is concerned, since this thesis focuses on intermetallic systems, this
part of the discussion is restricted to the behavior of electrical resistivity (p) in metallic
environment only. The p in metals is a sum of the contributions from lattice defects (which
is T-independent) and from that due to lattice vibrations (Mattheisen's rule, see e.g., ref.

[48]) which is T-dependent, and may be written as

p=potpuatice(T) 1.7

where the first term denotes all the static scattering mechanisms and the second one due to
phonons. In the simplest electron-phonon scattering mechanism, where conduction
electrons are scattered within the same s-conduction band, the general result for the
resistivity contribution due to electron-phonon interactions is given by the Bloch equation

[49].

_ _a T.\s5 6p/T x5dx
Prattice(T) = 75— (5-) Jy e L8

Here Za is the atomic weight, a is an interaction parameter which is almost constant and 6p
is the Debye temperature. The above expression is obtained under the assumptions that the
compound being studied has a spherical Fermi surface completely contained within the
first brouillon zone and the Debye phonon spectrum is described by ép. In the high
temperature limit, the integral reduces to 0.25(6r/T)*. Thus, piaerice(T) < T at high
temperatures, and p;qerice (T) & T at lower temperatures. At very low temperatures (T—
0), where p;:tice = 0, ONe may have to consider the effects of electron-electron scattering

also, which ideally can lead to T?dependence [50] and this is one way to identify electron-
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electron interactions. However, this functional form can be modified by the contributions
from complicated magnetic ordering.

Now turning to the magnetic-moment containing rare-earth metals, there are
additional magnetic contributions to p due to the scattering of the conduction electrons
from thermally disordered localized spins. In the paramagnetic state, this contribution (psq)
is therefore also known as the spin-disorder resistivity, say, in the paramagnetic state. With
the assumptions of the RKKY theory, the electron scattering problem can be solved using
the Born approximation [51,52], and one obtains

3 * G
de(T > Tc) = 8717:1212 ['2 .............. 19

where 9, is the atomic volume, m* is the effective mass, G is the de Gennes factor (see
section 1.8) and I is the exchange integral between the 4f electron and the conduction
electron. Thus, the spin-disorder resistivity (o) in the paramagnetic regime is temperature
independent, and provides a large constant addition to the total p of magnetic materials (see
fig 1.13). [This spin-disorder contribution scales by the de Gennes factor G in a given R
series, to be discussed later].

On magnetic ordering, the spin-disorder contribution to p is reduced, and p when
plotted as a function of T should exhibit a sharp drop/slope change at Tc or Tn (see fig
1.12). In the ordered state (T << T), the spin-disorder resistivity contribution to p arises
due to the scattering from spin waves or magnons, and the magnetic contribution (o)
is expected to give rise to a temperature dependence which is proportional to T2 for

ferromagnets [53]. [psq can be considered as a terminology of pp,.,4 in the paramagnetic

state].
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Figure 1.12: Typical temperature dependent p behavior in a ferromagnet (upper panel),
and the magnetic spin-disorder (psd), static disorder (po) and lattice (piatice) contributions
are shown. Lower panel shows c-axis p in Dy metal, which is an antiferromagnet with
super-zone boundary anomalies below Tn= 178 K, and a ferromagnetic transition at a
lower temperature Tc= 86 K.

It may be noted that interpretation of experimental p is often difficult due to the
difficulties in separating out the contributions from several scattering processes. As

compared to ferromagnets, in antiferromagnetic R systems such as Dy, Ho etc. [54] the
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tendency towards antiparallel spin arrangement below Ty results in a very different and
distinctive p anomaly (see fig 1.13) in the form of a "hump-backed" curve with a p
maximum below Tn. This happens due to the additional spin-symmetry of the
antiferromagnetic magnetic lattice below Tn. This antiferromagnetism introduces new
periodicities in the lattice thereby producing an additional “magnetic” gaps, also known as
a magnetic super zone gaps. If these super zone gaps lie near Er, a sharp increase in the
resistivity occurs [54], as seen for Dy metal (see fig 1.13) which shows a jump in the c-
axis p(T) below (Tn=) 178 K and another sharp drop upon ferromagnetic ordering below

(Te=) 86 K.

1.6.2 Magnetoresistance

The effect of an external magnetic field on the conduction electrons in a metal induces
cyclotron-like motion of the electrons due to the action of a Lorentz force. The electrons
move along curves given by the intersection of surfaces of constant energy (Fermi surfaces)
with planes perpendicular to H [40,55], and this results in a positive MR [defined as {p(H)-
p(0)}/p(0)] also referred to as classical (cyclotron-motion induced) MR. A relevant
parameter [55] to characterize the resistivity in a field is the dimensionless quantity w.¢,
with,

we(=—~=—2L— (1.10)

Tc PH=0 M€
where | is the electron mean free path, and { is the average scattering time, r. is the
cyclotron orbit radius and wc is the cyclotron angular frequency. wc { can be varied by
changing H, and the following different regimes may be accessed: (i) for wc.{ >> 1, the
electrons complete many orbits before getting scattered, and the field dependence of MR is
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determined by the topology of the Fermi surface; it is in this limit (i.e., for "clean™ samples
at low T, and in high fields) that the MR is significant (a few %); (ii) for wc {< 1, the orbits
are never completed, and scattering processes dominate the MR. Generally, the
magnitude of MR in non-magnetic metals is ~1%. The importance of the parameter wc(iS
further emphasized by the Kohler's rule [55,56] which states that if the scattering processes
at the Fermi Surface can be approximated by a single relaxation time, the MR (see eqn.
1.10) should be a function of only wc{ (or H/pr=0). Thus, MR as a function of H/pn=o is
expected to be a single curve. Although some authors expect the Kohler's rule to be obeyed
for a given sample at all temperatures [57,58], however there are contrasting views in the
literature [55].

In the case of metals containing magnetic moments, in the paramagnetic region, the
application of H suppresses the paramagnetic spin fluctuations (paramagnons), thereby
leading to a very small negative MR varying quadratically with H, superimposed over that
from classical contribution. However, the MR behavior in magnetically ordered systems is
often more complex. For ferromagnets in the ordered state, one expects a small (~1%)
negative MR due to suppression of residual spin fluctuations. However, if other phenomena
are present, one can see a large value. A classic example is the giant magnetoresistance
(GMR) in manganites, in which there is a metal-insulator transition with the
ferromagnetism controlled by double-exchange mechanism [59]. Such materials bear
immense application potential. For a simple two-sublattice antiferromagnet, a field in the
direction of a particular sublattice suppresses these fluctuations in that lattice, but enhances
the same in the antiparallel lattice; this combination gives a positive MR which is

proportional to H? [60]. With the application of magnetic field, however, a spin-flop
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metamagnetic transition might also occur, and then the MR should ideally be similar to the
ferromagnetic case, leading to negative MR at this transition.

For the antiferromagnets, an additional complication may arise due to the existence
of super-zone boundaries (vide infra) and resultant Fermi surface gaps [54]. The applied
field, due to Zeeman splitting of the bands, may modify these Fermi surface gaps, thereby
giving rise to a large negative MR. Thus, the MR in the AF ordered state can have several
contributions of possibly different signs due to complications in magnetic ordering.

Usually, for simple non-magnetic metals and alloys, longitudinal and transverse
magnetoresistances are positive. At low magnetic fields, Ap o H?, and at large fields and
at low temperature, Ap tends to saturate. In the magnetically ordered states, there are
several contributions to the magnetoresistance. Major factors could be changes in the
relaxation time due to different parameters (spin fluctuation) or/ and changes in carrier
density (due to change in band structure). Amplitude of spin fluctuations gets suppressed
when the external magnetic field is applied, thereby reducing p of the material. As a result,
when the field is small, 4p/p is negative and is proportional to respectively H and H? for
weakly and nearly ferromagnetic metals [61]; in the vicinity of the Curie point, Ap/p is

proportional to H%3,

1.7 Thermal Properties

1.7.1 Heat Capacity
The heat capacity of an ideal crystalline solid at finite temperatures can be approximated
using the Debye model or the Einstein model [39, 63, 64]. Both of these models take into

account the vibrational modes of atoms in the solid lattice. The heat capacity increases with
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temperature and approaches the Dulong-Petit law [39,64] in the limit of high temperatures,
which states that the molar heat capacity of a crystal is 3R, where R is the gas constant.
Heat capacity measurement is important for characterizing the fundamental excitations
involved in a phase transition. Phase transitions involving spin, charge, phonons, orbital
degrees of freedom, Schottky-like anomalies in doped compounds, electronic levels in
correlated systems, etc. can be inferred using the heat capacity measurements. Entropy (S)
changes due to a phase transition, can be directly obtained by integrating heat-capacity over
temperature, i.e., C(T)/T as a function of temperature. Heat capacity of a simple magnetic-
moment containing metal in the paramagnetic state is due to the following contributions:
Electronic heat capacity (y) which arises from the density of states at Er and lattice heat
capacity (Ciatice) Which comes from the thermal vibration of atoms in the metal lattice.

In the magnetically ordered state, there is an additional contribution to the heat
capacity from the magnetic moments. This contribution is known as the magnetic heat
capacity (Car). The magnetic part (Ss) of the entropy, derived from Cas, is given by
RIn(2J+1), here R is the gas constant (not to be confused with the notation for rare-earths).
Heat-capacity data, being related to J, is a measure of the magnetic moment in the
magnetically ordered state. Thus, at temperatures much less than Debye temperature, the
magnetic heat capacity can become significant, compared to electronic and lattice parts.

In the case of a ferromagnetic material, at very low temperatures, the temperature
dependence of heat capacity is often characterized by T2 dependence where phonon
excitations are limited to low-energy states. In the case of antiferromagnets, the

temperature dependence of heat capacity shows a T dependence at low temperatures, and
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the behavior is determined primarily by the quantized spin-wave excitations of magnons.

There are often deviations from the functional forms due to complexities of magnetism

1.7.2 Magnetocaloric effect (MCE)
Magnetocaloric effect arises from the entropy changes in response to the application of
external magnetic field. An external magnetic field usually tends to align the magnetic

spins and thus decreases the entropy of the spin system.
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Figure 1.13: A schematic scenario of isothermal entropy change and adiabatic change in
temperature when a magnetic field is applied.

MCE has important practical applications in the field of refrigeration due to energy-
efficiency and environmental friendliness compared to traditional refrigeration methods
that rely on the vapor compression cycle and refrigerant gases. MCE [65] is derived from
the isothermal entropy change (4S) or the adiabatic temperature (47a4) change by the

application or removal of magnetic field. See, figure 1.13 to understand how the entropy
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changes when a field is applied. 4S and AT are related to M, H, and C and absolute
temperature by one of the fundamental Maxwell's relations [66]

0S(T,H) oM (T,H)
i dr=C57u e 111

H oM (T,H
AS(TyH) = f,' o ydn

Tav = (Ti+1 + Tl)/Z ................ 112

Figure 1.13 shows a scenario of changes in entropy when a field is applied. S(0)
and S(H) is the total entropy of the material for zero field and applied external magnetic
field. It has been shown that in the case of antiferromagnets, the increasing field increases

magnetic entropy, while in the case of ferromagnets the increasing filed decreases the
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Figure 1.14: lllustrative example of isothermal entropy obtained for single crystalline
dysprosium metal [69].
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magnetic entropy [67]. Figure 1.14 shows the magnetocaloric effect for a single
crystalline Dy metal which is known to order antiferromagnetically around 180 K, followed
by a transition from antiferromagnet to ferromagnet at 90 K [68]. Accordingly, the
magnetocaloric effect shows a sharp change because of ferromagnetic to antiferromagnetic

transition around 90 K followed by a minimum and a negative entropy at 180 K [69].

1.8 Basics of rare-earth based systems

In the case of rare earth elements, the magnetic properties are determined by the incomplete
4f shell, which undergoes progressive filling when one traverses from La to Lu, with an
electronic configuration given by [Xe]4f"(5d'6s?). Thus, n varies from 0 to 14 from La to
Lu. The 5d'6s? electrons participating in chemical bonding impart trivalency for these
elements. The incomplete 4f orbital in the R-based compounds was historically considered
localized well within the ionic core (radius = 0.34, being an order of magnitude less than
the interatomic spacing) and shielded by filled 5s? and 5p® shells which can be seen in the
plot of relative radial extension of various orbitals in the case of Gd (figure 1.15). This
initial belief got changed during last few decades for lighter rare earths where
manifestations of some degree of delocalization have been found in many physical
properties. Various parameters characterizing the free R ions are given in table 1.1. Since
the overall crystal-field splitting for rare-earths is around 100 K, the effective moment
determined from higher temperatures in the paramagnetic state from the y(T) data using
Curie-Weiss law in the event 4f orbital is strictly localized, is expected to be in agreement
with the values listed in the table 1.1. In some alloys, one can get an excess effective

moment because of the polarization of the conduction band induced by the 4f magnetic
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moment. Indirect exchange interactions between these moments usually results in long
range magnetic order in metallic systems.
Within RKKY formalism, de Gennes [37] with a molecular field model arrived at

an expression for 6p and pmag for rare-earth systems, according to which, 6p and pmagare «

(g, - 1)2](] + 1),which is known as the de Gennes factor.

12 }4
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Figure 1.15: Comparison of radial charge distribution of 4f, 5s, 5p, 5d and 6s electrons in
Gd atom.

Thus, the magnetic ordering temperature To within a given R series is expected to
scale with G, as shown in figure. 1.16. There are often deviations from this general rule
due to competing phenomena in the R systems due to some degree of 4f delocalization,
particularly at the beginning of a rare-earth series. Further modifications, from de Gennes
scaling can occur also by the crystal field splitting of 4f levels [38]. In the case of Gd** and
Eu?* ions, the total orbital angular momentum is zero and hence crystal -field effects can

be ignored.
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0.0
Figure 1.16: Rare earth magnetic ordering temperatures (To) and magnetic spin disorder
contribution (psq) to electrical resistivity (normalized to the values of Gd) based on the de
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1.9 Kondo effect

Experiments performed on dilute magnetic alloys revealed richness in low temperature
anomalies, one of them being the Kondo effect [70]. By definition, the Kondo effect results

from an antiferromagnetic exchange interaction between the local moment and the

conduction electrons and is a single-ion effect.
Above a characteristic temperature, called Kondo temperature (TK), only spin-flip

scattering is observed among the impurity spin and the conduction electrons; below TK, the

impurity spins get compensated by the spins of the conduction electrons and a singlet state
is formed. The compensation of local moment by the conduction electrons can be thought

of as a formation of electron cloud around the impurity spin [71]. An extra peak in the
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density of states (DOS) at EF develops and it is called Abrikosov-Suhl resonance (ASR)

[72, 73] or Kondo resonance leading to enhancement of .

Table 1.1: Some properties of free rare earth ions, like 4f electronic configuration, ground
state term symbol spin, orbital and total angular momentum, Lande g factor (gs), effective
magnetic moment and de Gennes factor.

Eaarrtil f:‘r:)nfigu- sc,i;?: “I7 1 . oG+ | 9 (Cj;eennes
lon ration term factor G
La3+,

Ce**, | 4f?0 1S, 0 (0[O0 |- 0 0 0
Y3t

Ce® 4f1 %Fsp 1/2 |3 |52 |6/7 |254 2.14 |0.011
Pre* 42 3H, 1 |5|4 |4/5 |358 3.20 |0.051
Nd® | 4f3 *lorz 3/26 |9/2 |8/11|3.62 3.28 |0.116
Pm3* | 4f4 ®l4 2 |6 |4 3/5 |2.68 2.40 |0.217
SE SHs, [ 5/2 |5 |5/2 |2/7 084 0.72 |0.283
Eud

Sm?* | 4f6 Fo 3 |3/0 |0 |oO 0 0
Gd3+

Eu?* 4f7 8w, |7/2|0 |72 |2 |794 7 1
Tb%* 4f8 "Fg 3 |3(6 |32 [9.72 9 0.667
Dy%* 4f° ®Hisp [ 5/2 |5 | 15/2 | 4/3 | 10.63 10 0.450
Ho®" | 4f%0 Slg 2 |6(8 |54 |10.60 10 0.386
Ers* 41 s, | 3/2|6 | 15/2 | 6/5 |9.59 9 0.162
Tmd* | 4f?2 SHe 1 |s5|6 [7/6 |757 7 0.074
Yb3+

Tm? | 413 2F112 123 |7/2 |8/7 |454 4 0.020
Lu3+

Yb?r | 4fY¥ 1S, 0 (0[O0 |- 0 0 0
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The bench mark of this local interaction is a low temperature upturn in p leading to
a minimum in the plot of p(7). A logarithmic rise in p(T) with decreasing temperature was
first observed for systems like magnetic Fe impurities in non-magnetic Au/Cu [74]. Kondo
[70] used a third order perturbation calculation to reproduce the observed low temperature
upturn in p(T) behavior.

Tk (generally ranges from few mK to several hundred Kelvin) is identified as the
only characteristic energy scale in the single-ion Kondo problem. Though the Kondo effect
was first observed mainly in non-magnetic metals containing traces of magnetic transition
ions, a behavior associated with the Kondo effect can also occur in rare-earth compounds
or concentrated 4f (also 5f) impurities [78]. This is because of relatively smaller spatial
extension of the 4f orbital (~0.5 A). Such systems are termed as Kondo lattices (KL) or
concentrated Kondo systems (CKS). The value of Tk is different for different CEF states
[75,76]. If the hybridization between the local moment and the conduction electron is
reasonably strong, not only the spin but also the electron from the 4f level can go to the
conduction band and come back, giving rise to a phenomenon known as ‘valence

fluctuation’ or ‘intermediate valence’. Depending on the strength of hybridization energy

A= ﬂszfN(Ep) (Ve is the matrix element that admixes the Ce-4f and conduction

electron states) with respect to the binding energy (eo) of the 4f level, one can distinguish
the different regimes:

* A<< gy = stable 4f shell

* A<go = Kondo regime

* A > go= intermediate valence

34



The strength of the hybridization A depends on the proximity of the 4f level to
Fermi level. Ce and Yb are very prone to the Kondo effect and intermediate valence
because the mixing is energetically favorable for these compounds. It is found that Pr and
Sm [77, 78] show Kondo effect occasionally, under favorable conditions. But for other
heavy rare earths, hybridization is almost negligible due to deeply localized nature of the
4f orbital.

Due to the hybridization, enhanced linear coefficient of heat capacity compared to
normal metals results in the Kondo systems at low temperatures is observed. For Kondo
systems, MR is negative and the magnitude of p(T) decreases monotonically with
increasing magnetic fields and decreasing temperature. The negative Ap/p arises from the
suppression of the Kondo spin fluctuations by the application of magnetic field.

Since in Kondo lattices, there is an enhanced DOS at Er due to Abrikosov-Suhl, or
Kondo resonance electronic effective mass (m*) becomes very large. Therefore, KL
systems are also referred to as heavy fermions (HF) [79, 80]. Though thermodynamic
properties of HF are similar to that of single ion impurities, the electrical transport behavior
at low temperatures is quite different. The p(T) behavior of (non-magnetic) KLs is
schematically shown in figure 1.17. A drop is observed below a characteristic temperature,
called Tcon, due to coherent scattering among the Kondo impurities, in the Kondo lattices.

Sometimes Tcon and Tk are related by a simple scaling factor [81, 82] but not always

true. Rough estimation of Kondo temperature may be obtained from the value of 6p (TK ~

Op/n where n =2 to 6, [83]). In short, the non-magnetic KL are expected to obey the Landau

Fermi liquid (FL) behaviour [84], not only in heat capacity, but also in magnetic
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susceptibility leading to enhance Pauli contribution (o) that is y o y, « A, where A is the

coefficient of T2 term in resistivity.
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Figurel.17: Schematic representation of the temperature dependence of electrical
resistivity of single-ion Kondo and Kondo lattice systems.

Finally, it may be mentioned that, due to large concentrations of magnetic centres
in the Kondo lattices, the Kondo interaction and the RKKY interaction can compete,
leading to features in the properties attributable to both the Kondo effect and magnetic
ordering. This can be tuned by varying chemical and external pressures. The physics of
Kondo lattices on the verge of losing magnetic ordering, that is quantum critical point, is
known to lead to complications in properties called ‘non-fermi liquid behaviour’. Since
this modern topic is not being studied for this thesis, this aspect will not be elaborated

further here.
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1.10 Antimicrobial and Therapeutic applications.

In the field of biomedicine, antibiotics have been crucial in the treatment of bacterial
infections [85]. During the “golden era” in antimicrobial research, almost all groups of
important antibiotics (cephalosporins, tetracyclines, aminogly- cosides and macrolides)
were discovered and the main problems of chemotherapy were solved around 1960s. Over
a period of time some antibiotics appear to be rendered useless due to the emergence of
“superbugs” which show resistance to even various combinations of the widely used
antibiotics, thus making available treatments ineffective [86, 87]. The impact of drug
resistance is considerable with treatment failures associated with multidrug-resistant
bacteria and it has become a global concern to public health. Hence it has been impervious
to study and discover new antibiotics. Natural products are still one of the major sources
of new drug molecules today, which are derived from prokaryotic bacteria, eukaryotic
microorganisms, plants and various animal organisms. These microbial and plant products
occupy the major part of the antimicrobial compounds in the field of biomedicine.
Meanwhile, metal complexes to be used as antibiotics have only a niche presence in
biomedical field, even though some compounds like cisplatin, have been shown to have
profound impact for treatment of cancer and still being used extensively in cancer
treatments. In addition, platinum-based chemotherapeutics are used widely in majority of
cancer treatments [88]. The gold-containing auranofin is an approved drug used for the
treatment of rheumatoid arthritis and is currently under investigation for its anticancer as
well as antimicrobial properties [89-94]. Metal complexes have been largely been ignored
for antibiotic development even when these compounds have access to unique modes of

action and exist in a wider range of three-dimensional geometries than purely organic
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compounds. Such properties make these compounds interesting for the development of
new drugs. Study in this field has now extended other elements as well in the past few
decades, with complexes of titanium, iron, ruthenium, gallium, palladium, silver, gold,
bismuth, and copper being widely used for development of biomedicine for treatment from
anticancer to antimalaria over to neurodegenerative diseases and has been subjected to
variety of clinical trials [95-109].

Recently bimetallic nanoparticles have also attracted some attention because of
their unique optical, electronic, magnetic, and catalytic properties, which, are significantly
distinguishable from their monometallic counterparts in many cases. In many of these
nanoparticles a synergistic antibacterial effect is being targeted. Ag—Cu, Ag-Au, Fe-Ag,
and Cu—Ni complexes have been studied to understand their antibacterial efficiency [101-
109]. There is no literature which focuses on the antimicrobial properties of ternary and
quaternary compounds, particularly the ones carrying magnetism and it is worthwhile to
focus the studies on such compounds to see if they have potential applications in the field

of biomedicine.

1.11 Thrust of the thesis

Even though a lot of research has been published on compounds containing the rare-earth
and transition metals, many novel behaviors emerge even today on new materials. While
Ce, Eu and Yb compounds have been attracting attention for the past five decades due to
some degree of 4f delocalization, those rare-earths containing strictly localized 4f electrons
attracted less attention from the angle of new concepts. However, recent advances suggest
the magnetism of such compounds have not been completely understood. Therefore, there

is a need to probe those rare-earth materials not paid much attention in the past literature.
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Understanding various magnetic interactions and in turn the properties exhibited by these
compounds can offer inputs for various industrial, technological and biomedical
applications. Thus, our study focusses on those materials (both intermetallic and oxides),
which have not been paid much attention in the existing literature, with the intention of
sowing seed to discover new materials for medical applications. The magnetic and
transport properties of these compounds were studied for the aim of this thesis in bulk
polycrystalline form and also to understand the effects of particle size reduction on their
magnetic properties, at least for some cases. The main measurement techniques are ac and
dc magnetization, electrical and magnetoresistance and heat-capacity, depending on the
material under study. We also tried to study the antibacterial properties of these compounds

to ascertain if their properties can be useful for biomedical applications.

Chapter 2 focuses on the details of the various measurement techniques which have been

employed for the study of various properties exhibited by these compounds.

Chapter 3 focuses on the magnetic and transport properties of the intermetallic family
having a general formula R2(TM)Xs (R = rare-earth, TM = transition-metal, X = silicon/
germanium), derived from AIB2- type hexagonal structure [109, 110]. These compounds
have been of great interest, considering the fact that properties exhibited by many of them
bear relevance to current trends in the field of magnetism and superconductivity [111]. This
structure is of honey-comb type, in which T-Si (Ge) layers are sandwiched by R layers. R
ions form triangular lattice, thereby favoring geometrically frustrated magnetism.
Considerable work has been carried out in the literature in the past few decades on this

family of compounds, and yet many new properties keep emerging [112-115]. In this
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Chapter, the results of the measurements on the bulk polycrystalline forms of some heavy
rare-earth members of the family having general formula R2RhSis (namely for R = Nd, Er)
are reported, one (Nd) in which 4f level is expected to be closer and, in another case, (Er)
far away from the Fermi level having relatively less contributions in the conduction band.

The results bring out hitherto unknown magnetic anomalies for these compounds.

Chapter 4 focuses on the study of the magnetic and transport properties of a few
compounds (HosPtAl, ErsPtAl and DysRhAl) belonging to the families R4PtAl [117] and
R4RhAIl [116], which are characterized by interesting structural features in particular, the
presence of three sites for R leading to exotic magnetic and transport anomalies in all the
compounds reported within these families. The present results add value to a systematic
understanding of magnetic and transport anomalies, due to competing magnetic
interactions in these families. Such studies on rare-earth materials with multiple sites for R

are rare in literature.

Chapter 5 focuses on the spin-chain compound of the type, R2BaNiOs, [117-135] which
have been known to be exotic with respect to magnetism for the past few decades. But
these compounds being centrosymmetric, are of special interest due to multiferroic
anomalies reported in recent years. Our focus is to study the effects of external hydrostatic
pressure and chemical pressure caused by the isoelectronic doping at Ba site by Sr on the
magnetic properties of one of the exotic multiferroic compound Th,BaNiOs, and to study

the effects of external hydrostatic pressure on the Co analogue, Th2BaCoOs.
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Chapter 6 focuses on the study particle size reduction on the magnetic and thermal
properties of the compounds in the R2RhSiz and R4(TM)AI families, in addition to studying
the antibacterial and antifungal properties of these compounds in bulk and nano forms. This
work is of importance, since most of the study of efficacy is concentrated either on the d
block transition metal elements or to some extent on the bimetallic compounds [136-140].
This work serves as a seed for further work, for potential medical applications, of nanoform

rare-earth intermetallics.
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Chapter 2
Experimental Details

2.1 Preliminary remarks

In this chapter, various experimental methods employed for the investigations are briefly
outlined. In the case of intermetallic samples, we studied the magnetic, transport and
thermal properties in the polycrystalline bulk form as well as in ball-milled nanoform as a
function of T and H, while we studied the effects of pressures (external and chemical) on
the magnetic properties of some oxides. Materials those were prepared and investigated are
Chapter 3: Nd2RhSiz and Er2RhSis

Chapter 4: ErsPtAl, HosPtAl and DysRhAl

Chapter 5: Th2Bai-xSrxNiOs (x =0, 0.025, 0.05, 0.075 and 0.1) and Th2.BaCoOs

Chapter 6: In addition to the study of the magnetic and transport properties, we have also
carried out the study of antimicrobial efficacy on some of the intermetallic samples in both

bulk and nanocrystalline form.

2.2 Sample preparation

2.2.1 Intermetallic samples
Intermetallic samples were prepared by arc-melting technique. In this technique
stoichiometric amounts of respective high-purity (>99.95%) elements, were weighed and
melted together several times on a water-cooled Cu hearth, in an inert atmosphere of high
purity argon gas (0.3 — 0.5 bar). A commercial mini arc-melter (MAM-1, Edmund Bihler)
was employed for this purpose. The arc furnace consists of two electrodes, one of them is

a water-cooled copper hearth and the other electrode consists of a water-cooled tungsten
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carbide tip. The electric arc is struck by touching the electrode tip with the copper hearth.
First the arc was used to melt a Titanium ball, which adsorbs any oxygen impurity present
in the chamber before actual melting of sample. The arc was then brought in contact with
the sample and the current was increased till the sample melts congruently. This process is
followed by flipping the sample several times till the sample is homogeneously melted.
The mass of the molten ingots were checked after first and fifth melt, to ensure that the
losses (if any) in the weights during melting remained below the acceptable limits (<2%).
While most of the as-melted compounds were found to be in single phase composition,
some of the molten ingots required annealing in evacuated sealed quartz tubes at
temperatures mentioned in the literature to remove any stray phases present in the final

study specimens, further details have been mentioned in respective chapters.

2.2.2 Oxide samples
Oxide samples were prepared by a conventional solid-state reaction technique. In this
method, the high purity (>99.999%) oxides constituting the sample were weighed in
respective stoichiometric ratios and ground together, to attain homogeneity. The ground
powders were then calcined at 800 C for 24 hours in argon atmosphere. The calcined
samples were further reground, pelletized and sintered several times in argon atmosphere

at temperatures as specified in chapter 5.

2.2.3 Nanoform specimens
In order to get nanocrystalline samples, 5gms of the single-phase polycrystalline samples

were ground to fine powder form using a commercial high energy ball mill (Pulversitte 7,
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Fritsch GMBH). The hand-ground polycrystalline powders were mixed with toluene (to
avoid oxidation of the metallic samples) and ground in zirconia bowls of 50 ml capacity,
containing 65 zirconia balls of 5 mm diameter each. The grinding speed used was 500 RPM
for a period of 30 minutes with a pause for 10 minutes after every 10 minutes. The final
ground specimen after 150 minutes of grinding was used for studies.

Since the sintering and annealing temperatures and the heat treatment profiles in

the case of oxides are different, we have specified those details in the respective chapters.

2.3 Sample characterization

2.3.1 X-ray diffraction and Rietveld analysis of powder sample
The samples were characterized by powder x-ray diffraction (XRD) using a commercial
powder x-ray diffractometer, procured from PANalytical co. The instrument operates in
the Gonio mode of 0- 0 geometry and for all samples, Cu Ka (A= 1.5406 A and A, = 1.5444
A) x-ray source was used in measurements. In our measurements, the sample stage is kept
fixed while both source and detector was rotated. The data was collected from a low angle
(mostly 10°) to 80° with a step size of 0.02°. Power of the x-ray source was 1.2 kV-A (40
kV and 30 mA). Rietveld refinement of the powder XRD pattern was done using the
FullProf Suite software [1] to determine the phase formation and purity of the sample. It is
confirmed that all the compounds form in single phase in desired structure within the

detection limit of the x-ray diffractometer, unless otherwise stated in respective chapters.
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2.3.2 Energy dispersive x-ray analysis
In order to ascertain that there is no detectable secondary phase and the stoichiometric ratio
is uniform for the samples within the detection limit (< 2%), we carried out the scanning
electron microscopy (SEM) and energy dispersive x-ray analysis (EDAX) on the samples,
using commercial SEM (Ultra Field Emission SEM of Zeiss). Backscattered electron
images have been obtained to check the homogeneity and phase of the samples. However,
this technique cannot measure the accurate compositions of low atomic number elements
(like oxygen), which is the limitation of this technique. Hence, in the case of oxide samples,
off-stoichiometry of oxygen (if present) cannot be verified through this equipment

accurately.

2.3.3 DC electrical resistivity
The electrical resistivity measurements were done using the standard four probe technique,
from 1.8 K to 300 K using the resistivity option of the commercial PPMS (Physical
Property Measurement system, QDUSA), which adds a configurable resistance bridge
board, called the user bridge board to the model 6000 PPMS controller. The four-probe
method is a standard technique used for measurement of resistivity, in which four colinear
contacts are placed on the measurement sample. A fixed current is passed between the outer
two leads, while the voltage difference is measured using the middle leads. This technique
eliminates the error due to the contact resistance between the sample and the contacts. The
samples for the four probe measurements were mounted on standard PPMS sample pucks.
Using the resistivity option, one can measure up to three samples in one set of
measurement. The bridge board automatically adjusts the excitation current of its active
channels, but one can specify the maximum allowable current (£ 0.01 — 5000 pA), power
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(0.0001 — 1000 uW), and voltage (1- 95 mV) for each channel. The maximum measurable
resistance is computed from the maximum potential drop that can be measured and from
the minimum useful excitation current, which is determined by the user bridge’s DAC

(digital — to — analog converter) resolution.

2.3.4 Heat Capacity

Heat capacity measurements (at constant pressure) have been performed using the PPMS,
by the relaxation technique [2,3,4]. The heat capacity puck utilizes the standard 12-pin
format for electrical connections, and it provides a small micro-calorimeter platform for
mounting the sample. Samples were mounted to this platform by a standard cryogenic
grease or adhesive such as Apiezon N- grease. The sample platform is suspended by eight
thin wires which serve as the electrical leads for an embedded heater and thermometer. The
wires also provide a well-defined thermal connection between the sample platform and the
puck. An additional thermometer embedded in the puck provides a highly accurate
determination of the puck temperature, and a thermal shield aids in maintaining stable
sample temperature and uniformity. To ensure that the heat is not lost via exchange gas,
the heat capacity option includes the PPMS high-vacuum system, which maintains (using
turbo pump or cryopump) the sample chamber pressure near 0.01 mbar and is automatically
controlled by the software.

In the PPMS heat capacity option, the sample mass was limited to 1 — 20 mg. Given
the thermal characteristics of the calorimeter, this range of mass produces varying
relaxation time constants that may be a fraction of a second at 1.9 K or many minutes at

300 K. The addenda heat capacity limits the size of the smallest sample. After each
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measurement cycle which is a heating period followed by a cooling period the heat capacity
was fit in the entire temperature response [3] of the sample platform to a model that
accounts for both the thermal relaxation (z1) of the sample platform to the bath temperature
and the relaxation (z2) between the sample platform and the sample itself. The simple model
assumes that the sample and the sample platform are in good thermal contact with each
other. In this model, the temperature of the platform as a function of time t obeys the

equation
ar
Chotal at =—Kw (T'Tb) + P(t), (2.1)

where, Ciotal = (Csample + Caddenda) 1S the total heat capacity of the sample and sample
platform, Ky is the thermal conductance of the supporting wire, Ty is the temperature of
the thermal bath, and P(t) is the power applied by the heater. The solution of this equation
is given by exponential functions with a characteristic time constant t = Ciotal / Kw. The heat
capacity software uses two-tau model to measure the heat capacity of the sample when
poor thermal attachment of the sample to the platform produces a temperature difference
between the two. The two-tau model simulates the effect of heat flowing between the
sample platform and puck.

Using the non-linear, least square fitting algorithm, the system compares the
solution to the simple model to the actual measurement. The values of the parameter that
give the smallest fit deviation determine the heat capacity. The sensitivity of the fit
deviation to small variations in the fitting parameters is used to estimate the standard errors

for the heat capacity.
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2.3.5 SQUID magnetometer

SQUID magnetometer uses a superconducting quantum interference device (SQUID)
which is used to measure extremely weak signals (~ 107" emu). SQUID consists of two
superconductors separated by thin insulating layers to form two parallel Josephson
junctions. The electrical current density through a weak electric contact between the
superconductors, depends on the phase difference A¢ of the two superconducting
wavefunctions. The time derivation of A¢ is correlated with the voltage across the weak
contacts. In addition, A¢ is influenced by the magnetic flux ¢ through its ring. Such a
structure can be used to convert magnetic flux into an electric voltage. This principle forms
the heart of the squid magnetometer.

The system has two major hardware components: (1) the MPMS dewar and probe
assembly, and (2) the associated control system in the MPMS control console. Automatic
control and data collection are provided by a computer and two independent subsystem
controllers. Gas control and ancillary functions in the system are also automated. It is
equipped with a 70 kOe superconducting magnet. The system provides rapid precision
measurements over a temperature range of 1.8 K to 400 K. SQUID consisting of two
Josephson junctions employed in parallel so that electron tunneling through the junctions
demonstrate quantum interference, dependent upon the strength of the magnetic field
within a loop. The linear motion of the sample induces an electric current in the coils; this
current is sensed by the SQUID sensor via an isolation transformer. The external flux (@ext)
couples into the single turn (for example) pickup coil with inductance Lp. This induces a

current (1) in the circuit, which couples a flux through the input coil of the inductances.

64



The mutual inductance of the input coil and the SQUID shows as Mi (moment induced in

the detection coil).
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Figure 2.1: SQUID detection circuit.

The expression for the external flux coupled into the circuit to the flux in the

SQUID is given by
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dext = (Lp + Li)(%j) ....(2.2)

Since the SQUID functions on the basis of a highly linear current to voltage conversion,
the variations of the current in the detection coil produce corresponding variations in the
SQUID output voltage which is proportional to the magnetic moment in the sample. This

is the only system where the magnetic moment of the sample is directly measured.

2.3.6 Vibrating sample magnetometer

A Vibrating sample magnetometer (VSM) operates on Faraday’s law of induction, which
states that a changing magnetic field will produce an induced voltage (e.m.f). In the VSM
the sample is placed in a constant external magnetic field, which magnetizes the sample by
aligning the magnetic domains or spins of the sample along the applied field. This
magnetization of the sample will produce a magnetic field around the sample which is also
known as the stray magnetic field. When this magnetized sample is vibrated using a
vibration controller, it causes the stray magnetic field to vary as a function of time. Such
an alternating magnetic field can be sensed by the pick-up coils, due to the Faraday’s laws
of induction. This forms the basic working principle for a VSM. The induced current in
the coils is proportional to the degree of magnetization of the sample under investigation.
The sample under investigation is mounted in a sample holder at the end of a carbon fiber
rod and inserted into an Oxford Instruments continuous flow helium cryostat and made to
oscillate vertically, typically over 1- 1.5 mm range with frequencies 40 — 80 Hz.

If the sample is magnetized, the oscillation will induce an AC signal in a set of
suitably placed pick-up or sense coils [5,6]. The lock-in amplifier is tuned to vibration
frequency using a reference signal from the vibrator controller and detects the in-phase
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voltage from the sense coils. The instrument (see figure 2.2) is equipped with a 120 kOe

superconducting magnet.
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Figure 2.2: Schematic diagram for VSM

The induction current is amplified by a transimpedance analyzer and a lock in
amplifier. The various components are hooked up to a computer interface. Using
controlling and monitoring software the system can provide the degree of magnetization of

the test samples.
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2.3.7 High pressure cells
The cell used for carrying out magnetization (MCell 10) measurements under external
hydrostatic pressures was a commercial cell procured from Easylab technologies U.K. The
maximum attainable pressure for magnetization studies is 10 kbar (1 GPa) at 300 K.

The Mcell 10 [7] has been designed for carrying out magnetization measurements
under high pressure up to 10kbar and down to a low temperature of 2 K using the squid
magnetometer (MPMS) of Quantum design USA. The cell is designed in such a way that
it can be directly attached to the lower end of the normal sample holder used in the SQUID
magnetometer. It consists of a cylinder made up of copper beryllium, as shown in the figure
2.3. The sample was loaded in a teflon bucket filled with daphne oil as a pressure
transmitting medium. The teflon bucket was then loaded at the center of the cell and fitted
on both sides with antiextrusion disc which was pressed by ceramic pistons and ceramic
disc. This disc when pressed transmitted the pressure on the daphne oil because of
compression of teflon bucket. Finally, the daphne oil transmits the pressure onto the
sample. There is a mild reduction in pressure when the sample is cooled, but below 200 K
daphne oil solidifies sealing the applied pressure on the sample. The cell is pressurized
using a hydraulic pressurizing system.

To determine the pressure in the cell at low temperature, a small piece of tin was
added to teflon bucket along with the sample. Depending upon the shift in the
superconducting transition of the tin, the pressure in the cell at low temperature can be

determined using the polynomial function [8]:

P =a*[Tc (0) - Te(P)I? + b [Tc (0) - Te(P)], - (2.3)
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where P is pressure in kbar, a and b are constants with value a=5.041489 and b = 17.81287.

Tcis the superconducting transition temperature of Sn.

[T

1) Upper locking nut, 2) Piston cap, 3) Piston, 4) Plug, 5) Cap, 6) Pressure cell body, 7)
Anti extrusion ring, 8) Lower locking nut.

Figure 2.3: Schematic diagram of a MCell 10.

Generally, it was observed that there is a drop of around 1.5 kbar of pressure when
one cools the system from 300 K to 4 K. To compensate for this drop, a marginally higher
pressure is applied to the system at room temperature when the cell was being pressurized.
The cell was then attached to the sample holder of MPMS and the magnetization
measurements were performed similar to that of the normal measurements. In order to
obtain a correct sample center in the cell when the cell was loaded in the MPMS, the system
center was accurately calculated using a nickel standard at room temperature and
accordingly calibrated to the cell to ensure that the measurements being carried out is for
the sample. To account for the background contribution to the data from the cell, the empty
cell background was measured earlier and subtracted from the measured data continuously
using the MPMS software. The entire magnetization measurement was performed for a
few sets of pressures which is determined on the basis of the magnetization data of the

sample being measured.
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2.3.8 Antimicrobial susceptibility studies

Antimicrobial susceptibility testing has been regularly used for drug discovery,
epidemiology and prediction of the therapeutic outcome. In order to determine the
antimicrobial efficacy, we carried out our studies on E. coli, Pseudomonas’s, S. Aureus, E.
Faecalis and Candida Albicans using the Agar disk diffusion technique [9,10, 11], Agar
well Diffusion technique and the Broth dilution technique for determining the MIC
[minimum inhibitory concentration, which is the lowest concentration of antimicrobial
agent that completely inhibits growth of the organism in the well plates] and MBC
[minimum bactericidal concentration (MBC) or minimum fungicidal concentration (MFC),
also known as the minimum lethal concentration (MLC); MBC is defined as the lowest
concentration of antimicrobial agent needed to kill 99.9% of the final inoculum after
incubation for 24 h under a standardized set of conditions described in document M26-A
[12]. Each of this standard technique have been described in detail in the further sections
below.

Since the intermetallic samples were in powder form, we had to determine the
solubility of our samples, for which we carried out solubility studies on our samples using
the standard solutions. The solubility of the compounds was tested in polar solvents like
DMF, DMSO, Water, Acetone, Methanol, isopropanol, Acetonitrile as well as non-polar
solvents like Benzene, Toluene, Acetic Acid, Chloroform, Diethyl ether etc. It was found
that the intermetallic compounds are highly insoluble in any of the available solutions and
any of the antimicrobial susceptibility testing has to be done using the direct dispersive

technique.
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Figure 2.4: Schematic representation of a disk diffusion and/or well diffusion technique.

Agar disk-diffusion testing method was developed in 1940 [9]. This technique is

one of the official methods used in many clinical microbiology laboratories for routine
antimicrobial susceptibility testing. In this technique, the agar plates are inoculated with a
standardized inoculum of the test microorganism. On this inoculated disk filter paper disk
(about 6 mm in diameter), containing the test compound at a desired concentration, are
placed on the agar surface. The Petri dishes are incubated under suitable conditions based

on the type of microbe being tested. In normal cases the antimicrobial agent will diffuse
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into the agar medium and inhibit the germination and growth of the test microorganism.
After a particular incubation period say 24 hours, the diameters of inhibition growth zones

are measured.

Agar well diffusion method

Agar well diffusion method is widely used to evaluate the antimicrobial activity of plants
or microbial extracts [13,14]. In this method, Similar to the procedure used in disk-
diffusion method, the agar plate surface is inoculated by spreading a volume of the
microbial inoculum over the entire agar surface. A hole with a diameter of 6 to 8 mm is
aseptically punched with a sterile cork borer or a tip, and a volume (20-100 mL) of the
antimicrobial agent or extract solution at desired concentration is introduced into the well.
These, agar plates are then incubated under suitable conditions depending upon the test
microorganism. The antimicrobial agent diffuses in the agar medium and inhibits the
growth of the microbial strain tested. Since the intermetallic samples are insoluble and has
to be used in the dispersive mode, we modified the well diffusion technique by using a
fixed weight of the test powder in the well instead of a volume of the antimicrobial agent.
In addition, we tried to disperse this powder in the agar media when it was slightly hot and
in a semi-solid state, and tried to make a localized well so that our powder was dispersed
well inside the agar media in form of well.

Broth micro- or macro-dilution is one of the most basic anti-microbial susceptibility
testing methods. This technique involves, preparation of two-fold dilutions of the

antimicrobial agent (e.g. 1, 2, 4, 8, 16 and 32 mg/mL) in a liquid growth medium (Broth)

72



Broth Dilution method

a) Dilution of 1/10 in
sterile BHI broth

. . - b) 250 uL of sterile broth

added to each well

& & Negative
1
Test sample d control
suspended i
in sterile BHI L
broth L
i l
" " |
- eV ) &) :
OBUL e tinC &Two-fold dilutionby |\ O
1
- =y transferring 10 pL to AN
ii(iled © ﬁrSti_ | ~ consecutive Wells )@@
[ -~ ) .l
’-----,{w\, O0000000OI|

\
e) Incubation of the wells at 37°C for 24 hours Positive
f) Streaking of incubated solution from each well on BHI agar ontrol

Z

plate and incubation for 24 hours at 37°C

<\

g) Counting of colonies and determination of MIC and MBC for the test

Figure 2.5: Schematic diagram of steps involved in broth dilution and MIC/MBC
technique.

73



dispensed in tubes containing a minimum volume of 2 mL (macrodilution) or with smaller
volumes using 96-well microtitration plate (microdilution).

Each of this tube are then inoculated with a microbial inoculum which is prepared
in the same medium after dilution of standardized microbial suspension adjusted to 0.5
McFarland scale. Once a fixed amount of microbial inoculum is added to each tubes or
wells, the tubes or wells is inoculated (mostly without agitation) under suitable conditions
depending upon the test microorganism. The inoculated liquid is streaked onto a n freshly
prepared agar plate along with positive and negative controls. These plates are further
inoculated for another 24 hours to count the growth of microbial colonies and determine
the MIC and MBC of the test materials. The experimental methodology to perform
accurately the microdilution is schematized in figure. MIC is the lowest concentration of
antimicrobial agent that completely inhibits growth of the organism in tubes or micro-
dilution wells as detected by the unaided eye [15].

Unlike micro-dilution method, the main disadvantages of the macrodilution method
are the tedious, manual undertaking, risk of errors in the preparation of antimicrobial
solutions for each test, and the comparatively large amount of reagents and space required.
Thus, the reproducibility and the economy of reagents and space that occurs due to the
miniaturization of the test are the major advantages of the microdilution method.
Nevertheless, the final result is significantly influenced by approach, which must be
carefully controlled if reproducible results (intralaboratory and interlaboratory) are to be

attained.
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Chapter 3

Magnetic and transport anomalies in R2RhSiz (R= Nd and Er)
compounds

3.1 Introduction

Due to some degree of radial extension of 4f orbital, compounds containing Ce have been
known to exhibit exotic magnetic and transport properties, which is an important direction
of research in solid state physics as briefed in chapterl. It is an accepted fact now that this
extension of 4f orbitals reduces gradually with the increasing atomic number in the rare-
earth series. As a result, there is a gradual reduction in the 4f hybridization with the
conduction electronic states as one moves from Ce to Sm. However, the influences of
partial 4f radial extension on the magnetic properties of other light rare-earth members have
not been well demonstrated. There is growing evidence for exotic magnetic properties of
the heavy rare-earth members also, though these may not be due to the 4f delocalization.
In this context, for the past three decades, exhaustive studies have been performed on the
R.TMX3 compounds, especially for the Ro.PdSis family, crystallizing in a AlB2-derived
hexagonal crystal structure [1-23], using several experimental techniques, revealing exotic
properties exhibited by these compounds, including heavy rare-earths. For example;
CePdSis has been reported to be an antiferromagnetic Kondo lattice with Ty at 3K [6].
Nd>PdSiz has been shown to exhibit exceptional magnetic behavior, due to the onset of
ferromagnetism (at about 16 K which is rather high, disobeying Gennes scaling), while the
other rare-earth members of R2PdSis order antiferromagnetically. Such an exotic

magnetism, uncommon for Nd compounds, has been found [17] to be due to subtlety in the
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hybridization of Nd 4f states with the valance electrons in the PdSi-layer [18]. Eu.PdSis
has been reported to exhibit a magnetism which is of a quasi-one-dimensional type above
10 K [2]. It has been shown that the Si hexagon network plays a dominant role in mediating
magnetism among R ions, (called R1 in its immediate vicinity) than the R ions surrounded
by PdSi network (called R2). It is now exciting that the compound Gd.PdSis was shown to
exhibit anomalous Hall properties across the two metamagnetic transitions [6] in the
magnetically ordered state, which is now called the ‘Topological Hall effect’ in current
literature, as well as unusual paramagnetic transport [3] behavior. The compounds
ThPdSiz and Dy,PdSis have been reported to exhibit antiferromagnetism with Ty of 23 K
and 8 K respectively, with additional magnetic features at low temperature [4]. These
compounds have been reported to exhibit a large magnetoresistive behavior. Ho,PdSis has
been reported to show no anisotropic features in the magnetically ordered state with Ty at
8 K, [10] in contrast to the situation encountered for other members in the family. In this
compound the spin-glass freezing has been attributed to the role of the f-ligand
hybridization, rather than just Pd-Si disorder. Thus, it can be seen that each and every rare-
earth member in the family, irrespective of the degree of 4f radial extension, have been
known to exhibit exotic magnetic and transport properties. Most notably, Gd2PdSis is
attracting considerable attention in the current literature, leading to new theoretical
approaches in recent years [20, 21]. This recent upsurge in exploring the interesting
properties exhibited by the heavy rare-earth members has prompted the investigation of
isostructural Rh based compounds. Ce2RhSis [25] was studied in depth earlier, while there
was very little work done on the other rare-earth members baring some preliminary reports

in literature [1, 6, 21, 22]. A recent study of R = Gd, Tb and Dy members of R2RhSis
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family [26], reported the properties of these compounds to be comparable to the properties
of Gd2PdSis.

We have therefore undertaken a study of some of the remaining members of the Rh
series viz, Nd2RhSiz and ErzRhSis. In the case of Nd2RhSis, the radial extension of Rh 4d-
orbitals is slightly larger than Pd 4d-orbitals, which enables us to understand role of Nd 4f-
hybridization on the properties of Nd in comparison with the Pd-analogue. While the study
of the magnetic properties of heavy rare-earth member like Er, will provide an insight as to
how the magnetic properties of this member evolve, when the 4f states are further away
from the Fermi level, thus making less contribution to the conduction band. It may be noted
that an initial dc magnetization study of Rh series indicated ferromagnetic ordering around
16.5 K for Nd case and antiferromagnetic ordering around 5.2 K for Er case. A neutron
diffraction study of the Nd compound by Szytula etal. [27] at 4.2 K suggested
ferromagnetic ordering, whereas a similar study on Er compound [24] suggested
antiferromagnetism. Subsequently there was no further detailed work to understand the
properties of this compound. The present investigations reveal that these compounds

exhibit more exotic magnetic and transport properties, than envisaged earlier.

3.2 Crystal Structure
The R2RhSi3 family of compounds crystallize in a AlB»2- derived hexagonal structure.
However, the space group of these compounds is still unresolved, that is whether the space
group is P62c or P65 /mmc, because the atomic positions are very close for both the space
groups [1, 24, 28]. The deviation from the centrosymmetry for the former acentric group

is negligible [28].
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Figure 3.1: Crystallographic features of R2RhSis, shown in different ways. (a) Slightly
angled top view of the lattice showing hexagonal network of R — lattice. (b) show the
layered structure (c) Rh-Si conduction layer
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In figure 3.1 (a), a view of the unit cell along c-direction is shown. To get a better
idea of the crystallographic features, the structure is projected differently in figures 3.1 (a)
and 3.1 (b). As shown in the figure 3.1 (b), R2RhSiz is made up of Rh-Si and R layers
stacked along c-direction alternatively. Due to the short Si-Si distances (~2.32 A), Si atoms
form hexagons connecting via the Rh atoms, forming a honeycomb network (figure 3.1(c)).
The Si-Si and the Rh-Rh distances (~3.86 A) along the c-axis are very long and therefore
the Rh and Si atoms may be considered as forming a two-dimensional sublattice [1]. Each
rare-earth layer is intercalated between two Rh-Si layers with the R forming triangular
network (figure 3.1 (a), (b)). The R ion can be viewed as occupying two
crystallographically inequivalent positions. 25% of the ions (called R2) are in the 2(b) site,
while 75 % of the ions (called R1) are at the 6(h) sites.

The honeycomb network of the Rh-Si ions in the a-b plane results in a tube-like
structure along the c-axis. As shown for case of Er [1], the common faces are alternatively
larger and smaller, thus resulting in an asymmetry of the nearest neighbor interatomic

distances for R1 and R2 sites.

3.3 Sample preparation and characterization.

For both the samples, magnetic, transport and thermal properties were studied in the bulk
form as well as in the nano form. In this chapter we report our studies carried out on the
bulk polycrystalline specimens, while the properties of nanoform specimens would be

discussed in chapter 6.
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Figure 3.2: Rietveld refined powder x-ray diffraction patterns for R,RhSiz (R = Nd, Er)
using Cu K, radiation.

The bulk specimens were prepared using the arc melting technique. The ingots were
sealed in a quartz tube and annealed at 1073 K for one week. After annealing, the samples
were characterized by powder x-ray diffraction. The diffraction data was analyzed using
Rietveld refinement and the refined diffraction patterns for both the compounds are shown

in Fig. 3.2. All the fitted parameters are tabulated in table 1.
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Table 3.1: Rietveld refined fitting parameters for R2RhSiz (R = Nd, Er)

Composition [a=b (A) | c(A) Rp Rwp Rexp X
Nd.RhSis | 8.214 (2) | 8.296(7) | 42 27 28 1
Er,RhSis | 8.1043(1) | 7.7518(3) | 6 8 13 2.04

This Rietveld refinement of the x-ray diffraction pattern for Nd2RhSis showed the
compound to be in single phase, with the best fit being obtained in the hexagonal space
group P63/mmc; the refinement pattern is shown in figure 3.2 (a) and the derived lattice
constants and fitting results are given in table 3.1. The fits for the XRD patterns clearly
reveal that there is a doubling of unit-cell parameters along a- and c- axis with respect to
the AIB: structure. Scanning electron microscopic images revealed homogeneity of the
ingots and energy dispersive x-ray analysis confirmed that the composition corresponds to

2:1:3 (R: Rh: Si).

3.4 Results and discussion for Nd2RhSis.

3.4.1 Dc magnetization behavior
Temperature dependent  behavior (1.8 -300 K), in a field of 5 kOe and 100 Oe are shown
in figure 3.3. For a field of 5 kOe, (see figure 3.3 (a)) inverse y(7) shows a gradual
deviation from high temperature linearity below 50 K, and x(7) exhibits a sharp upturn
below (Tc =) 16.5 K, due to the onset of long-range magnetic ordering. This feature due to
magnetic ordering is much more evident from the derivative plot of susceptibility, shown
in the inset, for low temperature range. The deviation seen at a temperature of 50 K, far
above the magnetic ordering temperature in the inverse x plot could possibly due to crystal-
field effects. The gradual formation of magnetic clusters (discussed below) can also
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contribute to this. The value of pef obtained from the Curie-Weiss fit of the linear region
is ~3.7 ue/Nd, which is very close to that for free trivalent Nd ion (3.6 ug). The value of 0p
is interestingly very close to zero (~ 0.7 K). This means that either magnetic exchange
interaction strength is very weak or the ferromagnetic and antiferromagnetic components
are of equal strength. In light of relatively large value of magnetic ordering temperature
compared to that of 0p, the possibility of a weak magnetic exchange interaction strength is
ruled out. In order to further understand the magnetically ordered state of the system, in a
field of 100 Oe (for ZFC and FC conditions) was measured by cooling the sample from 50
K, the results of which are shown in figure 3.3 (b). Similar to the features seen in 5 kOe,
there is an upturn seen below 16.5 K in both ZFC and FC curves. As the temperature is
lowered below 16.5 K, a bifurcation is seen in the ZFC-FC curves around 14.5 K, which is
a characteristic feature of spin-glasses [29]. While the ZFC curve peaks at 14.5 K, the FC
curve keeps increasing, before attaining flatness a feature which is known for conventional
spin glasses [29]. An upturn in FC curve has its origin in magnetic clusters with spin-glass
dynamics [see, for instance, Refs. 30-35]. A careful look of the ZFC curve reveals that
there is a change of slope in y at about 10 K, as though there is an additional magnetic
feature. Besides, the ZFC-FC curves actually do not merge up to about 40 K, as though
there are strange magnetic correlations persisting far above Tc, and such behavior of ZFC-
FC curves was not seen in Nd2PdSis [17].

The isothermal magnetization behavior was tracked at various temperatures in the

magnetically ordered state to get additional information about the nature of zero field and
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Figure 3.3: a) Magnetic susceptibility and inverse of magnetic susceptibility. A line above
50 K in the inverse y plot shows Curie-Weiss fitting above 50 K. Inset shows the derivative
of the magnetic susceptibility below 60 K. b) Magnetic susceptibility as a function of

temperature obtained in a field of 100 Oe for both the zero-field-cooled and field-cooled
conditions.

in-field magnetic states. The isothermal magnetization was measured upto a magnetic field
of 70 kOe and the data was also collected in the form of hysteresis loops. The results are

shown in figure 3.4 (a) and 3.4 (b) in the range of +40 to -40 kOe. In high fields (data not
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of data with increasing magnetic field
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Figure 3.4: b) Magnetic hysteresis loops in a field range of -50 kOe to 50 kOe at various
temperatures from 40 K to 300 K.
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shown here), the only point of emphasis is that the magnetization curves do not saturate
upto the highest measured field of 70 kOe, even for the lowest measured temperature of
1.8 K; the highest value of the magnetic moment attained is ~1.5ug per formula unit, say
at 70 kOe, which is far below the expected value for trivalent Nd ion. This finding implies
that there is an antiferromagnetic component in zero field and/or magnetic-field induced
occupation of higher lying crystal field levels. While these observations are similar to that
seen for Nd2PdSiz [17], there is a difference in the behavior of the hysteresis loop as
compared with the Pd case, in the sense that the virgin curve in the present case lies well
inside the loop in the low temperature range, indicating that the ferromagnetic correlations
dominate over antiferromagnetic correlations. It may be noted that the M(H) curves are
weakly hysteretic even above Tc, say at 35 K, establishing that the ferromagnetic clusters
form before long range magnetic ordering sets in. This hysteretic feature gradually
disappears with increasing temperature; correspondingly there is a simultaneous decrease

of remnant magnetization values. The M(H) plots are found to be linear beyond 50 K.

3.4.2 Heat capacity and isothermal entropy behavior
We measured the heat capacity of the compound in zero field and applied magnetic fields,
to throw light on weather a long-range type of magnetism with a well-defined magnetic
structure exists in this compound. Heat-capacity behavior as a function of temperature,
below 50 K is shown in figure 3.5. In the zero-field curve (figure 3.5(a)), following a
gradual decrease with T, there is an upturn at 18 K, with a peak at 15 K. The midpoint of
the rising part which is the magnetic ordering temperature is around 16.5 K. Such a

prominent A-like anomaly around 16.5 K supports the existence of a well-defined magnetic
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Figure 3.5: (a) Heat-capacity as a function of temperature (<50 K) for = Nd2RhSis,
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representing the fit to this form. (d) Zero-field heat-capacity as a function of temperature
for Nd2RhSiz and La>RhSiz and the 4f contribution to heat-capacity for the former.
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structure. In addition, there is an additional weak antiferromagnetic component seen around
10 K (in zero-field) which is much clearer from the plot of C/T versus T shown in figure
3.5 (b). It may also be noted that C(T) in zero field exhibits a power-law behavior (T®)
well below 10 K (figure 3.5 (c)), which is different from T* behavior, expected for three-
dimensional antiferromagnets, indicating complexities of antiferromagnetism and/or spin-
glasses [36]. Above Tc, there is no evidence for long-range magnetic ordering. A careful

look into the zero-field C/T data shows a tendency for a broad peak around 40 K.

Nd,RhSi,

AS (J/mol K)
b

1
N
I

T'(K)
Figure 3.6: Isothermal entropy changes for a change of the magnetic field from zero to a
finite value, derived using heat capacity data.

This feature can arise from the formation of short-range magnetic clusters as well
as from the crystal-field effects indicated by magnetization data. This feature is clearly
visible (figure 3.5 (d)) in the magnetic contribution obtained after subtracting the lattice
part, using the heat capacity data of La;RhSis [26] as per the procedure suggested in Ref.
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36. We have derived the isothermal entropy change, AS [defined as S(H) - S(0)], using the
area under the curves of the C/T versus T plots and the curves thus obtained are plotted in
figure. 3.6. 45 shows a well-defined peak at the onset of long-range magnetic order at 16.5
K. The notable point is that the sign of A4S is negative at all fields, supporting [38] that the
ferromagnetism sets in at 16.5K. The tails of the entropy curve extend over a wide
temperature range well above 16.5 K at higher fields. This is also supportive of our
proposal for the gradual formation of ferromagnetic clusters before the compound enters a

long range magnetically ordered state.

3.4.3: Ac magnetic susceptibility and isothermal remnant magnetization
Since dc magnetic susceptibility data for Nd2RhSiz show one of the signatures of a spin
glass freezing at low temperatures (ZFC-FC curves divergence), we consider it important
to measure ac susceptibility as a function of temperature, for different frequencies, as well
as isothermal remanent magnetization in the magnetically ordered state to look for other
signature of spin- glass. In zero-field, the ac x shows a cusp like feature at 16.5 K, that is
at Tc, in the real part (see figure 3.7, top). The peak temperature shifts upward marginally
with increasing v. In addition, the peak intensity decreases slightly with increasing v. While
in the imaginary part, a peak appears with a peak temperature of 15.5 K, which is
marginally lower than that at 16.5 K for ' (as in other spin glasses). These peaks are
completely destroyed when measurements were carried out in a magnetic field applied
externally 5 kOe (not shown) and all these findings are typical of spin-glasses [29]. A

surprising finding is that, there are relatively weaker, v-dependent broad peaks, even above
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16.5 K, say, at near 20 and 25 K, suggesting that the clusters, that are formed before long

range magnetic order sets in, behave like spin-glasses.
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Figure 3.7: Real part (top) and imaginary part (bottom) of ac magnetic susceptibility
measured with 1.3, 13, 133, and 1339 Hz frequencies in the absence of external magnetic
field.

Possible impurity effects are ruled out as XRD pattern and SEM images reveal
single phase nature of specimens. Viewing together the heat-capacity and the ac and dc
susceptibility data, it is concluded that ferromagnetism arises from clusters and the inter-
cluster dynamics is of spin-glass type.

Mirm Was measured as a function of time at selected temperatures and plotted in
figure 3.8. The temperatures at which Mirwm is measured includes the regions not only below

Tc, but also for temperatures above. The data has been obtained in the following manner:

First the sample was zero-field cooled to the measurement temperature, a field of 5 kOe
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was applied and the specimen was left in this field for a period of 5 minutes; after 5 minutes,
the field was switched off and immediately after switching off the field, Mirm was

measured as a function of t for about 150 minutes.
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Figure 3.8: Isothermal remnant magnetization as a function of time, obtained at 2.5, 15,
30 and 40 K. Continuous lines through the data points are obtained by a fit to a stretched
exponential form as described in the text.

The value of Mirwm is significantly large at 2.5 K (well below T¢) as soon as the field
is switched off, and the value undergoes a slow decay with increasing t, which is expected
for spin-glasses. The magnitude of Mirm at t = 0 keeps decreasing as the measurement
temperature is increased, indicating that the spin-glass component becomes gradually
weaker. It is quite interesting to see that, a weak decay can be observed even at 40 K, which
is consistent with the conclusions from ac  data above. Theses curves could be fitted to a

stretched exponential form [39], Mirm (t) = Mirm (0) + A exp (-t/t)*™", where the constant

A, the time constant t and the exponent n are related to the relaxation rate of the cluster
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spin-glass phase at respective temperatures. From the fit, it can be seen that the magnitude

of 1 falls in the range 1000 to 2500 s, which is typical of cluster spin-glasses [30-35].

3.4.4 Electrical resistivity and magnetoresistance

Electrical resistivity data measured for this compound is shown in figure 3.9. The resistivity
data in the range 60-300 K are featureless, with a positive slope, establishing metallicity.
Hence the data has been shown only below 55 K.

In the figure 3.9 (a), one can see a sudden drop in p (in the zero-field curve) at 16.5
K due to the loss of spin-disorder contribution, strongly supporting the conclusion above
that a well-defined magnetic structure sets in at this temperature. This drop persists even
at higher applied magnetic fields, say in 10 kOe and 30 kOe; a slope change can be seen
even in 50 kOe data. A weak upward shift of the ordering temperature with H, which is a
characteristic feature of ferromagnetic ordering can be inferred from the plots. This is also
obvious from the derivate curve shown in figure 3.9 (b), from the temperature where a
sudden change of slope (above 15 K) occurs. In the case of spin-glass freezing alone, these
features would have got smeared around 16.5 K. No other worthwhile drop/peak is
observed above 16.5 K, which is consistent with the proposal that the features seen in ac y
features at slightly higher temperatures are due to glassy magnetism. At lower temperatures
(<6 K), there is a quadratic T-dependence of p (figure 3.9 (c)), as though transport occurs
through the ferromagnetic part [40], though another weak (antiferromagnetic) component
also sets in below 10 K (see figure 3.9 (a)). This reveals the existence of complex

magnetism and transport behavior at low temperatures.
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Figure 3.9: a) Electrical resistivity of Nd2RhSis as a function of temperature in zero field
and various applied magnetic fields. b) Derivative curves are shown to infer magnetic

ordering temperature from the temperature where an increase in the slope occurs c¢) Plot
of (zero-field) resistivity as a function of square of temperature, below 100 K.
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It can be inferred from the resistivity curves shown in figure 3.9, that the magnitude
of MR keeps increasing as the temperature is decreased below 50 K, which is similar to the
magnetic precursor effects [41] seen for many other rare-earth systems.

Figure 3.10 shows the MR behavior as a function of H at selected temperatures to
get a reliable information on sign reversals. In the low temperature regime from 2 to 10 K,
the sign of MR is initially negative for low magnetic fields, in the forward cycle. This is
consistent with ferromagnetism or spin-glass freezing. As the field is increased, we see a
sign crossover with almost a quadratic field-dependence, which is attributable to the
dominant classical contribution from conduction electrons. It is difficult to guess whether
there is any contribution from the weak antiferromagnetic component (below 10 K) to the
positive sign of MR. A weak hysteretic behavior is observed in the reverse direction as the
field is approached towards zero, which is consistent with behavior seen in M(H). Just
above Tc, e.g., at 20 and 30 K, the ferromagnetic cluster component overrides the classical
contribution. The classical contribution usually weakens with increasing T. Once the
cluster glass region is almost crossed the classical contribution should start dominating
again leading to positive sign of MR. This is what is observed at 50 and 100 K. Near 40 K,
compensation of the positive and negative contributions occurs as a result of which
negligibly small values of MR (<<1%) are seen. Thus, it is evident, that this compound
exhibits an interesting interplay between the positive and negative contributions to MR,

which is somewhat similar to that observed for Nd2PdSiz [17].
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Figure 3.10: Magnetoresistance as a function of Hat 2, 5, 10, 20, 30, 40, 50 and 100 K.
Arrows serve as guides to show how the magnetic field is varied.
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3.5 Results and discussion for Er,RhSis.

3.5.1 Dc Magnetization behavior

Susceptibility behaviors as a function of temperature for an applied magnetic field of 5 kOe
and 100 Oe are plotted in figure 3.11. Inverse susceptibility shows a linear behavior over a
wide T-range well above 10 K. The Curie-Weiss fit of the inverse susceptibility in the
paramagnetic temperature range from 70 K to 300 K, yields a value of around ~9.69 g for
Heft Which is close to the theoretical value of 9.7 g, expected for trivalent Er ions. The
value of 0p is found to be around 1.4 K and the positive sign indicates ferromagnetic
correlations between Er ions.

This is different from that for other rare-earth members in the same family except
for Nd as discussed earlier. With a further lowering of temperature, the susceptibility shows
a broad upturn around 5 K, indicating the onset of magnetic ordering at this temperature,
which is much beyond the value expected from the high temperature Curie-Weiss behavior.

For understanding the nature of magnetism in the magnetically ordered state, a low-
field magnetization curves, in a field of 100 Oe (for ZFC, FCC and FCW conditions) were
measured by cooling the sample from 50 K, the results of which are shown in figure 3.11
(b). In the ZFC curve, we see a sharp jump in the susceptibility around 5.2 K, as though
the virgin state exhibits a first-order-like transition. In the FCC and FCW conditions the
curves are broadened and are shifted strangely to a lower temperature marginally (say by
about 0.4 K, the reason for which is unclear) and the FCC and FCW curves show a
hysteretic behavior. In addition to these features, the ZFC curve shows a broad shoulder
around 3.2 K, while the FCW curve deviates from the ZFC curve at this temperature, with

an increasing trend down to 2 K. The bifurcation seen in the ZFC-FC curves, with the FC
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curve continuing to rise down to 2 K as in the case of Nd2RhSis, is typical of cluster spin-
glasses [30, 32-35]. This broad feature seen in the 100 Oe field at 3.2 K is not seen in the

5 kOe data, suggesting its sensitivity to external fields.
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Figure 3.11: a) Magnetic susceptibility (y) obtained in a field of 5 kOe and inverse of
magnetic susceptibility with a line showing Curie-Weiss fitting above 60 K b) Magnetic
susceptibility (y) as a function of temperature obtained in a field of 100 Oe in zero-field-
cooled and field-cooled-cooling and field- cooled-warming conditions. Arrows show the
direction in which the data were collected while varying the temperature.
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Figure 3.12: Magnetic susceptibility obtained in a field of 10, 20, 50 and 100 Oe for the
zero-field cooled and field cooled conditions. Green vertical line serves as a guide to show
how the ZFC-FC bifurcation temperature shifts to low temperature with increasing
magnetic field.
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Novelty of the magnetic features is revealed when the %(T) curves were obtained
for several low fields (10, 20, 50 and 100 Oe) in both ZFC and FC conditions, in the vicinity
of the T-region between 2-20 K (figure 3.12). Since, there are no features to be emphasized
beyond 8 K, the curves are been plotted below 8 K only for clarity of the low temperature
features. An important point to be emphasized in the low field ZFC-FC curves is that the
temperature at which the deviation in the curves begins, reduces with increasing H (see the
dotted vertical green line serving as a guide to the eyes); for instance, this deviation in
curves for a 100 Oe measuring field, is seen at about 3.2 K, while, for a field of 10 Oe, this
bifurcation is seen exactly at the onset of magnetic order of 5.2 K itself, as though possible
spin-glass freezing occurs at 5.2 K in the absence of any external field. Thus, in the ZFC-
FC x(T) curves, a high sensitivity of this characteristic temperature is seen to small

applications of dc H.

3.5.2 Ac Susceptibility and Isothermal remanent magnetization behavior
In order to ascertain the possible glassiness at low temperature, we measured ac y in the
low temperature region, with frequencies 1.3, 13, 133 and 1333 Hz., and the plot is shown
in figure 3.13. Since, at higher temperatures, there are no features to be emphasized, the
plot is restricted to the vicinity of the magnetic ordering temperatures.

Both y' (shown in 3.13 (a)), and " (shown in 3.13 (b)), exhibit prominent peaks
with a sharp upturn occurring around 5 K. The peak temperature in ' shows a weak o-
dependence that is about 0.2 K for a variation of » from 1.3 to 133 Hz. Similar to what is

seen in the case of Nd, a curious point of emphasis is that the peak values also undergo a
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Figure 3.13: a) Real part of ac susceptibility below 6 K, obtained with different frequencies
in zero and applied magnetic field of 5 kOe. b) Imaginary part of ac susceptibility below 6
K, obtained with different frequencies in zero field. For both real and imaginary parts, the
curves for 5 kOe are flat, featureless and overlap for all frequencies.

dramatic decrease as v increases, with a significant suppression for the higher frequency of
1333 Hz unlike other spin glasses. With the application of a dc magnetic field of 5 kOe,

these peaks are suppressed. Nevertheless, these results establish that this compound

undergoes spin-glass freezing at low temperatures. The most important point of emphasis,

102



as inferred from the peak temperature in ', is that the spin freezing occurs exactly at the

onset of magnetic ordering.
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Figure 3.14: Isothermal remnant magnetization at 2 K.

Mirm as a function of time at 2 K (figure 3.14) exhibits a slow decay, varying
essentially logarithmically with time (except for the initial few seconds of the data). While
all the results establish conclusively, that Er,RhSis undergoes spin glass freezing at low
temperatures, viewing together all the features seen in magnetization (ac and dc) and heat
capacity, it is evident that spin-glass freezing and a well-defined magnetic structure set in
essentially at the same temperature, that is at 5 K. The results thus establish that partially
disordered antiferromagnetism (PDA) occurs at the onset of magnetic ordering temperature

at (Tn=) 5.2 K.
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3.5.3 Heat capacity and isothermal entropy

The heat capacity behavior of this compound is shown in figure 3.15. For sake of clarity
of the low temperature features, C(T) and C/T versus T have been plotted in the T-region
of interest only (<< 10 K) (figure 3.15 (a) and (b)), since there is no worthwhile feature to
be emphasized in the data measured up to 150 K. Heat capacity data in zero field exhibits
a strong A-anomaly with a sharp upturn at 5 K. This feature is characteristic of the existence
of long-range magnetic ordering arising from a well-defined magnetic structure. This is in
agreement with the neutron diffraction data that points to the presence of a well-defined
magnetic structure at low temperatures [63]. The existence of only spin-glass freezing
alone at low temperatures would have smeared the distinct peak in heat capacity seen at
low temperatures. The field dependent curves show that the sharp peak gets gradually
smeared and broadened, with the peak shifting towards lower temperature for increasing
magnetic fields. For example, the peak for 30 and 50 kOe shifts to 4.5 and 3.8 K
respectively. This feature establishes that the strong A-anomaly arises from
antiferromagnetism. The 4f contribution, Cs, to heat capacity C(T) obtained as for
Nd2RhSiz shows a broad peak well above Tn (figure 3.15c), due to combined effects of
short-range magnetic order and crystal-field effects.

Isothermal entropy change behavior, is shown in figure 3.15 (d). The magnetic
entropy, Sa, is also shown in inset of figure 3.15d, which is obtained by integrating the
C4/T versus T data. It can be seen that Ss has a value less than that expected (46.1 J/mol
K) for fully degenerate 4f of trivalent Er ion at Tn, suggesting the presence of crystal-field

effects.
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Figure 3.15: (a) Heat-capacity as a function of temperature (<10 K) for Er2RhSis,
measured in the presence of external magnetic fields as well. (b) Heat-capacity divided by
temperature. (c) Zero-field heat-capacity as a function of temperature for Er,RhSiz and
La>RhSiz and the 4f contribution to heat-capacity for the former. (d) Isothermal entropy
change as a function of temperature (2-55 K) for different final fields starting from zero-
field with 4f contribution to zero-field entropy in the inset.
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It can be seen that the curves of the isothermal entropy change, falls in the negative
quadrant with a negative peak, revealing a dominant ferromagnetic component in such
fields [38]. These features demonstrate the existence of field-induced changes in the
magnetic structure, seen in the magnetically ordered state. The values of the isothermal
entropy at the peaks are reasonably large, spreading over a reasonably wide temperature
range, above Tn. It is surprising to see that AS changes sign sharply at the loss of magnetic
order, i.e. above 5 K for 10 kOe, and the positive sign seen in the isothermal entropy, above
Tn implies possible field-induced magnetic fluctuations, in such low fields. The sign turns
negative in the paramagnetic state for H >10 kOe as expected. However, the large
magnitude over a wide T-range may be due to the formation of antiferromagnetic clusters,
which gives rise to an effective ferromagnetic alignment with the application of magnetic
field. Overall, the results show, that this compound is an example for interesting magnetic

precursor effects [3, 21, 41, 58-59] over a wide T-range in the paramagnetic state.

3.5.4 Isothermal magnetization behavior
The isothermal magnetization behavior was measured at 1.8, 4 and 6 K and the results are
plotted in figure 3.16a-c. The magnetization data showed an extremely weak hysteretic
behavior; hence the curves have been plotted for the increasing magnetic fields only. At
1.8 K, we see a sharp rise in the magnetization for the initial application of a small magnetic
field, and a plateau (very sluggish variation) is seen till 20 kOe. These features get smeared
with increasing temperature, as shown for the magnetization measured at 4 K. When the
field is ramped up further, an upturn in magnetization near about 20 kOe after the plateau

occurs.
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Figure 3.16: Isothermal magnetization of Er.RhSis plotted below 80 kOe measured at 1.8,
4 and 6 K (shown only for increasing magnetic fields). Inset shows the behavior in the
range 60 — 120 kOe measured at 1.8 K.
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The variation in magnetization is weak beyond about 30 kOe. We see a continuous
increase in magnetization behavior, which tends to flatten, varying weakly beyond 60 kOe
till the measured field of 120 kOe, without any further step (figure 3.17 (a), inset), as though
the magnetization shows a tendency to saturate. If we try to linearly extrapolate the high-
field curve to zero, a magnetization value of about 6.5 ug/Er, is obtained. This value is far
below the saturation value expected for fully degenerate trivalent Er ions (9 ps per Er).
This reduced value can be attributed to the presence of crystal-field effects in the system.
The most intriguing observation is that, if we similarly extrapolate the magnetic moment
in the plateau region between 20 kOe to 30 kOe, the value is ~2.15ug/Er. This is essentially
one-third of the extrapolated value obtained above from the high-field data. Such a feature
of 1/3 magnetization plateau can arise only when Er ion at one of the three vortices of the
triangular lattice is magnetically disordered, as evidenced by the glassy features exhibited
by the compound below the magnetically ordered state, while the other two are coupled
antiparallelly in zero field in the virgin state.

The plateau region seen in the magnetization data can be explained using a simple-
minded picture. As introduced in chapter 1, when the magnetic interaction between the R
ions in a triangular lattice is antiferromagnetic, one of the three sites become frustrated or
magnetically disordered. The magnetic moment of this ‘disordered’ Er ion gets oriented
along the field, thereby leaving the other two Er ions aligned antiparallel to each other.
This leads to a net spontaneous moment. It is quite surprising to see such an intermediate
state to be stable against the perturbation by a magnetic field of 20 kQOe. It appears that the
antiparallel interaction between the two Er ions is so strong that a field of 20 kOe is enough

to flip the Er moment direction. When the field crosses a magnetic field of 30 kOe, all the
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three sites tend to align ferromagnetically, resulting in thrice of magnetic moment of the
plateau region. Thus, there 1is distinct support for ‘Partially Disordered
Antiferromagnetism’ attributable to geometrical frustration of the magnetic moments from
the isothermal magnetization data. From the M(H) curve for 6 K (shown in figure 3.16 (c)),
it is obvious, that the plateau region vanishes, thereby establishing that the plateau is a

characteristic feature of the magnetically ordered ground state in this compound.

3.5.5 Resistivity and magnetoresistance behavior

In view of the partially disordered antiferromagnetic state attributable to geometrical
frustration of the magnetic moments, the magnetization of this compound is exotic,
particularly noting that the PDA features are generally not exhibited by RKKY governed
magnetic materials, that is metallic magnets. Therefore, it is worthwhile to study the
magnetoresistive behavior of such systems to understand the behavior in the 1/3 plateau
regime, since such features cannot be studied in the case of corresponding insulators.

Resistivity curves as a function of temperature (1.8 — 200 K) for zero and applied
magnetic fields, are plotted in figure 3.17. As seen in figure 3.20 (a), p(T) (both in the
presence of zero filed and applied magnetic fields), show metallic behavior at temperatures
higher than the magnetic ordering temperature due to positive temperature coefficient.
Resistivity behavior below 20 K, is plotted in the figures 3.20 (b), 3.20 (c), 3.20 (d) and
3.20 (e). In zero-field, the resistivity as a function of temperature, shown in figure 3.20 (b),
shows a distinct drop, due to the onset of magnetic ordering at 5.2 K. This feature strongly

supports the conclusion, that a well- defined magnetic structure sets in at Ty as inferred
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Figure 3.17: (a) Electrical resistivity as a function of temperature for Er,RhSiz, measured
in the presence of external magnetic fields as well. (b), (c), (d), (e) the plots below 20 K for
H =0, 10 kOe, 30 kOe and 50 kOe respectively are shown.

from the C(T) and y data. This drop persists even for a field of 10 kOe, but the feature gets
suppressed with a distinct change in slope seen in a field of 30 kOe. Beyond 50 kOe, this
feature is completely smeared.
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Figure 3.18: Magnetoresistance behavior as a function of magnetic field for Er,RhSis,
measured at 2.2 K, 4K, 10 K, 15 K and 25 K.
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Figures 3.18a-e show the behavior of isothermal magnetoresistance, at various
temperatures across Tn. The MR curves are essentially nonhysteretic in nature. For a
temperature of 2.2 K, the magnitude of MR is negligibly small below 20 kOe, but a negative
sign emerges after a small change in applied magnetic field (attributable to grain
boundaries or spin-glass component); otherwise, MR is almost flat in the 1/3 magnetization
plateau region, interestingly avoiding even conventional magnetic and non-magnetic
contributions for scattering process. Once this plateau region is crossed, there is a distinct
upturn in MR behavior to positive quadrant. This is followed by a weak drop around 30
kOe due to ferromagnetic alignment contribution. When the magnetic field is increased
further to the region where magnetization tends to saturate, MR keeps increasing remaining
in the positive quadrant. Such a linear MR variation in the essentially ferromagnetically
aligned state is puzzling (as one would expect a negative MR with a non-linear dependence
on H for ferromagnets). It is possible that the positive classical contribution due to
conduction electrons dominates ferromagnetic contribution at higher fields. At 4 K, the
features are similar, except that the initial drop in MR is more prominent. Just above T,
say at 10 K, there is a competition between well-known paramagnetic contribution
(negative sign with H?- dependence) and positive classical contribution, which leads to a
minimum at the intermediate field range. As the temperature is further increased say, for
10, 15 and 25 K (Fig. 3.21 (b) — (d)), it is expected that the paramagnetic contribution

should get gradually weakened, and hence the minimum gradually vanishes.

3.6 Discussions

Let us now compare the systematics in the long-range magnetic ordering temperatures of

rare-earths in Pd and Rh ternary series, to pin point an intriguing observation.
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Antiferromagnetism sets in for Rh (Pd) family as follows: For Ce [6, 8, 42-44], 3 K (6 K);
for Gd [3, 5, 26], 13.5 K (21 K); for Th [4, 7, 12, 26], 13.5 K (23.6 K); for Dy [4, 26], 6.5
K (8 K); for Ho [10] 5.2 K (8 K) and for Er [13] 5 K (7 K). Obviously, the long-range
magnetic ordering temperatures of the R ions (other than Nd) are by and large higher for
the Pd series, with respect to those for the Rh series. This implies that the exchange
interactions in these systems are dominated by the R 4f with Pd/Rh 4d. Now making a
similar comparison for the Nd compounds, when Pd is replaced by Rh, this value
essentially remains the same (~16 K). It is important to note that in both these compounds
ferromagnetic ordering takes place, despite the fact that, for all other members including
Ce, the onset of magnetic ordering is of an antiferromagnetic-type. As pointed out earlier,
the 4f hybridization in the case of Ce systems is stronger than in Nd systems. If Nd 4f
hybridization with Pd/Rh 4d states is responsible for anomalous magnetism, the magnetic
behavior of Nd in both the series should have been similar to that of respective Ce
compound. This is in contrast to the observation. Thus, from the above comparison of the
magnetic behavior of Ce cases with the Nd compounds, it is concluded that Nd 4f
hybridization with 3p orbitals of Si is the dominant factor to make the magnetism of Nd
compounds different from other members within the respective ternary family. Similar
inference can be made for Nd2PtSis (Tc = 17.5 K) also [45, 46]. However, we find there
are subtle differences in the magnetic properties of Nd2RhSis with respect to Nd2PdSis. (i)
In the Rh case there are ferromagnetic-like M(H) loop at very low temperatures which is
in contrast to dominating antiferromagnetic-like loop in the case of Pd and (ii) clear
evidence for cluster-glass anomalies in the y data above Tc in the former case only. So, we

speculate that the hybridization with d band of transition metals play a subtle role to decide
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magnetism. From the results presented above, we propose that the size of ferromagnetic
clusters evolves gradually with decreasing temperature below 50 K eventually leading to
sufficiently large sizes of these magnetic clusters, resulting in long range magnetic
ordering. Such a finding was not reported for other members of this family [6, 64, 65].
Like some of them (e.g. Gd, Tb, Ho) do not even show spin glass anomalies. Clearly cluster
formation must be due to special behavior of 4f orbital in the present cases, which needs to
be understood theoretically. As an indirect support for cluster formation due to Nd 4f
hybridization, real space high resolution transmission electron spectroscopic studies [48]
on Ce and Nd analogues in a related family R>CuSis revealed relatively large sizes of
clusters for the latter compared to the former.

Several magnetic phases forming such clusters competing as discussed above with
a gradual lowering of temperature towards magnetic ordering temperature is attributed to
geometrical frustration in a triangular network of magnetic ions, as emphasized for
ThsRusAl12 [55], and theoretically [21, 56, 58], though such a magnetic state appearing
before long-range magnetic order has been called differently by different approaches
namely, “correlated paramagnetic state”, “classical spin liquid state” and, more broadly
“magnetic precursor effects”.

We now relate the properties to an intriguing crystallographic feature. As stated at
the introduction, the lattice is quite strained with multiple bond distances for a given pair
of atoms of R. Therefore, the crystal structure (figure 3.1b) is made up of non-equilateral
triangles of Er/Nd. This implies that there is a bond disorder. This kind of geometry-
induced bond disorder naturally results in randomness in exchange interactions. This is a

source of ‘partially disordered magnetic’ and long range ordered components in a
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stoichiometric compound. Such a bond-disorder induced magnetic frustration was also

theorized about a decade ago [60, 61].

3.7 Conclusions

In this chapter, the results of exhaustive investigations by dc and ac magnetization,
heat-capacity and transport measurements for the two compounds, R2RhSi3 (R= Nd and
Er), crystallizing in a AlB>-derived hexagonal structure, are reported for the first time. The
results reveal that these compounds exhibit interesting properties — unique in their own
way — due to a competition between ferromagnetic and antiferromagnetic interactions,
which can be tuned by temperature and magnetic-field. While there are many interesting
features in the properties as elaborated in previous sections, the essence of key findings are
only summarized below for each of these compounds.

The compound Nd2RhSis is established to exhibit long range ordering of a
ferromagnetic type (at 16. 5 K). The observed value of Tc is essentially the same as that of
isostructural Nd2PdSis, unlike the antiferromagnetic behavior at different temperatures for
a given R within the two families, thereby suggesting the dominant role of Nd 4f-Si 3p
hybridization. This hybridization in addition causes a significant enhancement of Tc,
disobeying de Genne scaling. Such demonstrations of 4f hybridization effects on
magnetism are not known previously for Nd compounds. The magnetism is complex at
temperatures lower than ~10 K with magnetic properties pointing to the development of an
antiferromagnetic component as in the Pd analogue. However, there are subtle differences
between Nd2PdSiz and Nd2RhSiz well below Tc (e.g., in the nature of virgin isothermal

magnetization behavior in the magnetic hysteresis loop, suggesting dominance of
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ferromagnetic component in the latter). The point to be stressed is that there is a remarkable
difference between these two Nd compounds in the magnetic behavior above Tc: That is,
there are evidences for the gradual onset of ferromagnetic clusters with spin-glass
dynamics (as revealed by the bifurcation of ZFC-FC dc y curves, frequency -dependent ac
¥ peaks and slow decay of Mirwm) as the temperature is lowered towards Tc for the Rh case,
as though Nd 4f-Rh 4d interaction is a triggering factor for its origin. Given that this family
is characterized by a triangular arrangement of rare-earth ions and that there is a
crystallography-favored bond disorder, the local variations in Nd 4f covalency should be
the key for above-mentioned frustrated magnetism (that is, reflected in the form of cluster
spin-glass dynamics). It is intriguing that some other heavy rare-earth members of this
family do not show spin-glass anomalies in polycrystalline form. Therefore, crystalline
defects may not be the sole cause of spin-glass anomalies in the present cases (see below
for Er case). The temperature dependence of electrical resistivity and the features
(including sign reversals) in the magnetoresistance are in conformity with the conclusions
made above for the Rh compound. The results overall reveal this Nd compound is an exotic
magnetic material. Therefore, further studies by other experimental techniques would be
rewarding,

With respect to Er,RhSis, Er is known to contain 4f electrons of localized character
only, unlike Nd 4f, and hence offers an opportunity to explore anomalous magnetism of 4f
in the localized limit. The results provide evidence for the onset of long-range
antiferromagnetic order at 5 K, with cluster spin-glass features at the same temperature
(Just as the Nd case, which is however ferromagnetic). A notable finding is that this

compound exhibits a characteristic feature of partially disordered antiferromagnetism, viz.,
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1/3 magnetization plateau. This is fascinating as such a PDA magnetism has been proposed
for some insulators with geometrically frustrated magnetism, but not so common among
metals, that is, in a material with RKKY interaction, that too without any interference from
other 4f-related hybridization phenomena. Additionally, none of the isostructural ternary
rare-earth compounds has been known to show such PDA characteristics in the past, in
particular, other rare-earth compounds of this Rh family (R= Gd, Dy and Ho) [64, 65] as
well as the Er counterpart in the Pd-based family, Er.PdSis [13]. Clearly, this compound is
also a unique magnetic material. It is not clear whether the magnetic interaction between
orientated crystal-field-split ground state of 4f orbital of Er with Rh 4d-orbital in this case
facilitates such an anomalous magnetism. It is also demonstrated that this compound should
also serve as a prototype for transport behavior across 1/3 magnetization plateau.

In short, this work, adding the results of our investigations on Nd and Er members of
R2RhSis, establishes that each member of the R2RhSis family is unique in their way in
physical properties, with 4f orbitals in the present cases, playing a special role on certain
anomalous aspects of magnetization in these compounds. Therefore, further studies of this

family by various other experimental methods would be rewarding.
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Chapter 4

Magnetic and transport anomalies in ErsPtAl, HosPtAl and DysRhAI
compounds

4.1 Introduction

As brought out in chapters 1 and 3, discovery of new rare-earth compounds exhibiting
interesting magnetic anomalies is an important aspect of research in the field of solid-state
physics, even in the rare-earth compounds with localized 4f electrons, due to the discovery
of new phenomena and their potential applications. In this chapter, we bring out that the
compounds where there are multiple sites for R in the crystal structure are interesting from
magnetism angle. Typical examples, for such multiple site systems, from the past literature
are: GdsSi>Ge> with five symmetrically inequivalent positions has been studied in depth,
in the area of giant magnetocaloric effect [1] and R7Rhz exhibiting [2-5] multiple magnetic
transitions as a function of temperature and magnetic-field, with competing ferromagnetic
and antiferromagnetic interactions. In this respect, the compounds of the type RsTMX (X =
p block elements) [6] hitherto not paid much attention in the past literature are of interest
to the aim of this chapter. These compounds are known to crystallize in GdsRhiIn-type
cubic structure [space group F43m, see, Refs. [7-9] and articles cited therein], with three
sites for R. The compounds with X = Mg, Cd and In, are of interest from the angles of
magnetocaloric effect, cluster spin-glass and hydrogenation behavior. In the family with X
= Al, only TM = Ru, Rh and Ir based compounds have been studied [6]. Engelbert and
Janka [9] reported the materials containing TM = Pd and Pt, where preliminary reports with
the initial magnetic measurements on some of the compounds by these authors, suggested

only one magnetic transition temperature for each of these compounds. However, a detailed
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study of the magnetic and transport properties in some of these compounds belonging to
the family R4PtAl (R= Gd, Th and Dy) and R4RhAI (Gd, Tb, Ho and Er) showed that these
compounds show the features of ‘frustrated magnetism’, due to competition between
ferromagnetic and antiferromagnetic interaction among the multiple sites for R [10-14].
Complications in the magnetic and transport properties were seen, not only in the
magnetically ordered state, but also in the paramagnetic state, as shown in some of the
families in the previous chapter. For instance, GdsPtAl has been reported to exhibit a re-
entrant spin-glass behavior around 20 K below Tn = 64 K [10], and ThsPtAl shows spin-
glass features at the onset of the antiferromagnetic order itself i.e. at 50 K. Additional spin
glass anomalies at further lower temperatures were reported for this Tb compound [11].
Dy.aPtAl surprisingly undergoes a ferromagnetic order at (Tc=) 32.6 K, entering into spin-
glass state around 20 K [12]. Some of these compounds exhibit magnetic-field induced
first-order like transitions.

These results motivated us to study and understand the magnetic properties of other
heavy rare earth members of these R4PtAl and R4sRhAI families viz, ErsPtAl, HosPtAl and
DysRhAl. The results are reported in this chapter, to enable the scientific community in

this field to arrive at a global picture of magnetism in these families.

4.2 Crystal Structure

The unit cell of the RsTMAI is shown in figure 4.1 (a). There are 16 formula units per unit
cell. The Wyckoff positions of these rare earths are R1: 249, R2: 24f, and R3:16e
respectively. Transition metal and Al occupy 16e sites. The building blocks and the
coordination spheres of the three rare-earth sites, shown in Ref. 8, are reproduced in figure

4.1 (b). The unit cell consists of Al tetrahedra, TM surrounded by Re trigonal prismatic
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Figure 4.1b: The building blocks and coordination spheres of the 3R ions.

units, and Re octahedra, the center of which is empty. There are 4 R trigonal prisms which

are arranged in a tetrahedral fashion, and these share a common triangular face with the R-
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octahedra. Thus, one can clearly see that the chemical environment around each rare-earth
is different. The crystallography of this family is thus complex and interesting for magnetic

and transport properties investigations.

4.3 Sample preparation, characterization and experimental details.

We have studied the magnetic, transport and thermal properties for all the three samples in
bulk form. Nano forms were also studied by magnetic and thermal properties. In this
chapter we report the results on the bulk specimens, while the properties of nanoform
specimens would be discussed in chapter 6.

The bulk specimens of the compounds were prepared using the arc melting
technique. Powder x-ray diffraction patterns (Cu-Ka) obtained on the as-molten ingots
showed the samples to be single phase for Dy and Ho. In the case of unannealed Er sample,
there was a weak extra line at 20 = 36°, which disappeared when the Er sample was
annealed at 650° C for 8 days. The diffraction data was analyzed using Rietveld refinement
and the refined diffraction patterns for all the compounds are shown in figure 4.2. All the
fitted parameters are tabulated in table 4.1.

Table 4.1: Rietveld refined fitting parameters for R4(TM)AI

Composition | a=b=c(A) | Rp Rwp Rexp x2
Ho4PtAl 13.457 (1) | 24.9 22.4 17.5 1.65
Er4PtAl 13.392 (1) | 216 19.3 14.8 1.71
Dy4RhAl 13.403 (3) | 39.3 30.9 25 1.53
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Figure 4.2: Rietveld refined powder x-ray diffraction patterns for R4TAI obtained using
Cu K, radiation.
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4.4 Results and discussion for Ho4PtAl.

4.4.1 Dc magnetization behavior
Figures 4.3 (a) — (b) show the magnetic susceptibility as a function of temperature
measured in a field of 5 kOe as well as in 100 Oe. Inverse susceptibility data, plotted for 5
kOe, shows a linear behavior above 50 K. The values of the effective magnetic moment
derived from the high temperature Curie-Weiss region is ~10.7 pg per R which is in good
agreement with the theoretical values, while the paramagnetic Curie temperature is ~ 27 K
with a positive sign. Positive sign of 6, suggests dominant ferromagnetic coupling between
the rare-earth ions in this compound. These features are similar to what is seen for Gd, Tb
and Dy members [10-12] in the Curie-Weiss regime (even though it is seen that these
compounds present a complex magnetic behavior at low temperatures). y(7) measured in a
field of 100 Oe shows a peak in the zero-field-cooled curve near 19 K (figure 4.3 (b)) which
can be attributed to the onset of a long-range antiferromagnetic order. This peak is followed
by an additional shoulder near 12 K and a flattening below ~5 K, suggesting the emergence
of additional magnetic transitions. The derivative plot is shown in figure 4.3 (c) to see these
features with more clarity. In the field cooled state, susceptibility shows a bifurcation below
19 K with respect to the ZFC curve, with the additional features even in this FC data; this
irreversibility in the FC and ZFC curves signals a possibility of spin-glass freezing at low
temperatures. The field-cooled curve shows an increase as the temperature is lowered
below Tn, which is a signature of cluster spin-glass behavior [10, 15-17]. In the case of 5
kOe data, other than the 19 K magnetic ordering, additional features at 12 K and 5 K, are

smeared. This indicates that the magnetism in this compound is sensitive to small
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Figure 4.3: (a) Temperature dependent dc magnetic susceptibility and inverse
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points represents Curie-Weiss fitting. (b) Magnetic susceptibility measured in zero field
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applications of external magnetic field. The observed value of magnetic ordering

temperature and 6, are marginally higher, (19 K and 27 K) when compared to respective
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de Gennes scaled values (for full degeneracy), inferred from the knowledge of ordering
temperature, for Gd analogue (64 and 86 K) [10]. This is a signature of the role of
anisotropy of crystal-field-split 4f orbital [18].

The isothermal magnetization measured up to a magnetic field of 70 kOe, in the
magnetically ordered state, is plotted in figure 4.4 (a). Magnetization curves show a sharp
increase in response to initial applications of magnetic field, indicating that there is a
tendency towards ferromagnetic alignment by such fields. The magnetization data shows
a distinct upward slope around 5 kOe, establishing that the zero-field state for this
compound is not a perfect ferromagnet, but must be a canted antiferromagnet undergoing
spin reorientation with H. Magnetization does not saturate even in 70 kOe, indicating the
persistence of canted antiferromagnetism at higher magnetic fields as well.

We have also measured the low field hysteresis (-10 kOe to 10 kOe) at various
temperatures below the magnetically ordered state and the data for two temperatures is
plotted in figure 4.4 (b). Low field magnetization shows a distinct hysteretic behavior
(even though weak) at a temperature well below Tn, suggesting the existence of a
ferromagnetic component. Looking together magnetic susceptibility and the magnetization
results, a canted antiferromagnetic nature of the virgin state at the onset of magnetic order

is established.

4.4.2 Ac susceptibility and Isothermal remanent magnetization behavior
Since the compound shows a positive sign for 6, which supports the existence of
ferromagnetic correlations, while in the virgin state isothermal magnetization curve reveals

the presence of antiferromagnetic component, it is important to look for spin glass features,
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therefore, we measured the ac susceptibility to get further insight into the nature of the
magnetically ordered state of the system. The data for the real part is plotted in figure 4.5
(a) and imaginary part is plotted in figure 4.5 (b). The ' data measured in zero field exhibits
a peak at 19 K with an additional shoulder around 12 K. These features are seen even in
the x" curves also. There is no prominent feature around 5 K as seen in the dc susceptibility
data, except a change of slope in y". These features vanish when the ac susceptibility is
measured in an applied field of 5 kOe. These findings support the existence of a spin-glass
component at low temperatures. In addition, there is a very weak frequency dependence of
the peak seen in the zero-field ac susceptibility. It is notable that such frequency
dependence can be seen even at the onset of long-range magnetic order. Therefore, the
possibility of spin-glass dynamics of antiferromagnetic clusters of this compound below 5
K exists.

To render further support to spin glass behavior, we have measured isothermal
Mirm at select temperatures below Tn; and the curves are shown in figure 4.5 (c) for 5 K
and 10 K. The starting point of measurement was labelled M(0). Mirm verses time shows a
slow decay. This decay becomes slower as the temperature is increased towards Tn. It was
difficult to ascertain the functional form of the decay because (in logarithmic form) the
data shows two logarithmic regions, which could be due to the multiple sites for R. In any
case, the slow decay of Mirm is consistent with the glassy behavior, at least in the region

close to 5 K.

4.4.3 Heat capacity and isothermal entropy change behavior
Having established the presence of spin-glass anomalies, it is important to see whether a
well-defined magnetic structure coexists. We therefore measured the heat-capacity as a
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function of temperature below 80 K. The data is plotted in figure 4.6 both in the form of C
versus T (figure 4.6 (a)) as well as of C/T versus T (figure 4.6 (b)). In the absence of an
external magnetic field, as the temperature is lowered, the compound shows a well-defined
feature, i.e. an upturn followed by a peak, as the magnetic ordering temperature is
approached. In addition, the heat capacity shows a shoulder around 12 K. This feature is
more evident from the C(T) versus (T) plot (shown in figure 4.6 (b)). One can also see a
weak upturn in C(T) below about 5 K, which could possibly arise due to subtle changes in
the orientation of magnetic moments. With the application of magnetic field of 10 kOe, the
peak at 19 K shifts marginally to a lower temperature, with the feature due to the onset of
magnetic order partly overlapping with the one due to 12 K transition. This finding
establishes that the magnetic structure for this compound at the onset of magnetic order is
of an antiferromagnetic type, rather than being a ferromagnetic type. As the applied
magnetic field is increased further (say 30 kOe and 50 kOe), the peak is not discernable,
and we see a monotonic decrease of C with T down to 5 K. Below 10 K, we don’t find any
evidence for T%?2 behavior expected for ferromagnets / spin-glasses or T2 behavior which is
expected for antiferromagnets. Such a functional form establishes that the magnetism at
lower temperatures is in fact quite complex for this compound.

The isothermal entropy change was derived from the heat capacity data, by
integrating the plots of C/T, is plotted in figure 4.6 (c). It can be seen that the plots of -AS
exhibit a peak in the positive quadrant, even for an application of a field as small as 10

kOe; this positive sign is typical of ferromagnetic behavior [16].
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Figure 4.6: (a) Heat-capacity as a function of temperature (<50 K) for Ho4PtAl, in zero
field as well as in the presence of external magnetic fields. (b) Heat-capacity divided by
temperature as a function of T. (c) Isothermal entropy change as a function of temperature

(2-90 K) for different final fields starting from zero-field, derived from the heat capacity
data.

This supports the inference of domination of a ferromagnetic component even for

such low fields (though AF component still persists as discussed above), made from the
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M(H) data. It can be seen that the peak values of (-4S) are quite large when, compared to
that of analogous Gd, and Th members in the family [6-8]. For instance, the value of (-45)
for Ho for a magnetic field of 50 kOe is about ~12.5 J/mol K, whereas the value for the
Gd case is ~ 6 J/mol K and that for Tbh case is ~ 6.5 J/mol K. As shown for other family
members of this compound, the plot of (-4S) exhibits a long tail over a wide T-range above
respective Tn. This tail possibly arises from the gradual formation of ferromagnetic clusters
as the temperature is lowered, thus behaving like classical spin-liquid [6, 9-11], as

discussed in chapter 3.

4.4.4 Electrical resistivity and magnetoresistance behavior
We show electrical resistivity behavior as a function of temperature in zero field and in the
presence of applied magnetic fields (figure 4.7). The data in the entire measured T range is
plotted on the right-hand side and in the expanded form below 50 K at the left-hand side.
At high temperatures resistivity exhibits a positive temperature coefficient, expected for
metals. In addition, there is a minimum at 26 K in the paramagnetic state before the onset
of magnetic ordering. Such a minimum in the resistivity has been reported earlier in some
of the heavy R systems as a precursor to long range magnetic order [10, 20, 21] as discussed
in chapter 3 (section 3.4.5) [22]. This resistivity minimum vanishes gradually with the
application of external magnetic field. In the magnetically ordered state, the resistivity
shows a drop below 15 K, arising due to the loss of spin-disorder contribution, supporting

the onset of magnetic ordering with a well-defined magnetic structure at this temperature.
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Figure 4.7: Electrical resistivity measured as a function of temperature (left side <50 K,
right side 2-300 K) for HosPtAl, measured in zero field and the presence of external
magnetic fields.
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Note that the drop does not occur at Tn (19 K), but p shows an upturn below 19 K initially;
such an upturn is usually attributed to the formation of magnetic Brillouin-zone formation
(chapter 1 section 1.2.1).

Isothermal magnetoresistance shows interesting features. In the paramagnetic state,
close to Tn, MR shows a competition between positive contribution arising from the
Lorentz motion of the conduction electrons (that is, classical metallic part, which varies
quadratically with H) and the negative contribution from the suppression of spin fluctuation
contribution by H. For instance, just above Ty, say, at 25 K (see the right side of the MR
figure), the spin contribution dominates as revealed by the negative sign till about 25 kOe
and gets overcompensated at higher fields by the metallic part. At higher temperatures, the
MR(H) curve stays in the positive quadrant only.

Below the magnetic ordering temperature, the sign of MR remains negative which
can be either due to antiferromagnetic gap formation and/or spin-glass component.
Evidence for the formation of the antiferromagnetic-gap comes from the fact that as
mentioned in section 4.4.4, p (in the zero-field curve) shows an upturn (in the zero-field
curve) as soon as the magnetically ordered state is entered peaking around 15 K; with the
upturn getting suppressed by a field of 10 kOe (see figure 4.7). One of the notable findings
in the isothermal MR curves is that, in the low field range (<4 kOe), the virgin curve lies
prominently outside the envelope loop below 12 K with a significant hysteresis, supporting
that there could be a presence of disorder-broadened first-order magnetic transition in this

compound at such low fields.
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field of -10 kOe to 10 kOe and the right side for a field of 0 to 120 kOe) for HosPtAl,
measured at various temperatures below and above the magnetic ordering. The arrows are
drawn to show the way the magnetic field is varied.
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Thus, the compound HosPtAl exhibits re-entrant spin-glass behavior, with the onset
of an antiferromagnetic type of magnetic order. At 19 K, the compound undergoes subtle
changes in the magnetically ordered state, which are sensitive to an application of a small

external field.

4.5 Results and discussion for ErsPtAl.

4.5.1 Dc Magnetization behavior

Magnetic susceptibility measured as a function of temperature, in an applied magnetic field
of 5 kOe is shown in figures 4.9 (a). Inverse susceptibility shows a linear behavior above
40 K. The value of the effective magnetic moment is found to be ~9.82 g per Er which is
in good agreement with the theoretical values for Er®* ion. The paramagnetic Curie
temperature is ~ 16 K. Similar to the case of Ho, positive sign of 6, indicates dominant
ferromagnetic coupling between the rare-earth moments in the Curie-Weiss regime.

The plot of y(7) in a field of 100 Oe, are shown for both zero-field-cooled and field-
cooled conditions in figure 4.9 (b). As the temperature is lowered below 50 K,
susceptibility measured in the zero-field cooled condition, shows a sudden flattening near
12 K, followed by an additional slope change near 5 K. The 5 K feature is clear from the
derivative plot of the ZFC curve shown in figure 4.9 (c). Similar to the case of Ho, the
nature of the magnetic ordering at 12 K seems to be of an antiferromagnetic type (vide
infra). There is a weak bifurcation seen in the ZFC-FC curves below 12 K in the
magnetically ordered state and the curve in the field-cooled state shows an increase with
decreasing temperature, though weak (compared to what is seen for the Ho case) below Ty,

indicating cluster spin-glass behavior at low temperatures [10,15-17]. Similar to the case
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of Ho compound, the observed values of magnetic ordering temperatures and 6, are
marginally higher (12 K and 16 K) compared to the de Gennes scaled value (for full

degeneracy).

-10 0 10
H (kOe)
Figure 4.10: (a) Isothermal magnetization for ErsPtAl at 2, 5, and 8 K; (b) low-field (O to
10 to -10 to 10 kQOe) hysteresis loops at 2K and 8 K.
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Isothermal magnetization as a function of field was measured in the magnetically
ordered state up to a magnetic field of 70 kOe, and plotted in figure 4.10a. Magnetization
data shows a sharp increase in magnetization in response to the initial applications of
magnetic field indicating possible tendency towards ferromagnetic alignment. M(H) curves
do not show a tendency to saturate even at 70 kOe. The hysteresis (figure 4.10 (b)) in the
magnetically ordered state, say at 2 K, is so weak that it is difficult to attach any
significance to this. The results overall suggest that the compound exhibits canted

antiferromagnetism at the onset of magnetic order.

4.5.2 Ac susceptibility and Isothermal remanent magnetization behavior
Since many of the materials including HosPtAl exhibit spin glass anomalies, we considered
it important to investigate magnetism of ErsPtAl in more depth by other bulk
measurements. In this respect, the real and imaginary parts of the ac susceptibility data are
shown in figure 4.11 (a) and (b) respectively. In zero field, )’ exhibits a peak at ~12 K,
which is followed by a distinct change of slope around 5 K. These features are consistent
with the dc susceptibility data presented above. ' also shows a shoulder around 10 K, the
origin of which was not clear. This feature could possibly arise due to the presence of
additional spin-reorientation, which was subtly sensitive to small fields.

This can be easily missed in fields even as low as 100 Oe in dc y measurements.
The frequency dependance of the susceptibility peaks is not clearly discernable, even
though one could find some »-dependance in the left side of the peaks. However, the y”

curves bring out a distinct frequency-dependent peak at about 5 K without any peak at

147



16 |
=
g i
E
S 8r
NS
[ apliiy? Wﬂﬁm.’ﬁﬂ%m‘hﬁwnw T —
. H=5 kOe
- 1 |
~ 02}
o
£
E o
[ih]
~
R 0.0}
L 1 1 1 1 ¥ M | . s
0 8 16
T (K)
_E
S
= 5K
<t
3 25K
S| (© -
L L IIIIIII 1 L IlIlIII 1 1 ‘I
10 100 1000
time (min.)
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higher temperatures. This means that the 5 K-feature alone could arise from spin-glass
freezing. These features in the ac susceptibility got suppressed with the application of a dc
magnetic field of 5 kOe. Thus, viewing together all the features along with the behavior of
low-field dc susceptibility curves and dc magnetization, it can be concluded that the
compound exhibits (virgin state) antiferromagnetism below 5 K, behaving like (cluster)
spin-glasses.

In order to probe further the glassiness of this compound, we measured Mirm at
selected temperatures below Tn. As seen in figure 4.11 (c), Mirm at t = 0, shows a decrease
with increasing temperature and also decays slowly with time. Since there were two
logarithmic regions in the Mirm data, it was difficult to determine the functional form of
the decay with time, as in the case of Ho, attributable to complexities associated with
multiple site magnetic interaction. This slow decay seen in the Mirm data is consistent with

the conclusion of the glassy nature of the compound, at least in the close vicinity of 5 K.

4.5.3 Heat capacity and isothermal entropy change behavior
Figure 4.12 shows the heat-capacity measured as a function of temperature in the form of
C versus T (figure 4.12 (a)) as well as of C/T versus T (figure 4.12 (b)) to understand
magnetically ordered state better. In zero field, the heat capacity shows a well-defined
feature showing a sharp rise below 14 K, followed by a peak around 12 K. C/T v/s T plot
(figure 4.12 (b)) shows an additional sharp anomaly around 5 K, which supports the
presence of a magnetic feature around this temperature, as indicated by ac . With the
application of magnetic field these features are seen to shift to lower temperatures

confirming that the low temperature ground state is of an antiferromagnetic type. Similar
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Figure 4.12: (a) Heat-capacity as a function of temperature (<40 K) for ErsPtAl, measured
in zero field and external magnetic fields, (b)heat-capacity divided by temperature,
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to the case of Ho, it was difficult to determine the functional forms of the heat capacity
data, below 10 K, as the heat capacity data does not show any evidence for T%? or T®
behavior, expected for ferromagnets/spin-glasses and antiferromagnets, respectively. This
shows that the magnetism in this compound, is also quite complex. It is not clear whether
a shoulder in C/T near 10 K can be correlated to the ac y feature at this temperature.

The isothermal entropy change derived from the heat capacity data is plotted in
figure 4.12 (c). The plots of A4S exhibit a peak in the negative quadrant, even for an
application of field as small as 10 kOe (similar to what is seen for the Ho case), typical of
ferromagnetic behavior [19] supporting the inference of domination of a ferromagnetic
component for an application of even low fields (though AFM component still persists as
discussed above). In addition to determination of A4S from heat capacity data, we have
obtained the same from the isothermal magnetization, employing the Maxwell’s equation.
For obtaining this data, the isothermal magnetization measurements were carried out in
close temperature intervals (every 3 K). The values and the features thus obtained are found
to be in good agreement with that derived from the C(T) data. A point to be emphasized is
that the peak values of A4S are relatively large, compared to that of analogous Gd and Tb
members in the family [10-12]. That is, for a field of 50 kOe, the peak value of A4S is about
~18.5 J/mol K, whereas the corresponding values of 4S are lower for Gd (~6 J/ mol K).
Similarly for Tb and Dy cases, the corresponding peak values of A4S are ~ 6 and 13 J/ mol
K respectively. Thus, the value of 4S is clearly large for the Er compound within this
family. The magnetic refrigeration capacity, defined as the product of the full-width at half
maximum and the peak value, is about 420 J/kg K. This value is quite large and comparable

to many other magnetocaloric materials in this temperature range of interest [20]. Also, it
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can be noted that the peak values of the Er and Ho compounds in this family are much
larger than those of the respective member of the isostructural Rh family [13,14,21]. 1f we
make a comparison of the peak values of 4S between the Pt and Rh families, we find that
the values of 4S is rather large for the Pt counterparts, for a given R. For example, for
GdsPtAl and GdsRhAl, the values are ~6 and ~2.3 J/mol K, respectively [10,13]. We
therefore infer [13] that the anisotropy of the (crystal-field-split) 4f orbital (that is,
aspherical nature) plays a key role for such an enhancement. We, therefore, wonder spin-
orbit coupling effect of the Pt 5d electrons with respect to the 4d band which are relatively
larger plays a role in enhancing MCE.

Similar to the other rare-earth members, the plot of A4S exhibits a long tail over a
wide T-range above Tn which could possibly arise from a gradual formation of
ferromagnetic clusters when the temperature is lowered as discussed for other materials.
Looking at the non-hysteretic isothermal magnetization curves coupled with a large value
of 48, it is concluded that this compound can be added to the list of materials for magnetic
refrigeration below 40 K. This conclusion gains importance considering that, in the
literature, there is often emphasis to find materials with large value of magnetic

refrigeration capacity having such a reversible behavior [27, 28].

4.5.4 Resistivity and magnetoresistance behavior
Figure 4.18 shows the resistivity as a function of temperature for zero field and applied
magnetic fields for ErsPtAl. The curves for the range 2-300 K are shown on the right- hand
side graphs. To reveal the features in the magnetically ordered state with clarity, the data

below 40 K is shown in the left-hand side. There is no noticeable anomaly in the high
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Figure 4.13: Electrical resistivity measured as a function of temperature (left side <50 K,
right side 2-300 K), measured in zero field and the presence of external magnetic fields.

temperature range (>20K) where metallic behavior is seen. As the temperature is lowered
towards T, there is a minimum, in the paramagnetic state, just above the ordering

temperature of 14 K, in zero field as discussed for HosPtAl. This resistivity minimum
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Figure 4.14: Magnetoresistance measured as a function of magnetic fields (left side -10
kOe to 10 kOe and, right for a field of 0 to 120 kOe), measured at various temperatures
below and above the magnetic ordering.
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vanishes gradually with the application of an external magnetic field. As the material enters
a magnetically ordered state, there is a drop as expected.

Similar to the case of Ho, the magnetoresistance in the paramagnetic state shows
interesting features (figure 4.13, right side graphs), due to a competition between the
positive contribution and the negative contribution, both as a function of H and T. For
instance, at 18 K (close to Tn), MR shows an initial increase in the positive quadrant due to
metallic contribution, followed by a peak around 25 kOe and then a fall with the
magnetoresistance curve entering the negative quadrant around 55 kOe due to the
suppression of spin fluctuations. At higher temperatures, say at 25 K, MR curve remains
in the positive quadrant because of the weakening of spin contribution with respect to the
contribution from the metallic part.

In the magnetically ordered state (left side graphs of figure 4.13), the sign of MR
remains negative, which could be either due to antiferromagnetic gap formation and/or
spin-glass component. In the case of Er as well, we presented evidence for the formation
of antiferromagnetic-gap. The magnitude of MR is so small that hysteresis in MR(H) could
be considered negligible. We could not observe any signature of a disorder-broadened first-

order magnetic transition at low fields in contrast to that for Ho case.

4.6 Results and discussion for DysRhAl.

As discussed in the introduction part of this chapter, DysPtAl has been reported to undergo
a ferromagnetic ordering, which is quite surprising, compared to that of the other rare-earth
members in the family, ordering antiferromagnetically [12]. Therefore, it was of interest to

study the effect of isoelectronic substitution of Rh for Pt and see how the magnetism in the
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compound evolves, to compare with that of other R members of the family. With this
motivation, we synthesized the polycrystalline samples of DysRhAIl and studied its

magnetic and transport properties.

4.6.1 Dc Magnetization behavior
Magnetic susceptibility behavior as a function of temperature in two different fields is
plotted in figure 4.15. ZFC and FC curves in 100 Oe are plotted in figure 4.15 (b). The
susceptibility data in 100 Oe shows a distinct peak at 18 K suggesting the onset of
antiferromagnetic order at this temperature. There are additional weak peaks at about 4 and
12 K, indicating the existence of magnetic anomalies at lower temperatures in the
magnetically ordered state. With the application of 5 kOe field, the 12K-feature is smeared
(figure 4.15 (a)), revealing sensitivity of this low-temperature magnetic state to the
magnetic field in the low-field range. The inverse x plot for 5 kOe data shows a linear
behavior over a wide T range well above Tn. The value of pes derived from the Curie-Weiss
fit is found to be 11 ps/Dy, which is marginally higher than the theoretical expected value
of 10.48 pg for Dy*". The excess et may be attributed to the polarization of the Rh d band
by the large magnetic moment on Dy®* The value of p is -16 K; this magnitude and the
sign are in good agreement with antiferromagnetic ordering setting in the compound
around 18 K. Below Ty in the 100 Oe data ZFC and FC shows a bifurcation, with the FC
curve exhibiting an upturn with decreasing temperature as in the other cases discussed in
this thesis [15]. Looking at the data together, the features indicate possible
antiferromagnetic cluster glass behavior at low temperatures. The y plots for 100 Oe and 5

kOe in figure 4.15 (c) show that the two curves do not overlap at T, these do so but well

156



 (emu/mol)

¥ (emu/mol)

¥ (arb. units)

Figure 4.15: a) Temperature dependent dc magnetic susceptibility and inverse
susceptibility measured in 5kOe. A red line is drawn to show the Curie-Weiss fit. (b)
Temperature dependent dc magnetic susceptibility measured in 100 Oe (for zero-field-
cooled and field-cooled conditions). (c)comparison of the plots of susceptibility measured
in 100 Oe and 5 kOe in the vicinity of Tn to bring out the existence of short-range magnetic
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above Tn only, indicating the existence of subtle magnetic anomalies, before long-range

magnetic ordering sets in [see the articles cited in [14]].
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Figure 4.16: Isothermal magnetization for DysRhAl at 2, 5, 10 and 18 K.
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We measured the isothermal magnetization at 2, 5, 10 and 18 K and the data is
plotted in figure 4.16. Magnetization shows a gradual increase with H at these
temperatures, with a tendency to saturate beyond about 60 kOe. A weak hysteresis is visible
at lower temperatures. There is an upward curvature in the data around 20-40 kOe below
18 K. This is a characteristic of disorder-broadened first-order field-induced magnetic
transition at low temperatures. This finding supports the conclusion that the zero-field state
of this compound is not ferromagnetic. The magnetic moment values at very high fields,
as well as the zero-field value, obtained from the linear extrapolation of high-field linear
region) are far less than that expected for the free ion. This can arise from crystal-field-

effects.

4.6.2 Heat capacity and isothermal entropy change behavior
Heat capacity data is plotted in figure 4.17. In zero field the C(T) data (see figure 4.17)
shows an upturn below 20 K, followed by a peak at 18 K. As the temperature is lowered
further, the heat capacity shows a gradual fall with decreasing temperature. There are no
additional well-defined peaks in the heat capacity data well-below 18 K, indicating the
absence of any additional long-range magnetic ordering at lower temperatures. The C/T
versus T curve for zero field (figure 4.17 (b)) shows a change of slope around 5-10 K. This
implies that there is actually a subtle faster decrease (compared to higher temperature linear
region) of the heat-capacity. This can be attributed to the spin-glass component. With the

application of magnetic fields, the peak seen in the data at 18 K gets suppressed and shifts
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to lower temperatures, supporting the onset of antiferromagnetic order at this temperature
with a well-defined magnetic structure.

The C(T) data was fitted below 7 K to the functional form of, C= fT%+aT"e™T,
where ¢, £ and n are constants, and A is the spin-gap between the lower and upper band

of the spin wave spectrum. The value of A and n are found to be ~2.2 K and ~0.8.
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Figure 4.17: (a) Heat-capacity as a function of temperature (<40 K) for DysRhAl,

measured in zero field and applied magnetic fields. (b) Curves showing heat-capacity
divided by temperature.
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Isothermal entropy change, 45S as a function of temperature, derived from the heat
capacity data, by integrating C/T versus T curves is shown in figure 4.18. Plots of 4S
obtained for H= 30 and 50 kOe exhibit a peak in the negative quadrant at a temperature
(about 25 K) slightly above Ty; this feature combined with the sign indicates that [19]
short-range magnetic correlations sets in (inferred from the combined plot of y shown in
figure 4.15 (c)) before long-range magnetic order and that these correlations are of a
ferromagnetic-type. In addition, there is a weaker peak around 18 K in the positive

quadrant, and the sign is consistent with the inference of
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Figure 4.18: Isothermal entropy change as a function of temperature (for final fields 10,
30 and 50 kOe) below 40 K for DysRhAl.

antiferromagnetic order setting in at 18 K. A4S shows additional sign-crossovers at lower
temperatures, which may be consistent with subtle magnetic effects, mentioned earlier. The

peak values of 4S are not large, when compared to those for other Rh compounds in the
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family, for example the value of 4S in isostructural Tb, Ho and Er are ~ 6.1, 5.9 and 8.2
J/mol K respectively [13,14]. For a field of 10 kOe the values of 4S are too small to attach

any significance to the sign changes with T.

4.6.3 Ac susceptibility and isothermal remanent magnetization behavior
In view of the fact that ZFC-FC dc y curves show a bifurcation at Tn (figure 4.15b), we
measured the ac susceptibility to gather knowledge about possible spin-glass freezing. The
real part and imaginary parts are shown in figure 4.19 (a) and (b) respectively.
Corresponding data measured in a field of 5 kOe is noisy for 133 and 1339 Hz, hence the
curves are shown for 1.3 and 13 Hz only. A v-dependence of the peak in the y'(T) is quite
transparent in the vicinity of Ty, even though the curves for 133 and 1333 Hz are noisy (for
instance, ~20 and ~24 K for 1.3 and 1333 Hz respectively). These results support the spin-
glass freezing. Using the peak temperature values (Tp) for the two extreme frequencies, we
derived the magnitude of the factor, (AT, /Tp) A(log v), and the value comes out to be about
0.07. This value is rather large when compared to that expected for canonical spin-glasses
(which is <0.01) [33]. Since the Ty for the lowest frequency (1.3 Hz) matches with the
value of Ty, it is concluded that the spin-glass freezing and antiferromagnetism set in
simultaneously. Since, at low temperatures, low-field FC y (figure 4.15 (b)) show an
upturn, the spin-glass state revealed by ac y also is of a cluster-type, arising from
antiferromagnetic clusters. We do not find any peak in ¥" down to 2 K (being noisy at
higher frequencies the data is shown for two frequencies only). The presence of a

worthwhile signal in %" is a necessary criterion for spin-glass freezing [33].
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Figure 4.19:(a) Real part and, (b) imaginary part of ac susceptibility for DysRhAl, (c)
time dependence of isothermal remnant magnetization measured at 4, 8 and 15K.
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We therefore infer that the spin-glass dynamics of the antiferromagnetic clusters is
so weak that it escapes detection by y" measurement. The peak in ' gets suppressed
marginally with the application of a magnetic field of 5 kOe, which is in sharp contrast to
the complete suppression expected in the case of conventional spin-glasses and previous
cases discussion in the thesis (Nd2RhSis, section 3.4.3; Er.RhSis, section 3.5.2; HosPtAl,
Section 4.4.2 and ErsPtAl, Section 4.5.2), endorsing our inference on the weakness of spin-
glass feature. In addition to the above features, there is a drop in ' below 5 K, as seen in
dc x data, showing a distinct frequency dependence like the one seen at 18 K. These features
indicate that the spin-glass behavior coexists with antiferromagnetism, down to 2K, as soon
as long-range magnetic ordering sets in.

For rendering further support to spin-glass freezing, the time dependence of Mirm
in the magnetically ordered state below Tn is shown in figure. 4.19c for the temperatures
4, 8 and 15 K. The Mirm data, exhibits a slow decay (essentially logarithmically after
waiting for about a minute) at all temperatures, as expected for spin-glass systems.
However, we find the magnitude of Mirm at t= 0 decreases as the measurement temperature
is increased, which reflects a corresponding change in the strength of spin-glass
component. Above the magnetically ordered state, say at 25 K, Mjrm does not show any

such decay.

4.6.4 Electrical resistivity and magnetoresistance behavior
Resistivity as a function of temperature was measured both in zero field and in the presence
of various external fields (30, 50, 70 and 100 kOe), and the curves are shown in figure 4.20.

To clearly show the low temperature features, the data is plotted below 100 K in figure
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Figure 4.20: (a) Electrical resistivity measured as a function of temperature (full range)
for DysRhAI, measured in the presence of external magnetic fields as well. (b) Expanded
portion of data below 100 K for sake of clarity of the features at low temperatures.
4.20 (b). For all fields, in the paramagnetic state, resistivity shows metallicity as the
temperature is lowered below 300 K. However, the magnitude of resistivity undergoes

pronounced depression with increasing magnetic fields as the temperature is lowered,

revealing a gradual increase of MR with lowering temperatures across Tn like in previous

165



cases, reported in this thesis. As the temperature is lowered further, resistivity shows an
upturn as soon as magnetic ordering sets in (in zero field). This feature, establishes the
formation of magnetic Brillouin-zone gap, which is consistent with antiferromagnetic
nature of the magnetic order [34]. This feature undergoes a gradual suppression with
increasing magnetic fields due to suppression of antiferromagnetic energy gap. Naturally
MR is large in the magnetically ordered state. For getting a better picture of the
magnetoresistive behavior and its magnitude, the isothermal MR curves, were obtained at

5,8, 12, 16 and 25 K (figure 4.21).
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Figure 4.21: Magnetoresistance measured as a function of field at various temperatures.

A noteworthy finding from the magnetoresistance plot is that MR at 5 K, shows a
very broad step around the field of 20-50 kOe and the curve is weakly hysteretic in nature
which supports the conclusion from the M(H) data, that there could be a disorder-

broadened first-order field-induced magnetic transition in this compound at low
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temperatures. At higher temperatures, this feature gets gradually smeared. At 25 K, MR

shows a quadratic field-dependence which is expected for paramagnets.

4.7 Discussions and conclusions

» Looking at all the results together, it is clear that both the compounds, HosPtAl and
ErsPtAl, exhibit a re-entrant cluster spin-glass behavior, with the onset of an
antiferromagnetic type of magnetic order. This behavior is similar to that observed for
the other rare-earth members in the family, except that of DysPtAl, which is known to
exhibit a ferromagnetic ordering [12]. From the degree of suppression of ac y peaks
by the application of the magnetic fields, it is concluded that the spin glass dynamics
in Dy4RhAl is relatively weaker. Within this family of compounds, both HosPtAl and
ErsPtAl, exhibit the largest value of isothermal entropy change, at the onset of
magnetic order, with a large tail above Tn. Since the values exceed that of an S-state
ion, this finding suggests that the topology of the 4f orbital can enhance the
magnetocaloric effect. The intriguing conclusion inferred from the comparison of the
MCE behavior between the Pt-based family and the Rh-based family, is the following:
It seems that the Pt 5d spin-orbit coupling also plays a role in the enhancement of the
MCE values. Such a correlation should provide clues for the advancement of theories
in the field of MCE. This will in turn be helpful in engineering of materials for
magnetic refrigeration at room temperature. The reversible isothermal entropy curves
establish that the Er compound meets the criterion [28] for magnetocaloric applications

in the low temperature range.
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In the case of DysRhAl, the results establish that the compound undergoes
antiferromagnetic order which is different from the ferromagnetic ordering seen in the
case of DysPtAl. This result provides an indirect support to the fact that the
ferromagnetism seen in the case of DysPtAl is interesting and unusual. It is quite
possible that the Pt 5d orbital, extended more spatially when compared to Rh 4d
orbital, plays an important role by strong interaction with crystal-field-split anisotropic
orbitals of Dy giving rise to the anomalous magnetism seen in the case of DysPtAl. In
addition, the 5d electrons are relatively less correlated with stronger spin-orbit
coupling than the 4d electrons. These results suggest an important role of transition
metal bands, which interact with the Dy 4f electrons, determining the magnetism of
these systems. It would be worthwhile to carry out a comparative study of both these
Dy compounds, by spin-polarized band structure calculations, electron spectroscopy
and neutron diffraction (for determining the magnetic structure), which would further
aid to understand the role of transition band correlations on the magnetism of strictly
localized 4f orbital. In addition, inelastic neutron scattering studies would also enable

to learn about crystal-field scheme in these materials.

There are clear evidences for the presence of resistivity minimum above Ty for Ho and
Er cases, in zero field, which got suppressed with the application of H. This is not
expected for such rare-earths with localized 4f electrons, and hence the comparison
fall into the family of rare-earth materials with novel magnetic precursor effects [35].
Though such a minimum is not apparent for DysRhAI, magnetoresistance behavior

mentioned below offers support for such a phenomenon in this case as well.
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» There are various other interesting features, e.g. antiferromagnetic energy gap
formation, large magnetoresistive behavior, not only in the magnetically ordered state
but also in the paramagnetic state, well above Tn extending to T > 3Tn, and spin-
orientation effects as a function of T and H in the magnetically ordered state, leading

to complex sign reversals with the variation of such external parameters.

Finally, this work brings out the complex nature of magnetism in these compounds, in the
magnetically ordered state, arising from the different sites of rare-earth ions. It is of interest
to theoretically explore, as to how the interaction among three sites of rare-earth plays a

role in deciding the magnetic behaviour of the system.
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Chapter 5

Pressure effects on the magnetic properties of spin-chain
compoundsTh.BaNiOs and Th,BaCoOs

5.1 Introduction

In the previous chapters, certain exotic properties of 4f electrons in a metallic environment
were brought out. No other element in the compounds discussed in those chapters possess
magnetic moment on their own (barring a small induced moment on 4d metals). There are
often situations where 4f electrons compete with magnetic moments of other types of ions
in the lattice, even without RKKY interactions, that is in insulators, leading to complex
magnetism controlling other phenomena present in these compounds. These interactions
can be tuned by external as well as chemical pressures. The purpose of this chapter is to
bring out such exotic nature of 4f electrons, by choosing suitable examples. The phenomena
under discussion in this chapter is ferroelectricity coupled to magnetism, which is
commonly known as ‘Multiferroicity’, known among transition metal systems due to 3d/4d
electrons, and the exotic materials chosen are insulating spin-chain compounds,
Th,BaNiOs and Th2BaCoOs. Therefore, a brief introduction is given below to this
phenomenon and the materials.

For the past few decades, a large number of materials have been studied to find
those exhibiting multiferroicity. Multiferroics have been defined [1] as those materials,
which exhibit two or all of the following properties together occur in the same phase, viz
ferroelectricity, ferromagnetism, and ferroelasticity. Though either of these phenomena can
have independent source, the materials which are of great current interest are those in which

one property influences the other, for instance, ferroelectricity and ferromagnetism which
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are antagonistic (type I1). Main reason behind this antagonistic nature of these properties
is the “d® -ness” of the material [2], in the case of transition metals, for ferroelectricity. For
any kind of magnetic ordering in a material, it is necessary to have unpaired d electrons.
For any ferroelectric behavior, distortion of the center of symmetry is crucial, which in
most cases (like the conventional perovskite ferroelectrics) is often achieved by an off-
center displacement of the cation from the center of the oxygen octahedron. In the case of
type-1 multiferroics, like BiFeOs, the 6s lone pair electrons of Bi have been known to give
rise to ferroelectricity and the 3d-electrons of Fe lead to canted antiferromagnetic order [3].
In the case of type-1l multiferroic materials, like orthorhombic RMnOs [4] and RMn20s
[5], three microscopic mechanisms, have been shown to give rise to multiferroicity i.e. the
inverse Dzyaloshinskii-Moriya (DM) interaction leading to spin canting, exchange-
striction, and spin-dependent p—d hybridization [6,7]. The spin-induced ferroelectric
behavior has been often observed among magnetic systems [8], but not due to 4f
magnetism. In addition, geometrically frustrated antiferromagnetic behavior has also been
known to induce multiferroicity. TboMnOsz was the first compound of this type on which
type-11 multiferroicity was reported. This compound exhibits two antiferromagnetic
transitions, one at 41 K and the other at 28 K, with ferroelectric transition being triggered
by the 28 K magnetic transition. [9]. Spin-driven multiferroic behavior has been observed
in two dimensional (2D) systems like Ni2V20s, CuFeO; etc., and quasi 1D systems like
CazCoMnQOs, LiVCuO;4 etc. [10-14].

In this regard, the Haldane spin-chain [14] family, R2BaNiOs (R = Gd, Dy, Er, Sm,
Nd, Ho and Tb) [15-18], crystallizing in a centrosymmetric orthorhombic structure (Immm

space-group) have been recently reported to exhibit multiferroic behavior. In this chapter,
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we focus on Th2BaNiOs and Th,BaCoOs, as within the entire family, these Th compound
have been reported to exhibit an exceptionally large magnetodielectric coupling (MDE) (~
18 to 54 %) following metamagnetic transition. Such a large value of MDE was quite rare
among polycrystalline multiferroic compounds [18]. Th2BaNiOs was reported to exhibit
two antiferromagnetic transitions one at T1 = 63 K and the other at T> = 25 K, arising from
magnetic ordering of Tb and Ni sublattices simultaneously, with ferroelectric behavior
being induced by the 25 K magnetic transition, despite being centrosymmetric
crystallographically and collinearity of magnetic moments of Ni and Tb within the
respective sublattices. There is a mutual canting of the 3d(Ni) and 4f(Th) moments [19].
This canting angle undergoes a sharp change at T» with exchange striction anomalies [20].
A critical canting angle is required to attain ferroelectricity, which is a novelty in the field
of multiferroics. It was also shown that the Haldane gap was not an important criterion
needed to observe the multiferroic anomalies, because the isostructural Th2BaCoO:s is also
multiferroic with still enhanced MDE coupling [21]. Another interesting aspect of
Th2BaNiOs compound is that Th 4f was shown to be crucial to observe multiferroicity [22]
unlike in transition metal systems. With respect to the compound Th2BaCoOs [21] this has
been shown to order antiferromagnetically below 18.8 K with the onset of coupled
ferroelectricity. Both these compounds are characterized by metamagnetic transitions in
the range 40-60 kOe. Considering that external pressure studies on some of the most
celebrated multiferroics were quite informative, e.g., RMnOs, RMn2Os, CuCrO2, and
Ni3V20s, (where R = rare-earth), [23-30], we considered it worthwhile to study Th2BaNiOs
and Th2baCoOs under pressure to understand the changes in the magnetic properties. Under

pressure, various interactions compete with each other, like first and second nearest-
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neighbor isotropic interactions, magnetic anisotropy, antisymmetric Dzyaloshinskii-
Moriya interactions, symmetric exchange interactions and p-d hybridization. Chemical
pressure effect on magnetism of Th2BaNiOs induced by small doping of Sr in place of Ba

is also reported for comparison purpose.

5.2 Crystal structure
The compounds, Th2BaNiOs and Th2BaCoOs, are known to crystallize in an orthorhombic
structure, with space group Immm. These compounds are known to exhibit dimorphism,

Immm and Pnma space groups based on the sintering temperatures of the sample.

Figure 5.1: Crystal structure of Th,BaNiOs
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We have focused our studies on the samples crystallizing in Immm space group,
where the crystal structure is characterized by vertex-sharing Ni/Co chains (running along
the a-axis). These Ni/Co chains are isolated from each other by intervening R and Ba ions
(see figure 5.1). The NiOe (CoOe) octahedron in this space group is distorted, with the
apical distance (1.88 A) being shorter than the basal Ni-O distance (2.18 A), for instance

in Tb2BaNiOs.

5.3 Sample preparation, characterization and experimental details.

The parent composition as well as Sr-doped specimens, ThoBa;—«SrkNiOs (x = 0, 0.025,
0.05, 0.075, and 0.1) and Th2BaCoOs, were prepared in the polycrystalline form using the
solid-state reaction method. The rare-earth carbonate was first heated to 500° C for 24 hours
to remove the adsorbed moisture, if present. Following this, stoichiometric quantities of
high purity carbonates and oxides, Th2(COs)2-nH20, NiO, BaCOs, SrCOs, and CoO were
ground together and heated at 1200° C for 20 hours followed by pelletizing and sintering
at 1250° C, with intermediate grindings. Powder x-ray diffraction studies have been done
with Cu-K, and the Rietveld refined patterns are shown in figure 5.2 (a) for Th2Bai-
xSrxNiOs and for Th2BaCoOs in 5.2 (b). The refined parameters and the lattice constants
have been tabulated in table 5.1. The fitting of the XRD patterns confirm the samples to be
in single phase. Since a small shift (at least for x > 0.05 at higher angle side) of XRD peaks
are seen in the Sr doped specimen, it can be ascertained that Sr goes into the lattice even in
such small amounts. In addition, SEM and EDAX measurements confirmed the
stoichiometry and homogeneity of the samples. To determine if there is any change in the

crystal symmetry or crystallographic features at low temperatures, the XRD measurements
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Figure 5.2a: Rietveld refined powder x-ray diffraction patterns for parent and Sr doped
Tb2BaNiOs using Cu K, radiation.
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Table 5.1: Rietveld refined fitting parameters for Th2BaixSrxNiOs and Th2BaCoOs.

2

Composition a (A b (A) c(A) Rexp X
Th,BaNiOs 3.7799 (5) |5.7989 (8) | 11.4108 (18) 18.1 | 1.216
Th2Bao.g75Sr0.02sNiOs | 3.7792 (6) | 5.7982 (9) 11.4099 (15) 19 1.052
Th2BaoesSroosNiOs | 3.7785 (4) | 5.7969 (8) | 11.4083 (19) 18.8 | 1.224
Th2Bao.925Sr0.07sNiOs | 3.7772 (6) | 5.7962 (10) | 11.4067 (21) 15.1 | 2.398
Th2Bao.9Sro.1NiOs 3.7766 (7) |5.7941 (10) | 11.4058 (21) 16.3 | 2.383
Th2BaCoOs 3.7546(4) |5.8220 (6) | 11.5529 (12) 17.6 | 1.451
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of Th2BaNiOs, Th2Bao.oSro.1NiOs and Th2BaCoOs was carried out down to 2 K, on Indian
beamline, BL-18B at High Energy Accelerator Research Organization (KEK)-Photon
Factory, Japan, using x-ray radiation with wavelength 0.883 A. The beamline energy was
E = 14.02 keV, and it was calibrated using LaBe standard.

Study of the effects of external pressures on the magnetic properties of the parent
samples were done under high pressure (0.3, 0.6, and 1 GPa) in a hydrostatic pressure
medium employing a commercial high-pressure cell procured from Easy-Lab
Technologies Ltd, U.K. Application of pressure on the sample was done at room
temperature and the calibration of pressure on the sample was done by measuring the shift
in the superconducting transition temperature of Sn in the low temperature range.
Temperature dependent x behavior (1.8 K -300 K), in a field of 5 kOe and 100 Oe, was
tracked for all the samples under ambient pressure conditions, while the magnetic
properties of the stoichiometric compounds Th2BaNiOs and Th.BaCoOs were done in both

ambient and under applied external hydrostatic pressures.

5.4 Magnetic susceptibility under external pressure.

5.4.1 Th2BaNiOs
We first discuss the influence of pressure on the magnetism of Th,BaNiOs. Figures
5.3 and 5.4 show the results of magnetic susceptibility as a function of temperature
measured in a field of 5 kOe and 100 Oe respectively for Th.BaNiOs. The data was
collected in both low and high fields to ensure that the trends are reliable and to ensure that
any change in the field induced magnetism are not missed out. For sake of clarity of the

features, the curves have been shifted marginally upwards, as the overlap of curves tends
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to mask the features. In addition, the data is plotted only below 100 K, since there is no
feature to be emphasized at higher temperatures. Under ambient pressure, the curve follows
the trend that has been reported in literature [18]. That is, there is a Curie- Weiss behavior
as the temperature is lowered from 300 K, and a kink at 63 K representing the onset of
antiferromagnetic transition. This transition is established by a distinct anomaly in the heat
capacity data reported earlier [18]. There is a broad peak in y(7) around 40 K, which has
been attributed to the persistence of Haldane gap due to Ni one-dimensional magnetism in
the magnetically ordered state [15]. Since the kink at Tn1 is very weak, to get a clear picture
of the changes in the properties under applied pressure, the derivative plot of the data is
shown in figure 5.3 (b) and 5.4 (b) for respective applied magnetic fields. Careful
measurements were done to track the changes seen in susceptibility under applied pressures
to track this weak feature. It can be inferred from figures 5.3 (b) and 5.4 (b) that Tn1 tends
to shift to higher temperatures gradually with increasing applied pressures. e.g. for an
applied pressure of 10 kBar, Tnz shifts by about 2 K from 63 K (ambient pressure) to 65 K.
However, In the case of Tno it is not very straightforward to infer the shift in the
susceptibility from the plot of y(T), because below the peak, the fall in susceptibility,
arising due to the magnetic gap, is rather steep. Therefore, in this region, the derivative
curves have been used to infer the trend of change in features. In these plots there is a
sudden increase in the slope around 25 K under ambient pressure condition, and this
characteristic temperature shifts downward marginally, however small it may be, as the
pressure is increased to 10 kbar (about 0.5 K for P = 10 kbar). Thus, external pressure acts

in the opposite way at these two magnetic features.
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Figure 5.3: For ThyBaNiOs a) magnetic susceptibility measured as a function of
temperature for ambient and external pressure conditions in a field of 5 kOe. b) The
derivative plots around the two transition temperatures. Vertical arrows represent Tn.
Other arrows are drawn to identify the curves with increasing external pressures.

The applied pressure did not have any effect on the effective magnetic moment
within experimental error, obtained from the Curie-Weiss region above 100 K, in the 5 kOe
data. The values of the effective magnetic moment for ambient pressure and applied
pressures came out to be around 9.63 ps/Tb in good agreement with the theoretically

expected value of 9.72 ug for trivalent Tb ion. The paramagnetic Curie temperature (6p = -

20 £ 1K) was also found to be insensitive to the applied external pressure. Looking at the
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susceptibility data, it is also obvious, that there are no additional changes in the features

under applied pressure, thereby establishing that the external pressure up to 10 kbar does

not have any effect on the Haldane gap.
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Figure 5.4: For ThBaNiOs a) magnetic susceptibility measured as a function of
temperature for ambient and applied external pressures in a field of 100 Oe. b) The
derivative plots around the two transition temperatures. Vertical arrows represent Tn.
Other arrows are drawn to identify the curves with increasing external pressures.
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5.4.2 Th.BaCoOs

Now turning to ThBaCoOs, figures 5.5 and 5.6 show the results of magnetic
susceptibility as a function of temperature below 100 K, in a field of 100 Oe and 5 kOe
respectively, both under ambient and applied external pressures. The curves have been
shifted marginally downwards, for sake of clarity of the features. Under ambient pressure,
Curie-Weiss behavior in the paramagnetic state above 100 K was observed (and hence not
shown here). Below 100 K, susceptibility exhibits a monotonous increase below 20 K, with
a peak at 18.8 K, which is followed by a steep drop signaling the onset of an
antiferromagnetic transition at (Tn1) ~ 18.8 K. These features are similar to what has been
reported earlier in literature [21]. For the sake of clarity of the changes in the magnetic
susceptibility features, the derivative plot of the data is shown in figures 5.5 (b) and 5.6 (b)
for respective magnetic fields. Features in the plots remain unaffected by the applied
external pressures. A careful look into the derivative plots at low temperatures shows the
development of additional peak like features around 5 K and 2.5 K, and the origin of these
features is unknown.

The values of the effective magnetic moment, obtained from the Curie-Weiss
region above 100 K, for the 5 kOe data remains unaffected by increasing applied pressures.
These values of the effective magnetic moments derived from the Curie-Weiss region, for
ambient and applied pressures comes out to be around 9.78 ug/Th which is very close to
the theoretical value. The paramagnetic Curie temperature (6p = -24 + 1K) was also found

to be insensitive to the applied external pressure.
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Figure 5.5: a) Magnetic susceptibility measured as a function of temperature for ambient
and applied external pressures in a field of 100 Oe. b) expanded region of the derivative
plots below 10 K; inset derivative plots plotted till 30 K. Vertical arrows mark additional
magnetic feature, slanted arrow represents how the curves move under increasing
pressures.
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Figure 5.6: a) Magnetic susceptibility measured as a function of temperature for ambient
and applied external pressures in a field of 5 kOe. b) Derivative plots below 10 K; inset
derivative plots plotted till 30 K. Vertical arrows mark additional magnetic feature, slanted
arrow represents how the curves move under increasing pressures.

5.4.3 Magnetic susceptibility under chemical pressure by partial doping of Sr at the Ba
Site in Th2BaNiOs: Th2Ba1«xSrxNiOs (x= 0, 0.025, 0.05, 0.075 and 0.1)

It is needless to state that Sr?* is smaller in size compared to Ba?*. Therefore, to study

positive chemical pressure effects, the family of Th2Ba1«xSrxNiOs is ideal. We report here
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our results for (x = 0. 0.025, 0.05, 0.075 and 0.1. The magnetic susceptibility of these
compositions in an applied magnetic field of 100 Oe and 5 kOe is plotted in figure 5.7 and
figure 5.8 respectively to learn the features as a function of T qualitatively. In an earlier
report [32] on higher Sr substitutions in this compound, it was shown that there was an
abrupt change in the features and composition, beyond x = 0.2. In order to avoid the
changes in properties arising from these abrupt changes, the present studies are restricted
to compositions till x = 0.1 only. We found that the ferroelectricity is destroyed for a
composition of x = 0.15, that is till x = 0.1 composition, ferroelectric features still persist.
There appears to be sample dependance with respect to the composition where
ferroelectricity vanishes (x = 0.1 to 0.15), depending upon the preparative conditions.
Therefore, we restrict our discussions on the trends of magnetic susceptibility for
compositions till x = 0.1 only. Looking at the figures 5.7 and 5.8, it is quite evident that
the magnetic feature at the transition temperature Tn1 shows a gradual downward shift with
increasing Sr concentration, and this shift is clear even for a small doping concentration of
x = 0.025. The magnetic features show a shift of around 5 K from x = 0 to x = 0.1
composition. Qualitatively speaking, it is quite evident, from the observed trend in the
features, that the chemical pressure has a different effect on the magnetic transition at Ty
when compared with the effect of external applied pressures. Now, to infer the effect of
chemical pressure on the magnetic transition at Tnz, one has to rely on the change of slope
seen in the derivative plots (see figures 5.7 (b) and 5.8 (b)), in the vicinity of 25 K. The
derivative plots show that the sudden increase in the slope, seen in the case of parent

compound at 25 K, exhibits a gradual shift towards low temperature range, as the Sr
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concentration is increased to x = 0.1, which is a signature of corresponding lowering of

Tno.
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Figure 5.7: a) Magnetic susceptibility measured as a function of temperature for Sr based
samples in a field of 100 Oe. b) Derivative curves are shown in an expanded form in the
vicinity of the two magnetic transitions.

Thus, the chemical pressure tends to decrease both the transition temperatures Tnt
and Tno, due to the pressure exerted on the Ba layer. This observation is in contrast to the

pressure effects seen under the influence of external pressures. Thus, the results indicate

that Tnz is sensitive to changes in local hybridization due to doping.
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Figure 5.8: a) Magnetic susceptibility measured as a function of temperature for Sr based
samples in a field of 5 kOe. b) Derivative curves shown in expanded form in the vicinity of

the two magnetic transitions.

The three lattice parameters (see table 5.1) a, b, and ¢, undergo a weak reduction

(in the third decimal place only) and there is an overall reduction in the unit-cell volume
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by about 0.6 A% (~ 0.24%) as composition of Sr increases from x = 0 to x = 0.1, thereby
suggesting the observed shift in magnetic features arises from chemical pressure effects.
Since the bulk modulus of the parent compound is not known, it is difficult to quantify the
pressure exerted by this change in the unit-cell volume.

These findings can be compared with the data reported on the effects of chemical
pressures induced by the substitution of Y on the Tb sublattice i.e. on Th2xYxBaNiOs,
reported in Ref 30. In this series, the magnitude of reduction of the unit-cell volume for x
= 0.5 is comparable to the composition of x = 0.2 in the Sr-doped series. It can be seen that
the magnetic features at Tn: and Tn2 show a linearly diminishing trend with increasing x
within Y family (as investigated up to a composition of x = 1.5). Since the substitution of
Y involves dilution of the Tb sublattice, for comparing the changes in the features with Sr-
doped series, one has to normalize to the concentration of Tbh (i.e.,, to 2-x). These
normalized values are found to be about 73 K and 27 K respectively. This trend is similar
to the upward shift of Tnz, seen in the case of external applied pressures. However, if we
assume a linear variation of Tnz with pressure, one would need an external applied pressure
as large as about 60 kbar to attain a value of 73 K at Tnz. In the crystal structure, the vertex-
shared (compressed) octahedra of NiOs chains are separated by Th and Ba polyhedra.
Therefore, the super-super exchange mechanism of the types Ni?*-O?-R**-0%-Ni2* and
Ni2*-0?-Ba?*-02-Ni?* control magnetic ordering. A dilution of R sublattice (by Y) has of
course a natural destructive influence on the transition temperatures. But the fact that this
dilution causes a large increase in the scaled-Tn: (instead of attaining a constant value)
implies that the superexchange pathway via R3* is predominant, getting further stronger

with the lattice pressure. If Sris replaced by Ba (that is, in the solid solutions, under study),
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Tn: does not track the external pressure effect. Therefore, it is concluded that the
superexchange path involving Ba opposes the one caused by pressure. The behavior of
normalized Tn2 however is different in the sense that, the increasing trend with Y-induced
chemical pressure in the Tb sublattice is opposite to that observed by external pressure or
Sr-doping. We attribute it to the changes in bonding strengths caused by isoelectronic

substitution which bear a profound effect on the properties.

5.5 Isothermal magnetization behavior under pressure.

The compound, Th2BaNiOs, has been reported to undergo a metamagnetic transition near
(Hc) 60 kOe and this field value is a bit T dependent [32]; corresponding value of
Th2BaCoOs is about 50 kOe. In order to understand the effects of external applied pressure
and the chemical pressure on the metamagnetic transition fields, we have measured the

isothermal magnetization for these compounds in the magnetically ordered state.

5.5.1 ThoBaNiOs

The results for ThoBaNiOs are shown in figure 5.9. The data was collected at various
temperatures upto 20 K for all the applied pressures. Since the features are similar for all
measured temperatures, the results for 5 K only are shown. A full range profile (0 to 160
kOe) for the magnetization measured at 5 K in ambient pressure conditions (figure 5.9 (b))
is similar to that reported earlier in the literature [16, 18, 19]. Magnetization shows a weak
hysteresis around Hc. The magnetization plots of the virgin state in the vicinity of the field-
induced transition, are shown in figure 5.9 (a). The metamagnetic transition seen around
60 kOe, under ambient pressures shows a marginal shift to higher magnetic fields as the
external applied pressure is increased.
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5.5.2 Th2BaNiOs

The results for ThoBaCoOs are shown in figure 5.10 measured under applied external

pressures. The results for 4 K data are shown, expanding the vicinity of the metamagnetic
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Figure 5.9: (a) Isothermal magnetization at 5 K for Th.BaNiOs under external applied
pressure in the range 0-70 kOe (b) Profile of the curve in the range 0-160 kOe measured
under ambient pressure up to 160 kOe.
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transition for clarity of the trends. The profile at 2 K for the ambient pressure conditions as

in [21] can be seen in figure 5.10 (b).
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Figure 5.10: (a) Isothermal magnetization at 4 K for ThoBaCoOs under external applied
pressure expanded around the metamagnetic transition region (b) Profile of the curve in
the range 0-70 kOe measured under ambient pressure at 2 K.
There is an upturn around 40 kOe in the magnetization under ambient pressures

due to the existence of a metamagnetic transition. In the case of Th2BaCoOs the external

pressure does not have any effect on the magnetization features or the field induced
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metamagnetic transition in this compound, which is interestingly different from what is

seen for the Th2BaNiOs. The origin of this difference is not clear.

5.5.3 Isothermal magnetization under chemical pressure by partial doping of Sr at the
Ba Site in Th2BaNiOs: ThoBa1.xSrxNiOs (x= 0, 0.025, 0.05, 0.075 and 0.1)

The isothermal magnetization for all the Sr-doped compositions have also been measured
at various temperatures to infer chemical pressure effects on Hc. For the sake of
comparison, the data measured at 5 K are plotted together for all the doped composition
and shown in figure 5.11. For clarity of the changes in features, the graphs have been
expanded around the metamagnetic transition and only the virgin curves in the upward
field cycle have been shown in figure 5.11 (a). In addition, the data up to 120 kOe
measured under ambient pressure conditions is shown for the x= 0.1 composition in figure
5.11b. It is clearly seen from the graph in figure 5.11 (b) that the field induced meta-
magnetic transition features persist for all composition suggesting that Sr-doping has not
drastically changed the field induced magnetization properties. However, the
magnetization curves around Hc shows slight broadening as the Sr-doping is increased,
attributable to increasing chemical disorder.

It is straightforward to conclude that H¢ gets depressed with increasing Sr doping,
which is opposite to what is seen from the effects of external applied pressure discussed
above. Y substitution has been shown [31] to depresses the Hc. Thus, looking together all
these data we conclude that, as far as Hc is concerned, one cannot find any correlation with

chemical and external pressure data. We attribute it to the electronic structure changes
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caused by substitutions at any site has a dominating effect on the properties of this

compound.
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Figure 5.11: (a) Isothermal magnetization at 5 K for the Sr doped specimens. Inclined
arrows are shown the direction in which the curves shift with increasing chemical
pressure/composition. (b) Profile of the curve in the range 0-120 kOe for x=0.1
composition, at 5 K, to show the existence of field induced metamagnetic transition in MH
measured under ambient pressure conditions.
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5.6: Temperature dependent x-ray diffraction behavior.

In order to ascertain that the changes seen on the magnetic properties of this compound in
response to the external pressures, do not arise from any crystallographic changes, the low
temperature powder XRD measurements were carried out at the synchrotron facility, BL-
14 at KEK-Japan down to 2 K. The results on the two stoichiometric compounds and on
one Sr-doped sample (x = 0.1) are shown in figure 5.12, at selected temperatures in the
three temperature ranges, T<Tnz, Tn2<T<Tnz, and T>Tni. XRD patterns do not reveal any
kind of changes in the crystallographic symmetry, down to 2 K (baring a preferred

orientation effect for a few Bragg peaks).
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Figure 5.11: (a) Synchrotron based powder x-ray diffraction (S-PXRD) patterns of selected
temperatures for Th2BaNiOs, b) Tb2Bao.sSro.1NiOs and c) Th.BaCoOs
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5.7 Discussion and conclusions

High pressure magnetization studies have been performed on the exotic multiferroic
compounds, Th2BaNiOs and Th.BaCoOs with the maximum external hydrostatic pressure
applied being 10 kbar. In addition, the effects of chemical pressures induced by doping of
Sr at the Ba site in Th2BaNiOs have also been probed for comparison. It is known that
under ambient pressure conditions, both Th and Ni/Co moments order at the same
temperature (interestingly with the involvement of Tb 4f in inducing ferroelectricity, a
situation which is not encountered in the case of rare-earth based maganites). Our study
shows that the externally applied pressure does not have any effect on the magnetic
properties of Th.BaCoOs, indicating a robust nature of magnetism, in contrast to the
opposite effect on the two magnetic transitions (63 K and 25 K) in the case of Th.BaNiOs,
Tz is found to get enhanced to higher temperatures, and Tng, at which multiferroicity sets
in, is interestingly depressed to lower temperatures. Such an effect of applied external
pressures, on the two magnetic features, at two different temperatures, in a same
compound, is quite interesting, because both Tb and Ni have been known to order
magnetically at the same temperature. Since there is no change in magnetic symmetry
across Tnz, one would expect that both the transitions behave in the same way with the
application of external pressure. This observation is different from that noted for the Mn
sublattice in the well-known type-Il multiferroic materials, ToMnO3 [6, 7] and RMn20s
[8], including the magnetic transition temperature at which ferroelectric transition sets-in
in these examples. Therefore, it can be concluded that the local distortions due to
ferroelectricity in this compound influences the pressure dependence of corresponding

magnetic transition temperature.
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In addition, the study of the magnetic properties under the influence of chemical
pressures induced by doping of Sr at the Ba site shows a difference in variations of both
the magnetic transition temperatures under the influence of chemical pressures. If these
results are compared with the reported changes in the magnetic features seen by other
isoelectronic substitution at Tb and Ba sites, we conclude that the subtle distortions cause
a profound effect on magnetic characteristics of this compound.

Thus, this chapter brings out a case of rare-earth in insulating environment (that
is without RKKY interaction), in which localized 4f electrons (as far as magnetization is
concerned) behave in a complex fashion to the application of external and chemical

pressures.
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Chapter 6

Magnetic behavior of nanoform of intermetallic compounds and
antimicrobial properties.

6.1 Introduction

In the previous chapters, we brought out certain exotic properties exhibited by compounds
containing 4f electrons, both in metallic and insulating environments, focusing our studies
on the bulk form. It has been known in the literature that the reducing the particle size of
any material can induce unusual properties, which can be useful for many technological
applications. Therefore, in this chapter, we focus our study on the magnetic and thermal
properties of the nanoform specimens of the metallic compounds reported in the previous
chapters, namely, R2RhSiz (R = Nd and Er), RsPtAl (R = Ho and Er) and RsRhAI (R = Dy).

When the particle size is reduced to nanoform (at least in one dimension
measuring, 100 nm or less), exotic properties emerge. For example, gold nanoparticles
exhibit an optical property, called surface plasmon resonance, in which the nanoparticles
give vibrant colors depending on their size, shape, and surrounding medium [1], quantum
confinement effects significantly alter the electronic properties of semiconducting
nanoparticles [2], enhanced mechanical properties like exceptional strength and flexibility
due to unique atomic structure demonstrated for carbon nanotubes and graphene [3] ,
magnetic nanoparticles such as iron oxide nanoparticles exhibit superparamagnetic
properties [4], and improved catalytic activity in the case of platinum nanoparticles [5] etc.,
to name a few.

These nanomaterials can be grown using various approaches, like the top-down

approach or the bottom-up approach. In the case of a bottom-up approach, the nanomaterial
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is constructed atom by atom or molecule by molecule in which the materials grow due to
its self-assembling properties. While in the case of top-down approach the material is
derived from a larger size of the material under study. Various techniques have been
employed for the synthesis of such nanomaterials, viz, chemical methods like the polyol
method, thermal decomposition technique, microemulsions, electrochemical synthesis and
physical methods like, pulsed laser deposition, chemical vapour deposition, sono-chemical
reduction and ball milling technique.

There has also been an increased focus on these nanomaterials from the
application point of view. Some examples of these applications are: in electronic industry,
nanomaterials like carbon nanotubes, graphene, and quantum dots are extensively used
because of their excellent electrical conductivity, high surface area, and unique electronic
properties. These materials have been used for synthesis of transistors, displays, sensors,
batteries etc [6,7]. The nanomaterials have also been useful in energy industry where these
materials find extensive application in lithium-ion batteries, fuel cells, solar cells, and
supercapacitors to improve the efficiency, at the same time reducing the device weight, and
enhancing the performance.[8] These materials have been useful for water purification, air
filtration, and soil remediation. It has been shown that these materials have been efficient
in removal of pollutants, heavy metals, and contaminants from the environment [9]. In
petroleum mining and refining industry these materials find usefulness due to their catalytic
properties and large surface to volume ratio making their adsorption properties useful in
filtration and separation systems [10]. One of the major efforts of nanomaterials research
has been on the use of their properties in the field of biotechnology and biomedicine. In

the field of biomedicine, some applications are targeted drug delivery, imaging,
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diagnostics, and regenerative medicine [11] and for managing multidrug resistant
infections [12-19]. Combining the antibiotics with nanoparticles has been shown to
increase the antibiotic efficacy as compared to the general antibiotics which are clinically
being used [ 20]. Such a combination is useful in reducing the bacterial resistance
development, and helps in reduction of the treatment duration, and antibiotic dose [21].
Platinum-based chemotherapeutics are used widely in majority of cancer treatments [22].
Gold-containing auranofin is an approved drug that is used for the treatment of rheumatoid
arthritis and is currently under investigation for its anticancer as well as antimicrobial
properties [23-28].

Various synthesis methods have been adopted for producing nanomaterials for
biomedicine and biotechnology applications [29]. Natural products are still one of the
major sources of new drug molecules, which are derived from prokaryotic bacteria,
eukaryotic microorganisms, plants and various animal organisms which occupy a major
part of the antimicrobial compounds. Metal complexes to be used as antibiotics have only
a niche presence in biomedical field, even though some compounds like cisplatin, have
been shown to have profound impact for treatment of cancer. However, metal complexes
have been largely been ignored for antibiotic development even when these compounds
have access to unique modes of action and exist in a wider range of three-dimensional
geometries than purely organic compounds. Such properties offer a scope for the
development of new drugs. In the past decade, study in this field has been focused on
elements and complexes of titanium, iron, ruthenium, gallium, palladium, silver, gold,
bismuth, and copper [30-44]. There is some recent work on bimetallic nanoparticles as

well. But to our knowledge till date there has been no work reported on the study of efficacy

209



of any of the rare-earth based intermetallic compounds, containing both rare earth and
transition metal elements.

Some work has been focused recently on understanding the magnetic properties of
rare-earth based compounds like, RCo> [45-46], RMn,Ge; [47,48], RCr.Si>C [49-50],
YbAI3 [51], CeAly, CePt2 [52, 53], CeRuzSi> [54], etc where the study was aimed at
understanding of how the magnetic properties of these compounds get altered when driven
to nanoform. One of the important results shown in the field of magnetism was in the case
of exchange-enhanced Pauli paramagnets (in bulk form), like YCo2, LuCo2, and ZrCoy,
known to undergo itinerant electron meta-magnetism at very high fields (>500 kOe) in the
bulk form, were reported to show ferromagnetic behavior at room temperature with
reduction in particle size [47-48]. Medical applications are yet to be explored using such
magnetic anomalies.

This situation prompted us to study the effects of particle size reduction on the
magnetic and thermal properties of the intermetallic compounds studied in the thesis work
viz, the families of R:RhSi3 (R= Nd, Er), R4PtAl (R = Ho, Er) and R4RhAI (R = Dy),
obtained by high-energy-ball-milling, and also to probe whether these compounds show
any antibacterial or antifungal efficacy. One reason why studies on nanoform of rare-earth
intermetallics, for medical applications have not been pursued, could be that there is no
method of preparation available to stabilize such compounds in nanoform due to high
reactivity of these compounds when driven to nanoform. The reason why we have chosen
this route of synthesis (high-energy ball milling) is that it was reported [55] that toluene
used as a medium in ball milling forms a protective layer on the surface of the nanoparticle,

thus stabilizing the nanoparticles from oxidation or turning pyrophoric.

210



We discover remarkable changes in the magnetic behavior (with respect to the bulk
form) are observed in DysRhAI and hence this chapter focusses on this compound only to
demonstrate that one has to be careful while extrapolating magnetic behavior of the bulk
form to nanoform in medicinal applications. Since other compounds do not reveal any
noteworthy changes, the results are presented in the tabular form in Appendix 6.1 for the

sake of brevity.

6.2 Sample preparation, characterization and experimental details.

For preparing the nanoform specimens, bulk samples, 5 gms. each, were synthesized using
the arc-melting technique via the procedure specified in chapters 4 and 5 for respective
compounds. Before grinding, bulk specimens were checked for stoichiometry and phase
formation using XRD and SEM-EDAX analysis.

Once the phase and stoichiometry of these compounds were confirmed, the ingots were
powdered using high-energy ball milling technique, a mechanical method well-established
by materials engineers to synthesize nano particles [55]. After grinding for 150 minutes at
a speed of 500 rpm in toluene medium, the samples were removed and stored under toluene
to prevent oxidation (if any). Characterization by XRD, SEM-EDAX and TEM of the
ground specimens was carried out to determine the phase and stoichiometry. Comparison
of the x-ray diffraction patterns for bulk and nanoform specimens are shown in figures 6.1
and 6.2. SEM and TEM images (showing the diffraction rings on one particle) for DysRhAl
has been shown in figure 6.3. The average particle size calculated using Scherrer formula
from the XRD patterns showed an average particle size varying in the range of 50 nm to

200 nm for each specimen.
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Figure 6.1: Comparison of powder x-ray diffraction patterns of bulk and nanoforms of
R2RhSi3 using Cu K, radiation.
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213



Figure 6.3: (a) SEM image showing the particle size of ground specimen of DysRhAI (b)
TEM image showing diffraction rings obtained on one of the particles; diffraction rings
indexed with the (hkl), which matched with the XRD pattern confirming the phase of ground
specimen.

Study of the magnetic properties and the thermal properties of the nanoform
specimens were carried out by making a small ball of the dried powder mixed with GE
varnish. GE varnish was added to avoid the preferred orientation of the particles during the
course of measurements leading to noise in the measured data. Antibacterial and antifungal
efficacy of the bulk and the nanoform powders were studied using the spread plate
technique, well diffusion and disk diffusion techniques. The magnetic and transport
properties are reported in section 6.3 for the ball milled DysRhAIl and the antimicrobial

efficacy studies on the bulk and nanoform specimens of all the samples have been reported

in section 6.4.

6.3 Magnetic and thermal properties of DysRhAl.

The readers may refer to chapter 4 for the behavior of the bulk form of DysRhAl. Figures

6.4 (a)—(b) show the magnetic susceptibility as a function of temperature measured in a
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field of 100 Oe as well as in 5 kOe. Inverse susceptibility data, plotted for 5 kOe, shows a
linear behavior above 50 K (figure 6.4 (b)). The values of the effective magnetic moment
derived from the high temperature Curie-Weiss region is ~ 9.25 pg per R which is slightly
less than the theoretical value expected for Dy®*; a lower value of the magnetic moment
could be because of the error in the estimation of the sample weight due to GE varnish,
employed to glue the particles. The value of & obtained from the linear region shows a
value close to ~ 8 K, with the positive sign. Positive sign of dp indicates the presence of
ferromagnetic correlations which is in contrast to the negative sign (~ -16 K) seen in the
case of bulk specimens indicating dominant antiferromagnetic nature. As the temperature
is lowered below 50 K, the peak seen around 18 K for the bulk specimen gets smeared,
while a distinct peak is seen around 8 K. It is difficult to determine if the peak at 8 K
corresponds to the 10 K feature seen in the case of bulk specimen. The plots of y(7) in a
field of 100 Oe, measured for both ZFC and FC conditions are shown in figure 6.4 (a).
There is a prominent bifurcation seen in y around 30 K, with a broad shoulder at this
temperature, followed by a peak around 12 K.

This feature is different from the y(7) seen for 100 Oe in the bulk specimen, where
a weak bifurcation in the ZFC-FC features is seen around 17 K. The 12 K peak is similar
to the broad shoulder seen in the case of bulk specimen, except that this shoulder becomes
more prominent with a reduction in particle size. The FC curves show an increasing trend
with decreasing temperature (rather than staying flat), which is a signature of cluster spin-

glasses, as discussed in the earlier chapters in this thesis.
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Figure 6.4: a) Magnetic susceptibility as a function of temperature obtained in a field of
100 Oe for both zero-field-cooled and field-cooled conditions for nanoform specimen of
DysRhAl. b) Magnetic susceptibility and inverse of magnetic susceptibility in a field of 5
kOe. Curie-Weiss fitting above 100 K is also shown. c) Isothermal magnetization measured
at 2, 10, 20 and 75 K. d) Heat-capacity as a function of temperature (<60 K) measured in
the presence of external magnetic fields as well. ) Heat-capacity divided by temperature.
() Isothermal entropy change as a function of temperature (2-70 K) for different final fields

starting from zero-field.
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For understanding the changes in the magnetic properties of the nanoform
specimens in the magnetically ordered state, we measured the heat capacity as a function
of temperature and the data is shown in the form of C versus T (figure 6.4 (d)) as well as
of C/T versus T (figure 6.4 (e)). C(T) shows a monotonic variation down to the lowest
measured temperature of 1.8 K, without any signature for a peak, as seen in the case of
bulk specimen around 18 K. This feature supports our inference that the antiferromagnetic
ordering seen for the bulk specimen gets smeared with the reduction in particle size, with
no signature of a long-range magnetic order. The C(T) data measured in a field of 30 and
50 kOe, show similar features and curves appear to overlap with each other. A careful look
at the C/(T) versus T plots however shows that the data exhibit a change of slope around
10 K with a very weak variation for the applied fields of 30 and 50 kOe, clearly suggesting
the existence of magnetic contribution. This indicates the presence of some magnetic
features in the nanoform specimens.

The isothermal entropy change derived from the heat-capacity data is shown in
figure 6.4 (f). It can be seen that A4S shows a broad peak in the negative quadrant, similar
to what is seen in the case of bulk specimens indicating a tendency of a field induced
ferromagnetic alignment. Thus, looking together with the features in y(7), where a
bifurcation in ZFC-FC curves occurs around 30 K, and the suppression of the features in
the C(T) data, it is quite evident that the antiferromagnetic nature seen in the bulk specimen,
get suppressed with an increase in the glassy nature, when the particle size of the compound

is reduced.
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Figure 6.5: Magnetic hysteresis loops in a field range of -15 kOe to 15 kOe at various
temperatures from 1.8 K to 40 K. Arrows shown in the 1.8 K data is for tracking the path
of data with increasing magnetic field.
Isothermal magnetization as a function of field was measured in the magnetically
ordered state, up to a magnetic field of 70 kOe, and plotted in figure 6.4 (c). M(H) curve

for 2 K and 5 K (distinctly) shows an increasing trend with a hysteretic nature in the

magnetically ordered state, and without any tendency to saturate even for a field as high as
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70 kOe. These features are typical of spin glasses and antiferromagnetism. The hysteresis
gradually vanishes as the temperature is increased.

For getting a better understanding of the changes in the magnetic properties, we
measured the hysteresis behavior of the ball milled specimens at various temperatures and
the curves are shown in figure 6.5 in a field range of -15 to +15 kOe, which supports the

conclusions made above on hysteretic behavior.
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Figure 6.6: Isothermal remnant magnetization as a function of time, obtained at various
temperatures. Continuous lines through the data points are obtained by a fit to a stretched
exponential form as described in the text. M(0) values are 5.135, 4.013, 2.607, 1.679 and
0.1003 emu/g for 4, 8, 12, 18 and 30 K respectively.

In order to ascertain the increase in glassiness, we measured Mirm as a function of
time at various temperatures below 35 K and the curves are shown in figure 6.6. It can be
clearly seen that Mirm shows a slow decay with increasing time and the magnitude of this
decay e.g. M(0) values decreases with increasing temperatures. This decay even though

weak can be seen even for a temperature of 30 K, which confirms the increase in glassy
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nature of the compound with reduction of particle size. The decay curves follow a stretched
exponential form. We interpret that all these features indicate Griffiths-phase-like regime
at low temperatures. Griffiths phase [56-60] was proposed for those systems which contain
ferromagnetic clusters which are randomly distributed in a paramagnetic matrix, in such a
way that the contribution of the ferromagnetic clusters to x gets overshadowed by
paramagnetic contribution, thus, making it difficult to detect by magnetic studies. Such
systems are not known to undergo any long-range magnetic ordering.

In order to confirm the presence of a Griffiths-phase-like regime, we studied the
field-dependent behavior of x(7) at various applied magnetic fields. The curves of (T)
are shown in figure 6.7(a). Beyond 50 K, all the curves tend to overlap. The most notable
point is that the feature seen in the y(7) curve below 10 K, in the form of a broad upturn in
the ZFC data, shows a downward shift to lower temperatures with increasing magnetic
fields. This downward trend continues till this characteristic temperature reaches 3 K for a
20 kOe magnetic field. There was no worthwhile feature seen in the y(T) curves as the
magnetic field was increased further. Thus, the main point being emphasized is that the
sudden change in slope around 30 K seen in the low field curves gets smeared gradually
with increasing H.

As mention earlier, Griffiths phase was proposed for systems containing
ferromagnetic clusters, which are randomly distributed in a paramagnetic matrix without
any signature of a long-range magnetic order. However, recent reports, on dense magnetic
systems, mostly oxides, show the magnetic behavior mimicking the Griffiths phase. [see,

for instance, Refs. [64-65]]. Many Ce based intermetallic systems which are characterized
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Figure 6.7: a) Inverse magnetic susceptibility as a function of temperature in the presence
of dc magnetic fields. b) Data for 100 Oe, plotted as log y* verses log(T/To-1). The three
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red lines are the results of a linear fit in regions marked, as 1, 2, and 3.

by extended 4f orbital, near the quantum critical point and exhibiting a non-Fermi liquid

behavior have also been known to exhibit similar characteristics [60,67-69]. But such a
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behavior has not been reported in stable valent rare-earth intermetallics which are known
to have a well-localized 4f orbital [70]. Thus, it is interesting to see a Griffiths-like behavior
in a ball-milled nano form specimen of a heavy rare-earth compound, which has a strictly
localized 4f orbital, exhibiting antiferromagnetic ordering in the bulk crystalline form.

In order to ascertain if the features can be related to the existence of a Griffiths
phase, we have tried to determine the exponent in the expression y ~(T) « (T — T,)*™*
(0 < A < 1) which is expected in case of a Griffiths phase behavior. The plot of y versus
(T/ To-1) is shown in Fig. 6.7 (b). There are three regions marked as 1,2 and 3 where we
have tried to do a linear fit and derived the values of A from the slopes. The values thus
obtained are as follows: A ~ 1 for 10.2 K < 12 K; A~ 0.6 for 13 K <27 K), and A ~ -0.7 for
30 K < 45 K. Thus, it can be concluded that in a temperature regime of 10 K to 30 K, the
value of A comes out to be (+ve and < 1) suggest the presence of a Griffiths phase in this
temperature range [64, 65], before a different kind of inhomogeneous magnetic state
evolves below 10 K.

Summary

The results of DysRhAI show that the dominant antiferromagnetic ordering seen in the case
of bulk specimen disappears when the particle size is reduced to nanoform, with the
evolution of a Griffiths-phase like behavior in the range 10-30 K. Demonstration of such
a particle-size induced transformation to Griffith’s phase-like features in an intermetallic
compound due to localized 4f electrons is generally quite rare. In the case of other
intermetallic compounds studied here, the reduction in particle size does not show drastic

change in the magnetic properties, with the reduction in the particle size. Subtle differences
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seen in the magnetic properties of these compounds have been tabulated in the appendix of

this thesis along with a brief summary for each specimen.

6.4 Study of the antimicrobial efficacy.

We have carried out the antibacterial and antifungal efficacy studies on both bulk as well
as nanoform specimens of the family R2RhSiz (R= Nd, Er), RsPtAl (R = Ho, Er) and
RsRhAI (R = Dy). These studies were carried out on the gram-positive bacteria S. Aureus,
E. Faecalis, P. Acnes and the gram-negative bacteria E. coli and Pseudomonas aeruginosa.
The anti-fungal studies were carried out on Candida albicans. To carry out the efficacy
studies, we employed the disk diffusion technique, well diffusion technique and serial
dilution bio-reaction technique. The data thus obtained is discussed below.

Before carrying out the efficacy studies, the solubility test of our samples was
carried out in various solutions. The solubility tests were done using polar solvents like
DMF, DMSO, Water, Acetone, Methanol, isopropanol, Acetonitrile as well as non-polar
solvents like Benzene, Toluene, Acetic Acid, Chloroform, Diethyl ether etc. It was found
that these intermetallic compounds are highly insoluble in any of these solvents, and hence
we performed out efficacy studies by directly using either the hand ground samples or the

nanoform specimens.
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Figure 6.8: ‘Agar Plate with HosPtAl (A), ErsPtAl (B), Ho2RhSiz (C), Nd2RhSiz (D),
Er,RhSis3 (E) sample disks

For a preliminary assessment of antibacterial activity of our samples, we tried
studying the efficacy using the disk diffusion technique on thin disk cut out of bulk form
of each sample. In this method we made a sterile agar plate using the brain heart infusion
(BHI) agar and placed our sample disks of HosPtAl (A), ErsPtAl (B), Ho2RhSis (C),
Nd2RhSis (D), Er2RhSiz (E) on this agar plates as shown in figure 6.8. The entire plate
along with the samples was placed under UV light for 15 minutes to ensure there was no
parasitic growth on these plates or samples before inoculation. Later these plates were
lawned with E. coli and incubated at 37° C for two days. After two days of inoculation the
growth of E. Coli on these samples were checked to determine the zone of inhibition around
the sample disks.

As seen in figure 6.9, no zone of inhibition was found around the study samples,

indicating that the samples might be inefficacious towards inhibiting the growth of E. Coli.
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Similar studies were carried out on Pseudomonas and S. Aureus (figures not shown), but
the results were negative for these microbes as well indicating an inefficacious nature of
our samples. We felt the inefficacy might also be because of the insolubility of the samples,
which leads to zero diffusivity of the samples into the agar medium which is needed to

show activity.

Figure 6.9: Agar Plate with HI, Er4PtAl, Ho2RhSis, Nd2RhSi3, Er2RhSis disks, lawned
with E. coli and incubated for 2 days

In order to verify if the hand ground powders show some activity, we tried hand
grinding of these samples and dispersing these powders in freshly prepared BHI broth. The
mixture was prepared using 5 mg (by weight) of our sample powders which was mixed
with 1 ml of broth. The tubes containing the mixture of sample and broth were kept for
thorough mixing, for 24 hours at 25° C, in media shakers, along with control tubes
containing only broth media. After 24 hours, additional vortex mixing was carried out for

a better dispersion of these powders in the broth. Since the sample powders were of a
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Figure 6.0: Agar Plate lawned with sixth dilution of mixture of E. coli, BHI broth and
powders of DysRhAI (A), ErsPtAl (D), HosPtAl (G), Er2RhSis (M), Ho2RhSis3 (P), Nd2RhSis
(J) and incubated for 2 days.
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Figur .1: Agar Plate lawned with sixth dilution of mixture of Pseudomonas, BHI broth
and powders of DysRhAI (B), ErsPtAl (E), HosPtAl (H), Er2RhSiz (N), Ho2RhSi3 (Q),
Nd2RhSiz (K) and incubated for 2 days
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‘Flgu.12: Agr Plate lawned with sixth dilutionof mixture of S. Aureus, BHI broth and
powders of DysRhAI (C), ErsPtAl (F), HosPtAl (1), Er2RhSiz (O), Ho2RhSiz (R), Nd2RhSiz
(L), and incubated for 2 days.
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higher density, these powders showed a tendency to settle down at the bottom of the vials
without mixing congruently in the broth. These vials were inoculated with E. coli,
Pseudomonas and S. Aureus, by adding 5 pl each of bacterium to the respective vials. The
inoculated tubes were again set for shaking and incubation for two days at 37° C in media
shakers. These incubated tubes were later diluted using a serial dilution technique described
in chapter 2. Serial dilution enables the reduction of bacteria in the vials to be lawned on
agar plates, which in turn helps in counting of colonies for a comparative study with the
control plates after growth.

The sixth diluted vial was taken up for lawning using the spread plate technique.
Sterile BHI agar plates (prepared earlier) were used for lawning of the diluted mixture for
with 1 ul each of the mixture was placed on the agar plated and lawned using sterile cotton
swabs. These spread plates were then incubated for two days at 35° C. After two days of
incubation, the plates were removed and taken up for counting of microbial colonies. It
was found that the entire plate had a quite large amount of growth, of the bacterial colonies,
(based on a superficial examination of the spread plates). Thus, it was evident that none of
the hand ground samples showed antibacterial efficacy. The images of the incubated spread
plates have been shown in figures 6.10, 6.11 and 6.12 for E. coli, Pseudomonas and S.
Aureus.

It was clear from the images that the hand ground samples were also ineffective in
inhibiting the growth of bacterial colonies. We repeated the same procedure for Candida

albicans as well and the results were found to be negative for these specimens as well.
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The well diffusion technique was used to determine the efficacy of hand ground
DysRhAl, HosPtAl, ErsPtAl and Ho2RhSis on the microbe P. Acnes. In this technique the
powders were filled in wells created on sterile BHI agar plates and lawned with P. Acnes.
This plate was then incubated at 37° C for 48 hours. The images of as lawned and the
incubated plates are shown in figure 6.13. It is evident from the images that none of these

hand ground samples were effective in inhibiting the growth of P. Acnes.

gure 6.3: Left imagnhows agar plate with wells fiIIed with DysRhAI (A), HosPtAl (B),
ErsPtAl (C) and HozRhSiz (D) on day 0 and right image shows the growth after 28 hours
of Incubation at 37° C for P. Acne.

As mentioned earlier, the main reason behind the negative results could be the
insolubility of the bulk and hand ground samples, which prevents the diffusion of the
compounds into the media rendering it inefficacious against the microbes. Thus, we felt
that it was necessary to carry out these studies on the nanoform specimens of our samples,
before arriving at a final conclusion.

The efficacy studies were carried out on the nanoform specimens on which we

reported the magnetic properties in the earlier subsection. These studies were carried out

on E. coli, Pseudomonas aeruginosa, S. Aureus, E. Faecalis and Candida albicans using the
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disk diffusion technique, and the bioreactor serial dilution technique. In this study, the
nanoform specimens were weighed (~5 mg) and mixed with 1 ml of BHI broth and left for
mixing in media shaker for 24 hours. After 24 hours, this mixture was again dispersed with
vortex shaker mixer for dispersing the nano-powders in the broth media. These tubes were
placed under UV light for sterilization before inoculation to remove any stray growth.
Microbes (5 pl) were added to the designated vials containing the broth and sample
mixture. These vials were incubated for 24 hours at 37° C with continuous shaking in media
shaker. After 24 hours of incubation, serial dilution was carried out and the 10" dilution
was used for spread plating by using 1 pl of the mixture. These lawned spread plates were
incubated again for 24 hours. For each bacterium a control plate was also incubated for
sake of comparison of the efficacy. After incubation the agar plates were checked for
growth of colonies and photographed. The images are shown in figures 6.14 to 6.37 below
where the just lawned plates are shown on the left side and the incubated plates are shown
in the right side. In both the images, half image on the right-hand side contains image of

the control plates for each microbe, which has been placed for sake of comparison.

Figure 6.14: S. Aureus with Er4PtAl nano powder and K region acts as control
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Figure 6.17: E. Faecalis with ErsPtAl nano powder and K region acts as control
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Figure 6.19: E. coli with HosPtAl nano powder and K region acts as control

Figure 6.20: Pseudomonas with HosPtAl nano powder and K region acts as control
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Figure 6.23: E. coli with Dy4RhAl nano powder and K regibn acts as control
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Figure 6.26: S. Aureus with EraRhSiz nano powder and K gion acts as control
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Figure 6.29: E. Faecalis with Er,RhSiz nano powder and K region acts as control
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Figure 6.32: Pseudomonas with HozRhSis3

S

nano powder and K region acts as control
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Figure 6.37: E. Faecalis with Nd2RhSi3 nano powder and K region acts as control

Some of the plates where there was doubt about the growth after inoculation, we
repeated the entire process starting from the fresh broth and sample mixture before arriving
at a conclusion.

Looking at the growth of colonies and comparing with the control plates, it is
evident that these samples are not efficacious in inhibiting the growth of microbes (both
bacteria or fungus). A careful look into some of these plates, indicated more growth of

microbes when compared with the growth on the control plates (based on superficial
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examination), probably indicating that some of these compounds are actually aiding the

bacterial growth and acting as probiotic instead of antibiotic material.

6.5 Conclusions

We have compared and contrasted the magnetic behaviors of the bulk and nanoforms of
the intermetallic compounds studied in this thesis. The nanoform of DysRhAI present a
novel magnetic property. In the case of HosPtAl and ErsPtAl, the reduction in the particle
size increases the glassy nature of the compounds, while suppressing the antiferromagnetic
properties, surprisingly, the isostructural DysRhAl compound shows the signature of
magnetic susceptibility behavior mimicking Griffith’s phase around 30 K, a feature not
seen in the case of HosPtAl and ErsPtAl with the same particle size reduction.
Demonstration of such a particle-size induced transformation of magnetic property to
Griffith’s phase-like features, in an intermetallic compound, containing localized 4f
electrons is generally quite rare. The results also reveal that one has to be careful while
extrapolating magnetic behavior of the bulk form to nanoform in medicinal applications.
The results of the antimicrobial efficacy on these compounds (both bulk and
nanoform specimens) shows that these samples are ineffective in inhibition of bacterial and

fungal growth.
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The curves of the dc y (measured in a field of 100 Oe for both ZFC-FC conditions and a
field of 5 kOe in ZFC condition), M(H) (measured at various temperatures), heat capacity
(measured both in zero field and applied magnetic fields) and the isothermal entropy
change (derived from the heat capacity data) are shown in the figures for ball-milled nano-

specimens of R2RhSis (R = Nd, Er) and R4PtAl (R = Ho, Er). A comparison of the changes

Appendix

seen in the properties between the bulk and nanoform specimens is also tabulated.

1. Nd2RhSis

Table A.1: Comparison of the magnetic features of the bulk and ball milled Nd>RhSis.

Bulk Specimen (for details see

Nanoform Specimen

magnitude for ferromagnetic
and antiferromagnetic

correlations.

chapter 3)

Meff ~5.2 us /f.u. or ~3.7 ps per | ~4.46 g /f.u. or ~3.15 ug per
Nd** = consistent with the | Nd** = lower value may be
theoretical value of Nd®* related to the error in the

estimation of mass in the
presence of GE varnish

Op ~ 07 K = Similar in|~18K

Features in 100 Oe
ZFC-FC y-curves

Bifurcation seen in ZFC -FC
curves below 40 K, an upturn
seen below 16.5 K with a peak
at 14.5 K and an additional
weak feature in ZFC at 10 K.
=Cluster
above Tc of 16.5 K.

magnetism  just

Bifurcation seen in ZFC -FC
curves below 18 K, followed
by a peak at 11.5 K with an
additional weak peak at ~ 3 K
in ZFC curve. = Signature of
cluster magnetism above Tc
of about 16 K is absent.
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Features in 5 kOe y-

curves

Sharp jump in y around 16.5 K
with a peak at ~6.5 K at low
temperatures = An additional

transition well below 16.5 K.

Monotonic variation seen in
x, With no signature of long
range
down to 2 K

magnetic  ordering
>

Inhomogeneous magnetism?

M(H)

Magnetization curves do not
show a tendency to saturate
till the highest measured field
of 70 KOe,

presence of an

suggesting

antiferromagnetic component

and crystal-field effects.

Hysteretic behavior (seen in a
field range of -20 to + 20 kOe)
in the magnetically ordered
state, with a large coercive
field, indicating ferromagnetic

component.

No tendency of saturation
seen in the M(H), till the
highest measured field of 70
kOe, as for bulk form.

Hysteretic behavior (as seen
from M(H)

marginally suppressed with

curves) gets

the loops seen only in a field
range of (-10 to +10 kOe)
with reduction in particle
size.

=Not much change in the
magnetic properties below Tc

of 16 K.

Cversus T

Upturn at 18 K followed by a
peak at 15 K, with midpoint at
16.5 K supporting long range
magnetic ordering setting in at

this temperature.

= Field dependence of C(T)
curves shifting to low
temperatures  confirm  the

antiferromagnetic component

as well.

Monotonic variation in the
C(T) curves down to 2K, with
no feature attributable to long

range magnetic ordering in

C(T) curves =
Inhomogeneous magnetism
due to probable size
inhomogeneity.
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C/T versus T

Additional shoulder around 10
K, shifting to low temperature
with  increasing magnetic
fields. = Supports additional

low-temperature feature.

Change of slope seen below
18 K, with a very weak peak
like feature around ~12 K,
which gets suppressed with
increasing magnetic fields.
This feature may correspond
to the shoulder seen around
10 K seen in the bulk

specimen.

48

Sign of A4S stays in negative
quadrant with a peak value of
-4.5 J/mol K around ~ 16.5 K.
= presence of ferromagnetic

correlations.

Sign of 48§ stays in negative
quadrant for a field of 10 kOe
with a broad hump around 30
K followed by a weak peak
like  feature at low
temperature. Peak values gets
suppressed to ~ -3 J/mol K.

= Indicating the presence of

inhomogeneous magnetism.
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Figure A.1: a) Magnetic susceptibility as a function of temperature obtained in a field of
100 Oe in both zero-field-cooled and field-cooled conditions for nanoform specimen of
Nd2RhSis. b) Magnetic susceptibility and inverse of magnetic susceptibility in a field of 5
kOe. Curie-Weiss fitting above 100 K is also shown. c) Isothermal magnetization measured
at 2 K. d) Heat-capacity as a function of temperature (<60 K) measured in the presence of
external magnetic fields as well. ) Heat-capacity divided by temperature f) Isothermal
entropy change as a function of temperature (2-100 K) for different final fields starting

from zero-field.
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2. ErRhSis

Table A.2: Comparison of the features of the bulk and ball milled Er;RhSis.

Bulk Specimen (for details

see chapter 3)

Nanoform Specimen

ZFC-FC y-curves

FC curves below 5.2 K,
with a change of slope at Ty
followed by a peak at low
temperatures, around 3.5 K
of

and

= Coexistence
antiferromagnetism
spin glass nature at Ty of

5.2 K.

Meff ~13.70 pg /f.u. or ~9.69 ps | ~12.03 ps /f.u. or ~8.50 ps
per Er¥* = consistent with | per Er®* = lower value may
the theoretical value of Er®* | be related to the error in the

estimation of mass in the
presence of GE varnish

Op ~13K ~0.21K

Features in 100 Oe | Bifurcation seen in ZFC - | Weak bifurcation seen in

ZFC -FC curves below 5.2
K, with a change of slope

and flattening below 4.3 K

in ZFC x-curve.
=Essentially no worthwhile
change in Ty and the
features.

Features in 5 kOe ¥y

Change of slope in ¥y

Sharp change of slope in y at

1/3™ magnetization step at
2K
=

Characteristic of

partially disordered

antiferromagnetism arising

curves around 5.2 K followed by | low temperature with no
an upturn at  low | peak seentill 2 K.
temperatures = no worthwhile change

M(H) Non hysteretic curves, with | Non hysteretic curves, with

1/3

getting smeared out with a

magnetization step

weak change of slope seen

in the same H range.
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due to geometrical

frustration.

=Smearing possibly due to
inhomogeneity  in  the

particle size.

Cversus T

Well defined peak at 5.2 K
in zero field, with the
curves getting suppressed
as H is increased

= Supporting
antiferromagnetic ordering

component.

Well defined peak at 5.2 K
in zero field, followed by an
upturn and a change in slope
at low temperatures, curves
get suppressed with
increasing H.

= No qualitative change in

antiferromagnetism.

48

AS sharply changes sign at
the onset of magnetic
ordering in 10 kOe field,
with a positive sign.

= Implying possibility of
antiferromagnetic  cluster
existing before the onset of

magnetic ordering.

All other curves lie in
negative quadrant

= Implying dominant
ferromagnetic component
at high fields.

AS shows a shoulder like
feature around Ty ~ 5 K. A
shoulder at ~2.5 K (as in
bulk, evident from the 10
kOe data) supporting the
presence of an additional
feature at a low temperature.
This low  temperature
feature seen as a change of
slope even for a field of 30
kOe.

All curves lie in negative
quadrant implying
dominant ferromagnetic
component at high fields. =
The results overall support
inferences on  magnetic
ordering observed from the

studies on bulk specimen.
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Figure A.2: a) Magnetic susceptibility as a function of temperature obtained in a field of
100 Oe in both zero-field-cooled and field-cooled conditions b) Magnetic susceptibility
and inverse of magnetic susceptibility in a field of 5 kOe. Curie-Weiss fitting above 100 K
is also shown, see red line through the data points. c) Isothermal magnetization measured
at 2 K. d) Heat-capacity as a function of temperature (<15 K) measured in the presence of
external magnetic fields as well. e) Isothermal entropy change as a function of temperature
(2-40 K) for different final fields starting from zero-field.
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3. Ho4PtAl

Table A.3: Comparison of the features of the bulk and ball milled HosPtAl.

Bulk Specimen (for details see

chapter 4)

Nanoform Specimen

~21.5 pyg /f.u. or ~10.7 pg per
Ho®* = consistent with the

theoretical value of Ho®*

~18.8 g /f.u. or ~ 9.4 pg per
Ho** = lower value may be
related to the error in the
estimation of mass in the

presence of GE varnish

Op

~ 19 K = Positive sign of 6p
indicates the presence of

ferromagnetic correlations.

~ 15 K = slightly smaller

value in nano-form

Features in 100 Oe
ZFC-FC y-curves

Peak in ZFC curve at ~19 K,
followed by a shoulder at 12 K
and flattening below 5 K.

= Onset of a long-range
antiferromagnetic order at 19
K with additional magnetic

features at low temperatures.

Bifurcation in the ZFC-FC
curves below 19 K
=Attributed to spin-glass

freezing at low temperatures

Bifurcation in the ZFC-FC
curves sets in at a higher
temperature of ~ 35 K, in
contrast to what is seen for
the bulk form.

A Dbroad shoulder around
~19 K, with a change of
slope and a peak around ~
7.5 K.

= Inhomogeneous
magnetism with spin glass
features seen at a higher
temperature. (Absence of
Griffiths-like feature was
verified by H-dependent

studies).
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Features in 5 kOe y-

curves

Other than the 19 K magnetic
ordering, additional features at
12 K and 5 K, are smeared.

= Magnetism is sensitive to
small applications of magnetic
field.

Monotonic variation seen in
x, Wwith no signature of
magnetic ordering down to
2 K.

= An application of a
higher field smears the
features seen in low field
data similar to the case of

bulk specimen.

M(H)

Sharp increase in M with
initial application of H, at 2 K,
indicating tendency towards
ferromagnetic alignments. No
evidence of saturation of M
even for an applied H of 70
kOe, supporting the existence
of antiferromagnetic part as
well; crystal-field effects also
can play arole.

Distinct weak  hysteretic
features seen in M(H) at low

temperatures.

No evidence of saturation of
M even for an applied H of
70 kOe, as in bulk.

Hysteretic nature in M(H)
seen at 2 K seems to get
suppressed with a reduction
in particle size. Coercive
field in M(H) is zero as in
the

case of soft

ferromagnets.

Cversus T

Well defined peak at 19 K in
field,;

suppressed with increasing H,

zero peak getting

= Confirming

antiferromagnetic component

No feature attributable to
magnetic ordering seen till
the lowest measured
temperature of 2 K.

= Inhomogeneous
magnetic ordering due to

possible size distribution.

48

~12.5

J/mol K for magnetic field of

Peak values of -4S

Peak value of -4S ~ 6.5
Jimol K, gets suppressed
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50 kOe is quite large when
compared with other members
in the family, with a long tail

over a wide T- range.

with a decrease in particle

size.

Figure A.3: a) Magnetic susceptibility as a function of temperature obtained in a field of
100 Oe in both zero-field-cooled and field-cooled conditions for nanoform specimen of
HosPtAl. b) Magnetic susceptibility and inverse of magnetic susceptibility in a field of 5
kOe. Curie-Weiss fitting above 100 K is also shown. ¢) Isothermal magnetization measured
at 2 K. d) Heat-capacity as a function of temperature (<50 K) measured in the presence of
external magnetic fields as well. €) Isothermal entropy change as a function of temperature
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4. Er4PtAl

Table A.4: Comparison of the features of the bulk and ball milled ErsPtAl.

Bulk Specimen (for details see

chapter 4)

Nanoform Specimen

Meff

~19.7 ue/f.u. or ~9.8 ps per
Er3* = consistent with the

theoretical value of Eré*

~16.6 pef.u. or~ 8.3 us per
Er¥* = lower value may be
related to the error in the
estimation of mass in the

presence of GE varnish

Op

~12.6 K = Positive sign of dp
indicates the presence of

ferromagnetic correlations.

~ 4.6 K = marginal change
in the values of 0p.
the

seen

Positive sign reveal
existence of ferromagnetic

correlations.

Features in 100 Oe
ZFC-FC y-curves

Peak in ZFC curve at ~12 K,
with additional feature around
5 K.

= Onset of a long-range
antiferromagnetic order at 5 K
with

additional  magnetic

features at low temperatures.

Bifurcation in the ZFC-FC y-
curves below 12 K.
=Attributed to spin-glass

freezing.

Bifurcation in the ZFC-FC
curves seen at a higher
temperature of ~ 20 K with a
broad shoulder at 14 K, as in
the case of HosPtAl, with a
change of slope and a
prominent peak around ~ 3.6
K. = Spin glass feature
possibly develops at a higher
with

temperature, some

evidence of magnetic

ordering.

Features in 5 kOe -

curves.

Only the 12 K magnetic

ordering feature is seen while

Change of slope in y around
20 K followed by a sharp

upturn at low temperatures.
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the other feature at 5 K is
smeared.
= Magnetism is sensitive to

external magnetic field.

Features  attributable to
magnetic ordering as seen in
100 Oe are smeared in 5 kOe.
= Magnetism is sensitive to

external magnetic field.

M(H)

Increase in M in response to
initial application of magnetic
fields. No
saturation of M even for an
applied H of 70 kOe, as in
previous cases. M(H) is non-

evidence of

hysteretic at all temperatures.

M(H) shows a sharp increase
in response to initial magnetic
fields with no tendency to
saturate even for an applied H
of 70 kOe.

M(H) shows a non-hysteretic
nature at all temperatures.

= Essentially no change with
respect to the bulk form.

Cversus T

Well defined peak at 12 K in
zero field, with curves shifting
to low temperatures as H is
increased

= Consistent with

antiferromagnetic component.

No feature attributable to
magnetic ordering seen till
the lowest measured
temperature of 2 K. Only a
weak hump seen in the zero-
field data below 5 K.

= There must be a
distribution in the magnetic
ordering temperature, due to

particle size inhomogeneity.

C/T versus T

In addition to the 12 K feature,
there is a sharp anomaly
(shoulder like feature) around
5 K.

Sharp change of slope
followed by an upturn below
5 K and the upturn gets
suppressed with increasing

magnetic fields.
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=Sensitivity to H suggests
the presence of magnetic
correlations, though the A-
anomaly is smeared due to

inhomogeneity.

48

A large value of 4S ~ 185
J/mol K for a magnetic field of
50 kOe, compared with other
members in the family, with a

long tail over a wide T- range.

Value of 4S5 ~ 4.5 J/mol K for
a magnetic field of 50 kOe,
gets suppressed with a

reduction in particle size.
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Figure A.4: a) Magnetic susceptibility as a function of temperature obtained in a field of
100 Oe in both zero-field-cooled and field-cooled conditions for nanoform specimen of
ErsPtAl. b) Magnetic susceptibility and inverse of magnetic susceptibility in a field of 5
kOe. Curie-Weiss fitting above 100 K is also shown by a red line. c) Isothermal
magnetization measured at 2K d) Heat-capacity as a function of temperature (<40 K)
measured in the presence of external magnetic fields as well. e) Heat-capacity divided by
temperature. (f) Isothermal entropy change as a function of temperature (2-50 K) for
different final fields starting from zero-field.
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Conclusion

In the summary, magnetic properties of the rare-earth intermetallics studied in chapters 3
and 4 are studied in the ball-milled nanoforms. A finding common to all these compounds
in the nanoform is that magnetism becomes inhomogeneous (as indicated by the smearing
of A-anomalies due to magnetic ordering in heat-capacity), attributable to a distribution in
particle sizes. However, for the compounds reported in this Appendix, there is no result
leading to a conceptual change in magnetism, unlike, in DysRhAl, in which case the
reduction in particle size induces a Griffiths phase like behavior (as indicated by magnetic-
field dependent inverse susceptibility plots). However, subtle changes as noted in the tables
occur. For instance, a reduction in the particle size of Nd2RhSiz suppresses cluster glass
features observed above the magnetic ordering temperature, while in the case of EraRhSis,
there was no significant effect of particle size reduction on the nature of magnetism, except
smearing of the step-like feature (attributable to an inhomogeneity in particle size) in
isothermal magnetization due to the PDA magnetism arising from geometrical frustration;
in the case of HosPtAl and ErsPtAl, a reduction in the particle size shifts possible onset of
(spin)glassy nature to a higher temperature (with respect to respective magnetic ordering
temperatures), as indicated by the bifurcation temperature of the ZFC-FC susceptibility
curves. In general, the peak values of the isothermal entropy change noted for the bulk
form get suppressed with the reduction in particle size.

Thus, the results overall suggest that a reduction in particle size may in some cases
lead to a conceptual change in magnetic behavior, whereas in some other cases, the changes
could be minor, reinforcing the fact that one needs to be cautious while employing

nanoparticles for medicinal applications based on the properties of the bulk forms.
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We have studied the influence of external pressure up to 1 GPa on the magnetic transitions of the orthorhombic
Haldane-spin chain compound Tb,BaNiOs, an exotic multiferroic material. This parent compound is known to
undergo Néel ordering at Ty; = 63 K and another magnetic transition at Ty, = 25K at which ferroelectricity
sets in, however, without any change in the magnetic symmetry, but with only a sharp change in the canting
angle of Tb 4 and Ni 3d magnetic moments. There is a subtle difference in the antiferromagnetic state above
and below Ty,, which is supported by the fact that there is a metamagnetic transition below 7y, only (for 5 K, at
~60 kOe). We report here that, with the application of external pressure, there is an upward shift of 7y,, while
Ty» shifts towards lower temperatures. It is interesting that the two magnetic transitions in the same compound
behave differently under pressure and the opposite behavior at Ty, is attributed to local distortion leading to
ferroelectricity. The results are augmented by temperature dependent x-ray diffraction and positive chemical
pressure studies. The chemical pressure caused by the isoelectronic doping at Ba site by Sr reduces both the
transition temperatures. Clearly, the external pressure favors antiferromagnetic coupling (that is, leading to Ty,
enhancement), whereas the chemical pressure reduces Ty, suggesting an important role of the changes in local

hybridization induced by doping on magnetism in this material.

DOI: 10.1103/PhysRevMaterials.5.084401

I. INTRODUCTION

The investigation of the mutual influence of two histor-
ically known antagonistic phenomena, namely, magnetism
and ferroelectricity in the same compound, has been one of
the active topics of research in condensed matter physics.
The spin-induced ferroelectric behavior, called type-II mul-
tiferroicity, is now commonly known in many compounds
with magnetism from the transition metal ions playing a
key role on the so-called multiferroic phenomenon [1]. This
becomes interesting because ferroelectricity historically is
associated with d’-ness, whereas magnetism requires un-
paired electrons in the d orbitals. The magnetic frustration
arising out of certain (e.g., triangular, kagome) geometri-
cal arrangement of antiferromagnetically coupled transition
metal ions has been known to be an essential factor to in-
duce multiferroicity in many materials. There are sufficient
experimental evidences on some of the most celebrated mul-
tiferroics, e.g., RMnOsz, RMn;0s, CuCrO,, and Ni;3V;0s,
(where R = rare-earth), for the influence on ferroelectricity
by a change in magnetic structure induced by external param-
eters, for example, high pressure, P [2-9]. This is due to the
fact that the external pressure in general can lead to a change
of the magnetic exchange coupling constants by compressing
the lattice, decreasing the interatomic distances and possibly
changing the bond angles between different ions, which in
turn can affect the magnetically ordered phases as well as the
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ferroelectric displacements. Additionally, the presence of
magnetic rare earths, ordering magnetically at much lower
temperatures can complicate magnetoelectric coupling and
pressure dependence of ferroelectric properties further in rare-
earth containing multiferroics. As a result, many of these
materials, in particular rare-earth containing manganites, are
characterized by a cascade of magnetic phase transitions with
decreasing temperature. It was found that various interac-
tions compete with each other under pressure, e.g., first and
second nearest-neighbor isotropic Heisenberg interactions as
well as magnetic anisotropy, antisymmetric Dzyaloshinskii-
Moriya interactions, symmetric exchange interactions and
p-d hybridization, depending on the material on hand. If
one disregards rare-earth induced low-temperature magnetic
transitions and focuses on the magnetic ordering of the Mn
sublattice responsible for ferroelectricity, it was found that the
initial antiferromagnetic ordering temperature and the lower
one responsible for ferroelectricity are found to increase with
pressure in the case of RMnOj3 [6,7] and RMn,0Os [8]. In the
case of the delafossite, CuCrO,, the spin spiral state onset
temperature (at 24 K), at which ferroelectric order occurs,
increases with pressure [3]. In the kagome lattice, Ni3V,Os,
the temperature (around 6.5 K) at which helical spin density
wave structure breaks the spatial inversion symmetry de-
creases marginally with pressure [9]. Clearly, no systematics
have evolved until now with respect to pressure dependence of
multiferroic temperature. Barring such reports, high pressure
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studies on multiferroics are less abundant and it is therefore of
interest to gather knowledge about the influence of pressure on
different spin-induced multiferroics.

With this background, we performed high pressure studies
on the Haldane spin-chain compound, Tb,BaNiOs [10,11],
crystallizing in the orthorhombic structure (space group
Immm) [12-15]. In this structure, the corner-sharing NiOg
octahedra run along a axis forming chains (isolated by Tb
and Ba ions) and these octahedra are distorted in the sense
that Ni-O apical distance is less than that in the basal plane
and O-Ni-O bond angle is also reduced compared to that for
regular octahedron. This compound provides a different and
unique opportunity for high pressure studies with respect to
the situation in the compounds mentioned above, as elab-
orated here. This compound has been recently reported to
be exotic in its magnetic, multiferroic and magnetodielectric
(MDE) coupling properties [16-20]. This insulating com-
pound exhibits two antiferromagnetic transitions [16], one at
about Ty; = 63 K and the other at about Ty, = 25K, and,
unlike in manganites mentioned above, the onset of magnetic
order for both Tb-4f and Ni-3d magnetic moments occurs at
the same temperature [12]. The magnetic structure is made
up of mutually canted collinear 3d(Ni) and collinear 4 f(Tb)
sublattices even across Ty, with temperature (7) dependent
canting angles with respect to ¢ axis (6, and Oy;) as well
as relative canting angle (A6 = |01, — 6ni|). Otherwise, there
is no change in the magnetic symmetry down to 2 K. How-
ever, multiferroicity is observed below Ty, only. The fact that
there is a subtle difference in the magnetic states above and
below Ty is revealed by the observation of a metamagnetic
transition below this temperature only. It was established [17]
that there is a sudden increase in the canting angle of Ni
and Tb magnetic sublattices at 25 K at which spontaneous
electric polarization sets in with a lowering of temperature.
Crystallographic features do not provide any evidence for
geometrically frustrated magnetism unlike in the compounds
discussed above and it appears that a new theory based on
exchange striction coupled with critical canting angle may
be required to explain multiferroicity in this compound [17].
In support of this, a small doping (10 at. %) of Sr for Ba
destroys ferroelectricity and the mutual canting angle of the
two magnetic sublattices are below the critical value [20].
Thus, multiferroicity in this compound is conceptually differ-
ent from other compounds, providing a new landscape in the
field of multiferroicity.

It may also be added that the magnetism of this compound
is special within this rare-earth family, R,BaNiOs [21], as the
onset of antiferromagnetic ordering temperature, 7y, is the
largest within this family, attributable to the dominant role
of single-ion 4f anisotropy as stated in Ref. [16]. A strong
MDE coupling is reported below Ty, (as large as about 18%)
which is unusual for a polycrystalline material [16]. Subse-
quent studies showed that this can be further enhanced by a
small Y doping [18] and also superseded by the Co analog
[22]. This compound also presents a rare situation in which the
rare-earth plays a crucial role to induce ferroelectricity [18],
unlike many other oxides in which the magnetism of transition
metal ions is responsible for this phenomenon. Naturally, this
compound offers an opportunity to understand the role of
spin-orbit coupling [23] on ferroelectricity.

We therefore consider it important to understand mag-
netism of this exotic compound under pressure. With this
motivation, we have carried out dc magnetic susceptibility
(x) studies up to 1 GPa down to 2 K on Tb,BaNiOs. To
augment the line of arguments, we present the results of our
investigation on the influence of chemical pressure, induced
by small Sr doping, that is, in the series TbyBa;_,Sr,NiOs,
and of 7T-dependent x-ray diffraction (XRD) patterns.

II. EXPERIMENTAL DETAILS

The parent compound as well as Sr-doped specimens,
Tb,Ba;_,Sr,NiOs5 (x = 0, 0.025, 0.05, 0.075, and 0.1), were
prepared in the polycrystalline form using the solid-state re-
action route starting from stoichiometric amounts of high
purity oxides, Tb,(CO3), - nH,0, NiO, BaCO3;, and SrCOs.
The samples thus prepared were found to be single phase
forming in the orthorhombic Immm space group by Rietveld
fitting of the XRD (CuK,) patterns at room temperature,
similar to the ones shown in Ref. [19]. The fact that Sr goes
into the lattice was further ascertained from the shift of the
XRD peaks, which is found to be distinctly visible at least
for x > 0.05 at higher angle side, however small it may be.
In addition, the homogeneity of the samples was confirmed
by scanning electron microscope. Further characterization of
Tb,BaNiOs and Tb,Baj¢Sry NiOs was carried out by 7-
dependent XRD studies down to 2 K using x-ray radiation
with wavelength 0.883 A on Indian beamline, BL-18B at High
Energy Accelerator Research Organization (KEK)-Photon
Factory, Japan. The beamline energy was E = 14.02keV,
and it was calibrated using LaBg standard sample data. The
dc magnetization (M) measurements were performed as a
function of both magnetic-field (H) and temperature with
the help of a commercial (M/s. Quantum Design) supercon-
ducting quantum interference device. The magnetism under
high pressure (0.3, 0.6, and 1 GPa) was studied for the par-
ent compound (2-300 K) in a hydrostatic pressure medium
(daphne oil) employing a commercial pressure cell (EasyLab
Technologies Ltd, U.K.). The pressure applied on the sample
was calibrated by measuring the superconducting transition
temperature of Sn in the low temperature range.

III. RESULTS AND DISCUSSIONS

The results of magnetization (H = 5kOe and 100 Oe)
measurements under external pressure are shown in Fig. 1(a)
below 100 K and the curves under external pressure are shifted
for the sake of clarity, as the overlap of the curves mask the
features we want to highlight. We measured with two fields to
convince the readers that the trends discussed here are reliable.
The features in the x(T) were discussed in several places in
the previous literature. Following Curie-Weiss behavior in the
paramagnetic state as known earlier [16], there is a kink due
to the onset of antiferromagnetic order at 7y, [marked by a
vertical arrow in Fig. 1(a)] at which heat-capacity was shown
to exhibit a distinct anomaly [16]; a broad peak at a lower
temperature (at ~40 K) appears which has been attributed
to the persistence of Haldane gap due to Ni one-dimensional
magnetism in the magnetically ordered state. The kink is very
weak and therefore one has to carefully do the measurements
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FIG. 1. Magnetic susceptibility (x) curves obtained as a function
of temperature for Tb,BaNiOs under various external pressures in
the range 2-100 K measured in 5 kOe are shown in (a). The high
pressure x (T) curves are shifted for the sake of clarity, as otherwise
the curves are essentially indistinguishable. Derivative curves, also
for the data measured in 100 Oe, are shown in (b) and (c) in an
expanded form in the vicinity of magnetic transitions (7y; and Ty;)
described in the text. Vertical arrows mark the 7Ty, and Ty, under
ambient pressure conditions. Inclined arrows are shown as guide to
the eye for the reader to show the direction in which the curves move
with pressure around the transition. The plot of inverse susceptibility
above 150 K is shown in the inset of (a) in the absence of external
pressure (points) and for 1 GPa (continuous line), to highlight that the
paramagnetic Curie temperatures and the effective magnetic moment

do not change with pressure.

under pressure to track its behavior. It can be inferred from the
x(T) plots as well as from the derivative plots [Figs. 1(b) and
1(c)] that Ty tends to increase gradually with P, e.g., by about
2 K for an increase of P to 1 GPa. However, it is not straight-
forward to infer Ty, from the x (7) plot, as the fall in x below
the peak due to the magnetic gap is rather steep and, therefore,
the derivative curves are used to infer the trend. The derivative
curves, dx /dT, shown in Figs. 1(b) and 1(c) reveal a sudden
increase in slope near 25 K under ambient pressure conditions,
but the fact remains that there is a marginal downward shift
of the curve around this temperature, however small it may
be, with increasing pressure (by about 0.5 K for P = 1 GPa).
Clearly, the external pressure acts in the opposite way at
these two magnetic features. Finally, the effective magnetic
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FIG. 2. (a) Magnetic susceptibility (x) as a function of tem-
perature for Sr-doped specimens, Tb,Ba;_,Sr;NiOs in the range
2-100 K, measured with 5 kOe. In (b), the derivative curves are
shown in an expanded form in the vicinity of Ty, and Ty,. Vertical
arrows mark Ty; and Ty,. Inclined arrows are guides to the eyes to
show how the transitions shift with x (= 0.0, 0.025, 0.05, 0.075, and

0.1).

moment (e = 9.63 g /Tb) obtained from the Curie-Weiss
region (say, above 100 K) is found to be insensitive to
pressure within experimental error (<0.05 ug) and the value
is in good agreement with that for trivalent Tb ion (9.72 up);
the paramagnetic Curie temperature (¢, = —20 & 1 K) is also
found to be independent of pressure [see inset of Fig. 1(a),
comparing inverse yx plots in the high-T region for 0 and
1 GPa]. It is also obvious from Fig. 1 that there is no other
change in the features, thereby establishing that the Haldane
gap is not affected by external pressure up to 1 GPa.

We now compare results of high-pressure measurements
of Tb,BaNiOs with the observations made in the experiments
with TbyBa;_,Sr,NiOs in which a chemical pressure was
induced by the partial substitution of Ba atoms by Sr atoms
(Fig. 2). The curves for doped compositions are shifted along
y axis for the sake of clarity. Though we had earlier reported
magnetic, and magnetodielectric coupling properties of this
Sr-doped series, TbyBa;_,Sr;NiOs, [19] for x = 0, 0.1, and
0.2, we felt the need to study the magnetic properties at
closer intervals of x below x = 0.1 synthesized under identical
conditions (that is, same batch), considering abrupt changes
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in the multiferroic properties for initial doping beyond x =
0.1. [Beyond x = 0.2, we see sample inhomogeneities, un-
like Y doping which can replace Tb completely]. We find
that ferroelectricity is destroyed for x = 0.15 in this batch of
specimens, and not for x = 0.10, thereby revealing that there
is a small spread in the composition at which multiferroicity
vanishes depending on the batch of specimens. We restrict
the discussions here for the trends in magnetic behavior only
for selected compositions, x = 0, 0.025, 0.05, 0.075, and 0.1.
The x(T) and the derivative curves below 100 K, measured
with 5 kOe are shown in Fig. 2. It is clear that the feature
due to the transition at Ty; shifts downwards gradually with
increasing x, visible even for a doping as small as x = 0.025.
There is an overall decrease by about 5 K for x = 0.1 in this
investigation. Ty; reported for x = 0.2 [15] also follows this
trend. As shown earlier [19], all the three lattice parameters,
a, b, and ¢, undergo a weak reduction (in the third decimal
place only) and the overall reduction in the unit-cell volume
as x is varied from 0 to 0.1 is 0.6 A3 (~0.24%). Since the bulk
modulus of the parent compound is not known, it is difficult
to quantify the pressure exerted by this change in the unit-cell
volume. Nevertheless, it is straightforward to conclude that,
qualitatively speaking, chemical pressure acts differently with
respect to that caused by external pressure as far as Ty is
concerned. Now, with respect to the behavior of Ty, though it
is not straightforward to infer this characteristic temperature
precisely, one gets an idea by looking at the slope change of
the derivative curves [Fig. 2(b)] in the vicinity of 25 K. It is
clear that the sudden increase in the slope at 25 K noted for
the parent compound gradually shifts towards low temperature
range, which is a signature of corresponding lowering of Ty,.
We, therefore, conclude that both 7y; and Ty, decrease with
the increasing chemical pressure, exerted on the Ba layer, in
contrast to the ones seen under external pressure. This means
that Ty, is sensitive to changes in local hybridization due to
doping.

It is of interest to see the trend under chemical pressure by
isoelectronic substitution at the Tb site. For this purpose, the
readers may see Ref. [18] for the results on Tb,_,Y,BaNiOs,
in which the magnitude of unit-cell volume reduction for
x = 0.5 is comparable to that for x = 0.2 of the Sr-doped
series. Therefore, one can assume that the magnitudes of inter-
nal pressure are similar for these compositions. Both Ty, and
Ty, were found to diminish linearly with x, investigated up
to x = 1.5, interestingly with the persistence of magnetically
coupled ferroelectric order even in this dilute limit of Tb; for
example, forx = 0.5, Ty; = ~55K and Ty, = ~20K. Since
Y substitution involves dilution of the Tb sublattice, for a
comparison with Sr-doped series, it is necessary to normalize
to Tb concentration (that is, to 2-x). The normalized values
are about 73 and 27 K respectively. Clearly, while the trend in
Tyvi1(x) in Y series is the same as that in high pressure, the
increase of the normalized value by about 10 K compared
to that for the parent compound under external pressure is
quite profound. Assuming a linear variation of Ty; with P,
a pressure as large as about 6 GPa would be required to attain
a value of 73 K. Y dilution studies clearly suggested Tb 4f
plays a major role on the onset of ferroelectric ordering [18],
as the transition temperatures decrease gradually with Y dop-
ing. In the crystal structure, the vertex-shared (compressed)

octahedra of NiOg chains are isolated by Tb and Ba polyhe-
dra and therefore the super-superexchange mechanism of the
types Ni?T-0>"R3*-0>"Ni** and Ni**-0>~Ba?*-0*"Ni*"
are known to be operative to induce magnetic ordering. As
stated in the introduction, both the magnetic sublattices order
at the same temperature. A dilution of R sublattice (by Y)
has of course a natural destructive influence on the transition
temperatures. But the fact that this dilution tends to enhance
the scaled-Ty; significantly (rather than remaining constant
as expected for scaling with the concentration of magnetic
ions) implies that the superexchange pathway involving R3* is
the dominating one, getting stronger with the lattice pressure.
While Ba is replaced by Sr, Ty, does not follow the external
pressure effect, and therefore we are tempted to argue that the
superexchange path involving Ba counteracts the one caused
by pressure. It is interesting that the behavior of normalized
Ty, is different; that is, the increasing trend with Y-induced
chemical pressure in the Tb sublattice is opposite to that ob-
served by external pressure or Sr-doping. We therefore believe
that the changes in bonding strengths caused by isoelectronic
substitution bear a profound effect on the properties.

We have also measured isothermal M to see the influence of
pressure on the metamagnetic transition field (H,), occurring
at 60 kOe at 2 K, for the parent compound. The results ob-
tained under pressure are shown in Fig. 3(a), and for Sr-doped
compositions in Fig. 3(b). Though we measured at various
temperatures below 20 K, we show the curves for 5 K only.
There is a weak hysteresis around H, as reproduced in the
inset of Fig. 3(a) from our past work [16,18,19], but we restrict
the plots here to the virgin curves only in the mainframe of
Fig. 3(a), that too in the vicinity of the field-induced transition
for the sake of clarity. The curves around H, are broadened
with increasing Sr-doping [Fig. 3(b), clearly due to increasing
chemical disorder. The point to be noted is that there is a
marginal increase in H, with external P. However, H, gets
depressed by Sr doping. It may be recalled [18] that the
chemical pressure induced by Y substitution also depresses
H.. It is thus obvious that, as far as H, is concerned, there is
no correlation of these results obtained by external pressure,
on the one hand, and the chemical pressure (induced at the
R site as well as at Ba site) on the other. This endorses the
conclusion made in the previous paragraph that the electronic
structure changes caused isoelectronic substitutions at any site
has a dominating effect on the properties.

We now offer evidence for the fact that the observed pres-
sure effects are free from any ambiguities due to a possible
change in the crystallographic symmetry. To show the absence
of temperature induced changes in crystal structure down to
2 K, we measured XRD patterns with the synchrotron facility
at several temperatures for x = 0 and 0.1. In Fig. 4, we show
such synchrotron-based powder XRD (S-PXRD) patterns at
selected temperatures in the three temperature ranges, T <
Tno, Tyo < T < Tyy, and T > Ty;. The patterns, apart from
establishing that the specimens are single phase (Immm space
group) with the diffracting peaks appearing at expected angles
only, reveal that there is no change in the patterns down to
2 K for both the compositions. Though there is a preferred
orientation effect for a few Bragg peaks, we could index all
the patterns using LeBail fit. The main point to emphasize
here is that there is no change in the crystal symmetry down to
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Tb,BaNiO,  (a)
T=5K

3 ——P=0
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FIG. 3. (a) Isothermal magnetization (virgin) at 5 K for
Tb,BaNiOs under pressure in the metamagnetic transition region.
The profile of the curve in the range 0-160 kOe under ambient
pressure is shown in the inset. (b) Isothermal magnetization at 5 K for
the Sr-doped specimens. Inclined arrows are showing the direction in
which the curves shift with increasing pressure/composition.

2 K. This conclusion was inferred by low temperature neutron
diffraction studies as well on both the compositions [17,20].
Since Sr substitutions exert chemical pressure without any
change in the crystal symmetry, it is reasonable to assume
that the external pressure of about 1 GPa also would not have
caused any crystallographic change.

As mentioned earlier, there is no change in the magnetic
symmetry as well down to 2 K for the parent compound, al-
though canting angles change with varying temperature [17].
Since Sr content (measured for x = 0.1) also does not change
magnetic symmetry [20], additional magnetic structural com-
plexities are not expected to occur under pressure for the
parent. We take this opportunity to clarify how the loss of in-
version symmetry occurs in this compound, an issue remained
unresolved till now. In order to understand this, we used
the program FINDSYM [24] to find the magnetic space group
and point group. Using the atomic positions of Tb and Ni
(both magnetic ions), and assuming that moments are placed
along the z direction, the program suggests the magnetic point

5 ;
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FIG. 4. Synchrotron based powder x-ray diffraction (S-PXRD)
patterns of selected temperatures for Tb,BaNiOs and
Tb,Bag¢Srg 1 NiOs are shown to highlight that there is no change in
structural symmetry across the magnetic transitions. Vertical bars
are shown to mark the expected positions of Bragg peaks.

group to be m'm'2, which is a noncentrosymmetric, polar
space group (Im'm'2), which allows polarization along the z
direction. However, the magnetic structure refinement of the
neutron diffraction experimental data, shown in the Supple-
mental Material of Ref. [17], revealed that there is a magnetic
moment component along the x direction also in addition to
the z component (though M, > My), which implies canting
of the moments in the ac plane. Therefore, considering this
(that is, assigning moments along x and z directions), the
magnetic point group obtained is m’ (magnetic space group
Cm'). This is also a noncentrosymmetric, polar space group
allowing polarization in the x and z directions. In a nutshell,
for both the samples, i.e., Tb,BaNiOs and Tb,Ba ¢Sr( ;NiOs,
by carrying out the magnetic structural refinement across both
long-range antiferromagnetic ordering temperatures consid-
ering the canting, the magnetic symmetry remains the same
(Cm') until the lowest temperature. In short, though canting
of the Tb and Ni moments with respect to ¢ axis changes,
resulting in the change of magnetic moment (M,, M, and net
moment M) as temperature is reduced, there is no change in
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the magnetic symmetry. This finding emphasizes the impor-
tance of an additional criterion for the multiferroic properties
in Tb,BaNiOs, which we attribute to the existence of a critical
canting angle.

IV. SUMMARY

We have performed high pressure magnetization studies
on an exotic multiferroic compound, Tb,BaNiOs, in which
both Tb and Ni moments order at the same temperature
with the involvement of Tb 4f in inducing ferroelectricity;
a situation not encountered in the manganites. While the an-
tiferromagnetic ordering onset temperature is enhanced by
external pressure, the lower characteristic temperature, Ty», at
which multiferroicity has been known to set in, gets depressed
by the external pressure. It is interesting that the external
pressure has the opposite effect on the magnetic features at
the two temperatures in the same compound. This situation
is different from that noted for the Mn sublattice in the most
celebrated multiferroic materials, TbMnOs [6,7] and RMn,Os
[8], including the magnetic transition temperature that is tied
to the onset of ferroelectric transition. Given that both Tb and
Ni order magnetically at the same temperature without any
change in magnetic symmetry across Ty», one would naively
expect that both the transitions respond in the same way to the
application of external pressure, in contrast to the observation.
We, therefore, conclude that the local distortions leading to
ferroelectricity influences the pressure dependence of concur-
rent magnetic transition temperature. We have also compared
and contrasted the changes in the magnetic features with those
seen by chemical pressure by isoelectronic substitution at Tb
and Ba sites. Readers may recall [17] that there are prominent
local lattice distortions (as reflected in O-Tb-O bond angles
and Ni-O bond distances) at Ty, where ferroelectricity also
sets in, for the parent compound, which naturally gets mod-
ified by chemical and external pressure as inferred from the
analysis of neutron diffraction data presented in Ref. [20] for

a Sr-doped specimen. There are less prominent and gradual
changes in the lattice constants across Ty; as well when T is
lowered [see Fig. S2 in Ref. [17]] for the parent due to mag-
netostriction as one enters the state magnetically and this also
must get influenced by pressure, thereby changing hybridiza-
tion. We conclude that the subtle distortions cause a profound
effect on magnetic characteristics of this compound. We hope
this work serves as a motivating force to extend the magnetic,
optical, and magnetoelectric studies by various experimental
methods including neutron diffraction to much higher pres-
sures, also in the presence of high magnetic fields, on this
exotic material, as this material provides another avenue to
understand various factors (including band gap changes [25])
in the evolution of the cross-coupling phenomena.
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ABSTRACT

We have investigated for the first time the magnetic behaviour of an intermetallic compound, Dy4RhAl, crys-
tallizing in Gd4RhIn-type cubic structure containing 3 sites for rare-earth (R), by several bulk measurements
down to 1.8 K. This work is motivated by the fact that the isostructural Dy compound in the R4PtAl family
surprisingly orders ferromagnetically unlike other members of this series, which order antiferromagnetically. The
results reveal that the title compound undergoes antiferromagnetic order at about 18 K, similar to other heavy R
members of R4RhAl family, unlike its Pt counterpart, indicating a subtle difference in the role of conduction
electrons to decide magnetism of these compounds. Besides, spin-glass features coexisting with antiferromagnetic
order could be observed, which could mean cluster antiferromagnetism. The electrical resistivity and magne-
toresistance behaviours in the magnetically ordered state are typical of magnetic materials exhibiting antifer-
romagnetic gap. Features attributable to spin-reorientation as a function of temperature and magnetic field can

be seen in the magnetization data.

1. Introduction

The ternary compounds of the type R4TX (where R = rare-earths, T =
transition metals and X = p-block metals) forming in the cubic Gd4RhIn-
type structure [1-4] are of special interest, as these compounds provide
an opportunity to understand magnetism due to the interactions be-
tween 3 independent crystallographic sites of the rare-earth. We have
carried out extensive bulk measurements on many heavy rare-earth
members of the families, R4PtAl (R = Gd, Tb, Dy, Ho and Er) and
R4RhAl (R = Gd, Tb, Ho and Er) and we have observed re-entrant spin-
glass behaviour in all the compounds, apart from many other interesting
magnetic, thermal, transport and magnetocaloric features [5-10]. A
novel observation pertinent to the aim of this article is that the onset of
magnetic order is of an antiferromagnetic (AF) type for R = Gd [5], Tb
[6], Ho and Er [10], within the R4PtAl family, whereas Dy member [7]
enters into a ferromagnetic (F) state from the paramagnetic state. It is
puzzling why Dy,4PtAl behaves differently in this respect. It is therefore
of great interest to understand the magnetism of Dy counterpart in
another family, viz., R4PtAl, as Gd, Tb, Ho and Er members of this family
also order antiferromagnetically with pronounced spin-glass features.
With this primary motivation, we have carried out ac and dc magneti-
zation (M), heat-capacity (C), electrical resistivity (p), and magnetore-
sistance (MR) measurements on Dy4RhAl, the results of which are
presented in this article. It may be remarked that, subsequent to initial
synthesis report of this compound [2] about a decade ago, to our
knowledge, there is no further literature on the magnetism of this
compound. The point of main emphasis, apart from other findings, is
that this compound also orders antiferromagnetically similar to other
members in this family - unlike Dy4PtAl - forming clusters behaving like
spin-glass.

https://doi.org/10.1016/j.jmmm.2023.170406

2. Experimental details

The sample in the polycrystalline form was prepared by melting
together stoichiometric amounts of high purity Dy (>99.9%), Rh
(99.99%) and Al (>99.99%) in an atmosphere of high purity argon in an
arc furnace. Powder x-ray diffraction pattern (XRD) (Cu K,) confirmed
single phase of the specimen within the detection limit of this technique
(<2%). The results of Rietveld refinement to the cubic phase with the
space group F43m are shown in Fig. 1. The lattice constant is obtained to
be 13.403(3) A, which is in good agreement with the reported value of
13.468 A [2]. We have also characterized the sample by scanning
electron microscope (SEM) and we could not detect any additional
phase. Energy Dispersive X-ray (EDX) analysis confirmed that the
chemical composition is uniform (4:1:1) in the sample. Therefore,
within the detection limit of these techniques (<1%), the specimen is a
single phase. Dc magnetic susceptibility (y) (1.8-300 K), and isothermal
M were performed using a commercial PPMS (Physical Properties
Measurement system, Quantum Design) -VSM and ac y (with an ac field
of 1 Oe) measurements were carried out with the help of a commercial
(Quantum Design) superconducting quantum interference device. Heat-
capacity and electrical resistivity as well as MR measurements as a
function of temperature (T) and magnetic field (H) were caried out using
a commercial PPMS. The measurements in general were carried out for
the zero-field-cooled (ZFC) condition of the specimens.

3. Results and discussions

In Fig. 2a, we show y(T) measured in 100 Oe for the ZFC condition as
well as for the field-cooled (FC) condition of the specimen in the low
temperature range of interest. There is a distinct peak at Ty = 18 K
suggesting the onset of AF order. In addition to this peak, there are
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Fig. 1. X-ray diffraction pattern of Dy4RhAl at room temperature, along with
Rietveld fitting results.

additional weak peaks at about 4 and 12 K, indicating further magnetic
anomalies with a lowering of temperature. The 12 K-feature is smeared
when measured in a field of 5 kOe (Fig. 2b), implying subtle nature of
such low-temperature magnetic state, but we do not know whether
possible traces of other magnetic impurities below the detection limit of
XRD, SEM and EDX cause this feature. Inverse y plot for 5 kOe data in
Fig. 2c is linear over a wide T range (that is, above 25 K) and a Curie-
Weiss fit yielded a value of the effective moment of 11 ug/Dy, which
is marginally higher than the theoretical value of 10.48 pg for Dy>*,
usually attributed to a contribution from conduction electron polariza-
tion. The paramagnetic Curie temperature is obtained to be —16 K; this
magnitude and the sign are in good agreement with AF ordering setting
in around 18 K. Finally, the low-field curves for ZFC and FC conditions
separate at Ty, and the FC curve exhibits an upturn with decreasing
temperature typical of cluster spin-glasses [11-13]. All these results
already indicate possible antiferromagnetic cluster glass behaviour. We
would also like to mention that the y curves of 100 Oe and 5 kOe do not
overlap at Ty, but well above Ty only, as shown in the inset of Fig. 2c,
and this signals the existence of short-range magnetic correlations
before long-range magnetic ordering sets in, as demonstrated for many
heavy rare-earth systems [see the articles cited in [9]].

Fig. 3a shows isothermal magnetization at 2, 5 and 10 K. M increases
gradually with H at these temperatures, tending to saturate beyond
about 60 kOe. A careful look at the curve suggests that there is an up-
ward curvature around 20-40 kOe and a weak hysteresis is clearly
visible as the temperature is lowered to 2 K. This implies that there could
be a disorder-broadened first-order field-induced magnetic transition.
All these features are consistent with the conclusion that the zero-field
state is not ferromagnetic. The values of the magnetic moment at very
high fields (as well as the zero-field value following linear extrapolation
of high-field linear region) are far less than that of the free ion and this
can arise from crystal-field-effects.

In Fig. 4a and b, we show C(T) and C(T)/T behaviour in zero field as
well as in the presence of 10, 30 and 50 kOe. In the plot of C(T) versus T,
in zero-field, there is an upturn below 20 K, followed by a peak at 18 K
and a gradual fall thereafter with decreasing temperature. There is no
well-defined peak well-below 18 K suggesting the absence of any addi-
tional long-range magnetic ordering, but not inconsistent with possible
presence of spin-glass freezing. A careful look at the C/T curves reveals a
change of slope around 5-10 K in the zero-field curve, thereby implying
that there is actually a subtle faster decrease (compared to higher tem-
perature linear region) in heat-capacity attributable to the spin-glass
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Fig. 2. The temperature dependent (a, b) dc magnetic susceptibility measured
in 100 Oe (for zero-field-cooled and field-cooled condition) and in 5 kOe (zero-
field-cooled) in the low temperature range and (c) inverse susceptibility with
the continuous line representing Curie-Weiss fit, for Dy4,RhAl. Inset compares
the plots of susceptibility measured in 100 Oe and 5 kOe in the vicinity of Ty to
bring out the existence of short-range magnetic correlations.

component. The support for the onset of antiferromagnetic order can
be seen from the gradual suppression of the peak with increasing H. We
have also obtained isothermal entropy change, AS = S(H)-S(0), as a
function of temperature by integrating the C/T versus T curves. The
plots of —AS (Fig. 4c) thus obtained for H = 30 and 50 kOe exhibit a
positive peak at a temperature (about 25 K) slightly above Ty; this
finding, along with the positive sign, implies [14] that short-range
magnetic correlations (inferred from the inset of Fig. 2c) setting in
before long-range magnetic order is of a ferromagnetic-type. There is
also a weaker peak in the negative quadrant around 18 K, and the sign is
consistent with AF order. There are additional sign-crossovers at lower
temperatures, which may be consistent with subtle magnetic effects,
mentioned above. The peak values are not large, as in other Rh com-
pounds [8,9]. The values for H = 10 kOe are too small to attach any
significance to the sign changes with T. Finally, we are able to fit the C
(T) data below 7 K to the functional form, C = ﬁ'TG +aT®'T where a, p
and n are constants, and A is the spin-gap between the lower and upper
band of the spin wave spectrum. The value of A and n are found to be
~2.2K and ~0.8.

In order to explore possible presence of spin-glass features, we have
measured ac susceptibility with four frequencies (v). We show the real
(') and imaginary ()’*) parts in Fig. 5. Since the curves are noisy for 133
and 1333 Hz, we show the curves for 1.3 and 13 Hz only for 5 kOe.
Though the data for higher frequencies are noisy, a v-dependence of the
peak is transparent in the real part in the vicinity of Ty (for instance,
~20 and ~24 K for 1.3 and 1333 Hz respectively), attributable to spin-
glass freezing. From the values of the peak temperature (T}) for the two
extreme frequencies, the magnitude of the factor, AT, /TpA(log v), is
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derived to be about 0.07, which is rather large compared to that for
canonical spin-glasses (which is < 0.01) [15]. The fact that the T}, at the
lowest frequency (1.3 Hz) matches with the value of Ty, suggests that
spin-glass freezing sets in simultaneously with antiferromagnetic
ordering. Combined with the observation that there is an upturn in the
low-field FC y in the magnetically ordered state (mentioned above) with
decreasing temperature, we infer that the spin-glass is of a cluster-type,
arising from antiferromagnetic clusters. However, there is no such
feature in x> down to 2 K (shown for two frequencies only). The pres-
ence of a worthwhile signal in y’’ is a necessary criterion for spin-glass
freezing [15]. We therefore infer that the spin-glass dynamics of the
AF clusters is so weak that it escapes detection by y’° measurement. An
application of a dc field (say, 5 kOe) suppresses the peak in y’ marginally
(in sharp contrast to the complete suppression in conventional spin-
glasses) and this endorses weakness of spin-glass feature. Finally,
there is a drop in x’ below 5 K, as in dc y data, which is also distinctly
frequency dependent behaving like the one at 18 K, Thus, down to 2 K,
spin-glass behaviour coexists with AF as soon as long-range magnetic
ordering sets in.

In order to render further support to spin-glass freezing, time (t)
dependence of isothermal remnant magnetization (Mjgy;) was measured
below Ty. For this purpose, the sample was cooled to desired tempera-
ture in zero field, and then a field of 5 kOe was switched on for 5 mins.
Immediately after switching off the field, Miry was tracked as a function
of t, and the results are shown in Fig. 3b for 4, 8 and 15 K. It is clear that
there is a slow decay of Mgy (essentially logarithmically after waiting
for about a minute) at all temperatures, characteristic of many spin-glass

20

2K

20

10K
10

0.6

1000

10 100
time (s)

Fig. 3. (a) Isothermal magnetization at 2, 5 and 10 K, and (b) isothermal
remanent magnetization as a function of time, normalized to respective values
(~0.5, 0.25, 0.05 emu/g) immediately after the field was switched off, at 4, 8,
and 15 K for Dy,RhAL

Journal of Magnetism and Magnetic Materials 568 (2023) 170406

systems; however, the magnitude of Mgy at t = O decreases with
increasing T, reflecting a change in the strength of spin-glass component
with respect to antiferromagnetic part. Above Ty, say at 25 K, no such
decay was observed.

The behaviour of p(T) in the presence of various external fields (O,
30, 50, 70 and 100 kOe) and isothermal MR, defined as [p(H)-p(0)1/p(0),
at 5, 8, 12, 16 and 25 K are shown in Fig. 6a and 6b respectively. The
derivative, dp/dT, in the paramagnetic state is metallic for all fields. The
magnitude of p however undergoes pronounced depression with
increasing H as the T is lowered, revealing a gradual increase of MR as
the magnetic ordering is approached. In the past, several rare-earth in-
termetallics have been demonstrated to show this behaviour due to a
peculiar magnetic precursor effect [16], which is recently understood in
terms of an interplay between indirect exchange interaction and mag-
netic frustration [17]. With a further lowering of temperature, an upturn
is observed as soon as magnetic ordering sets in (in zero field). This
establishes the formation of magnetic Brillouin-zone formation, consis-
tent with antiferromagnetic nature of the magnetic order [18]. This
feature undergoes a gradual suppression with increasing H. Naturally,
MR is large in the magnetically ordered state. In order to get a better
picture of the magnitude of MR, the readers may see the isothermal MR
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Fig. 4. The plots of (a) heat-capacity (C), (b) heat-capacity divided by tem-
perature and (c) isothermal entropy change (AS) as a function of temperature
(for final fields 10, 30 and 50 kOe) in the vicinity of magnetic ordering tem-
perature for Dy,RhAL
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Fig. 5. Real (') and imaginary (") parts of ac susceptibility for Dy4RhAI. The
lines through the data points are guides to the eyes.

curves, shown in Fig. 6b. A noteworthy finding in this figure is that there
is a very broad step around 20-50 kOe at 5 K and the curve is weakly
hysteretic supporting the conclusion from M(H) data. This feature
gradually gets smeared with increasing T. At 25 K, a quadratic field-
dependence expected for paramagnets could be seen.

4. Conclusions

Several bulk measurements establish that the compound Dy4RhAl
undergoes antiferromagnetic order unlike its counterpart in Pt series.
The present results therefore offer an indirect support for the fact that
the ferromagnetic behaviour of Dy4PtAl is interesting and unusual. It is
possible that the Pt 5d orbital, which is more spatially extended
compared to Rh 4d orbital plays a role by strong interaction with crystal-
field-split anisotropic orbitals of Dy for the anomalous magnetism of
Dy4PtAl. Moreover, 5d electrons are relatively less correlated with
stronger spin-orbit coupling than the 4d electrons. This suggests an
important role of conduction electrons interacting with the Dy 4f elec-
trons in determining the magnetism of these systems.

We hope that a comparative study of both these Dy compounds by
spin-polarized band structure calculations, electron spectroscopy and
neutron diffraction (to determine magnetic structure), would offer an
ideal opportunity to throw light on the role of 5d band correlations on
the magnetism of strictly localized 4f orbital. Inelastic neutron scat-
tering studies are also warranted to learn about crystal-field scheme in
these materials.

There are various other interesting observations with respect to the
properties of the title compound, viz., evidence for antiferromagnetic
energy gap formation, weak spin-glass behaviour of antiferromagnetic
clusters, large magnetoresistance not only in the magnetically ordered
state but also well above Ty extending to T > 3Ty, spin-orientation
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Fig. 6. (a) Electrical resistivity as a function of temperature in several fields,
and (b) isothermal magnetoresustance at some temperatures for Dy,RhAL

effects as a function of T and H. It is of interest to explore theoreti-
cally how the interaction among 3 sites of rare-earth plays a role in
deciding the magnetic behaviour.
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Abstract: We report the electronic properties of R4PtAl (R = Ho, and Er), which contains three sites for
R, by the measurements of magnetization (ac and dc), heat-capacity, transport, and magnetoresistance
(MR). Dc magnetization data reveal antiferromagnetic order below 19 K and 12 K in Ho and Er
compounds, respectively. Additional features observed at lower temperatures (12 K for Ho4PtAl and
5 K for EryPtAl) are akin to the cluster spin-glass phase. Resistivity data exhibit a weak minimum at
a temperature marginally higher than their respective Néel temperature (Ty), which is unusual for
such rare-earths with well-localized 4f states. Isothermal magnetization and magnetoresistance data
well below Ty exhibit signatures of a subtle field-induced magnetic transition for a small magnetic
field (<10 kOe). Notably, the isothermal entropy change at T\ has the largest peak value within
this rare-earth family; for a field change from zero to 50 kOe, the entropy change is ~14.5 J/kg K
(Ho4PtAl) and ~21.5 J/kg K (ErgPtAl) suggesting a role of anisotropy of 4f orbital in determining this
large value. The results provide some clues for the advancement of the field of magnetocaloric effect.
The magnetocaloric property of ErgPtAl is nonhysteretic, meeting a challenge to find materials with
reversible magnetocaloric effect.

Keywords: rare earth intermetallics; magnetocaloric effect; antiferromagnetism

1. Introduction

There is a general consensus that the technology of “magnetic refrigeration” can
increase the efficiency of cooling when compared to the conventional gas-compression
route. Therefore, there are constant efforts in the current literature to find clues to im-
prove the magnetocaloric effect (MCE) as well as to discover new solid materials which
are cost-efficient, as well as those that minimize the problems due to irreversibility in
magnetic-field (H) cycling. Gd metal, being a large magnetic-moment element, seems to
remain the benchmark for applications, even after several decades of intense research. It
is needless to emphasize that the exceptional MCE behavior of GdsSiyGe; reported by
Pecharsky and Gschneidner [1] in 1997 has been at the centerstage of the field of MCE, but
its application has been limited due to the hysteretic nature of the first-order magnetic-field
induced magnetic transition. Naturally, the search for new rare-earth (R) compounds with
magnetic anomalies continues to be an important direction of research to find favorable
MCE materials in different temperature (T) ranges. Keeping this scenario in mind, we
have investigated the magnetic and MCE behavior of two rare-earth compounds, R4PtAl
(R =Ho and Er).
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The compounds of the type R4TX (T = transition metals and X = p-block metal) with
the cubic Gd4RhIn-type structure [2-5] provide a new platform in the field of “frustrated
magnetism”, as multiple sites for R seem to favor a spin-glass state, competing with
antiferromagnetism (AF) and ferromagnetism (F) [6-11]. The crystal structure is shown in
Figure 1 to bring out the surrounding of the three R ions. Complexities of crystallography
for this family have been discussed by Engelbert and Janka in the literature [5] and also
presented in our earlier publication [7].

\B,
.

"‘ : -»
R \

Figure 1. Crystal structure of R4PtAl (R = Rare-earth). The rare-earths with different chemical
environments can be seen. The rare-earths R1 (red) and R2 (green) form separate octahedra and R2
and R3 form an octahedra with Pt (yellow) at the center. The rare-earth R3 (blue) forms a tetrahedra.
Al forms a tetrahedra.

Recent investigations on some members of this class of compounds have established
that there are novel transport anomalies, not only in the magnetically ordered state, but
also in the paramagnetic state [6—-11]. Here, we focus on the heavy R members of the
Pt-based family, R4PtAl, where the 4f states are far away from the Fermi level (thereby
avoiding the complex, well-known phenomena due to 4f-hybridization in light rare-earths);
Pt 5d electrons are expected to be weakly correlated, although possessing strong spin-orbit
coupling. Extensive studies in recent years revealed that Gd4PtAl shows re-entrant spin-
glass behavior around 20 K below its Néel temperature (T = 64 K) [6], whereas Tb4PtAl
exhibits spin-glass features at the onset of the AF order at 50 K and an additional spin-
glass anomaly at a further lower temperature [7]. Curiously, the Dy analogue undergoes
a ferromagnetic transition at (T¢=) 32.6 K, indicating an unusual role of Pt 5d states on
the magnetism of a rare-earth with well-localized 4f orbital [11], which transforms to
a spin-glass phase around 20 K [8]. There are magnetic-field-induced features as well,
attributable to first-order transitions in most of these compounds. The experimental results
presented in this article on Ho and Er compounds reveal fascinating magnetic and transport
anomalies with an exceptional MCE, as inferred from the values of the isothermal entropy
change (AS), in comparison with the values reported earlier for this family; this finding at
low-temperatures provides some clues for further theoretical advancement in the field of
MCE to enable the discovery of new materials for room temperature applications.



Magnetochemistry 2023, 9, 85

30f13

2. Materials and Methods

Samples were prepared in polycrystalline form by arc-melting stoichiometric amounts
of constituent elements in an argon atmosphere. The Er compound needed to be annealed
at 650 °C for 8 days. Powder x-ray diffraction patterns (XRD), shown in Figure 2, were
obtained using Cu-K« radiation, and these were found to be in good agreement with those
reported in Ref. [5]. Rietveld refinement further helped in understanding the diffraction
patterns. Such an analysis enabled us to ascertain the formation of the cubic phase with the
space group F43m. It may be mentioned that the XRD pattern showed a weak extra line
around 36° for the unannealed Er sample, which disappeared after annealing. Scanning
electron microscopic images revealed the homogeneity of the samples without showing
any extra phase. Dc magnetic susceptibility (x) (1.8 to 300 K) and isothermal magnetization
(M) measurements were performed with the help of a commercial (Quantum Design)
superconducting quantum interference device; ac x data were also collected in a T-region of
interest with an ac field of 1 Oe with different frequencies (v = 1.3, 13 and 133 Hz) with the
same magnetometer. Heat-capacity (C) and electrical resistivity (¢) and magnetoresistance
(MR) measurements down to 1.8 K and also as a function of H were caried out using a
commercial (Quantum Design Physical Property Measurement System). Unless otherwise
stated, all the measurements were performed for the zero-field-cooled (ZFC) condition of
the specimens.

I, ——I.

r B Cha Cal

. HoPtAl j— lutu Bragg Position
] 2

L Fd43m = 165

La=13.457(1) (A R,, =996

Bragg R-faclor = 5.27
REclor= 4.81

ra=133921)(A] R,_=9.09
Bragg R-factor = 5.51
REfactor= 5.02

Intensity (arb.units)

LR EEEIn

- " s "

10756507740 50 607080
20 (degree)

Figure 2. X-ray diffraction patterns of HosPtAl and Er4PtAl at room temperature, along with Rietveld
fitting results.

3. Results and Discussions

Figures 3a,b and 4a,b show x(T) measured in 5 kOe magnetic field as well as in 100
Oe field for both the samples. Inverse ¥, plotted for 5 kOe data in the mainframe, is linear
above 50 K.
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Figure 3. The temperature-dependent dc magnetic susceptibility and inverse susceptibility for
Ho4PtAl, measured in (a) 5 kOe and (b) 100 Oe. In (b), the curve obtained for field-cooled warming

conditions is also included. In (a), a straight line in the inverse x plot above 120 K represents
Curie-Weiss fitting.
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Figure 4. The temperature-dependent dc magnetic susceptibility and inverse susceptibility for
EryPtAl, respectively, measured in (a) 5 kOe and (b) 100 Oe. In (b), the curve obtained for field-cooled

warming conditions is also included. In (a), a straight line in the inverse x plot above 120 K represents
Curie-Weiss fitting.
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The values of the effective magnetic moments (~10.7 pug and 9.82 up per Ho and
Er, respectively) derived from the high-temperature paramagnetic region are in good
agreement with the theoretical values (10.6 and 9.59 ug, respectively) (see, for instance,
Ref. [12]). The corresponding values of paramagnetic Curie temperature (f) are ~27 K and
16 K. The positive sign of 0}, indicates that ferromagnetic coupling between the rare-earth
moments is dominant in these compounds in the Curie-Weiss regime, as also observed
in the cases of Gd, Tb, and Dy members [6-8]; the situation is more complex at lower
temperatures as described below. For the Ho compound, as the T is lowered, there is a peak
in x(T) in the ZFC curve for H = 100 Oe near 19 K (Figure 3b) attributable to the long range
antiferromagnetic order, followed by a shoulder near 12 K and a flattening below about
5 K, as though there are additional magnetic transitions. The ZFC curve obtained in 5 kOe
field smeared out these additional magnetic features. This suggests that the magnetism
is sensitive to external magnetic fields. Irreversibility appeared in the 100 Oe field-cooled
(FC) and ZFC curves (Figure 3b) at around 19 K, signaling a possibility of the spin-glass
phase, though other factors (like domain wall boundary effects) have also been known
to result in such a feature in ferromagnetic and antiferromagnetic materials. In the case
of the Er sample, the features appear similar with magnetic ordering (presumably of an
AF type, vide infra) setting in at 12 K along with an additional feature (a change of slope)
around 5 K for the curves measured in 100 Oe (Figure 4b); the bifurcation of the low-field
ZFC-FC curves in the magnetically ordered state can be seen even for this compound
at around 12 K. It is important to note that the FC curves in both the cases tended to
show an increase with decreasing temperature (though it is weak for the Er case) below
Tn, which is a signature of cluster spin-glass behavior [6,13-15]. The observed values of
magnetic ordering temperatures and 0, are marginally higher compared to the respective
de Gennes scaled values (for full degeneracy), as inferred from the knowledge of the
corresponding values (64 K and 86 K) for the Gd analogue [6]. This means that anisotropy
of the crystal-field-split 4f orbital probably plays a role in such a breakdown [16-18].

In Figure 5a,b, we show the M(H) curves up to 70 kOe at selected temperatures in the
magnetically ordered state for both compounds. The points to be noted are: (i) in these
curves, there was a sharp increase of M for initial applications of H, indicating a possible
tendency towards ferromagnetic alignment at a small H; there is a distinct step around
5 kOe for the Ho compound at 2 K in support of the fact that the zero-field state cannot be
classified as a ferromagnet, but as a canted antiferromagnet undergoing spin reorientation;
(ii) even at fields as high as 70 kOe, there is no evidence for saturation, supporting further
the canted nature of magnetic structure persisting at high fields; (iii) distinct hysteresis,
though weak, is observed for the Ho compound at 2 K, which was found to diminish
gradually with increasing temperature well below Ty, as shown in Figure 4c for 16 K, in the
low-field hysteresis measurements; this hysteresis suggests the existence of a ferromagnetic
component; (iv) hysteresis is absent in the M(H) curves for the Er compound down to 2 K
(Figure 5d). The results overall suggest the canted antiferromagnetic nature of the virgin
state at the onset of magnetic order.

We have measured ac x to get more insight into the nature of the magnetically or-
dered state, given that the sign of 6, positively supports the existence of ferromagnetic
correlations, whereas the virgin specimens reveal the onset of antiferromagnetic order (as
discussed above). The real (x’) and imaginary (x”) parts are shown in Figure 6. In the
case of Ho compound, ¥’ (in zero field) exhibits a peak at 19 K, followed by a shoulder
around 12 K; there are upturns at similar temperatures in the x”. No feature could be
clearly resolved around 5 K, though X’ exhibits a change of slope. All these features vanish
in an applied field of 5 kOe, clearly revealing the existence of a spin-glass component. The
v-dependence of the peak, though weak, is discernable; the fact that it is seen even at the
onset of long-range magnetic order does not rule out the possibility of antiferromagnetic
cluster spin-glass behavior. In the case of Er compound, X’ (in zero field) exhibits a peak
at ~12 K, followed by a distinct change of slope around 5 K, consistent with the dc x data
presented above. There is also a shoulder around 10 K, the origin of which is not clear; pos-
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sibly, there is an additional spin-reorientation at this temperature, which is subtly sensitive
to small fields, escaping detection in the dc x measurements even in fields as low as 100 Oe.
It appears that such subtle additional magnetic features could be observed under favorable
circumstances due to complex interaction between the three non-equivalent magnetic sites,
as also observed for the Tb analogue [7]. The frequency dependence of the peak is not well
resolved, though the left side of the peak shows some dependence. However, the x” curves
reveal a distinct frequency-dependent peak at about 5 K without any notable peak at higher
temperatures. These findings imply that the 5 K-feature alone could arise from spin-glass
freezing. An application of a dc magnetic field of 5 kOe completely suppresses the peaks.
Viewing together with the behavior of low-field dc x curves and dc M, we conclude that
(virgin state) antiferromagnetism below 5 K behaves like (cluster) spin-glasses for the
Er case.

L 20
20 b Ho,PtAl
A —7T7=2K
i T -8K -0
10 —— =16K
. (©)
2 ! H-20
-
= -
x> 20 /" Er,PtAl
I R
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" 1 N 1 M 1
0 20 40 60
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Figure 5. Isothermal magnetization (per formula unit) at selected temperatures for (a) HosPtAl and
(b) EryPtAl In (c,d), respective low-field (0 to 10 to —10 to 10 kOe) hysteresis loops are shown for

two temperatures.

In order to render support to the above conclusions for both the materials, we have
measured isothermal remanent magnetization (Mjrym) at selected temperatures below Tyj;
for this purpose, we cooled the samples in 5 kOe to desired temperatures, switched off the
field and measured Mgy as a function of time. It is noted (Figure 6e,f) that the value Mirwm,
measured immediately after the field was switched off (labeled M(0)), decreases with the
increase of T and also decreases slowly with time. Though the functional form of the decay
with time appears to be complicated (e.g., two logarithmic regions are seen in Figure 6e,f),
possibly due to the presence of multiple sites for R, the slow decay is consistent with the
glassy behavior, at least in the close vicinity of 5 K for both the cases.

Figure 7 shows heat-capacity as a function of temperature for both the compounds
in the form of C versus T as well as of C/T versus T below 40 K. It is clear that there is a
well-defined feature (upturn followed by a peak) as the magnetic ordering temperature
is approached from the paramagnetic state for both the compounds in the absence of a
magnetic field. Additionally, for the Ho compound, there is a shoulder around 12 K in
the plot of C(T) (Figure 7a), which is more transparent in the plot of C(T)/(T) (Figure 7b).
There is also a weak upturn in C(T) below about 5 K, and it is possible that it is due to
subtle changes in the orientation of magnetic moments. As the magnetic field is applied, for
H =10 kOe, the peak temperature is marginally decreased with the feature due to the onset
of magnetic order partly overlapping with the one due to 12 K transition. This established
that the magnetic structure at the onset of magnetic order is of an AF type and not of an
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F-type as proposed earlier [5]. For further higher fields (30 and 50 kOe), the peak is smeared
and there was a monotonic decrease of C with T down to 5 K (Figure 7c). With respect
to the Er case, it is clear that, following a sharp rise below 14 K, the peak appears around
12 K (in zero field). The C/T plot (Figure 7d) shows an additional sharp anomaly around
5 K in support of a magnetic feature around this temperature, as indicated by ac x. Below
10 K, there is no evidence for T3/ or T® behavior, expected for ferromagnets/spin-glasses
and antiferromagnets, respectively, thereby revealing that the magnetism is, in fact, quite
complex. It is not clear whether a shoulder in C/T near 10 K can be correlated to the ac
X feature at this temperature (see above). The H-dependence of the magnetic feature is
somewhat similar to that of the Ho case, and the downward shift of the peak with H is
consistent with the AF ordering at the onset of the magnetic transition.

Ho,PtAl
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=
T—

—
=
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=) =)
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Figure 6. Real (x') and imaginary (x”') parts of ac susceptibility for HoyPtAl are shown in (a,b) and
corresponding parts for EryPtAl are plotted in (c,d). A vertical arrow in (a) is drawn to show the
temperature where the shoulder occurs. Time dependence of isothermal remnant magnetization at
selected temperatures are plotted in (e) for the former and in (f) for the latter. In (d), the 5kOe-data
is not plotted, as it is very noisy and featureless. The values of Mgy, labeled M(0), immediately
after the field is switched off, are: For Ho, —14 and 6.3 emu/g for 5 and 10 K, and, for Er, 2.7 and
1.5 emu/g for 2.5 and 5 K, respectively.
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Figure 7. The plots of heat-capacity (C), heat-capacity divided by temperature, and isothermal entropy
change (AS) as a function of temperature for Ho4PtAl are shown in (a—c), respectively. Corresponding
plots for EryPtAl are shown in (d-f).

We have derived isothermal entropy change, AS = S(H) — S(0), by integrating the
plots of C/T, and the results obtained are shown in Figure 6¢,f, for selected final fields. The
plots of AS exhibit a peak in the negative quadrant for both cases, even for an application
of a field as small as 10 kOe; this sign is typical of ferromagnetism [19] and, therefore, this
supports the inference made from M(H) for the appearance of a ferromagnetic component
even for such low fields (though AF component still persists as discussed above). We had
also obtained AS from isothermal M data employing Maxwell’s equation for the Er case
by measuring isothermal M in close intervals of temperature (every 3 K, not shown here);
the values and the features are in good agreement with that derived from the C(T) data.
We would like to emphasize the following outcome: (i) the peak values of AS are relatively
large for both the compounds, compared to that of analogous Gd, and Tb members [6-8].
For instance, for a field of 50 kOe, the values for Ho and Er members are about ~14.5
and ~21.5 ] /kg K, whereas the corresponding values are lower for Gd (~6 J/kg K). For Tb
and Dy cases, the corresponding peak values are ~ 6 and 13 J/kg K, respectively. Clearly,
the value for the Er sample is the largest within this family. The magnetic refrigeration
capacity, defined as the product of the full-width at half maximum and the peak value, is
quite large—about 420 J/kg K—and comparable to many best magnetocaloric materials
in this temperature range of interest [20]. This finding, therefore, reinforces [9] that the
anisotropy of the (crystal-field-split) 4f orbital (that is, aspherical nature) plays a key role
for such an enhancement. (ii) The peak values of these two Pt compounds are far higher
than those of the respective member of the isomorphous Rh family as well [9-11]. In fact, a
comparison of the peak values of AS between Pt and Rh families suggests that this is in
general true for a given R, e.g., for Gd4PtAl and Gd4RhAl the values are ~6 and ~2.3] /kg K,
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respectively [6,9]. It is known that the electronic correlation within the 4d bands is usually
stronger than that within 5d bands in transition metal systems; on the other hand, the
spin-orbit coupling is stronger for the latter. We, therefore, wonder spin-orbit coupling
effect of the Pt 5d electrons plays a role in enhancing MCE. It is needless to elaborate
that the correlated electrons in the event of stronger spin-orbit coupling (compared to
crystal-field splitting and electron hopping amplitude) resulted in a rich variety of spin-
orbit entangled phenomena, as demonstrated in recent years for oxide systems (see, for a
review, Ref. [21]); (iii) as discussed for other compounds of this family [6,9-11], the plot
of AS exhibits a long tail over a wide T-range above Ty, possibly arising from a gradual
formation of ferromagnetic clusters with a lowering of temperature (behaving like a classical
spin-liquid). The readers may note that interesting magnetic precursor effects have been
brought out in different contexts, as well in the past, in insulting materials [22-25]. (iv) The
isothermal magnetization curves were non-hysteretic for the Er case, and, in view of this,
this compound can be added to the list of materials for magnetic refrigeration below 40
K, considering that it is often emphasized in the literature to find materials with such a
reversible behavior [26,27].

The o(T), as expected for metals, exhibits a positive temperature coefficient as the
temperature is lowered below 300 K (Figure 8a,b) but exhibits a minimum in the param-
agnetic state just above the ordering temperature in both the cases in zero field (at 26 K
and 14 K, respectively) (Figure 8c,d, insets). Such a minimum, though not expected for
rare-earths with localized 4f electrons like Ho and Er, was encountered in some heavy
rare-earth systems as a precursor to long-range magnetic order [10,28,29]. Recent new
theoretical ideas attribute it to classical spin-liquid behavior due to geometrically frustrated
magnetism [30]. Such a minimum vanished gradually with the application of an external
magnetic field, as shown in Figure 8c,d, for an application of 10 kOe. As the material enters
a magnetically ordered state, the drop due to the loss of spin-disorder contribution (see
zero field curves) could be seen. Following interesting observations were made on the mag-
netoresistance (MR = [o(H) — 0(0)]/0(0)] data, even in the paramagnetic state (Figure 9).
There was a competition between positive contribution due to the Lorentz motion of the
conduction electrons (that is, classical metallic part, varying quadratically with H) and
negative contribution due to the suppression of spin fluctuation contribution by H as a
function of H and T. Thus, at 18 K (close to Tyy), for the Er case, there was initially an
increase in the positive quadrant due to metallic contribution, followed by a peak around
25 kOe and then a fall with the curve entering the negative quadrant around 55 kOe due to
spins. At higher temperatures, say at 25 K, MR curve remains in the positive quadrant due
to the weakening of spin contribution with respect to the metallic part. On the other hand,
for the Ho compound, just above its T, say, at 25 K, the spin contribution dominated, as
revealed by the negative sign, until about 25 kOe, and it was overcompensated at higher
fields by the metallic part at higher fields. At higher temperatures, the MR(H) curve stays
in the positive quadrant only. Concerning the behavior below Ty (Figure 10), the sign of
MR remains negative, either due to antiferromagnetic gap formation and/or spin-glass
component. The fact that the antiferromagnetic-gap formation occurs is evidenced, at
least for the Ho case, by the observation that there was initially a (weak) upturn in ¢ (in
the zero-field curve) as soon as the magnetically ordered state was entered; this upturn
was suppressed by a field of 10 kOe (see Figure 8). A notable finding in the isothermal
MR curves is that the virgin curve lay prominently outside the envelope loop below 12 K
in the low-field range (<4 kOe) with a significant hysteresis for the Ho case, supporting
that there could be a disorder-broadened first-order magnetic transition at such low fields;
however, in the Er case, the magnitude of MR was so small that hysteresis MR(H) could be
considered negligible.
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Figure 8. Zero-field electrical resistivity in the range 2-300 K are shown for Ho,PtAl and Er,PtAl in
(a,b), respectively. The data below 50 K for the Ho case and below 40 K for the Er case in zero-field
and in 10 kOe are shown in the insets c—f in an expanded form to show the existence of a resistivity
minimum. Vertical arrows mark Néel temperature, inferred from other measurements presented in

the text.
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Figure 9. Isothermal magnetoresistance [o(H) — 0(0)]/0(0)] as a function of the magnetic field at
selected temperatures above Tyj; (a) 25 K and (b) 30 K for Ho4PtAl; and (c) 18 K and (d) 25 K
for EryPtAl
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Figure 10. Magnetoresistance hysteresis loops at 5, 8, 10, and 12 K for HosPtAl and EryPtAl

4. Conclusions

The present results establish that HosPtAl and EryPtAl, are interesting magnetic
materials with re-entrant spin-glass behavior with the onset of magnetic order of an antifer-
romagnetic type, but undergoing subtle changes in this magnetic state by an application of
a small external field. A notable finding is that these compounds show the largest value of
isothermal entropy change (a measure of magnetocaloric effect) at the onset of magnetic
order within this family, in particular with respect to the isomorphous Gd compound. Since
the values surpass that of an S-state ion, this finding suggests that the topology of the 4f
orbital can enhance the magnetocaloric effect. Another intriguing outcome, based on the
comparison of the MCE behavior of Pt-based family with that of Rh family, is that Pt 54
spin-orbit coupling also may play a role in this regard. We hope these inferences provide
clues for the advancement of theories in the field of MCE to enable the engineering of
materials for magnetic refrigeration at room temperature (see, for instance, Ref. [31] for a
report on thin film route of a manganite to enhance MCE with respect to Gd metal at room
temperature). This entropy behavior of the Er compound meets the much-needed [27]
characteristic of “reversibility” for magnetocaloric applications in the low temperature
range. Finally, neutron diffraction studies would be rewarding to understand the magnetic
structure changes with temperature and magnetic field in these materials.
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Emergence of partially disordered antiferromagnetism and isothermal magnetization plateau
due to geometrical frustration in a metallic compound, Er,RhSi;
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Partially disordered antiferromagnetism (PDA) (in which one of the three magnetic ions in a triangular
network remains magnetically disordered) has been known commonly among geometrically frustrated insulating
materials. The 1/3 plateau in isothermal magnetization M of such materials has been of great theoretical
interest. Here we report these properties in an AlB,-structure-derived metallic material, Er,RhSi;, in which
the Er sublattice has triangular networks. The presence of a well-defined A anomaly in the temperature T
dependence of heat capacity and its magnetic-field H dependence and the loss of spin-disorder contribution
to electrical resistivity o confirm antiferromagnetic order below Ty = 5 K. On the other hand, the separation
of zero-field-cooled and field-cooled dc magnetic susceptibility x curves, the decay of isothermal remnant
magnetization, and the frequency dependence of real and imaginary components of ac x suggest the onset of
spin-glass freezing concomitant with the antiferromagnetic order. In addition, interestingly, we observe the 1/3
plateau in M(H) below 20 kOe for T < Ty. The change in p as a function of H at a given temperature well below
Ty is also revealing, with this compound exhibiting a plateau below 20 kOe, with complexities at higher fields.
Therefore, this compound serves as a prototype for theoretical understanding of transport behavior across the
1/3 plateau due to PDA magnetism in a metal without any interference from the 4 f delocalization phenomenon.

DOLI: 10.1103/PhysRevMaterials.7.0.101401

The phenomenon of highly frustrated magnetism due to
the geometrical arrangement of the magnetic ions, referred
to as geometrically frustrated (GF) magnetism, is one of the
modern topics of research in condensed matter physics, as
such a frustration has been known to lead to a variety of inter-
esting magnetic states [1-9]. This article essentially focuses
on two of these aspects, viz., partially disordered antiferro-
magnetism (PDA) and magnetization plateaus. The concept of
PDA magnetism was originally invoked to describe a situation
for materials containing a triangular magnetic framework, in
which the magnetic ions at two vertices are antiferromag-
netically coupled, while the third one is left random due to
geometrical frustration [1,2]. This kind of magnetism has
been of interest due to the fact that all the magnetic ions are
crystallographically equivalent yet exhibiting different mag-
netic behavior. Very early examples for PDA magnetism are
CsCoCls and CsCoBrj3 [1,2], and during the past two decades
Ca3CoRhOg [3-5] and Ca3Co,0¢ [6-8] have been attracting
attention. With respect to the magnetization plateaus, this is in
general a subject of considerable theoretical and experimental
investigation in terms of Shastry-Sutherand, square, kagome,
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and triangular insulating systems, as multiple plateaus can
arise not only due to GF magnetism, but also due to vari-
ous other magnetic interaction frustrations (see, for instance,
Refs. [9-12]). Quantum effects have been shown to play
a major role. The PDA magnetism arising from GF mag-
netism in triangular magnetic lattices is often characterized,
in particular, by a plateau at 1/3 of the saturation magneti-
zation M. There has been a flurry of activity in recent years
studying this 1/3 plateau in, e.g., BazNiSb,Og, BazNiNb,Og
[13,14], volborthite [15], Cs,CoBry [16], CoGeOs [17], and
Cu3Bi(Te03),0,Cl [18]. Readers may also refer to the sem-
inal theoretical work by Chubukov and Golosov [19]. Such
plateaus occur irrespective of the spin value of the magnetic
ion (see, for instance, [11,12,17-33] and references therein).
Besides many such insulators, a semiconducting triangular
system EusInAs; has been reported very recently [34].
Clearly, the identification of materials exhibiting such
quantized steps, in particular the 1/3 plateau, is an important
direction of research in the field of GF magnetism. Obvi-
ously, any kind of PDA magnetic structure, even in other
GF families, is of great interest in condensed matter physics,
e.g., Gd,Ti,O; [35]. However, such reports in a metal-
lic environment are scarce and sporadic, e.g., UNiyB [36],
CePdAl [37], TbsRuyAl;, [38], and very recently EuRh,Alg
[39]. The compound TbRhsGeg [40] has been recently

©2023 American Physical Society
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FIG. 1. (a) Unit cell of Er,RhSi; viewed along the ¢ axis, show-
ing triangular arrangement of Er ions in the Er layer; intralayer
distances between Er atoms are given. An adjacent Rh-Si layer is
also shown. (b) X-ray-diffraction pattern (Cu K,) below 20 = 40°
to show weak superstructure lines (100) and (110). (c) Magnetic
susceptibility as a function of temperature below 10 K for the zero-
field-cooled and field-cooled conditions of the specimens, measured
with 10 Oe. The inset shows the inverse x in a field of 5 kOe, with a
straight line through the Curie-Weiss regime.

reported to show a 1/9 plateau, in addition to a 1/3 plateau.
The question therefore arises whether the Rudermann-Kittel-
Kasuya-Yosida (RKKY) indirect exchange interaction usually
mediating magnetic ordering in metals, in particular among
rare-earth metals R, is not generally favorable to cause these
features of geometric frustration. It is therefore of great
interest to search for materials, without interference from
other exotic phenomena due to f-electron delocalization (as
in CePdAl [37]), exhibiting features characteristic of PDA
magnetism and the 1/3 plateau to provide relatively simple
examples to enable the theorists to work further in this di-
rection. In this article we present evidence of such magnetic
characteristics in Er,RhSis, derived from an AlB,-derived
hexagonal structure [41].

A good number of ternary rare-earth compounds of the
type R»(T)X3; (where T is a transition metal ion in this para-
graph and X = Si or Ge) have been derived from an AlB,
hexagonal crystal structure. The sites for 7 and X are 4 f and
12i, respectively forming 7-X layers. The layers of 7-X form a
honeycomb network and the layers of the triangular network
of R ions [Fig. 1(a)] alternate with 7-X in the ¢ direction. In
the event of the ordered replacement of the boron site by 7 and
X, two types of rare-earth compounds, viz., 2b and 6h, can be

visualized depending on whether the nearest hexagons in the
adjacent layers contain ordered 7-X or X atoms. As a result
of this difference in the chemical surrounding, the interatomic
distances undergo subtle differences, as discussed in Ref. [42]
for Er,RhSi3 [and shown in Fig. 1(a) for Er-Er distances].
This is presumably responsible for doubling of the unit-cell
parameters with respect to those expected for the disordered
distribution of 7" and X [in which case the chemical formula
can be written as R(T)y5X;s]. For crystallographic details,
the readers are referred to Ref. [41] and the Supplemental
Material [42]. Among these, many novel magnetic and
transport anomalies have been reported (see references in
[43-56]) for the past three decades for several members
of the R,PdSi; family. The most notable one is Gd,PdSis,
the transport anomalies of which include Kondo-like elec-
trical resistivity p [46]; it is intriguing that Hall anomaly
typical of the topological Hall effect was reported two
decades ago, long before this concept was recognized in
metals, as noted in Ref. [49]. Gd,PdSi; is the first cen-
trosymmetric case to exhibit magnetic skyrmion behavior
[48,50-52], strongly modulated by the Pd/Si superlattice [51].
Therefore, it is important to investigate Rh analogs. Other
than some initial studies long ago [41,57,58], in particular
on the Ce case in depth [59-67], Gd, Tb, and Dy members
[68] are special as these exhibit magnetic and transport prop-
erties comparable to those of Gd,PdSi;. The properties of the
isomorphic Er compound [69] presented in this paper reveal
uniqueness in the context of PDA magnetism and one-third
magnetization plateau.

A polycrystalline sample was prepared by melting together
stoichiometric amounts of constituent elements in an arc
furnace in an atmosphere of argon under partial pressure,
followed by annealing at 1073 K for about a week in an
evacuated sealed quartz tube. The x-ray-diffraction pattern
(recorded with Cu K|, radiation) was analyzed by the Rietveld
refinement method, which confirmed the single-phase nature
of molten ingot (see the Supplemental Material [42]). The
pattern was found to be in excellent agreement with that of
Ref. [41], including the appearance of superstructure lines
[Fig. 1(b)] establishing doubling of the unit-cell parameters
(a =~8.1043 and ¢ = ~7.7518 /0\). Details of the tempera-
ture T and magnetic-field H dependences of ac and dc M,
heat-capacity C, and electrical resistivity p measurements can
be found in Ref. [42].

In the inset of Fig. 1(c) we show the T dependence of the
inverse susceptibility x obtained in a field of 5 kOe. The
plot is found to be linear over a wide T range well above
10 K. The effective moment p.¢ obtained from the slope of
the plot (approximately 9.7up) is the same as the theoretical
value of 9.7up for trivalent Er ions. The paramagnetic Curie
temperature is found to be approximately 1.4 K; the positive
sign is indicative of ferromagnetic correlations between Er
ions, which is different from other rare-earth cases in the
same family [68]. We note that, as the temperature is lowered,
there is an upturn of x around 5 K beyond the value expected
from the high-temperature Curie-Weiss behavior followed by
a peak, as though antiferromagnetic ordering sets in, as shown
in Fig. 1(c) for the 10 Oe measuring field. The zero-field-
cooled (ZFC) and field-cooled (FC) curves for this low field
tend to deviate from each other at the onset of magnetic
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FIG. 2. (a) Real and (b) imaginary parts of ac susceptibility of
Er,RhSi; below 6 K, obtained with different frequencies in zero
field as well as in 5 kOe. The curves for 5 kOe for all frequencies
overlap and are featureless. The inset shows isothermal remnant
magnetization at 2 K.

order itself, with the FC curve continuing to rise down to
2 K, typical of spin glasses in many concentrated magnetic
materials [38,70,71]. For another interesting x behavior in
the vicinity of the T region of 2-20 K at low fields (20,
50, and 100 Oe), readers are referred to the Supplemental
Material [42].

In order to explore further the origin of the above features,
we have measured ac x in the low-temperature region with
frequencies 1.3, 13, 133, and 1333 Hz; the results obtained as
a function of T in the vicinity of the magnetic transition are
shown in Fig. 2. The curves are featureless at higher tempera-
tures. It is apparent from this figure that not only the real part
x' but also the imaginary part x” exhibits prominent peaks in
magnitude, with the sharp upturn occurring at 5 K, as expected
for spin glasses [72]. There is a weak frequency v dependence
of the peak temperature, say, in x’, thatis, 0.2 K for a variation
of v from 1.3 to 133 Hz. (The peak values also undergo a
decrease with increasing v, with significant suppression for
1333 Hz, which is curious). The peaks vanish for a small
application of a dc magnetic field (say, 5 kOe), as revealed
by the flatness of the plot in the figure. The results establish
that this compound undergoes spin-glass freezing. The most
notable observation, as inferred from the peak temperature
in x’, is that the spin freezing occurs exactly at the onset of
magnetic ordering. In order to render further support to the
existence spin-glass freezing, we have measured isothermal
remnant magnetization Mgy as a function of time ¢ at 2 K.
This curve, shown in the inset of Fig. 2, was obtained as
follows: After zero-field cooling of the specimen at 2 K, the
specimen was left in a magnetic field of 5 kOe for 5 min;
immediately after switching off the field, Mirm was measured

2 4T(K)6 8 10

302

Zog

C (Umol" K"

A4S (J mol™)

FIG. 3. (a) Zero-field and in-field heat capacity below 10 K
and (b) zero-field heat capacity in a wider temperature range of
2-40 K for Er,RhSi;. (b) Magnetic contribution to heat capacity C,,
for Er,RhSi3, employing the heat capacity of La,RhSi; (also shown)
for the nonmagnetic part, along with the magnetic entropy S,, curve,
derived from C,, versus 7 for the Er sample in the inset. (c) Isothermal
entropy change curves as a function of temperature (see the text for
details) for different final fields starting from zero field; the inset
shows the electrical resistivity data at low temperatures.

as a function of ¢ for about an hour. From the inset of Fig. 2 it
is clear that there is a slow decay of My, varying essentially
logarithmically with ¢ (barring slower decay for a few initial
seconds), consistent with what is expected for spin glasses.
Having established the onset of spin-glass freezing at
5 K, support for long-range magnetic order pointing to a
well-defined magnetic structure comes from the C(7) data,
apart from the appearance of magnetic Bragg peaks in the
neutron diffraction data [57]. We show the C(T) data in the
T region of interest only (much less than 10 K) in Fig. 3(a),
as there is no worthwhile feature measured up to 150 K. It
is evident from Fig. 3(a) that the zero-field data exhibit a
strong A anomaly with a sharp upturn at 5 K. This is a charac-
teristic feature of long-range magnetic ordering arising from
a well-defined magnetic structure. Spin-glass freezing alone
would have resulted in smearing of the feature at the onset
of freezing. Therefore, viewed together with the features in
the ac and dc magnetization presented above, this establishes
that spin-glass freezing and a well-defined magnetic structure
set in essentially at the same temperature, namely, at 5 K.
With respect to the behavior in the presence of external fields,
there is a gradual smearing and broadening of the peak and the
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peak moves towards a lower temperature, for example, for 30
and 50 kOe to 4.5 and 3.8 K, respectively. This establishes
that the strong A anomaly arises from antiferromagnetism.
In short, these results establish that PDA magnetism occurs
at the magnetic ordering temperature of 7y = 5 K. Finally,
we have also derived the magnetic contribution C,, to C(T)
by measuring C(7) of the La analog as in Ref. [68], which
is shown in Fig. 3(b). The magnetic entropy S,, [Fig. 3(b),
inset] obtained by integrating C,,/T versus T is approximately
8 J/mol K at Ty. If one assumes that the magnetic ordering
arises from the crystal-field-split doublet ground state (as
Er*t is a Kramers ion), the minimum expected value for the
magnetic entropy at Ty should be 2 RIn2 = 11.52J/mol K.
Therefore, the observed lower value supports that a signifi-
cant fraction of Er ions are magnetically disordered. It may
be remarked that the theoretical value of magnetic entropy
for full degeneracy of the 4f orbital of Er’*t (for which
the total orbital angular momentum is J = 15/2) is equal to
(2RIn16 =)46.1J/mol K, which is far above the observed
value at Ty. Clearly, crystal-field splitting of the 4 f orbital
is present, which is also supported by a similar lower value of
magnetic moment determined by neutron diffraction [57].
We have derived the isothermal entropy change, defined
as AS = S(H)-S(0), from the area under the curves of C/T
versus 7T, measured at different fields, and the results ob-
tained are shown in Fig. 3(c). The curves fall in the negative
quadrant with a negative peak, typical of a dominant ferro-
magnetic component in such fields [73]. This demonstrates
field-induced changes in the magnetic structure in the mag-
netically ordered state. The peak values are reasonably large,
say, for 0-50 kOe field variation, with the curve spreading
over a wide T range above Ty. Surprisingly, AS changes sign
sharply at the loss of magnetic order above 5 K for 10 kOe,
and the positive sign above Ty implies possible field-induced
magnetic fluctuations in such low fields. The sign becomes
negative in the paramagnetic state for H > 10 kOe as expected,
but the large magnitude over a wide 7 range may be due
to the antiferromagnetic clusters giving rise to an effective
ferromagnetic alignment. The results overall imply that this
compound may be an example of interesting magnetic precur-
sor effects [46,47,73—75] in the paramagnetic state, which has
also been addressed theoretically in recent times [47,76,77].
We present isothermal magnetization behavior for 1.8, 4,
and 6 K in Figs. 4(a)—4(c) to reveal the 1/3 plateau. There
is a sharp rise at 1.8 K for the application of an initial small
H and there is a plateau immediately thereafter until 20 kOe.
The sharpness of these features is a bit smeared in the 4 K
plot. There is an upturn near about 20 kOe after the plateau
and the variation is weak beyond about 30 kOe. The plot of
M(H) tends to flatten, varying weakly beyond 60 kOe until the
measured field of 120 kOe [Fig. 4(a), inset], as though there is
a tendency to saturate. All these M(H) curves are found to be
nonhysteretic. A linear extrapolation of the high-field curve to
zero field yields a value of about 6.5up per Er ion. This value
is far below the saturation value expected for fully degenerate
trivalent Er ions (9up per Er ion) and so the reduced value
can be attributed to a decrease in the magnetic moment and
possible strong anisotropy resulting from crystal-field effects.
The most intriguing observation relevant to the aim of this
article is that the value of the similarly extrapolated magnetic
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FIG. 4. Isothermal magnetization of Er,RhSi; below 60 kOe at
(a) 1.8, (b) 4, and (c) 6 K for the forward variation of the magnetic
field. The inset shows the behavior in the range 60-120 kOe at
1.8 K. Also shown in (a) is a schematic representation of a scenario
[5] for the orientation of magnetic moments in a triangular network;
the question mark represents magnetically disordered ions.

moment in the plateau region is approximately 2.15uz per Er
ion, which is essentially one-third of the extrapolated value
from the high-field data (obtained above). A simple picture
for the origin of 1/3 magnetization plateau, advanced for a
triangular lattice CazCo,0g [5] is as follows: The magnetic
ion at one of the three vortices of the triangle is magneti-
cally disordered as evidenced by spin-glass features discussed
above, while the other two are coupled antiparallel in zero
field in the virgin state; in the plateau region, the magnetic
moment of the disordered magnetic ion gets oriented along
the field, leaving the other two aligned antiparallel to each
other, leading to a ferrimagnetic state. It is not straightforward
to understand why such an intermediate state is stable against
perturbation by a magnetic field, in our case, up to 20 kOe;
presumably, the antiparallel interaction is too strong to flip
the moments of Er with this external field. Beyond 30 kOe, all
three sites tend to align ferromagnetically, resulting in three
times the magnetic moment of the plateau region. For the
sake of the reader, a schematic representation of this scenario
is shown for a triangle in Fig. 4. Thus, the 1/3 isothermal
magnetization plateau could be consistently interpreted with
the idea of partially disordered antiferromagnetism. Note that
the plateau vanishes as soon as the long-range magnetic order
regime is crossed, as seen for the M(H) curve for 6 K.
Previous neutron diffraction studies [57] suggest that there
is no crystal structure change in the magnetically ordered
state. In that work, both Er ions are assumed to carry an
equal magnetic moment of 5.9 per Er ion, which is below
the value of 9up for the fully 4 f-degenerate trivalent Er ion,
suggesting the presence of crystal-field splitting. We would
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FIG. 5. Isothermal magnetoresistance, defined as [p(H) -
p(0)]/p(0), for Er,RhSi3, at (a) 2.2, (b) 4, (c) 10, (d) 15, and
(e) 25 K.

like to state that it is difficult to reconcile the PDA magnetic
structure proposed here with the conclusions obtained from
these neutron diffraction studies. It is not uncommon, par-
ticularly within this ternary family, that reinvestigations by
modern facilities and/or better quality samples have yielded
results contradicting previous magnetic structure proposals,
for example, for Tb,PdSis [78,79] and for Nd,PdSis [44,78].
Besides, a PDA system would be characterized by a broad
background below the sharp magnetic peaks, suggestive of
quasielastic peaks arising from spin-glass component, as in
Ca3CoRhOg [80,81]. A careful look at the background below
the intense peaks in the reported neutron diffraction pattern
[57] indeed provides an indication of the same. In view of
these findings, we call for detailed neutron diffraction studies
to search for some kind of PDA magnetic structure, before
attaching any significance to the apparent discrepancy with
the present conclusion.

We now demonstrate the behavior of magnetoresistance
(in the transverse geometry) across the 1/3 plateau regime in
this metallic system, serving as a subject warranting further
theoretical work to understand transport anomalies in the 1/3
plateau regime, as such an opportunity is not provided by
insulating PDA systems. The p(7) plot [see Fig. 3(c), inset]
shows distinct evidence for the loss of the spin-disorder con-
tribution to p at Ty. Figures 5(a)-5(e) show the behavior of
isothermal magnetoresistance (MR) at various temperatures
across Ty. Here MR is defined as [p(H) — p(0)]/p(0). The

curves are essentially nonhysteretic. Looking at the MR curve
at 2.2 K [see Fig. 5(a)], the magnitude is negligibly small
below 20 kOe, but a negative sign emerges after a small
change in applied H (possibly due to grain boundaries or spin-
glass component); it is notable that MR otherwise is almost
flat in the 1/3 magnetization plateau region, as though mag-
netism is topologically protected, apparently avoiding even
conventional magnetic and nonmagnetic contributions for the
scattering process. After this plateau region is crossed, there is
a distinct upturn to the positive quadrant, followed by a weak
drop around 30 kOe, possibly due to the ferromagnetic align-
ment contribution. With a further increase of H, that is, in the
region where there is a tendency for magnetization to saturate,
MR surprisingly keeps increasing, remaining in the positive
quadrant. Such a linear MR variation in the essentially fer-
romagnetically aligned state is puzzling (as ferromagnets are
usually characterized by negative MR with a nonlinear depen-
dence on H). It is not clear whether the classical contribution
due to conduction electrons dominates the ferromagnetic con-
tribution at higher fields, leading to positive MR. At 4 K,
the features are similar, except that the initial drop is more
prominent. Just above 7y, say, at 10 K, there is a competition
between the well-known paramagnetic contribution (negative
sign with an H? dependence) and the positive classical contri-
bution, leading to a minimum at the intermediate-field range.
With increasing 7, since the paramagnetic contribution should
gradually weaken, the minimum gradually vanishes, as shown
for 10, 15, and 25 K [Figs. 5(c)-5(e)].

In conclusion, we have reported the results of our bulk
measurements on Er,RhSis; containing essentially localized
4f electrons in a triangular network, hitherto not paid much
attention in the literature. A fascinating finding is that this
compound exhibits characteristic features of PDA magnetism,
also characterized by the 1/3 magnetization plateau in this
case, in a material with RKKY interaction, that too without
any interference from other 4 f-related phenomena (like the
Kondo effect typical of Ce or U systems). It may be remarked
that none of the isostructural ternary rare-earth compounds
has been known to show such PDA characteristics in the past,
in particular, other rare-earth compounds of this Rh family
(R = Gd, Tb, Dy, and Ho) [68,69] as well as the Er counter-
part in the Pd-based family, Er,PdSi; [56]. This is puzzling
and renders support to the conclusion that this compound is a
unique magnetic material, possibly suggesting an interesting
magnetic interaction between the orientated crystal-field-split
ground state of the 4f orbital of Er with the Rh 4d orbital
and therefore it is worth probing this aspect further. Finally,
this compound may also serve as a prototype for transport
behavior across the 1/3 magnetization plateau.
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Abstract. We report the results of initial magnetic measurements on the rare-earth (R) ternary compounds, R2RhSis (R= Ho and
Er), crystallizing in a AlB2-derived hexagonal structure, hitherto not paid much attention in the past literature. While the results
establish the existence of a magnetic transition around 5 K for both the compounds, dc magnetization (M) and heat-capacity
behavior as a function of temperature and magnetic field based on these studies are already quite revealing. In the case of the Er
compound, interestingly enough, the magnetic transition appears to be first-order-like and there is a 1/3 plateau in the isothermal
magnetization curves in the magnetically ordered state, expected for *partially disordered antiferromagnetism (PDA)’ sometimes
known for geometrically frustrated triangular magnetic insulators; there is also a bifurcation of zero-field-cooled (ZFC) and field-
cooled (FC) low-field dc magnetic susceptibility () curves in the magnetically ordered state — a characteristic feature of spin-
glasses. The results overall reveal that there is a subtle competition between antiferromagnetism and ferromagnetism in this
compound. In the case of the Ho compound, there is no indication for spin-glass anomalies and the isothermal M data reveal the
existence of magnetization jumps, which are hysteretic.

INTRODUCTION

It is well-known that the Ce, Eu and Yb compounds exhibit exotic properties due to some degree of 4f electron
delocalization. On the other hand, the compounds of heavy rare-earth (R) members have not drawn much attention
due to essentially localized nature of the 4f electrons. However, some of heavy R intermetallic compounds were shown
to exhibit Kondo-like anomalies (typical of Ce intermetallics) a few decades ago [1,2], which also led to new
theoretical approaches in recent years [3]. In this respect, the rare-earth compounds of the type R,PdSis, crystallizing
in a AlB2-derived hexagonal crystal structure [4], turned out to be novel in many aspects. The most notable one is
Gd,PdSis, which was shown to exhibit unusual paramagnetic transport [1] as well as Hall anomalies across two
metamagnetic transitions in the magnetically ordered state more than two decades ago [5], which is now called
“Topological Hall effect’ in the current literature. In other words, this concept of great current interest in solid state
physics branch is actually much older than what is believed to be [6]. Considering such recent upsurge in exploring
interesting properties of such ternary heavy rare-earth compounds, it is important to investigate isostructural Rh based
compounds. This family was not explored in depth for a long time after initial reports a few decades ago [4, 7], though
Ce compound was studied in depth [8]. Recently, it was reported [9] that R=Gd, Tb and Dy members of R;RhSis
family are characterized by magnetic and transport properties comparable to those of Gd,PdSis. In this study, we
report the magnetic properties of Ho,RhSi3; and Er,RhSi; where the 4f states are further away from the Fermi level
having relatively less contributions in the conduction band. The results bring out hitherto unknown magnetic
anomalies for these compounds.

Before we present the results of our investigations, it is important to recall crystallographic features relevant
to this article and the readers may find the details in earlier reports [4, 9]. Si and Rh atoms are ordered in planes
perpendicular to c-axis, forming a honeycomb network. The rare-earth layer made up of triangular network alternate
along c-axis with respect to Rh-Si layer. Due to the ordering of Pd and Si, the lattice parameters, a and c, are doubled
with respect to that for AlIB; structure, as evidenced by weak superstructure lines at the low angle side in the x-ray
diffraction pattern.
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EXPERIMENTAL DETAILS

Polycrystalline samples have been prepared by melting together stoichiometric amounts of constituent
elements in an arc furnace in an atmosphere of argon under partial pressure, followed by annealing at 1073 K for
about a week in evacuated sealed quartz tubes. Experimental details are curtailed due to space limitations, but are
available in the past literature [4,7,8,9]. An analysis of the x-ray diffraction patterns by Rietveld refinement methods
confirms single phase nature of these compounds (not shown due to space limitations). Dc susceptibility (y),
isothermal magnetization (M) and heat-capacity (C) measurements were performed as a function of temperature (T)
and magnetic field (H), as described in Ref. 9.

RESULTS AND DISCUSSIONS

We first focus on the Er compound. In fig.1, we show the behavior of %(T) measured with 100 Oe and 5 kOe
in various ways. Inverse y(T) measured in 5 kOe is found to be linear over a wide T-range (10 — 300 K) and the
effective moment (Lesr) obtained from the slope of the plot (~9.69 pg) is in excellent agreement with the theoretical
value of 9.7pg for trivalent Er ions. The paramagnetic Curie temperature (8p) is ~1.4 K with the positive sign
suggesting the existence of ferromagnetic interactions. As the temperature is lowered (for the zero-field-cooled (ZFC)
condition), there is a rather broad upturn around 5 K (when measured with 5 kOe) (see, left inset of fig.1a). In order
to have a closer look of this upturn, we have obtained the y(T) data below 20 K for the ZFC, field-cooled (FC) and
field-cooled-warming (FCW) conditions with 100 Oe; the curves obtained are shown in fig. 1b in the T-region of
interest, 2-7K. It is distinctly clear that there is a sharp jump in the ZFC curve, as though the virgin state exhibits a
first-order-like transition; in support of this, the FCC and FCW curves, though broadened and shifted strangely to
lower temperature marginally (by about 0.4 K, the reason for which is unclear), are found to be hysteretic.
Additionally, unlike the curve in fig. 1a inset obtained in 5 kOe, there is a peak in ZFC curve at about 3.2 K and FCW
curve deviates from ZFC curve at this temperature, increasing down to 2 K. This finding is a characteristic feature of
cluster spin-glasses

We now focus on the isothermal M(H) behavior (measured with ZFC condition) in the magnetically ordered
state, shown in fig. 1c for 1.8 and 4 K. The curves are essentially nonhysteretic. It is transparent that, following an
initial sharp increase possibly due to the response from the magnetic domains to the application of H, there is a plateau
till 20 kOe and then a sharp increase in the M(H) plot of the data at 1.8 K; this step is a bit smoothened in the 4 K plot.
The variation of M with H is very weak beyond 50 kOe (not shown), as though there is a tendency to saturate. The
linear extrapolation of the high-field curve to zero field yields a value of about 6.5 ps/Er, which is lower than the
saturation value expected for fully degenerate trivalent Er ions (9 pg); such a reduction could be due to crystal-field
effects. The most intriguing observation is that the value of the magnetic moment by a similar extrapolation in the
plateau region is ~2.15ug/Er, which is essentially one-third of the extrapolated high-field saturation moment. Such a
1/3 magnetization plateau in triangular lattices is expected for a situation when the magnetic ions at one of the three
vortices of the triangle is magnetically disordered, while the other two are antiferromagnetically coupled in zero field
in the virgin state; when the compound is in a field in the plateau region, the magnetic moment of the “disordered’ Er
ion gets oriented and becomes antiparallel to one of the two Er ions, leaving behind a net spontaneous moment from
the third Er ion; at higher fields beyond 25 kQOeg, the magnetic moment from all the three Er ions get ferromagnetically
aligned resulting in thrice of magnetic moment at the plateau. This kind of magnetism in zero-field for the virgin state
is called ‘Partially Disordered Antiferromagnetism (PDA)’ due to geometrical frustration of the magnetic moments.
Typical examples for such a PDA magnetism known in the past literature [10, 11] are CsCoCl; and CasCoRhOs,
containing triangular magnetic lattices and such compounds are insulators. Such a PDA magnetism was not considered
in the analysis of neutron diffraction pattern in the previous report (reported for 1.5 K only) [7].

We now bring out an interesting feature in the C(T) data, measured also in the presence of external fields
while warming after ZFC to 2 K. There is no worthwhile feature in the data above 8 K (measured till 150 K) and
therefore we show the data in fig. 1d below 10 K only. As expected, in the zero-field data, there is a A-anomaly well
below 6 K, with the upturn and the sharp peak occurring very close to 5 K due to the onset of magnetic ordering; no
additional prominent peak could be detectable down to 2 K, even in the C/T curve.
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FIGURE 1: (a) Inverse susceptibility (1/x) as a function of temperature
(T) below 300 K with the Curie-Weiss fit line (mainframe) and the y,
below 10 K (inset), (b) y for zero-field-cooled, field-cooled-cooling and
field-cooled-warming conditions below 10 K, (c) isothermal
magnetization behavior at 1.8 and 4 K up to 50 kOe, (d) heat-capacity
as a function of T below 10 K in various fields, () C/T curves, and (f)
isothermal entropy changes below 30 K, for Er2RhSis.

The interesting finding is that, for H= 10 kOe, the A-peak is shifted to a marginally higher temperature, which
is usually a characteristic feature of ferromagnetism; further applications of H suppresses the peak temperature, typical
of antiferromagnets. Clearly, there is a subtle competition between ferromagnetism and antiferromagnetism with the
application of H. The isothermal entropy change, defined as AS= S(H)-S(0), obtained by integrating C/T curves,
exhibits a negative peak typical of field-induced ferromagnetic alignment (fig. 1f). Surprisingly, it changes sign
sharply at the onset of magnetic transition for 10 kOe, as though there are antiferromagnetic clusters before the onset
of long range magnetic order; the peak values are reasonably large, say, for 0>50 kOe field-variation, spread over a
wide T-range to enable possible applications at low temperatures, given that isothermal M curves are nonhysteretic.

We now focus on the Ho compound. We show the results of i, isothermal M, and C measurements in fig. 2.
%(T) exhibits Curie-Weiss behavior (fig. 2b, inset) above its magnetic transition temperature of 5.2 K, with the value
of Merr (~10.63 W) in agreement with the theoretical value of Ho%**ion. The value of 0, is ~-5.4 K with the negative
sign suggesting antiferromagnetic correlations; since the magnitude is in good agreement with the observed ordering
temperature, we infer that there is negligible competition from ferromagnetic correlations, at least in low fields. There
is a peak at 5.2 K, without any worthwhile bifurcation of ZFC-FC curves measured in 100 Oe (fig. 2a), thereby
implying absence of glassiness of magnetism down to 2 K. An interesting finding in the ZFC curve measured with
100 Oe is that there is a drop of y at 5.1K — that is, as soon as the compound enters magnetically ordered state —
followed by a relatively broader peak; such a drop is not observed in FCC and FCW curves. Clearly, there is a subtle
magnetic anomaly around 5 K sensitive to the way the measurements are done for this compound. Isothermal M
behavior is shown for 1.8 and 4 K in fig. 2b. The curve at 1.8 K is found to be hysteretic and a careful look of the
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virgin curve reveals that there is an upward curvature around 5 kOe, attributable to spin-reorientation. There are
additional sharp jumps at higher fields (35 and 47 kOe); while reversing the field, these jumps vanish, but the change
of slope due to spin-reorientation persists. At 4 K, these steps are absent, though a careful look at the curve provides
evidence for spin-reorientation in the low-field range.

In fig. 2c, we show the C(T) data below 30 K (though measured till 60 K). There is a well-defined A-anomaly
with a sharp peak at 5 K in zero field due to magnetic ordering, which is suppressed to about 3 K for an application
of 10 kOe; for higher fields, this feature is suppressed to a temperature below 2 K (as indicated by a weak upturn in
CIT below 4 K, not shown here). There is also a broad peak in zero-field in the range 5-20 K, possibly due to Schottky
anomaly associated with crystal-field effects; this peak persists for 10 kOe, but it is smeared for higher fields. The AS,
shown in fig. 2d, below 60 K, exhibits a peak, shifting to higher temperatures with increasing (final) H due to the
depression of magnetic transition temperature. The fact that the sign is negative suggests field-induced ferromagnetic
alignment. The values at the minimum of the curve are reasonably large, as in the case of Er compound, say, for a
change of field 50 kOe.

CONCLUSIONS

We bring out interesting magnetic anomalies in Ho,RhSi; and Er,RhSis;, based on initial magnetic
investigations. In the case of Ho compound, there is an interesting magnetic transition around 5.2 K and the magnetic
features are sensitive to the way measurements are done and isothermal M is hysteretic showing spin reorientation
effects. Jumps in the virgin isothermal magnetization data below 5 K are observed. With respect to Er compound,
which is found to order at 5 K, it is notable that the Er compound exhibits an interesting magnetic transition around 5
K, in addition characterized by ‘partially disordered antiferromagnetic’ features due to geometrically frustrated
magnetism — an observation unusual among intermetallics. In order to get better insight into this, ac y and remnant
magnetization studies will be carried out. Details will be published elsewhere. It would be rewarding to carry out
neutron diffraction studies as a function of temperature and magnetic field.
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We report the results of dc susceptibility and heat capacity measurements on the (ball-milled) nanocrystalline
rare-earth (R) ternary compound, crystallizing in Gd4RhIn-type, cubic Dy4sRhAl compound (space group F 43 m,
No. 216, cF96). The bulk form of this compound has been known to undergo antiferromagnetic ordering at (Ty =
) 18 K with concomitant cluster spin-glass anomalies. The present studies on the nano-form obtained by ball-

milling reveal that this antiferromagnetic ordering is suppressed with the reduction of particle size with no
feature attributable to a well-defined long-range magnetic ordering down to 1.8 K, but showing an inhomoge-
neous magnetism below 10 K. The point being stressed is that the results show the dominance of a feature around
30 K in the magnetic susceptibility data - well above Ty of the bulk form - mimicking Griffiths phase. We infer
that surface magnetism dominates before long-range magnetic ordering occurs in this material.

One of the current trends in the field of magnetism is to look for
various manifestations of magnetic frustration due to the competition
between antiferromagnetic and ferromagnetic interactions in a material,
attributable to geometrical arrangement of the magnetic ions in the
lattice. It is now realized that a consequence of such a competition is the
‘Topological Hall Effect,” the signatures of which were reported on
Gd,PdSis [1], a decade before this terminology was applied to magnetic
systems [2], and magnetic skyrmions [3,4]. Considering the application
potential of such systems, there are constant efforts to identify such
exotic magnetic materials and to find ways and means of tuning the
same. A very recent theoretical effort by Hayami [5] emphasized the
need to focus on multi (magnetic) substructure systems to understand
such a magnetic frustration. However, it should be noted that such
multi-substructure systems among rare-earth (R) intermetallics are
rather scarce, some examples being GdsSioGe, [6] and RyRhg [7,8]. In
this respect, the compounds of the type R4TX (T = Transition metal and
X = p block elements), which are characterized by three different
crystallographic sites for the rare- earths [9-13] are of great interest, as
the bulk specimens of the heavy rare-earth members R4RhAl (R = Gd,
Tb, Ho and Er) showed [14-18] exotic magnetic and transport proper-
ties. In the case of R4PtAl family, (R = Gd, Tb, Dy, Ho, Er), all the
members are known to order antiferromagnetically, with the Er and Ho
members exhibiting a larger value of isothermal entropy change (AS), at
the onset of magnetic ordering within this family [19]. It may be
mentioned that microscopic studies are not available at present to un-
derstand whether the observed anomalies in the bulk measurements are
the result of the formation of magnetic skyrmions or any other modern
magnetic concept like altermagnetism [20] (given that many of these
compounds including the title compound are characterized by antifer-
romagnetic as well as ferromagnetic features and that the local sym-
metries for the three magnetic sites of R are different).

In this Letter, we focus on the compound Dy4RhAl [21], which has
been reported to exhibit antiferromagnetic ordering at (Ty =) 18 K

https://doi.org/10.1016/j.jmmm.2024.172018

setting it concomitantly with spin glass features, apart from other subtle
magnetic anomalies as a function of temperature (T) and magnetic field
(H). The study on fine particles was motivated by the fact that some of
the rare-earth intermetallics showed interesting changes in properties
when going from bulk to nanoform including conversion of Pauli
paramagnetism to magnetic ordering, e.g., YCoz [22], and a well-known
heavy-fermion CeRuySiy [23]. This work is further motivated by the
importance of understanding magnetism of muti-substructures systems
in different forms. The results reveal suppression of antiferromagnetism
in the nano form, leading to a Griffiths-phase-like state — a magnetic
state proposed for a situation in which ferromagnetic clusters are
distributed in a paramagnetic state [24-28] — in the H dependent y(T)
data. We argue that there is a qualitative change in the magnetic
properties when traversing from the bulk to the surface of complex
magnetic materials, particularly the ones with multiple magnetic sites.

A polycrystalline sample of DysRhAl was prepared by melting
together stoichiometric amounts of constituent elements in an arc
furnace in an argon atmosphere. The phase and stoichiometry of the
ingots were ascertained using x-ray diffraction (XRD) and Energy
Dispersive Analysis of X-rays (EDAX). The ingot was ground using a high
energy ball mill (Pulverisette 7, M/s. Fritsch GMBH, Germany) for 150
min at a speed of 500 RPM in a zirconia bowl with zirconia balls of 5 mm
diameter. A small amount of milled sample was mixed with a drop of
diluted GE-Varnish and allowed to dry to get a single pellet. This pellet
was used for measurements. A transmission electron microscope (TEM,
Technai-200 kV) was used to characterize the phase and the particle
size. Dc y, isothermal magnetization (M) and heat- capacity (C) mea-
surements were performed as a function of T and H, as described in
Ref. [21].

Fig. 1a shows the XRD data for the powders of molten ingot and the
ball-milled materials. The main panel of the figure shows the profile
fitted using Rietveld refinement method along with the observed pow-
der XRD data for the bulk sample. The fit clearly shows the formation of

Received 7 March 2024; Received in revised form 23 March 2024; Accepted 29 March 2024

Available online 30 March 2024
0304-8853/© 2024 Elsevier B.V. All rights reserved.


www.sciencedirect.com/science/journal/03048853
https://www.elsevier.com/locate/jmmm
https://doi.org/10.1016/j.jmmm.2024.172018
https://doi.org/10.1016/j.jmmm.2024.172018
https://doi.org/10.1016/j.jmmm.2024.172018
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2024.172018&domain=pdf

K.K. Iyer et al.

[ Dy,RhAl
| (a) :

Intensity (arb. units)

Intensity (arb. units)

3l

—Bulk

— 150 min. miled
8, = 13.4053(3) A
=13.4181(2) A

Pana

Bragg peak

e rmwrmwrmwer wwum e wwemnm

A -

e ljl&..
Wpimtorion Vi

oy

50 60 70 80 90

Fig. 1. (a) Powder x-ray diffraction pattern for the bulk sample fitted to a
Rietveld refined structural model is shown in the main panel. The plot shows
the observed data (I,ps), calculated profile (I.y) and the difference profile (Iops —
I..1) along with the Bragg peak positions shown as vertical tick marks. (The inset
shows powder X-ray diffraction patterns for bulk and nanoform specimen
(obtained by ball milling for 150 min) of Dy4RhAl at room temperature. (b)
TEM images to reveal particle sizes and (c) electron diffraction pattern obtained
on a single nano particle to establish phase formation.

the sample in Gd4RhIn-type Dy4RhAI cubic structure (space group F 43
m, No. 216, cF96), with no additional peaks. The peaks in the XRD
pattern for the milled sample show broadening. We calculated the par-
ticle size for this specimen from the XRD measurements by Debye-
Scherrer formula and the average particle size was found to be in the
range of 20-50 nm. Table 1 summarizes the values of refined cell pa-
rameters. The transmission electron microscopic pictures, shown in
Fig. 1(b), show the presence of nanoparticles of higher sizes as well (a
few up to 500 nm), suggesting an inhomogeneity in particle sizes, which

Table 1

Values of unit cell parameters obtained from the refinement of powder diffrac-
tion data is summarized here. The table also lists the values of paramagnetic
Curie temperature and effective magnetic moment obtained from the magnetic
susceptibility data for bulk and nanosized samples of Dy4RhAL

Effective magnetic
moment (ug) per

Sample  Cell
parameter (a,

Paramagnetic Curie
temperature (6;,)

A) formula unit
Bulk 13.4053(3) -16K 21.9
Nano 13.4181(2) 7.6 K 18.5
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is inevitable in the ball-milling procedure. The electron diffraction
pattern shown in Fig. 1(c) was obtained on a particle of about 200 nm
and confirms that there is no change in the structure after milling (as
inferred from the indexing of some of the diffraction lines).

We now focus on the effects of the reduction in particle size on the
magnetism in this compound. In Fig. 2(a), we show the y and inverse y
data measured in a magnetic field of 5 kOe down to 1.8 K for the
nanoform specimens; inverse y remains linear down to 50 K and obeys
Curie-Weiss behaviour. The paramagnetic Curie temperature (6p) ob-
tained for the linear region is close to 7.6 K, with the positive sign
indicating effective ferromagnetic correlations in contrast to the nega-
tive sign of 6, (=-16 K) for the bulk form typical of antiferromagnetic
interactions [21]. Table 1 gives a comparison of the values of 8, and e
for bulk and nano samples. As the temperature is lowered, there is no
feature around 18 K attributable to the magnetic ordering seen in bulk
specimen, but we find a distinct peak appearing at 8 K in this 5kOe-
curve. It is not clear whether it is the same additional feature seen in
the bulk specimen around 10 K, when measured with 5 kOe. As seen in
Fig. 2(b), for a magnetic field of 100 Oe, y shows a prominent bifurcation
in the ZFC-FC curves in the vicinity of 30 K for the milled specimen,
which is absent in similar measurements on the bulk form, as shown in
the same figure. However, note that even in the bulk form [21], there is a
weak bifurcation of the two curves, obtained by measuring with 100 Oe
and 5 kOe, well before magnetic ordering sets in, as though there is a
weak magnetic anomaly above Ty. In addition to a shoulder around 30 K
in this ZFC curve, we see a broad peak appearing around 12 K which is
similar to the shoulder around 12 K for the bulk specimen in the data
measured with 100 Oe, except that this shoulder has become relatively
more prominent and broadened in the nanoform specimen. Finally, the
FC curve, rather than remaining flat at the temperature of bifurcation
from the ZFC curve, keeps increasing with decreasing temperature,
typical of cluster spin- glasses.

In order to throw more light on the changes observed in the magnetic
ordering behaviour, the heat capacity results are shown in Fig. 3(a) and
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Fig. 2. Temperature dependent dc susceptibility measured in (a) 5 kOe (zero-
field cooled condition) and (b) 100 Oe (for zero field cooled and field cooled
conditions) for milled specimens. The curves for the bulk form are reproduced
from Ref. 20. (c) Magnetic hysteresis loops at 1.8, 5 and 20 K. (d) Isothermal
magnetization in units of Bohr magneton per formula unit (f. u.) at selected
temperatures measured up to 70 kOe.
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3(b), along with the zero-field data [reproduced from Ref. [21]] for the
bulk specimen. We find that C varies monotonically down to 1.8 K,
without any evidence for a A-anomaly, seen prominently for the bulk
specimen around 18 K, supporting the absence of long-range antiferro-
magnetic ordering in nanoform specimens. We find that the C(T) data for
30 kOe and 50 kOe almost overlap with the H = 0 data down to 1.8 K
(and hence not shown in Fig. 3(a) for the sake of clarity). However, a
careful look at the C(T)/T plots (Fig. 3(b)) shows that, there is a subtle
variation of the heat capacity values for a field of 30 kOe and 50 kOe,
which points to the persistence of some sort of magnetism. Incidentally,
we have also derived isothermal entropy change [AS = S(H)- S(0)] from
the heat-capacity data by integrating C/T over temperature and the sign
of the AS remains negative with a broad peak, similar to that noted for
the bulk form [21] (and hence not shown here); this negative sign is a
signature [29] for a tendency for the field-induced ferromagnetic
alignment. Combined with the fact that the bifurcation in the y (T)
curves begins in the range 30 to 35 K for H = 100 Oe, the C(T) data,
provides evidence for the inference that the glassy nature gets enhanced
and the long-range antiferromagnetic order gets suppressed when the
sample is driven to the nanoform in this compound.

We present the M(H) data for the nanoform specimen in Fig. 2(c) and
2(d). We find that the M(H) curves are distinctly hysteretic at 1.8 and 5 K
(in the range —20 to +20 kOe) supporting the existence of a spin-glass-
like or ferromagnetic component. However, the hysteresis is negligible
at 20 K. The (virgin) curves extended to higher fields are shown in Fig. 2
(d). There is no evidence for saturation even for a field as high as 70 kOe,
which is typical of spin-glass and antiferromagnetism. Arrott plots
(Fig. 4) offer an additional insight into the low temperature magnetism.
These plots - H/M versus M? - are shown at different temperatures for

=
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| |
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Fig. 3. Plots of (a) heat capacity (C), and (b) heat capacity divided by tem-
perature as a function of temperature (in the presence of 10, 30 and 50 kOe) in
the vicinity of magnetic ordering. The heat-capacity data for the bulk (Ref. 20)
is also shown in (a).
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Fig. 4. Arrott plots for the bulk and milled forms of Dy4RhAl at the tempera-
tures specified. Arrows are drawn to show the direction in which the H/
M increases.

both the bulk form as well as milled form. The slope of the virgin curve
(that is, for the upward cycle of field variation) remains positive for
temperatures well above 10 K, whereas a negative slope appears in the
virgin curves for T = 2, 5 and 10 K. This is true for the bulk form also.
This signals [30,31] that the zero-field magnetic state at such low
temperatures, presumably containing some antiferromagnetic compo-
nent (as inferred in Ref. [21]), undergoes a disorder-broadened first-
order field-induced transition to a ferromagnetic-like component. The
fact that, in the return cycle, the slope remains positive for the milled
form after a high magnetic field cycling is in support of a first-order
field-induced transition for the virgin state only. This behavior is
different from that of the bulk, as the negative curvature is retained in
the reverse cycle of field variation as well. Thus, there are also subtle
changes when reducing the particle size. Finally, a careful look at the M
(H) curves at 2 K, for both bulk and milled forms, shows a feeble upward
curvature at low-fields (<4 kOe) typical of an antiferromagnetic
component in zero-field, which is smeared in the 5 and 10 K curves
(Fig. 2(c)). Thus, there are features attributable to spin-glass-like,
ferromagnetic-like as well as antiferromagnetic behavior at very low
temperatures (< ~10 K). It is not clear at present whether this apparent
inhomogeneous magnetic state is due to a distribution in particle size, a
surface phenomenon or it implies a more complex magnetism for small
particles.

To get an insight into field-dependent behavior of magnetism of the
specimen above 10 K — which is the central point of this Letter - we have
performed the y (T) measurements for different applied magnetic fields,
the results of which are shown as X'l(T) plots in Fig. 5(a). The curves
above 50 K tend to overlap. We find that the feature below about 10 K (a
broad upturn) shifts towards a low temperature marginally with the
increase in the magnetic field initially, except for a magnetic field of 5
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Fig. 5. (a) Inverse magnetic susceptibility as a function of temperature in the
presence of dc magnetic fields. Inset shows data for 100 Oe, plotted as log (™)
verses 1og(T/To-1). The three red lines are the results of a linear fit in regions
marked, as 1, 2, and 3, (b) Isothermal remnant magnetization curves obtained
at several temperatures, and the lines through the data points obtained by a fit
as described in the text; the values are normalized to the respective initial
values (M) immediately after switching of the field.

kOe, where we find a sharp drop of temperature from 8.5 K for H = 3kOe
to 5 K for H = 5 kOe. This trend continues till this characteristic tem-
perature reaches 3 K for a magnetic field of 20 kOe, beyond which we do
not find any such worthwhile feature in the X'l(T) as the magnetic field is
increased. This may be correlated to the anomalies seen at such low
temperatures in the (T) data discussed above (Fig. 2(b)). The main point
we emphasize is that there is a sudden change of slope around 30 K in the low-
field curves, which is gradually smeared with increasing H. Qualitatively
speaking, such a dependence of the y}(T) with applied magnetic fields is
the fingerprint of Griffiths Phase. Such a magnetic phase was concep-
tualized long ago [24-28] to explain a situation where traces of ferro-
magnetic clusters are distributed randomly in a paramagnetic matrix in
such a manner that its contribution to y is overshadowed by para-
magnetic contribution. Thus, it is generally not easy to detect by mag-
netic studies. However, this magnetic behaviour, mimicking Griffiths
phase has been recently claimed to occur in dense magnetic systems
also, more frequently among oxides [see, for instance, Refs. [32-34]].
Many Ce based intermetallics, characterized by extended 4f orbital, near
the quantum critical point exhibiting non-Fermi liquid behaviour have
also been shown to exhibit the characteristics of this phenomenon
[28,35-37]. But it is less commonly demonstrated in stable valent rare-
earth intermetallics with well-localized 4f orbital [38]. It is in this
context that, for a heavy rare-earth compound with strictly localized 4f
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orbital showing antiferromagnetism in the crystalline form, the obser-
vation of Griffiths-like behavior in the ball-milled nano form is inter-
esting. To further ascertain that the features observed in Fig. 5(a) signal
Griffiths phase, we have looked for the T-region where the theoretical
prediction [26-28] is obeyed. That is, x’l(T) should be proportional to
(T—TO)M where ) should be in the range O to 1. The plot of X'l versus (T/
To-1) is shown in Fig. 5(a) (inset) for the data measured in 100 Oe. We
can identify three linear regions in this plot, as shown in this figure. The
values of A derived from the slopes are: ~ 1 (~10.2 to ~ 12 K), ~ 0.6
(~13to ~ 27 K), ~ — 0.7 (~30 K to ~ 45 K) On the basis of this, one can
conclude that approximately in the range 10 K < T < 30 K only, the
value of A turns out to be positive and less than 1. The value of Ty is 10 K.
In the linear region above 30 K, the sign of this exponent is unrealisti-
cally negative. Thus, the results show the signature of Griffiths phase in
this compound below 30 K when the particle size is reduced to nano-
form, before a different kind of inhomogeneous magnetic state evolves
below 10 K. We believe that non-overlapping curves for different H in
Fig. 5 at higher temperatures is due to conventional short-range mag-
netic correlations (given that A value does not obey Griffiths formula),
which are often encountered in many bulk magnetic materials before
long-range magnetic order sets in.

We have also measured isothermal remnant magnetization (Mgy) as
a function of time (t) at selected temperatures below 30 K. This mea-
surement was performed first by cooling the sample in the magnetom-
eter from 100 K to a desired temperature, thereafter, leaving in a field of
5 kOe for about 5 mins; the field was then switched off and subsequently
Mgy behavior was tracked as a function of t. The curves thus obtained
are shown in Fig. 5(b) and it is clear that there is a slow decay of Mgy,
suggesting that the Griffiths-phase-like regime (see the curves for 12, 18
and 30 K) exhibits spin-glass dynamics [39,40]. This slow decay persists
down to 1.8 K, attributable to glassiness. The decay curves are also found
to obey a stretched exponential form, Mjgp(t) = Mrm(0) + A exp t/n)b
" where A is a constant, and the time constant T and the exponent n are
related to the relaxation rate of the clusters.

To summarize, the present fine particles (<500 nm) studies of
Dy4RhAl reveal that the antiferromagnetic ordering dominating in the
bulk specimen, disappears in the nanocrystalline form, while a new
magnetic state emerges in the range 10-30 K. Considering that this
feature is feebly present for the bulk form as well below ~ 35 K, visible
in some form when measured with different low fields, we attribute this
magnetic state to the surface layers (naturally characterized by disorder
due to incomplete coordination or strain) since the total area of the
surface gets enhanced when the particle size is reduced. The magnetism
of such a state is characterized by a magnetic susceptibility behavior
mimicking Griffith’s phase around 30 K. Demonstration of such a
particle-size induced transformation to Griffith’s phase-like features in
an intermetallic compound due to localized 4f electrons is generally
quite rare. It is of interest to explore how common this is in other exotic
magnetic systems.
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