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Synopsis

Executive Summary

This synopsis presents a summary of the experimental results obtained on the anisotropic
physical properties of some Ce and Pr based intermetallic binary compounds. In all
cases single crystalline samples were prepared using either of the two different crystal
growth methods (viz., Bridgman and Czochralski), depending upon the compound.
Well oriented single crystals were used for the anisotropic physical property measure-
ments. Powder X-ray diffraction and Rietveld refinement were performed in order
to confirm the phase purity and to estimate the lattice parameters. To check the
stoichiometry and homogeneity of the samples Energy Dispersive Analysis by X-ray
(EDAX) was performed. Magnetic properties were studied by measuring magnetic
susceptibility, magnetization, heat capacity and electrical transport on well oriented
single crystals. Crystal electric field (CEF) calculations were performed on the mag-
netic susceptibility and heat capacity data to determine the level splitting of the
(2J + 1) fold degenerate state of the Ce?™ or Pr®*T ions in these systems. Magne-
tocaloric effect (MCE) was investigated on PrSi and PrGe compounds from magneti-
zation data. Angle resolved photoemission spectroscopy (ARPES) was performed in

PrGe in order to understand the electronic structure of this system.

A general introduction to strongly correlated electron systems and crystal electric
field is given in Chapter 1 of the thesis. Chapter 2 presents various crystal growth
methods and experimental techniques used. Chapter 3 describes the results obtained
on the Kondo lattice compound CeMgs, and magnesium rich binary CeMg;s. The
anisotropic magnetic properties and superzone gap formation in CeGe are described

in Chapter 4. A comparison with the results obtained on CeSi is also given in this



chapter. The anisotropic magnetic properties and magnetocaloric effect of PrGe and
PrSi are described in Chapter 5. Experimental photoemission results on PrGe are

discussed in chapter 6.

Introduction

The rare earth intermetallic compounds can be visualized as a lattice of localized
4f moments immersed in a sea of conduction electrons. The 4f moments in inter-
metallic compounds interact with each other via the conduction electron mediated
Ruderman-Kittel-Kasuya-Yosida (RKKY') exchange interaction, which drives the lo-
cal moments to a magnetically ordered state. On the other hand there also exists
the local Kondo-exchange interaction between the 4f moment and the conduction
electrons in some compounds (mainly Ce and Yb based), which is antiferromagnetic.
Below a characteristic temperature (called the Kondo temperature, Tk) the conduc-
tion electrons screen the 4 f derived local moments and yield a non-magnetic ground
state. In some compounds of Ce and Yb the 4f-level lies close to Fermi-level, which
enhances the hybridization between the 4 f level and the band states resulting in an
antiferromagnetic local s — f exchange interaction, which is a prerequisite for Kondo
effect. The relative strengths of these two competing exchange interactions give rise
to various ground states with interesting physical properties, e.g., normal behavior
with typically magnetic ordering at low temperature, heavy fermion Kondo lattice
without any long range magnetic order (example, CeAl; [1], CeCug [2]); Kondo lat-
tice compounds that order magnetically at low temperature with reduced magnetic
moments (example, cubic CeAly [3], CeBg [4], YbRhySis [5], YbAIB, [6]). Some
more examples of heavy fermion compounds are: CeCusSiy [7], CeColns [8], where
charge carriers have enormous effective mass, as high as thousand times that of the
free electron mass. Some of these heavy fermion compounds show anomalous su-
perconductivity. CeCusSis [7] shows superconductivity at ambient pressure, while
CeCupGey [9], CeRhySip [10], Celng [11] and CePdsSis [12] show superconductivity
under hydrostatic pressure. These compounds are Kondo lattice antiferromagnets at
ambient pressure. The application of external pressure is an excellent way to control
the ground state of these heavy fermion compounds, where the Kondo interaction

depends sensitively on lattice volume (and hence external pressure). One can attain
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quantum critical point in these systems (Ty — 0) by chemical doping, magnetic field,
or pressure [13]. The field of quantum criticality is intensively studied these days.
It is therefore of interest to explore new Ce and Yb based compounds for probable
anomalous behavior. In view of the above mentioned interesting phenomena, we have
grown the single crystals of CeMgsz, CeMgi, CeGe, and CeSi binary compounds and
investigated their physical properties.

In a crystal environment, the rare earth ions are surrounded by other ions, which
produce an inhomogeneous electric field in the lattice. The crystal electric filed (CEF)
plays an important role in modifying many properties of the rare earth system. It
is able to lift, at least partially, the (2J 4+ 1) fold degeneracy of the free-rare earth
ion, where J is the total angular momentum of the rare earth ion. The effect of
this level splitting can be observed on various physical properties, like the magnetic
susceptibility and isothermal magnetization; the thermal variation of the electrical
resistivity and Schottky heat capacity. In case of Pr (which is a non-Kramers ion)
based systems, the degeneracy can be totally lifted due to CEF and a non-magnetic
singlet ground state is possible (example, PrNis [14]). Also some Pr compounds (ex-
ample PrAg [15]) show interesting quadrupolar effect. The interaction between the
quadrupole moment of Pr3* ions and conduction electrons may give rise to quadrupo-
lar Kondo effect similar to the conventional magnetic Kondo effect discussed above.
The heavy fermion state with quadrupolar Kondo effect is observed in a number of
compounds e.g., PrinAg, [16] and PrOs;Sbyy [17] which shows superconductivity as

well.

It is therefore of interest to study Pr based compounds. Besides the binary Ce
compounds we have also investigated binary PrSi and PrGe compounds in this thesis.
We observed a first order like magnetic transition reflecting large change of entropy
across the transition. Thus we attempted to study the anisotropic mangnetocaloric

properties of these two compounds.

The surface of a crystal is interesting from many points of view. Especially, at the
surface the three dimensional translational symmetry of the bulk is not present. In
a crystal having inversion symmetry, the splitting of the states due to the spin-orbit
interaction is not allowed. But the lack of translational symmetry along the surface

normal may lead to spin-orbit splitting [18]; the so-called Rashba effect. But it is
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found that Rashba interaction at such crystal surfaces becomes significant only when
it couples to the large intra-atomic spin-orbit interaction. It is expected that in the
rare-earth compounds which have high Z (atomic number) rare earth ions, the Rashba
interaction should contribute significantly to their surface electronic structures [19,
20]. Thus PrGe single crystal which exhibits a large electronic density of Pr 4f states
that are localized on the surface is therefore a natural choice for the investigation of
Rashba spin-orbit interaction. Also to understand the complex magnetism in PrGe,
electronic band structure and Fermi surface measurements have been performed in
the paramagnetic, antiferro and ferromagnetic states using high resolution (10 meV)

angle resolved photo emission spectroscopy (ARPES).

Experimental methods

Crystal growth

Single crystals can be grown by a variety of methods depending on the melting behav-
ior of the compound. Here in this thesis, we have employed two different techniques
to grow the single crystals viz., the Bridgman and Czochralski methods. From the
binary phase diagram of Ce-Mg and La-Mg [21], it is found that the CeMgs and
LaMgs phases melt congruently near 800 °C. Thus in principle, these two compounds
can be grown directly from the melt. Due to the high vapor pressure of Mg above
600 °C, we employed the Bridgman method to grow the single crystal of CeMgs; and
its non-magnetic analogue LaMgs. Pure Ce and Mg metals were taken in 1 : 3.1
stoichiometric proportion in a sharp tip alumina crucible. A little excess of Mg was
taken to compensate the weight loss due to evaporation. Due to the very high vapor
pressure of magnesium, the crucible was first sealed inside a molybdenum crucible
in argon atmosphere, and subsequently inside a quartz ampule in a vacuum of 106
mbar. A box type resistive heating furnace was used to heat the crucible up to
850 °C, well above the congruent melting temperature of CeMgs and the tempera-
ture was maintained there for 1 day for proper homogenization of the melt; then the
furnace was slowly cooled down at a rate of 1 °C/hr to 750 °C and finally switched
off to cool down to room temperature. Shiny pieces of single crystals were obtained

by gently tapping the alumina crucible. Identical procedure was employed to grow
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the single crystal of LaMgs. The Mg-rich, binary CeMg;, also melts congruently and

a similar procedure was used to grow its single crystal.

In the case of CeGe it is reported that CeGe phase forms peritectically at 1433 °C,
but increasing the Ge concentration slightly leads to a nearly congruent melting [22].
For CeGe, the crystal growth was started with a little excess of Ge by taking Ce
and Ge in the stoichiometric proportion of 1 : 1.05. First the individual metals were
melted in a tetra arc furnace and the resulting button re-melted several times to
form the polycrystalline sample. Later a tungsten rod was used as a seed to pull the
crystal. A pulling rate of 10 mm/hr was employed. About 5 cm long and 3-4 mm
diameter single crystal rod was grown by this method. The crystal has a cleavage
plane along the growth direction, which is found to be [010] crystallographic direction

from Laue diffraction.

LaGe, PrGe, CeSi and PrSi phases melt congruently at the exact 1 : 1 stoichio-
metric proportion. Thus they can also be grown directly from the melt. In all cases
pure elements were taken in the exact 1 : 1 stoichiometric proportion. First the poly-
crystalline button was prepared by arc melting the charge several times as described
above. Similar to CeGe, a clean tungsten rod was used as seed to pull the crystals.
The pulling speed was 10 mm/hr in all cases. Polycrystalline sample of YGe, which
was used as a non-magnetic analogue compound of PrGe, was prepared using arc

melting.

Measurement techniques

Powder X-ray diffraction of the samples was performed in a PANalytical X-ray diffrac-
tometer using monochromatic Cu Ka radiation to check for the phase purity and to
determine the lattice parameters. EDAX was also used as an additional probe for
sample characterization. Crystals were oriented along the desired crystallographic
directions by using back reflection Laue diffraction method. Representative Laue
patterns of CeGe and PrGe single crystals are shown in Fig. 1. Crystals were cut
along the desired crystallographic directions by using a spark erosion cutting ma-
chine. The magnetic susceptibility and isothermal magnetization measurements were

performed in Quantum Design (QD) Superconducting Quantum Interference Device
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Figure 1: Representative Laue pattern of (a) (010)-plane of CeGe and (b) (001)-plane
of PrGe single crystals.

(SQUID) and Vibration Sample Magnetometer (VSM), respectively. Resistivity in
zero magnetic field was measured in a home made setup using conventional four
probe method. Heat capacity and electrical resistivity with applied magnetic field

were measured using a QD Physical Property Measurement System (PPMS).

The pressure studies on CeMgs were performed in collaboration with Prof. Bauer,
Vienna. Initial measurements at lower pressure were performed on our home built
setup. Photoemission (ARPES) measurements on PrGe were carried out at APE

beamline, Elettra Sincrotrone Trieste.

Magnetic properties of the Kondo lattice antiferro-

magnet CeMgs;, and CeMg,

Magnetic properties of CeMgs and NdMgs have been studied by Buschow [23] on
a polycrystalline sample, and he reported no magnetic ordering down to 4.2 K. On
the other hand, Pierre et al. [24] and Galera et al. [25] reported CeMgs orders anti-
ferromagnetically with Ty = 3.4 K, while NdMg3 orders antiferromagnetically below
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6 K [25]. Recently, Tanida et al. [26] have performed detailed magnetic measurements
on PrMgjs single crystal and found it exhibits a nonmagnetic I's doublet ground state.
A detailed study on the single crystalline sample of CeMgs has not been reported so

far in the literature.

Here we have made a detailed investigation on the magnetic properties of CeMgs
first time on a single crystalline sample. CeMgs crystallizes in the cubic structure with
space group Fm3m. A Rietveld analysis on powder X-ray pattern obtained by crush-
ing a small piece of single crystal to powder was performed using FULLPROF [27]
software package to obtain the lattice parameters. The crystal was oriented along the
principal crystallographic direction, namely [100] by means of back reflection Laue
diffraction method, and then the sample was cropped in rectangular bar form using
a spark erosion cutting machine. Well oriented crystals were used for all anisotropic

measurements.

Magnetic susceptibility (y) of CeMgs shows a cusp at 2.6 K which is identified
as the Néel temperature (Ty), where the Ce moments order antiferromagnetically.
Our Ty is different from the reported polycrystalline value [24, 25]. The ! varies
linearly with temperature (7") at high temperatures (200 to 300 K) in accordance with
the Curie-Weiss law (Fig. 2a). The effective paramagnetic moment of 2.6 pup/Ce is
obtained from fitting the high temperature data to the Curie-Weiss law, which is close
to the theoretical value of 2.54 up/Ce for Ce*" free ion. Below 200 K a deviation from
the linearity in x~!(T) is observed (Fig. 2a), which is attributed to the CEF effect.
The isothermal magnetization at 1.8 K reaches a value of 0.5 pp/Ce in an applied
magnetic field of 12 T, while the saturation moment of a free Ce3* ion g;.J is 2.14 up.
This reduction in magnetization value is attributed to Kondo effect and crystal electric
field. FElectrical resistivity of CeMgs and LaMgs was measured in the temperature
interval from 1.9 to 300 K. The resistivity of LaMgs is typical of a metallic sample
following Bloch-Gruneisen behavior. On the other hand the resistivity of CeMgs
shows a broad hump around 150 K. The magnetic ordering at 2.6 K is not very clearly
seen as the data are collected only down to 1.9 K. The magnetic part of electrical
resistivity (pmaeg) Was estimated by subtracting the resistivity of LaMgs from that of
CeMgs. pmag shows two broad humps centered around 6 K and 100 K, respectively
and ppqq(7) varies linearly with —In(7) at low and high temperatures. According
to Cornut and Coqblin [28], this type of behavior is expected in Kondo compounds
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in the presence of strong crystal field splitting and arises due to the interplay of the
Kondo interaction and the CEF splitting (Acgr). The low temperature peak occurs
on an energy scale of the order of Kondo temperature. While the high temperature
peak is attributed to the CEF effect.

The heat capacity of CeMgs was measured in the temperature interval 0.5 to
200 K. The heat capacity data show a sharp peak at 2.6 K confirming the bulk
nature of magnetic ordering of the sample. Sommerfield coefficient () was estimated
by fitting the low temperature heat capacity data (below 1 K) to: C/T = v+3T?, and
is thus inferred to be 370 m.J/mol K?. The high temperature  value estimated in the
paramagnetic phase (12 K <T <17 K) is estimated to be 41 m.J/mol K*. This implies
that the enhanced low temperature v value is due to the Kondo interaction. Since the
Sommerfield coefficient 7y is proportional to the effective electron mass, the large value
of low temperature ~ indicates that CeMgs is a moderate heavy fermion compound.
The magnetic part of entropy (Syqg) is calculated by integrating Ci,q,/T vs. T plot.
At Ty the S,,q4 reaches only a value of 0.5RIn2 with respect to the value of Rin2
anticipated for doublet ground state, inferred from the CEF calculation discussed

later.

The reduced value of the magnetization, the reduction in magnetic entropy, and
the double peak structure in the electrical resistivity are signature of Kondo inter-
action in this compound. An estimate of Tx was made from the magnetic part of
entropy and from the jump in the magnetic part of the heat capacity at Tn. Tk
is found to be of the order of Tyy. The 4f contribution to the heat capacity was
obtained by subtracting the heat capacity of LaMgs from that of CeMgs, assuming
their phonon spectra are identical. A broad hump is observed in C4y centered around
80 K, which is attributed to Schottky anomaly arising from the CEF level splitting.

A CEF analysis was performed on the heat capacity and magnetic susceptibility data.

For the Ce atom in cubic point symmetry, the CEF Hamiltonian is given by,

Herr = BY (Of +50;) (1)

where B and O]" are the crystal field parameters and the Steven’s operators
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Figure 2: Temperature dependence of inverse susceptibility of CeMgs. The solid line
shows the fit based on (a) Curie-Weiss law and (b) the CEF calculation.

respectively [29, 30]. From the CEF analysis, it found that the J = 5/2 multiplet of
Ce3" splits into a doublet and a quartet state with an energy splitting of 191 K. The

calculated inverse susceptibility matches well with the experimental data as shown in
Fig. 2b.

The reduction in the magnetization and a reduced jump in the heat capacity at
the magnetic transition, double peak structure in electrical resistivity along with a
Kondo temperature Tk which is of the order of T}, indicate the properties of CeMgs
are similar to other heavy fermion antiferromagnetic compounds like, Celng [11, 13],
CePdySip [11] and CeCuyGesy [9], to mention a few. As mentioned in the introduc-
tion, the magnetic state of such compounds is very sensitive to external pressure, so
we explored any possible changes in the magnetic behavior by measuring the elec-
trical resistivity of CeMgs under hydrostatic pressure up to 12 kbar in collaboration
with Prof. Bauer’s group at Vienna. Initial measurements at lower pressure were
performed on our home made set up. It was found that Ty increases slightly with
the application of pressure. Most likely higher pressures may decrease Ty leading
eventually to a quantum critical point, as expected on the basis of Doniach’s phase

diagram.

As a continuation of our work on binary Ce-Mg phases, we have studied and re-
ported for the first time the magnetic properties of magnesium rich compound CeMg,

compound on a single crystalline sample. CeMgi5 crystallizes in the tetragonal struc-
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ture with space group I4/mmm (no. 139). Magnetic susceptibility and electrical
transport were measured in the temperature range 1.8 to 300 K. Heat capacity was
measured down to 0.05 K, and the data revealed that CeMgi, undergoes a magnetic
transition at 1.2 K. With the application of magnetic field the transition shifts to
lower temperature, typical of antiferromagnetic ordering. A crystal field analysis was
performed on the magnetic susceptibility and magnetization data. From the CEF fit-
ting it is estimated that J = 5/2 multiplet splits into three doublets, with an energy
splitting of 30 K and 126 K respectively for the first and second excited state from
the ground state.

Anisotropic magnetic properties of equiatomic CeGe
and CeSi

CeGe and CeSi compounds crystallize in the orthorhombic FeB-type structure with
space group Pnma (no. 62). Polycrystalline CeSi has been investigated by Sha-
heen [31] and it was found to order magnetically with Ty = 5.6 K. From the heat
capacity data Shaheen concluded that the ground state is quartet, which is unusual
for a Ce atom occupying a monoclinic site symmetry. For Ce3* ion placed in such
a low symmetry site, the (2J 4+ 1) degenerate state would split into three doublets.
More recent work by Noguchi et.al. [32] on single crystalline CeSi reported a doublet
ground state. On the other hand, polycrystalline CeGe was investigated [33, 34, 35],
and found to order antiferromagnetically below Ty = 10.8 K. Marcano et. al. [35]
observed an upturn in the electrical resistivity at Ty, indicating the onset of a mag-
netic superzone gap. Due to the low crystal symmetry of CeGe, it is expected to
exhibit anisotropic magnetic properties. We were, therefore, motivated to grow a
single crystal of CeGe to explore its anisotropic magnetic properties, including the

superzone gap.

Since the single crystal of CeGe was grown by taking slightly excess of Ge, the
phase purity was checked by means of powder X-ray diffraction. We have performed
a Rietveld analysis on the powder XRD pattern using the software package FULL-
PROF [27]. A good fit to the experimental pattern confirmed that the grown crystal

is single phase with the symmetry of the orthorhombic space group Pnma. The stoi-
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chiometry of the sample was further confirmed by EDAX where the composition of the
sample was probed at various locations. The magnetic susceptibility was measured
along the three crystallographic directions in an applied magnetic field of 1 kOe.
It was found that CeGe orders antiferromagnetically below 10.5 K, in good agree-
ment with the previous reports on polycrystalline samples. Electrical transport and
magnetization data revealed large anisotropy arising from the orthorhombic crystal
structure. The isothermal magnetization data measured at 1.8 K show metamagnetic
transitions at 4.8 and 6.4 T along [010] direction, and at 10.7 T along [100] direction,
while the magnetization along [001] direction increases linearly without any anomaly
up to a field of 16 T. Thus from the magnetic susceptibility and magnetization data
[010] was found to be the easy axis of magnetization. Isothermal magnetization was
measured at various temperatures and a magnetic phase diagram constructed from
the differential plot (dM/dHvs.H). The electrical resistivity exhibits an upturn at
the onset of magnetic ordering at 10.5 K along all the three principal crystallographic
directions, due to the supezone gap effect, shown in Fig. 3. This type of behavior is
well documented in the heavier rare-earth metals where it is usually observed along
the hexagonal c-axis [36, 37]. The spiral spin structures in these heavier rare-earth
metals have a different periodicity than the lattice, which gives rise to new Brillouin
zone boundaries and creates discontinuities in the Fermi surface. The behavior of
resistivity in CeGe below Ty is similar to the orthorhombic UCusSn [38], where the
superzone gap is observed along all three principal crystallographic directions. Mag-
netic part of resistivity (pmaqg) is obtained by subtracting the LaGe resistivity values
from that of the CeGe. py,q4 shows a broad hump centered around 80 K which is
attributed to the incoherent Kondo scattering of the charge carriers and the CEF
level splitting. However, we do not observe any evidence of Kondo effect in the low
temperature region above T. We have performed a crystal electric field analysis on
the susceptibility and heat capacity data. It was found that the J = 5/2 multiplet
splits into three doublets, with an energy splitting of 39 K and 111 K for the first and

second excited states, respectively.

The magnetic properties of single crystalline CeSi have already been studied by
Noguchi et. al. [32]. We have also grown the single crystal of CeSi and studied its
magnetic properties in detail. The lattice constants were obtained from the pow-

der X-ray data and found to match with the previously reported values. A large
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Figure 3: Temperature dependence of the electrical resistivity for CeGe and LaGe for
current parallel to the three principal crystallographic directions, respectively. The
inset shows the low temperature resistivity of CeGe.

anisotropy is observed in the electrical resistivity and susceptibility measurement.
CeSi was found to order antiferromagnetically with Ty = 6 K corroborating the pre-
vious reports [32, 39]. [010] crystallographic direction is found to be the easy axis of
magnetization similar to CeGe. In addition to previous work, we measured the mag-
netization at various temperatures, and constructed magnetic phase diagrams along
the three principle directions. From the CEF fit to susceptibility and heat capacity
data, it was found that the (2J+1) degenerate state of Ce®" splits into three doublets
with the first excited state at 30 K and the second excited state at 112 K. The crystal

field split energy levels are of the same order as observed in CeGe system.
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Anisotropic magnetic properties and the magne-
tocaloric effect of PrSi and PrGe

Pr-based intermetallic compounds show many interesting ground state properties
because of the critical role of CEF and in some cases the quadrupolar interaction.
The heavy fermion mechanism in Pr-based compounds is quite different from the usual
(magnetic) Kondo route to heavy fermions in the Ce-based compounds. In addition
to our work on Ce-binary compounds, we have also investigated in this thesis two

binary Pr-based compounds, single crystalline PrSi and PrGe.

Anisotropic magnetic properties of PrSi have been studied in single crystalline
sample by measuring the magnetic susceptibility, isothermal magnetization, heat ca-
pacity and electrical transport. From the Rietveld refinement of powder X-ray pat-
tern it is found that the PrSi crystallizes in the orthorhombic FeB-type structure with

space group Pnma (no. 62).

Electrical resistivity data show a large anisotropy which is associated with the
orthorhombic crystal structure. Resistivity decreases with decrease in temperature,
and shows a broad curvature, which is due to the thermal depopulation of CEF split
levels. Resistivity falls sharply below 52 K, due to the reduction in the spin disorder
scattering of conduction electrons below the magnetic ordering temperature, Tr>. Cor-
responding anomalies in the magnetization and heat capacity confirm the transition
from the paramagnetic to a magnetically ordered state at 52 K. The residual resistiv-
ity ratio (RRR) is found to be 23, 22, and 23 for current parallel to [100], [010], and
[001], respectively reflecting good quality of the single crystals. The low temperature
resistivity behavior, in the ferromagnetic state (inferred from magnetization) can be
described by spin-wave gap model. For energy kgT < A, where A is the gap, the

resistivity is given by,

p(T) = po + aT? + bTA (1 + %) exp (?) (2)

The first term in the above expression is the residual resistivity, the second term

is the usual Fermi liquid term, and the third term is due to the magnon contribution.
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Po a b A
(1 em) (4 em/K?) (4 em/K?) (K)

ppoo) 4721 191 x107%  2.88x107? 128
poto) 2477 9188 x 107* 9.53x 107* 124

P[001] 0.525 2.242 x 107 258 x 1073 132

Table 1: Fitting parameters of the resistivity data in PrSi along the three principal
directions described in Eqn. 2.

Here the coefficient a determines the degree of electron-electron scattering and b
is a constant for the given material and depends on the spin wave stiffness. The

resistivity data are fitted to the above expression and the obtained parameters are
listed in Table 1.

The magnetic susceptibility shows a sharp increase at 52 K when the field is
applied along the [010] crystallographic direction indicating ferromagnetic ordering.
Anomalies at 52 K are also seen for H || [100] and [001] directions but the susceptibility
is relatively smaller and the temperature dependence below T¢ is relatively complex.
[010] crystallographic direction is found to be the easy axis of magnetization. In the
high temperature range (100 to 300 K), the susceptibility follows the Currie-Weiss
law with an effective moment of 3.58 pup for Pr®* ion, indicating the trivalent nature

of Pr in this system.

Isothermal magnetization vs. field at 2 K shows hysteresis behavior along all the
three crystallographic directions confirming the ferromagnetic ground state. Along
[010] direction the magnetization reaches saturation in a low applied field of just
3 kOe, and attains a value which is an order of magnitude larger compared to other two
directions, thus confirming [010] as the easy axis of magnetization and also reflecting
the strong anisotropy in this compound. From the field dependence of isothermal

magnetization at selected temperatures the Arrott plots of PrSi were obtained.

The heat capacity of PrSi shows a huge jump (about 40 J/K mol) at 52 K confirm-
ing the bulk nature of magnetic ordering. At low temperature (below 5 K), the heat
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capacity increases with decreasing temperature, which is attributed to the nuclear
Schottky contribution arising from the hyperfine splitting of Pr nuclear levels. The

low temperature ( T < 4 K) heat capacity data were fitted to following expression:

Co =T + BT° + (%) , (3)

where the first term is the electronic contribution, second term is the lattice con-
tribution, while the third term is the contribution from the nuclear Schottky heat
capacity. We obtain v = 7.4 mJ/K?mol, 8 = 0.115 mJ/K4 mol and the nuclear
Schottky term Cyx = 850.2 mJK/mol from the fitting. The magnetic part of the heat
capacity (Cpqg) was estimated by the usual method of subtracting LaSi heat capacity
from that of PrSi.

A crystal field analysis is performed on the magnetic susceptibility and heat ca-
pacity data, and it was found that J = 4 multiplet splits into a nine singlet states

with an overall splitting energy of 284 K.

The huge jump in heat capacity at the magnetic transition and the shape of Arrott
plot suggest a possible first order like magnetic transition. Magnetocaloric properties
have been investigated along all three principal crystallographic directions from the
magnetization data. The magnetic entropy change (AS)y) is calculated from M vs.
H isotherms using Maxwell’s relation [40]: ASy (0 - H) = fOH M dH. Large value
of magnetic entropy change —ASy; = 22.2 J/Kg K, and the relative cooling power
RCP = 460 J/Kg are observed near the transition temperature (T = 52 K) for a field
change of H = 70 kOe along the easy axis of magnetization. These values of —AS), are
comparable to that of well known giant magnetocaloric material Gd;Si,Ges [41, 42].
For H || [100] the magnetic entropy is positive in the magnetically ordered state for
fields as high as 70 kOe and for H || [001] direction the —AS); values is about 10 times
smaller compared to H || [001] direction. Thus PrSi exhibits a giant magnetocaloric
anisotropy. It is interesting to note that this type of giant magnetocaloric effect and
large RCP is generally observed in compounds of heavier rare-earth elements which

have higher magnetic moments [42, 43].

In contrast to PrSi, PrGe is known to exhibit dimorphism by crystallizing in both
orthorhombic CrB and FeB-type structures. From the powder X-ray diffraction and
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Laue diffraction at room temperature (300 K) we found that our Czochralski-grown
single crystal is orthorhombic CrB-type with space group C'mem (no. 63). PrGe was
found to exhibit two consecutive magnetic transitions; first from paramagnetic to an-
tiferromagnetic at 44 K, then from antiferro to ferromagnetic phase at 41.5 K upon
further cooling. The magnetic susceptibility at low applied magnetic field (100 Oe)
shows a cusp like behavior at 44 K, and a ferromagnetic like increase at 41.5 K. The
isothermal magnetization data at 1.8 K show hysteresis along all the three crystallo-
graphic directions confirming the ferromagnetic nature of the ground state. Electrical
resistivity is measured in the temperature range 1.8 to 300 K with current parallel
to the three principal crystallographic directions. The antiferromagnetic transition
at 44 K is indicated by a small change of slope. The ferromagnetic ordering at T =
41.5 K brings a sharp drop in the electrical resistivity along all three crystallographic
directions. The low temperature part of resistivity (ferromagnetic phase) data are
fitted to the spin-wave gap expression 2, and a nearly isotropic spin-wave gap (about
150 K) is inferred.

The heat capacity of PrGe shows two clear anomalies at 44 K and 41.5 K con-
firming the bulk nature of magnetic transitions at respective temperatures. A poly-
crystalline sample of YGe was used as a non-magnetic reference compound, as the
crystal structure of LaGe is different from that of PrGe. The magnetic part of the
heat capacity is obtained by subtracting the heat capacity of YGe from that of PrGe
after applying the mass renormalization (due to the different atomic masses of Y and
Pr) as mentioned in [44]. In the ferromagnetic state, the magnetic contribution to
the heat capacity can be fitted to the spin-wave gap expression [45], which is given
by

Cu =T + Csw, (4)

Csw = a (% +3AVT + 5@) eT . (5)

where 7 is the electronic term and Cgyw is the contribution to the ferromagnetic
spin-wave excitation spectrum with an energy gap A and « is a constant. The above
expression (5) fits well with the Cyy data up to 40 K, obtained values of the fitting
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parameters are v = 45.9 mJ/K? mol, a = 0.105 J/(K*? mol) and A = 140 K. The
spin-wave gap parameter A is in close agreement with the values obtained from the

electrical resistivity data.

Photoemission study on PrGe single crystal

PrGe crystallizes in orthorhombic crystal structure having inversion symmetry. At
the surface of a crystal, the three dimensional translational symmetry is broken.
This enables the possibility of a Rashba-type spin-orbit splitting of the electronic
bands at the surface [18], although this splitting may be vanishingly small. The
potential gradient of the surface by itself is not sufficient to cause a directly observable
splitting of the surface electronic bands into spin sub-bands [46]. It is found that the
Rashba interaction at a crystal surface becomes significant only when it couples to
the large intra-atomic spin-orbit coupling [47]. The intra-atomic spin-orbit coupling
is significant in the high 7 rare earth systems; therefore the Rashba interaction may
contribute significantly to their surface electronic structure [19, 20]. The single crystal
surface of PrGe exhibits a large surface localized electronic density of Pr 4f states
(vide infra) and offers therefore a natural choices for the investigation of Rashba

spin-orbit interaction.

A high resolution (10 meV) Angle Resolved Photo Emission Spectroscopy (ARPES)
measurement was performed on PrGe single crystal in APE beamline at Elettra Sin-
crotrone Trieste, Italy [48]. The band structure and Fermi surface measurements were
performed at different temperatures. Resonant photoemission (RPES) across the Pr
4d - 4f resonance shows a large enhancement of the Pr 4 f states near the Fermi level.
The band structure of PrGe [010] surface in the paramagnetic and the ferromagnetic
phase is shown in Fig 4. It is found that the energy bands are symmetric with respect
to I' point. The most explicit feature here is the Rashba-type band splitting in the
paramagnetic phase which is not so evident in the ferromagnetic phase. The changes
in the band between paramagnetic and ferromagnetic phases are mostly observed in
the binding energy range between Er to 0.5 eV. The bands at higher binding energy

show similar behavior indicating that they are of bulk origin and localized in nature.
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Figure 4: Band structure of PrGe [010] surface along the K, direction in the (a)
paramagnetic phase at 100 K showing clearly the split band near the Fermi surface,

(b) ferromagnetic phase at 4 K showing a band structure different form that of the
paramagnetic phase.
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crystal is shown in the inset. . . . . . . . . . . ... ...

(a)Temperature dependence of magnetic susceptibility of CeGe with
magnetic field along crystallographic [100], [010] and [001] directions.
The inset shows the low temperature part of the magnetic susceptibil-
ity. (b) Inverse magnetic susceptibility of CeGe, the solid lines are fit

to Curie-Weiss law. . . . . . . . . .,

(a) Magnetization plots of CeGe along the three principal crystallo-
graphic directions measured at 7" = 1.8 K. The inset shows the Arrot
plot for H || [010] magnetization data measured at 7' = 1.8 K (b)
[sothermal magnetization of CeGe measured at various fixed tempera-
tures for H || [010] and (c) for H || [100] direction. . . . . . . . . ..

Magnetic phase diagram of CeGe for field parallel to (a) [100] and (b)

[010] directions. The solid lines are guide to eyes. . . . . .. ... ..

(a) Temperature dependence of electrical resistivity of CeGe and LaGe
for current parallel to the three principal crystallographic directions.
The inset shows the low temperature resistivity of CeGe. (b) The
magnetic part of the resistivity pmae as a function of temperature in a

semi-logarithmic scale. . . . . . . ... .. ... ... ... ..

(a) Crystal lattice of a normal metal, the Fermi surface lies within the
Brillouin zone. (b) Spin-up and spin-down sub-lattice due to antifer-
romagnetic ordering. The magnetic unit cell is doubled which causes

new zone boundaries and results in antiferromagnetic superzone.

(Color online) Low temperature electrical resistivity of CeGe for cur-
rent parallel to [100] and [010] direction. The solid line is the plot of
Eq. 4.2. See text for details. . . . . .. .. ...

Electrical resistivity of CeGe measured in applied magnetic fields. The
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(a) Temperature dependence of the specific heat capacity in CeGe and
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subtracted. . . . . . L

Temperature dependence of inverse magnetic susceptibility of CeGe.
The solid line is the calculated susceptibility based on CEF model.

The obtained energy levels are also shown. . . . . . ... ... ....

(a) Temperature dependence of magnetic susceptibility of CeSi along
the three principal crystallographic directions in an applied field of
1 kOe. The inset shows the low temperature plot for H || [010], where
antiferromagnetic ordering is clearly seen. (b) The inverse susceptibil-
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Curie-Weiss fits . . . . . . . . ..

Temperature dependence of inverse susceptibility of CeSi. The solid
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(a) Field dependence of isothermal magnetization of CeSi measured at
2 K along the three principal crystallographic directions. (b) Magne-
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4.17 (a) Heat capacity of LaSi and CeSi measured in the temperature range
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from 1.8 to 100 K. The top inset shows the low temperature part of
the heat capacity. The bottom inset shows the low temperature part
of the C/T wvs T? plot, the solid line is the linear extrapolation to
estimate the Sommerfeld coefficient. (b) The temperature dependence
of the magnetic part of the heat capacity, calculated entropy and the
Schottky heat capacity of CeSi. . . . . . . .. .. ... ... .. ...

Powder x-ray diffraction pattern of PrSi along with the Rietveld refine-
ment. The Bragg positions and the difference between the calculated
and experimental pattern are also shown. A representative Laue pat-

tern, corresponding to (010) plane is shown in the inset.. . . . . . ..

Temperature dependence of electrical resistivity of PrSi. The inset
shows the low temperature part of the electrical resistivity, the solid

lines are the fits to spin-wave gap model equation given in Eqn. 5.1. .

(a) Temperature dependence of magnetization of PrSi along [100], [001]
and [010] in an applied field of 1 kOe plotted on a log-log scale, (b)
shows the reciprocal magnetic susceptibility of PrSi. The solid lines

represent the Curie-Weiss fit as mentioned in the text. . . . .. . ..

Inverse x vs. T plot, the solid lines show the fit based on the crystalline

electric field model. The crystal field energy levels are also shown. . .

Isothermal magnetization of PrSi along the three principal crystallo-
graphic directions. The upper inset shows calculated magnetization
based on the crystal field model and the lower inset shows the Arrott

plot. . .

Temperature dependence of specific heat capacity of LaSi. The dashed
line and the continuous line are fits to Debye model and Debye-+Einstein

model. The inset shows the low temperature part of C/T versus T>
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114
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Chapter 1

Introduction

The interest in the studies on rare-earth intermetallic compounds stems from their un-
usual magnetic and electronic properties. The magnetic properties of rare earths arise
from the partially filled 4 f-shell which is localized even in a metallic environment. The
4 f-derived local moments are exchange coupled via the indirect Ruderman-Kittel-
Kasuya-Yosida (RKKY) [1, 2, 3| interaction, which leads to magnetic ordering. In
some compounds of Ce and Yb there is a competition between the RKKY and the
Kondo [4] interaction. The local Kondo interaction arises when an appreciable hy-
bridization between the localized rare earth 4f orbital and the conduction electrons
leads to a net antiferromagnetic s — f exchange interaction between the rare earth
spins S and the conduction electrons. The relative strengths of these two interactions
give rise to various interesting phenomena in some Ce and Yb based compounds such
as magnetic ordering, intermediate valence behavior, Kondo lattice, heavy fermion,
unconventional superconductivity etc. [5, 6, 7, 8, 9, 10, 11, 12, 13, 14]. Along with
these interesting physical properties, some heavy fermion compounds provide the
cleanest evidence of quantum phase transition [15, 16]. The characteristic energy
scale of heavy fermion compounds is several order of magnitude smaller than that of
normal metals due to their high effective mass, e(k) = h?k?/2m*, and this charac-
teristic low energy scale can be controlled by some non-thermal control parameters
like external magnetic field, hydrostatic pressure and chemical doping. It is there-
fore of interest to explore the magnetic behavior of Ce compounds. The primary

motivation of this thesis is to explore the rich physical properties of Ce based binary
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intermetallic compounds by growing good quality single crystals. In some cases we
have also studied the physical properties of the analogous Pr based compounds. The
anisotropic physical properties of the crystals are studied by measuring the magnetic
susceptibility, magnetization, heat capacity, electrical transport etc. The outline of

this thesis is as follows:

In this chapter an introduction to magnetism, rare earths, exchange interactions,
crystal electric field, superzone gap and some theoretical concepts are presented.
Chapter 2 presents the description of various crystal growth methods and experimen-
tal methods used in this study. The experimental results are presented in Chapter 3,
4,5, and 6. Chapter 3 presents the results of heavy fermion Kondo lattice compound
CeMgs and magnesium rich CeMg,. Chapter 4 focuses on the anisotropic magnetic
properties of binary compounds CeGe and CeSi. Chapter 5 presents the anisotropic
magnetic properties and magnetocaloric effect of PrGe and PrSi. Finally the Chapter
6 presents the electronic band structure study of PrGe using Angle Resolved Photo
Emission Spectroscopy (ARPES).

1.1 Magnetism

The magnetism in a free atom arises due to its electronic spin and orbital angular
momentum. The magnetic moment (x) and the total angular momentum J of a free
atom are related by p = gyupJ, where J(= L 4+ S); L and S are the total orbital and

spin angular momentum of the free atom, respectively, up is the Bohr magneton and

(J+1)+S(S+1)—L(L+1)
2J(J+1) :

gy is the Lande g factor and given by, g; =1 + J
The orbital and the spin quantum numbers of the ground state are given by the
Hund’s rule:
e The combination of s; that gives the lowest energy consistent with the Pauli

exclusion principle is that with the highest value of (25 + 1) .

e When the first rule is satisfied, if there are several possible [ values having same
(25 4 1), that with the largest | will be the most stable.

e For an electronic shell that is less than half-filled, J is given by J = |L — S|,

2



1.1. Magnetism

and for an electronic shell that is more than half-filled, J = |L + S|, and J = S
for the half filled state.

Now in the absence of any external magnetic field, all the atoms with equal mag-
netic moments have the same energy. But if an external magnetic field B is applied,
the degeneracy of the (2J + 1) state is lifted. If the magnetic field is applied along
the z-axis, then the different eigenstates are characterized by the magnetic quantum

number m;, and the corresponding energies are:

B, = — <lsjmylji|lsjm; > -B = —gupm; B (1.1)
Here the total energy of the system depends on the thermal occupation of the
(2J + 1) sub-levels, and the thermal occupation of the levels are given by the law of

statistical mechanics:

exp(—Enm, /kpT)
P(m;) = > eap(—Ep, kpT) (12)

The free energy of the system is given by the following expression:

2J+1
Ep,(B)
F=-NkgT ) — 1.

where N is the total number of magnetic atoms in the system. The magnetization

(M) of the system can be obtained from the free energy of the system:

=~y = s B

VOH ~ Vv ) (14)

where V is the volume of the system, and B;(z) is the Brillouin function. At high
temperature, kgT >> g;upB, the susceptibility can be approximated to

M 2 1 ek 1
— a _N (gJH’B) J(J+ ) :N lj’efflj’B_ (15)

T oH 43 kgT AT 3kg T

X
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where fierr = gspp/J(J + 1). Thus within this approximation the susceptibility

varies as inverse of temperature. This is the Curie law of paramagnetism.

1.2 Rare earths and their intermetallic compounds

The rare earth atoms have the common electronic configuration: [Xe|4 f"5d'6s?; inert
Xe core, incompletely filled 4 f shell and outer 5d and 65 electronic shells. La metal is
the first member of the so-called Lanthanide series, with no 4 f electron in its trivalent
state; while from Ce onwards, the 4f shell begins to fill up with electrons, with one
electron in the 4f shell of Cerium metal and two 4f electrons in the Pr and so on.
The number of 4f electrons gradually increases up to Lu, where there is completely
filled 4f shell (14 electrons). Because of the incompletely filled 4f shell, the rare
earth elements (Ce - Yb) posses permanent magnetic moment. The 4f electronic
shell, responsible for the magnetic moment, is well localized in rare earth atoms. A
schematic of the radial wave function of various orbitals of Ce is shown in Fig. 1.1. As
we see in the figure, the 4f shell is well localized inside the atom, and shielded by the
5s, bp, bd, and 6s orbitals. The radius of 4 f-shell is about 0.3 A, which is an order of
magnitude less than the typical inter-atomic distances in a solid. So there is hardly
any overlap between the 4 f orbitals of neighboring rare earth atoms in a solid. In a
crystalline environment the atoms are arranged in a regular ordered pattern to form
the crystalline solid. In the solid the 4f shell still remains well localized, while the
outer Hd and 6s electrons become delocalized into Bloch states, extending throughout
the solid, and form the conduction band. Therefore, one can consider the rare earth
intermetallic compounds as a lattice of localized 4 f derived moments embedded in a
sea of conduction electrons. The conduction electrons play an important role in the
magnetic properties of rare earth intermetallic compound by mediating the indirect

magnetic interaction between the 4 f electrons.

The primary interaction between these localized moments of rare earth atoms is
mediated via the conduction electrons, the so-called Ruderman-Kittel-Kasuya-Yosida

(RKKY) interaction, which leads to magnetic ordering in these local moment systems.
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Figure 1.1: Schematic representation of the radial wave function of different electronic
orbitals of Ce atom.

1.3 RKKY interaction

In the case of rare-earth atoms, due to the highly localized nature of the 4f elec-
trons, the interaction between magnetic ions is generally mediated by the conduction
electrons. A localized magnetic moment spin-polarizes the conduction electrons and
this polarization in turn couples to a neighboring localized magnetic moment at a
distance r away. The exchange interaction between the localized magnetic moments
is thus indirect and this type of interaction is knowns as the RKKY interaction. The
RKKY interaction has the following form [17]:

2kprcos(2kpr) — sin(2kgr)
(2]{7}?’/“)4 7

J = Jo (1.6)

where J is the RKKY exchange coefficient, kr is the Fermi wave vector, r =
|R; — R;| is the distance between the two interacting magnetic ions and Jy is the
strength of the interaction. This indirect interaction extends to far distances and
damps with a sinusoidal 2kgr oscillation also called Friedel oscillation as shown in
Fig. 1.2. Tt is evident from the figure that the RKKY interaction is oscillatory over the
distance. Depending upon the strength of exchange constant (7), the ground state

could be ferro or antiferromagnetic. The magnetic ordering temperature in the mean
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J(r)

r

Figure 1.2: Distance dependence of the RKKY exchange J(r).

field approximation is roughly proportional to the de Gennes factor, (g;—1)2J(J+1).

Here g is the Landé g-factor and J is the total angular momentum.

1.4 Kondo effect and heavy fermions

There also exists an additional local Kondo-exchange interaction between the 4 f
moment and the conduction electrons in some compounds (mainly Ce and Yb based),
which is antiferromagnetic. Below a characteristic temperature (called the Kondo
temperature, Tk ) the conduction electrons screen the 4f derived local moments and
yield a non-magnetic ground state. In some compounds of Ce and Yb the 4 f-level
lies close to Fermi-level, which enhances the hybridization between the 4f level and
the band states resulting in an antiferromagnetic local s — f exchange interaction,

which is a prerequisite for Kondo effect.

The study of Kondo effect dates back to several decades when a low temperature
resistivity minimum was observed in alloys where dilute magnetic impurities, like
Fe, Co, Mn (about 1 atomic %) were dissolved in a non-magnetic host like Au,
Cu etc. Kondo showed theoretically that the negative logarithmic increase in the
electrical resistivity at low temperatures is due to the spin-flop scattering of the
conduction electrons by localized magnetic moment of impurity atoms [4]. In the
case of transition metal 3d alloys, the Kondo effect can be observed only at very

low concentration of 3d magnetic impurities. This is because the degeneracy of the
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1.4. Kondo effect and heavy fermions

localized spins is very important for the Kondo effect. When the concentration of 3d
magnetic impurities increases, the 3d atoms would come near each other and thus the
overlapping or interaction between the 3d shells would occur, which would in principle

lift the degeneracy of the impurity spin and suppress the Kondo spin-flop process.

Since the observation of Kondo effect in the non-magnetic CeAl; compound [18],
several rare-earth compounds, in particular Ce based intermetallic compounds were
found to show anomalous behavior in the electrical resistivity reminiscent of impurity
Kondo effect. In the case of Cerium based intermetallic compounds, the concentration
of 4 f ions are so high that they form a crystalline lattice which cannot be considered as
impurities and hence the appearance of Kondo-like behavior has been named as dense
Kondo lattice. The Kondo effect has been very intensively studied in Ce,La;_,Cug
single crystalline samples by Onuki’s research group [19], and several other systems.
The Kondo effect can be understood as follows: at temperature much higher than
the Kondo temperature Tk, the localized spin S(1) and the conduction electron s({
) do not interact, for temperature just above Tk the conduction electron and the
f electron interacts weakly and for 7' < Tk, the localized spin S(7) is coupled
antiferromagnetically with the conduction electron s(]) resulting in the singlet state
S(1) -s(d) £S() - s(1), thereby screening the local f electron and hence results in a
non-magnetic ground state. Here the Kondo temperature Tk is the single energy scale.
In other words, non-magnetic ground state is thought to be due to the formation of
a spin-compensating cloud of the conductions electrons around the local moment,
as shown schematically in Fig. 1.3. There are several consequences of the Kondo
effect; the system goes from a state with existence of local moments at T" >> Ty to
a non-magnetic state at T' < Tk. A logarithmic increase in the electrical resistivity
is observed upon cooling, due to the scattering of conduction electrons by the local
magnetic moments. A reduction in the saturation value of magnetization, and a
reduction in the heat capacity jump at the magnetic ordering of the system compared
to its mean field value are often seen in those compounds where the Kondo interaction

is a weak perturbation on the more stronger RKKY interaction.

The heavy fermion state in cerium compounds can be roughly understood as
follows. At high temperatures the magnetic susceptibility obeys the Curie-Weiss law
with an effective magnetic moment of Ce3", namely 2.54 ug/Ce. As the temperature

decreases, the electronic states changes. At low temperature, the magnetic entropy
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Figure 1.3: Cartoon diagram of Kondo effect: (a) for 77 >> Tk the conduction
electron and the f electron do not interact, (b) for 7' > Tk there is a weak interaction
and (c) for T' < Tk the conduction electrons screen the local magnetic moments of f
electrons.

of doublet ground state of 4f levels, R In 2, is obtained by integrating the magnetic
specific heat Cy, in the form of C,,/T over the temperature. The magnetic part of
the heat capacity can be converted to electronic specific heat 41" via the many-body

Kondo effect by following expression:

TK C(
Rln2= / —mT, (1.7)
0 T

thus
Rln 2 58 x 103

Tk Tk

v= (mJ/K? - mol). (1.9)

For example, the v value of the dense Kondo lattice compound CeCug, is of the
order 1600 mJ/K?mol and 350 mJ/K?-mol in another Kondo compound CeRu,Sis.
The localized electronic state is thus changed into an f-derived band with a flat energy
vs momentum dispersion possessing an extremely large effective mass. Therefore, the
Kondo lattice system with large v value are often referred to as heavy fermion or

heavy electron system [14].
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1.5 Competition between RKKY and Kondo in-

teractions

The magnetism exhibited by Kondo lattice compounds arises as a competition be-
tween the indirect RKKY interaction and the on-site Kondo effect. The two energy

scales Tk and Trkky are given by the expressions:

Triiy o D(er)| g, (1.10)

and

Tk  exp (m) (1.11)

where D(ep) is the electronic density of states at the Fermi energy ep, Jit is the
exchange interaction term between the conduction electron and the local moment. Jg¢
is related to the hybridization potential V¢, the 4f level position with respect to the
Fermi level E, and to the Hubbard intra-site Coulomb repulsion U of two electrons
with opposite spins in the same magnetic 4f atom. For V¢, Fr — Ey < U, the J.is

given by the following expression:

2
Vit

Jop " —F——.
"~ Er — Ey

(1.12)

In most of the rare-earth intermetallic compounds, the 4f levels lie deep inside
the Fermi sea and hence the J is small. For small J. the energy scale Tk which
depends exponentially on J.t is negligible with respect to Trxky and the system or-
ders magnetically [20]. This competing interaction between the RKKY interaction
and the Kondo effect is very well explained by the famous Doniach diagram which
was conceptualized by Doniach [21] as shown in Fig. 1.4. For small values of J.¢ the
system undergoes magnetic ordering due to the dominance of RKKY interaction and

for larger values of J.¢ , Tk becomes stronger and the system does not show magnetic

ordering. For a particular value of J. both Trxky and Tk are equal and this point
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Figure 1.4: Doniach phase diagram depicting the competition between the RKKY
interaction and the Kondo effect.

is termed as the quantum critical point (QCP). Above QCP, Kondo-lattice param-
agnetism is realized (a non-magnetic ground state) and consequently the valency of
the f electron becomes unstable, leading to a heavy fermion system. In the heavy
fermion systems, the electrical resistivity varies as p = pg+AT?, where py is the resid-
ual resistivity. The coefficient v/A correlates with an enhanced Pauli susceptibility
X (T — 0) ~ xo and with large electronic specific heat coefficient C/T(T" — 0) ~ 7.

Experimentally, the J.f can be controlled by pressure, magnetic field or the compo-
sition. In general hydrostatic pressure is usually employed to tune J.¢. The magnetic
ordering decreases with increasing pressure and essentially becomes zero for a criti-
cal pressure P. which is the quantum critical point regime. Around QCP, the heavy
fermion state is realized as mentioned above, together with non-Fermi liquid behavior
and occasionally appearance of superconductivity [22]. The non-Fermi liquid (nFL)
behavior around the QCP is one of the recent topics of interest in the f electron
system. The nFL regime has the following characteristics: The electrical resistivity
varies as T™ with n < 2 and the specific heat C'//T shows a —log(T") behavior at low

temperature.

Because of these two competing interactions, RKKY and Kondo, depending upon
their relative strengths, there is a diversity of ground states among the Kondo lattice
intermetallic compounds with interesting physical properties, e. g., heavy fermion

Kondo lattice without any long range order, heavy fermion Kondo lattice that orders

10



1.5. Competition between RKKY and Kondo interactions

magnetically at low temperature, pressure induced superconductivity etc. This is our
main motivation to explore the Ce based compounds for probable interesting physical
properties. In view of these, we have grown single crystals of CeMgs, CeMgio, CeGe

and CeSi binary compounds and investigated their physical properties.

Apart from their rich and interesting physical properties, rare earth intermetallic
compounds are important from various technological application point of view. For
example, rare earth intermetallic SmCos is used as permanent magnet. Gd;SizGes
is a giant magnetocaloric material, used for magnetic refrigeration. In this thesis
investigations on some Pr-based intermetallic compounds have been performed which
exhibit reasonably large magnetocaloric effect. They can be used for magnetic refrig-

eration at low temperatures.

Besides the RKKY and Kondo exchange interaction, an additional prominent
interaction that exists in the rare-earth intermetallic system is the crystal electric
field (CEF). In an intermetallic system the rare earth atoms are no longer isolated
free atoms, rather they are surrounded by other ions, which produce inhomogeneous
electric field in the lattice. This inhomogeneous electric field, similarly as magnetic
field (Zeeman effect), can lift the degeneracy of (2J + 1) degenerate ground state
of rare earth atoms. CEF can modify various physical properties, like magnetic
susceptibility, isothermal magnetization, electrical transport, heat capacity etc. In
the next section the CEF effect is discussed.

Non-magnetic analog compounds: Sometime we need to estimate only the
4f magnetic contribution of rare earth atom in an intermetallic system. In order to
do that, we prepare isostructural compound of the system, with non-magnetic La or
Lu or Y ions in place of corresponding magnetic rare earth (Ce - Yb) atom of the
system. Because of the chemical similarity of rare earths (La - Lu), generally they
form an isostructural series of compounds at some specific stoichiometry. In the case
of La, Lu or Y, the compounds are non-magnetic because La, Lu and Y do not have
any unpaired 4f electrons. These compounds are then taken as the non-magnetic
reference compounds for a magnetic rare earth compound with same structure and
stoichiometry. For example, one often assumes that the phonon contribution to the
heat capacity and electrical resistivity of magnetic rare earth intermetallic compound

is same as in the non-magnetic analog compound. In our study, we prepared La or
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Chapter 1. Introduction

Y analog compounds of our magnetic systems in order to extract the magnetic 4 f

contribution alone.

1.6 Crystal Electric Field

An electric field may lift the degeneracy of the atom’s ground state, similar to mag-
netic field (Zeeman effect). Such an electric field originates from the ions positioned
regularly in a crystal. The rare earth atoms in an intermetallic compound are no
longer isolated atoms, rather they are surrounded by other ions. These surrounding
ions produce inhomogeneous electric field in the crystalline environment. This elec-
tric field is named as crystal electric field (CEF) which lifts, at least partially, the
degeneracy of rare earth’s (2.J + 1)-fold degenerate ground state. This will modify the
magnetic properties of a rare earth intermetallic compound. The symmetry of the
nearest-neighbor coordination is determined by the crystal structure. According to
Kramer’s theorem, there remains a minimum degeneracy in some systems. Kramer’s

theorem states that:

e If the total angular momentum of an ion is half integer, there remains a degen-
eracy of at least 2 (doublet state) which cannot be removed by the CEF. These

systems are called Kramer’s itons.

e [f the total angular momentum of an ion is integer, the degeneracy maybe fully
lifted. But in practice, there might be a mixture of singlet, doublet, triplet

states. Such a system is known as so-called non-Kramer’s ion.

The number of CEF split energy levels of a system depends on the crystal sym-
metry of the system; a lower symmetry of the system produces more number of the
non-degenerate energy levels. For example, a quartet level can be found only in a
system having cubic symmetry. A representative level scheme of the 4f electron in
Ce3* is shown in Fig.1.5. The spin orbit coupling splits the 14-fold degenerate Ce3*
into J = 5/2 and J = 7/2 multiplets. The energy separation of the J = 7/2 multiplet
is of the order of 3000 K and hence can be ignored as our measurements are limited

to a maximum temperature of 300 K (room temperature). The crystal electric field

12



1.6. Crystal Electric Field

I=17/2(8)
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Spin-orbit CEF
interaction

Figure 1.5: Energy level scheme of Ce3* ion.

produced by the surrounding ions in a non-cubic site symmetry splits the 2J + 1
degenerate J = 5/2 level, into a maximum of three doublets. The CEF level split-
ting however depends very much on the site symmetry of the rare-earth atom in the
crystal. If the Ce atom occupies the high symmetry Cubic site, then CEF splitting
may lead to a quartet ground state and an excited doublet state and also there is
a possibility of ground state doublet and excited quartet depending on the charge
distribution of the 4 f ions.

We need to solve the crystal field Hamiltonian in order to calculate the magnetic
properties. As we have already discussed that the charge distribution of 4f shell is
very localized, the wave function of one ion does not overlap with the neighboring
ions, thus the charge distribution satisfies the Laplace’s equation. Therefore the

electrostatic potential is given by the following expression:

Vi) = — 3 ‘F—Qiﬁif (1.13)
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Chapter 1. Introduction

where ¢; are electrical charge of neighboring ions ¢ where 7 is the position vector

of the 4f electron in Ce3* and R; is the position vector of the neighboring ions.

Considering the charge distribution of the f electron p(r), the static potential

energy is expressed as:

/p(r)‘/c(r)d37“. (1.14)

The CEF Hamiltonian corresponding to Eqn. 1.13 and Eqn. 1.14 can be rep-
resented in simpler form by using the Wigner-Eckart’s theorem and using Steven’s

operator as follows:

Hopr =Y Broy (1.15)

n,m

where B are the CEF parameters and O] are the Stevens’ operators [23]. B}
can be calculated from the different models or can be determined from fitting the
experimental data. It can be shown that for rare earths, the summation can not
exceed n > 6. Furthermore, n must be even owing to inversion symmetry of the
crystal field potential, i.e., the above summation for f electrons is only over n = 2,4, 6.

The details of the Stevens’ operators method is given by Hutchings [24].

As an example, let us consider the case of Ce3t ion in a cubic crystal field envi-

ronment. The CEF Hamiltonian for a cubic site symmetry is given by,

Heer = BY (09 4 507) + BY(O) — 210%). (1.16)

For Ce3t-ion, L = 3,5 = 1/2,J = 5/2. The 6-fold degenerate 2J + 1 multiplet
splits by the CEF effect. For J = 5/2, O terms are zero. The Stevens operators O

and OF are given by

O = 35J) —30J(J + 1)J2 +25J% —6J(J + 1) +3J%(J +1)? (1.17)

14
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1.6. Crystal Electric Field

(1.18)

where Jy = J, £ iJ,. The Stevens operator can be represented by (6 x 6) matrix.

The CEF Hamiltonian now can be expressed as:

Hepr =

6089
0
0
0
60589
0

0
—1803Y
0
0
0
60589

0
0
120BY
0
0
0

0

0

0
120B¢

0

0

60v/5BY
0
0
0
—180BY
0

0
—60v/5BY
0
0
0
603

The crystal field split energy levels are obtained by the following expression

Herr|i) = Eili). (1.19)

For the cubic crystal field, the following wave functions and energies are obtained

by diagonalizing the above matrix.

Ty = L3y _ \/3|;3>
NGIE 6! 2 Er, = —240B° (1.20)

I07) = %120 — V319

» —3\ )
T%) = /215 + /1)

sy — 3= E
I07) = \ﬁ| )+ \/; 2) Ep, = 120B° (1.21)
T8 =13
T =13 J

The ground state with the energy level —240BY is named as I'; and the energy
level 120BY is named as T's. Figure 1.6 shows the spatial charge distribution of the
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ground state and the I's will be the excited state.

Figure 1.6
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1.6. Crystal Electric Field

['; and I's states. The quartet I's charge cloud extends along the x,y, 2z directions.
On the other hand, the doublet I'; extends along the < 111 > direction. Since the
negative 4f charges and the negative crystal-field charges repel each other, the most
preferred ground state in this case will be I'; while I's will be the excited state. This
repulsion of the charge cloud and the negative crystal field charges are the source of

magnetocrystalline anisotropy.

The sign of the crystal field parameter B determines the ground state degeneracy
of the rare earth system. If BY is positive, the ground state is a doublet; on the other
hand if BY is negative, the ground state will be a quartet. Similarly, for the rare-earth
atom occupying a tetragonal site symmetry, the sign of crystal field parameter BY
determines if the compound will have an easy plane or easy direction. For example,
in the case of CeTyGey (T = Au, Cu and Ru) the BY parameter is negative and the
easy axis of magnetization is along the [001] direction [25]. On the other hand, in
CeAgyGey the BY parameter is positive where easy axis of magnetization is along

[100] direction [26], and ab-plane is the easy plane.

As mentioned earlier, if the number of f electron is odd, the total angular mo-
mentum J is half-integer, which is the case for Ce3*, Nd3*, Sm**, Dy**, Er*t and
Yb3*, the crystal field split degenerate 4f energy level always possesses a doublet
ground state, these ions are called Kramer’s ions and the doublet is often referred
to as Kramer’s doublet. Irrespective the site symmetry of the rare-earth ions, the
ground state for half integral J will always be a doublet ground state. Runciman [27]
has considered the general problem of calculating the number of levels a state of a
given J will be split into for each of the thirty-two crystallographic point groups and

has shown that the point groups may be classified under four headings as follows:

1. Cubic: O,,,0,Ty,T;,,T.

2. Hexagonal: Dgy, Dg, Cey, Con, Cs, Dan, Csn, D3q, D3, Csy, S, Cs.
3. Tetragonal: Dy, Dy, Cyy, Cup, Cy, Dog, Sy.

4. Lower symmetry: Doy, Do, Cs,, Coyp, Cs, Cy, Sy, C.

A calculation of the splitting for integral J has shown that all point groups within

one of these four categories produce the same splitting, and the number of splittings

17



Chapter 1. Introduction

Table 1.1: Number of splittings of the degenerate levels for half integral J

J 0 1 2 3 4 5 6 7 8
Cubic 1 1 2 3 4 4 6 6 7
(n3, na,m1) (001) (100) (110) (201) (211) (301) (312) (411) (421)
Hexagonal 1 2 3 5 6 7 9 10 11
Tetragonal 1 2 4 5 7 8 10 11 13
Lower Symmetry 1 3 5 7 9 11 13 15 17

Table 1.2: Number of splittings of the degenerate levels for integral J

J ()

Cubic 1 1 2 3 3 4 5 5
All other symmetries | 1 2 3 4 5 6 7 8

for given J is listed in Table 1.1. The number of triply (n3), doubly (n2) and singly(n,)
degenerate are mentioned below the total number of levels for the cubic symmetry.
For example, the total angular moment J = 4, for Pr atom and there are (2J+1) =9
degenerate levels. In a crystalline lattice, if the site symmetry of Pr is cubic then the
CEF will lead to 4 splittings of the 9 degenerate levels, with two triplets, one doublet
and a singlet; where as in the case of lower site symmetries like orthorhombic site
symmetry, there will be 9 splittings, which means each level will be a singlet. For the
half integral spin of J, the splittings are given in Table 1.2. For example, J = 5/2
for Ce and if Ce atom possesses a cubic site symmetry the crystal field levels will spit
into two levels a ground state and an excited state. On the other hand, if the Ce
atom possesses non-cubic site symmetry, then the degenerate levels will split into 3,

leading to a ground state, first excited state and a second excited state.

There are number of physical properties which get modified due to the crystal
electric field. Some of the properties depend solely on the degeneracy of the energy
levels, while some depends on the degeneracy and the matrix element between the
energy levels. In following sections we will discuss various physical properties that

get modified because of the crystal electric field level splitting.
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1.6. Crystal Electric Field

1.6.1 Schottky heat capacity

Schottky heat capacity arises due to the discreteness of the energy levels in the system.
This discreteness of the energy levels occurs due the crystal electric field. When we
change the temperature of a system due to the varying thermal population of various
crystal field levels, the free energy of the system changes. The energy and hence the
heat capacity of a system can be calculated in the following way. Let us consider
that due to crystal electric field a system splits into N levels having energy of F; and

degeneracy g; for the i’ state. The partition function of the system is given by

Z =Y giexp(—E;/kpT) (1.22)

i=1

the energy of the system can be obtained from the following expression:

E = —i[ln(Z)] _ vazl giEiexp(—E; [kpT)

op SN gieap(—E;/kgT)

(1.23)

where = 1/kgT. Next, the heat capacity of the system can be calculated by

taking temperature derivative of energy.

1 (ZL gieap(=Ei/kpT) (i, 9B eap(=Ei/ksT)) = (ZiL, g:iBicxp(—Ei/kT))*
kpT? (Zivzl giexp(—Ei/kBT))2

C
(1.24)

1.6.2 Magnetization and magnetic susceptibility

Two main changes in the magnetic susceptibility due to CEF effect are (a) the
anisotropy in the high temperature (paramagnetic phase) range, and (b) the devi-
ation of inverse susceptibility at low temperature from its linear behavior. In the
magnetically ordered state the anisotropy manifests itself as easy-axis or easy-plane

of magnetization. The crystal field changes the charge distribution of 4f electronic
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cloud substantially, which causes anisotropy in the magnetic susceptibility. And be-
cause of the CEF the (2J+1) degeneracy is lifted, thus with temperature the thermal
population of these levels changes causing the deviation of liner behavior of inverse

susceptibility with temperature.

In order to calculate the magnetic susceptibility and isothermal magnetization
subjected to both crystal electric field and external magnetic field, The CEF Hamil-

tonian together with the Zeeman term has to be diagonalized:

H = B"O"(Ji) — gJippdiH (1.25)

Then the expectation value of angular momentum (J;) can be calculated:
= e (TlT) (1.26)
T

where

np — exp(—Er /ET) (1.27)

2= exp(—Er/kT) (1.28)

r

Here z is the partition function, and |I") is the eigenstate corresponding to the

eigenvalue Er of the Hamiltonian 1.25.

Once the eigenvalues and eigenfunctions of the Hamiltonian 1.25 are obtained, the

magnetic susceptibility can be calculated using the following expression:

. + g 1 — e Phmn o—BEn 2 n —BE,
Xceri = N(gsp8) Z<g|m|<]|n| +Z|n|J|n)|6e )7
(1.29)
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1.7. Superzone gap

While the isothermal magnetization of the system is given by the following ex-

pression:

—GXP(_ZBE"), (i=m,y,2) (1.30)

M; = gsis Z [(n] Ji|n)]|

Because the scattering of conduction electrons depend on the degeneracy and
splitting of energy levels, the electrical resistivity of a system also gets modified by
the crystal field. We will discuss qualitatively about the effect of CEF on the electrical

resistivity in the context of our data.

1.7 Superzone gap

A gap in the energy dispersion of the conduction electrons may occur due to the
change in lattice periodicity below the antiferromagnetic ordering temperature. Be-
cause of this gap at the Fermi energy of the system, the electrical resistivity of the
system shows anomalous behavior below the Néel temperature (Ty) by showing an
upturn. Generally, a decrease in the resistivity is expected below the ordering tem-
perature due to the decrease in the spin disorder scattering of conduction electrons.
The partially filled 4f shell of a rare-earth atom is well localized and isolated from
that of the 4f shells of adjacent atoms. The indirect interaction mediated by con-
duction electrons through the so-called s — f exchange interaction is most important
interaction between the 4 f spins. If we assume an oscillatory arrangement of 4 f spins,
the conduction electrons experience a periodic potential through the s — f exchange
interaction whose period is incommensurate with that of the crystal lattice. This
periodic potential, together with the lattice potential, produces gaps in the energy
dispersion of the conduction electrons. One of most interesting consequences of this
energy gaps is an anomalous increase in the electrical resistivity below 7. When the
gap appear in the conduction band, the effective number of conduction electrons is

reduced.

1/2

Below Ty, the superzone gap causes a resistivity increase as (Ty —71")'/¢, whereas

the decrease in spin disorder scattering is proportional to (Ty — T'). Therefore, we
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observe a sharp increase in resistivity below Ty. The theory of superzone was first
proposed by Mackintosh [28]. The relation between the resistivity and the superzone
gap is described by Elliot and Wedgwood [29]. When an external magnetic field is
applied to the 4f spins, the the magnitude of the principal gap is reduced [30], it
reduces the resistivity upturn. Superzone gap has been widely studied in the pure
rare earth metals, where the gap appears only along the hexagonal c-axis. [31]. As
we will see in Chapter 3, the gap appears along all the crystallographic directions in

case of orthorhombic CeGe.
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Chapter 2

Experimental methods

2.1 Introduction

Physical properties of rare earth intermetallic compounds, as well as any other com-
pounds, can be sensitive to the phase distribution, presence of impurity and crys-
tallinity of the material. So in order to study and understand the fundamental
physical properties of a material, especially to gain the knowledge on its anisotropic
properties, a single crystalline sample is very much inevitable. In the present thesis
investigations on the anisotropic physical properties of binary rare-earth intermetallic
compounds are made on single crystals. The details of various growth methods that
have been employed to grow the single crystals are presented in this chapter. Also
the characterization techniques used to study the anisotropic physical properties are
discussed. Although there are a number of methods available to grow the single crys-
tals, the method to adopt a particular crystal growth technique mainly depends on
the melting behavior and the constituent elements. To grow the single crystals of the
materials used in this thesis work, two different melt growth techniques namely, Bridg-
man method and Czochralski crystal growth method have been employed. The grown
crystals were subjected to x-ray diffraction studies namely, powder x-ray diffraction
and Laue diffraction to check the phase purity and to orient the single crystal along
the principal crystallographic directions. The powder x-ray diffraction pattern was

analyzed by means of Rietveld analysis using the Fullprof [32] software to estimate

23
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the lattice constants and to determine the positional co-ordinates of the atoms in the
unit cell. Energy dispersive analysis by x-ray (EDAX) was done on the samples to
check the overall stoichiometry of the samples. Magnetic susceptibility and isother-
mal magnetization measurements were performed in a Quantum Design (QD) built
Superconducting Quantum Interference Device (SQUID) magnetometer and Vibra-
tion Sample Magnetometer (VSM), respectively. The zero field electrical transport
measurements were carried out in a home built resistivity set-up, while the resistivity
in applied magnetic field was measured using QD Physical Property Measurement
System (PPMS). Heat capacity was measured using PPMS. In some cases, for the
non-magnetic reference compound, we have used polycrystalline samples prepared by
arc melting method. Some of the experiments were performed in collaboration with
other groups and facilities. The electrical transport measurement under pressure on
CeMg;s single crystal was done in collaboration with Prof. Bauer’s group in Vienna.
The angle resolved photo emission (ARPES) measurement on PrGe was performed

at Elettra Sincrotrone facility in Trieste.

2.2 Crystal Growth

In order to understand the basic physical properties of any compound, it is impera-
tive that the measurements be performed on high quality single crystalline samples.
Particularly in the case of magnetic compounds the studies on single crystalline sam-
ples are most preferred as it can provide information about the magnetocrystalline
anisotropy, the direction of easy axis of magnetization etc. Although, some of the
preliminary information about a system can be obtained from a polycrystalline sam-
ple, the single crystals have a number of advantages over the polycrystalline sample.
There are no grain boundaries, relatively lower impurities which essentially will result
in good quality data. Single crystals generally possess stoichiometric composition, and
therefore additional impurity phases which may be present in the polycrystalline ma-
terial are generally precluded. The physical properties of a compound can be sensitive
to the presence of impurity, phase distribution, grain boundaries, and crystallinity of
the samples. Thus to study the intrinsic physical properties of a compound, especially
for properties which show anisotropic behavior, single crystalline sample is necessary.

These anisotropy applies to any measurement that involves application of magnetic
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field or electrical current. Some of the experiments, like the electronic Fermi surface
construction using angle resolved photoemission spectroscopy (ARPES) and dHvA

effect, are only possible with good quality single crystalline sample.

The choice of crystal growth method depends on the physical and chemical prop-
erties of constituent elements and the compound. Here we have used two crystal
growth methods, namely Bridgman and Czochralski pulling method, to grow the sin-
gle crystals. The single crystals of CeMgs, LaMgs and CeMg;4 are grown by Bridgman
method; while the single crystals of CeGe, LaGe, CeSi, LaSi, PrGe, PrSi are grown
by Czochralski pulling method. In some cases polycrystalline samples are prepared
by arc melting. We prepared the polycrystalline sample of YGe, the non-magnetic
analog compound of PrGe, by arc melting method. In the following sections we will

discuss the details of crystal growth methods.

2.2.1 Bridgman method

The Bridgman method is named after P.W. Bridgman who designed a method to grow
the single crystals of metals in the year 1925 [33]. The schematic diagram of a typical
Bridgman growth process is shown in Fig. 2.1. The general principal is that of slow
solidification from the melt. The material to be crystallized is placed in a very sharp
tipped crucible and the temperature of the furnace is maintained above the melting
point of the material. The material in the molten condition is slowly lowered through
the bottom of the furnace to a lower temperature side. Solidification thus starts at
the sharp tip of the crucible and proceeds slowly along its axis, keeping pace with the
lowering. If the lowering speed is at a speed less than the velocity of crystallization
and also slow enough so that the latent heat of solidification may be dissipated by
conduction, then the material will usually crystallize as one grain, provided that only
one nucleation happens in the crucible [33]. The sharp tip of the ampoule ensures that
there is only one nucleation that occurs during the lowering of the crucible. Perhaps
Bridgman method is the easiest and cleanest way to grow single crystals. But this
method is most suitable to the congruently melting compounds, i.e., the compounds
which solidify from the liquid phase maintaining its stoichiometry. Several of the
strongly correlated electron systems including the non-centrosymmetric CePt3Si [34],

and the pressure induced superconductor CePdsAly [35] crystals have been grown by
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Figure 2.1: Schematic representation of Bridgman growth process

modified Bridgman method.

Here in the present thesis modified Bridgman method has been adapted to grow
the single crystals of CeMgs and CeMgjs. From the binary phase diagram of Ce-
Mg [36] shown in fig. 2.2, it is obvious that CeMgs phase melts congruently at 796 °C
and hence the single crystal of this compound can be grown directly from the melt.
Owing to the high vapor pressure of magnesium at elevated temperature, the single
crystal of CeMgs has been grown by modified Bridgman method. High purity elements
of Ce and Mg after removing the surface oxide layers by etching with dilute nitric acid
were taken in the ratio 1:3.1 inside a sharp tipped alumina crucible and subsequently
sealed in a molybdenum crucible as shown in Fig. 2.3. The molybdenum crucible is
then sealed inside a quartz ampoule evacuated to a pressure of about 10~%mbar to
protect the molybdenum tube from oxidation during the process of crystal growth
at elevated temperature. The quartz ampoule is introduced in a box type furnace
which has a gradient such that the bottom of the furnace remains slightly lower in
temperature compared to the top. The temperature of the furnace was raised at
a rate of 15 °C/hr to 850 °C, well above the melting temperature of CeMgs phase
and held there for 24 hours for proper homogenization. Then the temperature was
lowered at rate of 1 °C/hr down to 750 °C well below the melting point of CeMgs. The
gradient in the box type furnace enabled the crystal growth to occur from the sharp

tip of the alumina crucible where the nucleation starts and the crystal grows as the
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Binary phase diagram of Ce-Mg
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Figure 2.3: Schematic representation of the alumina crucible, sealed inside a molybde-
num crucible which is subsequently sealed inside a quartz ampoule. The temperature

profile adopted to grow the single crystal of CeMgs. A large single grain of the CeMgs
single crystal is also shown.
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temperature is lowered. The grown crystal of CeMgs was removed by gently tapping
the alumina crucible. The as grown single crystal of CeMgs is shown in Fig. 2.3.
A similar procedure was adopted to grow the single crystals of the non-magnetic

reference compound LaMgs and CeMgys.

2.2.2 Czochralski method

When a material melts congruently and does not possess any low temperature phase
transformations on cooling, the single crystal of the material can be grown directly
from the molten solution. Many times, seed crystals are used to control the orientation
along a particular crystallographic direction. This method of crystal growth was
invented by J. Czochralski [37], when he was studying the rapid solidification of low
melting metals like Sn, Bi etc. In principle, the Czochralski growth system consists of
a crucible which contains the charge of the material to be crystallized in the molten
form. A seed crystal with the desired crystallographic orientation is attached to a
pulling rod or seed rod. The seed rod is lowered until the end of the seed crystal
is dipped into the melt. The temperature of the melt should be maintained such
that the solidifications happens near the seed and once the thermal steady state is
achieved the seed rod is pulled at a desired rate. The Czochralski crystal pulling
method has undergone many modifications over the years and resulted in the state
of the art crystal pullers to grow very large size single crystals of semiconductors for

technological applications.

In the present thesis work, single crystals of RX (R = La, Ce and Pr; X = Si and
Ge) have been grown by Czochralski method using a tetra-arc furnace. The tetra-arc
furnace employs four tungsten electrodes through which a high current of the order of
10 — 20 A is passed to maintain a stable melt of 10 g of source material. The material
to be crystallized is held in a copper hearth which is water cooled. The schematic
representation of the tetra-arc and the copper hearth is shown in Fig. 2.4. To start
with, a tungsten rod or a polycrystalline seed of the material that is to be grown is
generally used as a seed crystal. When a polycrystalline material is used as a seed, a
necking process is initially done as shown in Fig. 2.4(b) so that only one grain grows

into a large single crystal.
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Figure 2.4: (a) Schematic representation of a tetra-arc furnace. (b) necking process to
select a single crystalline seed, (c¢) and (d) photograph of CeGe single crystal during

pulling and (e) binary phase diagram of CeGe
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The binary phase diagram of Ce-Ge system is shown in Fig. 2.4(e). It is evi-
dent from the phase diagram that the 50:50 composition of Ce:Ge is at the verge of
congruent melting. In order to grow the single crystal of CeGe, we started with a
little excess of Ge with the starting composition of Ce and Ge in the ratio 1:1.05. A
polycrystalline sample weighing a total of 10 g was melted in the tetra-arc furnace
several times to ensure homogeneity of the sample. A tungsten rod was used as a
seed crystal for the first crystal growth attempt of CeGe. As soon as the tungsten
rod was inserted into the melt, it was pulled at a speed of 40 mm/hr for about 10-
15 min. Then after making the necking process, the crystal was pulled at a steady
speed of 10 mm/hr for about 6 hours. The cleavage plane for CeGe single crystal was
perpendicular to the growth of pulling direction and hence the crystal broke by its
own weight when pulled for very long duration. The cleaved plane was identified as
(010) plane later by performing the Laue diffraction. In subsequent attempts we have
used the previously grown single crystals as seed and pulled a good quality single
crystalline sample. Similarly, the single crystals of CeSi, PrSi, PrGe and LaSi were
grown by Czochralski method as all of these binary compounds melt congruently at

temperature close to 1500 °C.

2.3 Powder x-ray diffraction

Powder x-ray diffraction is a standard method to determine the phase purity of a
sample and to estimate the lattice parameters. Basically the x-ray diffraction is
based on the Bragg’s law which establishes certain relationships among the diffraction
angle or the so called Bragg angle (0), the incident wavelength () and the interplanar
spacing (dpg;). According to the Braggs, diffraction from a crystalline sample can be
explained and visualized by using a simple notion of mirror reflection of the incident
x-ray beam from a series of crystallographic planes as shown schematically in Fig. 2.5.
Each plane in a set (hkl) may be considered as a separate scattering object. The set
is periodic in the direction perpendicular to the planes and the repeat distance in
this direction is equal to the interplanar distance dpi; as shown in Fig. 2.5. With
the incident monochromatic beam of x-ray A, diffraction from a set of equally spaced
objects is only possible at specific angles 6 and the constructive interference will take

place when the Bragg condition 2dp; sinf = nA is satisfied. A peak in the x-ray
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Figure 2.5: Geometrical illustration of the Bragg’s law.

spectrum is observed when Bragg condition is satisfied. The peak positions mainly

depend on the unit cell lattice parameters and the symmetry of the unit cell.

In order to check the phase purity, the grown crystals were subjected to powder
x-ray diffraction analysis by grinding the single crystals to fine powders and placed
in the PANalytical x-ray diffractometer with a monochromatic Cu K, radiation (A =
1.5406 A). Due to the fine powdering, the planes of the tiny crystallites are oriented
in random directions and constructive interference of the incident x-ray beam takes
place only when the Bragg condition is satisfied at which point a peak in the x-
ray spectrum is observed. The lattice constants and the atomic co-ordinates of the
atoms (or the so called Wyckoff’s position) present in the sample can be obtained
from the powder x-ray diffraction pattern. In order to get the lattice constants and
the atomic co-ordinates, Rietveld analysis has been performed on the powder x-ray
pattern using the FULLPROF software package [32]. The powder pattern of all the
samples studied in this thesis were collected at room temperature. Additionally the
stoichiometric homogeneity of the samples have been analysed by Energy Dispersive
Analysis by X-ray (EDAX).

2.4 Laue x-ray diffraction

One of the main objectives to grow the single crystals is to study the anisotropic

physical properties. For which, the crystals have to be oriented along the desired
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Figure 2.6: (a) Laue set up (b) a triple axis goniometer which can be rotated along
three mutually perpendicular directions, and (c¢) Laue pattern of PrGe corresponding
to (001) plane.

crystallographic directions. This is achieved by performing Laue diffraction of the
grown crystals. Similar to powder x-ray diffraction analysis, Laue diffraction experi-
ments are also based on the Bragg’s law. The Laue method employs a polychromatic
source of x-ray with wavelength (\) ranging from 0.5 A to 3.0 A. The angle (6) of inci-
dence of the x-ray beam is fixed. The crystal to be oriented is mounted on a triple axis
goniometer which can rotate in three mutually perpendicular directions. The main
difference between the powder x-ray diffraction and the Laue diffraction method is: A
is fixed and @ is varying in the powder x-ray; while X is varying (polychromatic x-ray)
and @ is fixed in the Laue diffraction. For various A, the planes in the single crystal
satisfy the Bragg condition and a spot is observed and is recorded in the image plate
or in an x-ray film. Since the grown crystals for the present thesis are metallic, the
back reflection geometry has been used to orient the single crystals. A typical Laue
pattern is shown in Fig. 2.6(c). The quality of the Laue pattern determines the qual-
ity of single crystals also; clear spherical Laue spots indicate a good quality of single
crystal while diffused, elongated Laue spots indicate poor crystallinity of the sample.
We generally orient our crystals along the principal crystallographic directions. Once
the crystallographic direction is found from the Laue pattern, the crystals are cut

using a spark erosion cutting machine.
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2.5 Energy Dispersive Analysis by X-ray

In order to know the exact stoichiometry, the grown crystals were subjected to en-
ergy dispersive analysis by x-ray (EDX). EDX measurements were performed in a
commercial INCA EDX system from Oxford instruments. The basic principle is that
high energy (several kV) electrons are bombarded on a finely polished surface of the
sample, which knock out the core electrons of the constituent elements. Since the
sample is grounded the electrons from the higher levels make transition to the core
levels, and give the characteristic x-ray radiation of the particular sample and par-
ticular orbital. Now analyzing the x-ray peak positions and the relative intensity of
the peaks, with the standards, the stoichiometry of the constituent elements of the

crystal can be known.

2.6 Magnetic susceptibility

The magnetic susceptibility data presented in this thesis are acquired using a Quan-
tum Design (QD) built Superconducting Quantum Interference Device (SQUID) mag-
netometer. The basic design of a DC SQUID magnetometer is shown in Fig. 2.7. The
SQUID magnetometer works on the principle of Josephson junction. It is a thin in-
sulating layer, or a narrow constriction, between two superconductors. The current
(must be less than the critical current) through a weak link (of distance less than
the coherence length) can penetrate without any voltage drop. One important prop-
erty of superconductors is that the flux through a superconducting loop is quantized
(®y = 2.068 x 10715T'm?). If the bias current is maintained at slightly higher than
the critical current, when an external magnetic field is coupled to the Josephson loop,
the voltage drop across the Josephosn junction will change. When the external flux
changes, the voltage will change in a periodic manner with the period being that of
the flux quantum (®y). Now counting the oscillation in the voltage, we can determine
the magnetic flux coupled to the SQUID loop. The details of SQUID can be found
in the literature [38, 39, 40].

To measure the magnetic susceptibility measurement using a SQUID magnetome-

ter, we fix the oriented single crystals in an over head projector (OHP) sheet using GE
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Figure 2.7: A block diagram of a DC SQUID magnetometer.

varnish. Then this OHP sheet is inserted in a straw which is subsequently suspended
in the SQUID sample holder. The magnetic moments of these materials and the OHP
sheet are very low compared to our compounds of interest and hence the background
can be ignored. The anisotropic magnetic susceptibility has been measured in the
SQUID magnetometer in the temperature range from 1.8 to 300 K and in magnetic
fields up to 7 T.

2.7 Isothermal magnetization

Isothermal magnetization measurements were performed using a QD Vibration Sam-
ple Magnetometer (VSM). The magnetic field is applied along the desired crystallo-
graphic direction and the magnetization is measured by varying the magnetic field
for a selected temperature. The VSM is based on the Faraday’s principle which reads
that if there is a change in flux linked to a coil, an electromagnetic force is generated
in the coil. We can measure the induced current in the loop, calculate the change in
magnetic flux through the loop, and hence the magnetization of the sample. In VSM,

a magnetic sample is vibrated (sinusoidally) in the proximity of two/four pickup coils.
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Figure 2.8: A schematic drawing of vibration sample magnetometer (VSM).

The sample is placed between the pole pieces of an electromagnet that generates a
homogeneous magnetic field where we place our sample. The QD VSM used for our
measurements can produce a field up to 16 T. This applied magnetic field magnetizes
the sample (magnetic) and when the sample is moved, a change in flux is observed
in the pick up coils, which induces a current in the coils. The induced current can
be increased by increasing the number of windings in the pick up coils, and thus the

instrument can detect very low magnetic moments.

2.8 Electrical transport

The zero field electrical resistivity measurements were performed in a home built set-
up in the temperature range from 1.8 to 300 K, using a glass cryostat. The standard

four probe method has been used to measure the electrical resistivity. The electrical
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resistivity measurements with applied magnetic field were performed using physical
property measurement system, which provides a maximum field of 14 T. Typical cross
section of our samples are (0.5 mm x 1.0 mm) and 3 mm long. The electrical contacts

were made using 20 um gold wire with sliver paste.

2.9 Heat capacity

The heat capacity of the grown single crystals was measured using the Quantum
Design Physical Property Measurement System (PPMS) in the temperature range
1.8 to 300 K and fields as high as 14 T. For temperatures below 1.8 K we used a
dilution refrigeration insert. The heat capacity is measured using the thermal relax-
ation technique which controls the heat added to and removed from the sample while
monitoring the resulting change in temperature. A known amount of heat is applied
at constant power for a fixed time and then this heating period is followed by cooling
period for the same amount of time. The PPMS has a small microcalorimeter plat-
form for mounting the sample. Samples are mounted to this platform using Apiezon
N grease for the low temperature measurement. The sample platform is suspended
from a puck by eight thin wires that serve as the electrical leads for an embedded
heater and a thermometer connected to the bottom of the platform. To ensure that
heat is not lost via exchange gas, the chamber pressure is maintained at 0.01 pbar. A
single heat capacity measurement consists of several distinct stages. First, the sample
platform and puck temperatures are stabilized at some initial temperature. Power
is then applied to the sample platform heater for a predetermined length of time,
causing the sample platform temperature to rise. When the power is terminated,
the temperature of the sample platform relaxes towards the puck temperature. The
sample platform temperature is monitored throughout both heating and cooling, pro-
viding the raw data of the heat capacity calculation. The raw data is analyzed by
the two-tau model [41] which assumes that the sample is not in good thermal contact
with the sample platform. In the two-tau model, the first time constant 71 repre-
sents the relaxation time between the sample platform and the puck, and the second
time constant (73) represents the relaxation time between the sample platform and
the sample. A second analysis is also performed using a simpler model that assumes

perfect thermal coupling between the sample and the platform. The heat capacity

36



2.10. Angle Resolved Photoemission Spectroscopy (ARPES)

software determines which model fits best to the measured data. The heat capacity
of the sample is determined by subtracting the addenda from the total heat capacity.
The addenda is the heat capacity of the empty puck without the sample mounted. In
the present work the heat capacity was also in various applied magnetic fields. The

mass of the sample used was in the range 10-20 mg.

2.10 Angle Resolved Photoemission Spectroscopy
(ARPES)

The important components of ARPES experiments are the light source and the elec-
tron analyzer. In the past, the limitations of the intensity of light source and reso-
lution of electron analyzers significantly restricted the ARPES studies. The recent
advancements in the synchrotron radiation light source and the state of the art elec-
tron analyzers allow for a high resolution Fermi surface mapping at very fast speed say
in few hours. The ARPES measurements were performed in collaboration with APE
beamline at Elettra Sincrotrone, Trieste, Italy. The electron energy in the storage
ring at Elettra is 2 GeV. In order to enhance the output photon flux, many insertion
devices, wigglers or undulators, are installed along the storage ring. The intention is
to create alternating magnetic fields along the electron path and force the electrons
to undergo oscillations and radiate more photons. The photons coming out from each
insertion device will then go through focusing mirrors and grating chambers to reach
the user’s chamber. A beamline in a synchrotron facility refers to the combination
of the insertion device, mirrors, slits, monochromatic grating etc. A schematic of
the APE beamline used for ARPES experiments is shown in Fig. 2.9. The focusing
mirrors are used to focus the beam spot typically to j1 mm. The slits are gener-
ally chosen so that the energy resolution of incoming photons matches the energy
resolution of the electron analyzer. We have performed measurements using energy
20-70 eV and measurements are performed down to liquid helium temperature (the
sample temperature reaches about 20 K). The spectra are collected using SIENTA

detector having a resolution of 15-20 meV.
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Figure 2.9: A schematic mechanical layout of the APE Beamline showing both low
energy and high energy lines.
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Chapter 3

Magnetic properties of a Kondo

lattice antiferromagnet CeMg3; and
CeMg;

3.1 Introduction

As mentioned in the introduction chapter, among the rare earth intermetallic com-
pounds Ce and Yb based compounds are particularly interesting and extensively
studied as some of them exhibit novel magnetic behavior due to the close prox-
imity of 4f level to the Fermi energy. This proximity enhances the hybridization
between the 4f level and the band states resulting in an antiferromagnetic s — f
exchange interaction between the conduction electron and the 4 f-derived local mo-
ment. The negative s — f exchange interaction leads to Kondo effect. Depending
upon the relative strengths of the Kondo exchange interaction and the conduction
electron mediated RKKY interaction, some compounds of Ce and Yb show a va-
riety of anomalous behavior. For example, CeAl; [9] and CeCug [5] show heavy
fermion Kondo lattice behavior without any long range magnetic order; cubic com-
pounds CeAl, [10] and CeBg [11], YbRhsSis [12] and YbAIB, [13] are Kondo lattice
compounds that order magnetically at low temperature; heavy fermion compounds
Celng [42], CeCuyGey [43], CeRhsSiy [44], and CePdySis [45] exhibit pressure in-
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duced superconductivity; while the heavy fermion compound CeCuySis [46] shows
superconductivity at ambient pressure. Many of these compounds are Kondo lattice
antiferromagnets at ambient pressure, upon application of external pressure [47] or
magnetic field or chemical doping, these compounds exhibit quantum critical point
(Ty — 0), where for a particular value of the exchange constant (.J.r) the Kondo and
the RKKY exchange interactions are equal and opposite, and the magnetically or-
dered and the non-magnetic ground states become degenerate. The field of quantum
criticality is extensively studied these days. The application of external hydrostatic
pressure is an excellent tool to control the ground state of these compounds where
the Kondo interaction depends sensitively on the lattice volume, and hence on the
external pressure. In view of these interesting physical properties exhibited by Ce
and Yb based intermetallic compounds, an investigation on the magnetic properties
of CeMgs and CeMgi5 binary compounds in single crystalline form is reported in this

chapter.

RMgs compounds crystallize in cubic BiFs-type structure. Prior to this work,
there are no single crystalline reports on both CeMgs and CeMg;s. In one of the
early works on RMgz (R = La, Ce, Pr, Nd, Sm, Gd, Tb) compounds, Buschow [48]
reported the structural and magnetic properties on polycrystalline samples; it was
found that CeMgs, NdMgs, and PrMgs; do not order magnetically down to 4.2 K.
The magnetic susceptibility of these three compounds showed Curie-Weiss behavior
consistent with a negative value of paramagnetic Curie temperature, indicating an
antiferromagnetic ordering at low temperature. SmMgs was found to order magnet-
ically with Ty = 6.5 K. A low value of saturation magnetization observed in all the
four lighter rare earth compounds, was attributed to the possible complex magnetic
structure of these compounds. The higher rare earth compounds GdMgz and ThMgs
order ferromagnetically with T = 117 K and 108 K, respectively. In a later report by
Pierre et al. [49] it was found that CeMgs orders magnetically with Ty = 3.4 K, the
presence of Kondo interaction indicated by the magnetic part of electrical resistivity
which increases with decreasing temperature over certain temperature range. Fur-
thermore, from inelastic neutron scattering data they estimated the crystal electric
field (CEF) split level scheme. In another neutron diffraction report, Galera et al. [50]
have reported that CeMgs orders antiferromagnetically with T = 4 K, while NdMgs

orders magnetically at 6 K. From the neutron diffraction, the ordered moment in

40



3.2. Crystal Growth

CeMgs was found to be small, which the authors attributed to the presence of Kondo
effect. Earlier, Galera et al. [51], and recently Chatterji et al. [52] have done the
neutron diffraction on NdMgs, and reported antiferromagnetic ordering at Ty = 6 K
with the propagation vector k = (0.5, 0.5, 0.5); the magnetic structure of NdMgs pos-
sesses ferromagnetic layers of (111) which are stacked in opposite directions leading
to an antiferromagnetic alignment along the [111] axis. There is a recent report by
Tanida et al. [53], where they have studied the magnetic properties of PrMgs in detail
on a single crystalline sample and found that the ground state of this compound is a

non-magnetic I's doublet.

In order to remove the ambiguity over the exact magnetic ordering temperature
of CeMgs, and to study the Kondo behavior along with other possible interesting
physical properties, single crystals of CeMgs and its non-magnetic analog compound
LaMgs have been grown by Bridgman method. The magnetic properties were stud-
ied in detail by measuring magnetic susceptibility, magnetization, electrical transport,
and heat capacity measurements. Crystal electric field (CEF) analysis has been per-
formed on the magnetic susceptibility and heat capacity data and we find that our
results corroborates the conclusions of previous neutron diffraction experiment per-
formed on polycrystalline samples [49]. We have also explored the effect of external
pressure on electrical resistivity up to 12 kbar; these experiments were done in col-

laboration with Prof. Bauer at Vienna.

Apart from CeMgs, the magnetic properties of magnesium rich CeMg5 have also
been studied. The single crystal of CeMg;, has been grown for the first time. Unlike
CeMgs, CeMg;y crystallizes in tetragonal structure with space group 74/mmm (no.
139); and orders below 1.2 K. CEF analysis has been performed on the magnetic
susceptibility data and the CEF split level scheme has been estimated.

3.2 Crystal Growth

From the binary phase diagram of Ce-Mg [36], we found that both CeMgz and CeMg;2
phases melt congruently at 796 °C and 611 °C, respectively. Since magnesium has a
high vapor pressure, Bridgman method was employed to grow the single crystal in a

protective environment by sealing it in a molybdenum crucible. Good quality single
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crystals of CeMgs and CeMg;s have been obtained by this method. The details of
crystal growth method are described in Chapter 2. The anisotropic properties have

been investigated on well oriented single crystalline samples.

3.3 CeMg3

3.3.1 Powder x-ray and Laue diffraction and EDAX

In the crystal growth of CeMgs, slight excess of magnesium was taken due to the
volatile nature of Mg at high temperatures. Hence the phase purity of the grown
crystals was checked by means of powder x-ray diffraction (XRD). A few small pieces
of the single crystals CeMgs was ground into fine powders and the powder x-ray
diffraction pattern was recorded using a PANalytical x-ray diffractometer with Cu
Ka (A = 1.5406 A) monochromatic radiation. No traces of any impurity peaks were
obtained in both CeMgs and LaMgs powder pattern. The samples were phase pure
and the compounds found to crystallize in the cubic crystal structure with space group
Fm3m (no. 225). Rietveld analysis was performed on the powder pattern in order to
estimate the lattice parameters using the FULLProf software package [54, 55]. The
representative powder pattern of CeMgs along with the Rietveld fitting is shown in
Fig. 3.1. The estimated lattice constants for LaMgs and CeMgs were 7.468 A and
7.422 A, respectively; which are in agreement with the previous reports [48]. Tt is
worth mentioning here that the nearest Ce-Ce distance is 5.248 A. Hence CeMgs is
a good system to study the competing RKKY interaction and Kondo screening. The
stoichiometry of the samples was further confirmed by the Energy Dispersive X-ray
Analysis (EDX) where the stoichiometry of the crystals was examined at different
regions and found to be highly homogeneous. The grown crystals were oriented
along the principal crystallographic direction by Laue back reflection method. A
representative back reflection Laue pattern of CeMgs corresponding to (100) plane
is shown in Fig. 3.2. Clear four fold symmetry in the Laue pattern corroborates the
cubic symmetry of the crystal structure and the well defined spherical spots indicate
a good quality of the grown single crystal. The crystals were then cut in rectangular

bar form using a spark erosion cutting machine.
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Figure 3.1: (a) Powder x-ray diffraction pattern of CeMgz along with the Rietveld
fitting (black line), Bragg positions (green markers), and the difference between ob-
served and calculated pattern, and (b) crystal structure of CeMgs.

(a)

Figure 3.2: (a) Laue pattern of CeMgs (100) crystallographic plane, (b) a simulated
pattern corresponding to (100) plane is superimposed over the experimental pattern.
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3.3.2 Magnetization

The temperature dependence of magnetic susceptibility measured using a SQUID
magnetometer in the temperature interval from 1.8 to 300 K in an applied magnetic
field of 1 kOe for H parallel to [100] crystallographic direction is shown in Fig. 3.3(a).
At 2.6 K a cusp in the magnetic susceptibility is observed as shown in the inset of
Fig. 3.3(a). Below 2.6 K, the magnetic susceptibility decreases with decreasing tem-
perature indicating an antiferromagnetic nature of the magnetic ordering. This cusp
at 2.6 K in the magnetic susceptibility is the Néel temperature of CeMgs, where Ce
moments order antiferromagnetically. The heat capacity data, to be discussed in the
following section, confirmed the bulk magnetic ordering of the system at this temper-
ature. Inverse susceptibility vs. temperature plot is shown in Fig. 3.3(b). At high
temperature (above 200 K), the inverse susceptibility varies linearly with temperature
and follows the Curie-Weiss law. The high temperature inverse susceptibility data in
the range 200 to 300 K is fitted to the Curie-Weiss expression:

(3.1)

where C' is the Curie constant and 6, is the paramagnetic Curie temperature. The

Curie constant C'is expressed in terms of the effective magnetic moment as:

o Napben®

3.2
=24 (32

where Ny is Avagadro number, ugp is the Bohr magneton and kg is the Boltzmann
constant, pegs is the effective magnetic moment and x is the number of magnetic rare-
earth ions per formula unit. Substituting the constant values in Eqn. 3.2, Eqn. 3.1

reduces to

2
_ Heg®
X ST -6, (3.3)

The solid line in Fig. 3.3(b) is the Curie-Weiss fit. From the fitting, the Curie

temperature (6,) and the effective moment value (o) were found to be —12 K and
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Figure 3.3: (a) Temperature dependence of magnetic susceptibility in the tempera-
ture range from 1.8 to 300 K along [100] crystallographic direction with an applied
magnetic field of 1 kOe, (b) inverse susceptibility is plotted against temperature, the
solid line is the Curie-Weiss fit to the experimental data.
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Figure 3.4: Field dependence of isothermal magnetization measured at 1.8 K with
field along the [100] crystallographic direction.

2.61 up/Ce, respectively. The estimated effective moment is close to the free ion value
of Ce, 2.54 pp/Ce, thus indicating the trivalent nature of Ce ion in this compound.
The negative sign of 6, is in conformity with the antiferromagnetic ordering in this
compound. The inverse susceptibility deviates from the linear behavior below 150 K,
which is due to the thermal depopulation of crystal electric field (CEF) split levels,

which is discussed later.

The field dependence of magnetization M (H) measured in a vibration sample
magnetometer (VSM), for H parallel to [100]-direction, at a constant temperature
T = 1.8 K is shown in Fig. 3.4. The magnetization varies nearly linearly without
any sign of saturation up to a magnetic field of 12 T. This type of linear behavior of
magnetization is typical for an antiferromagnetic system. The magnetization reaches
a value of only 0.5 up/Ce at a magnetic field as high as 12 T. This low value of mag-
netization corroborates the previous neutron diffraction report by Galera et al. [50]
where an order moment of 0.59 up/Ce was observed. The saturation magnetization
of Ce moment is (g; x J = £ x 2) 2.14 pup/Ce. This reduction in the magnetization

value is attributed to the combined influence of Kondo and CEF effects.
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3.3.3 Electrical resistivity

The electrical resistivity of CeMgs and its non-magnetic analog LaMgs; measured in
the temperature range from 1.9 to 300 K for current along [100] direction is shown
in Fig. 3.5. Here the magnetic transition is not clearly observed from the resistivity
plot as the resistivity was measured down to 1.9 K only. But we see a drop in the
resistivity below 2.6 K due the reduction in spin disorder scattering below the ordering
temperature. Resistivity of LaMgs decreases with decreasing temperature, and the
temperature dependence is typical of a metallic compound without any anomaly at
low temperature. On the other hand the electrical resistivity of CeMgs shows a broad
hump centered around 150 K followed by a minimum around 30 K. Below 30 K, the
resistivity shows a weak increase and then decreases. A large value of the residual
resistivity for both CeMgs and LaMgs may be attributed to slight magnesium vacancy
in the crystal due to the volatile nature of molten magnesium during the crystal

growth.

The magnetic part of electrical resistivity (pm.g) was obtained by subtracting
the resistivity value of LaMgs from that of CeMgs. The ppae is plotted in a semi-
logarithmic scale and is shown in the inset of Fig. 3.5. pj,, increases with the
decreasing temperature below 300 K, and shows two broad hump centered around
100 and 6 K. The pmag(T") varies linearly as —In(7") at low and high temperatures.
This kind of double peak structure is often observed in the Kondo lattice compounds
that exhibit magnetic ordering at low temperature. The broad hump at 100 K is
attributed to the combined influence of the crystal electric field and the Kondo effect.
Hence, CeMgs can be termed as a Kondo lattice compound. According to Cornut and
Cogblin [56], this type of behavior is expected for Kondo-type interaction in presence
of strong crystal field splitting with the Kondo temperature Tk much less than the
overall crystal field splitting Acgr. The low temperature peak in p,q,(7") maybe
attributed to the Kondo scattering of the conduction electrons with an energy scale
of the order of Kondo temperature Tk, while the high temperature peak is due to the
thermal population of the CEF split levels.
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Figure 3.5: Temperature dependence of electrical resistivity of CeMgs and LaMgs for
current density J parallel to [100] crystallographic direction. The inset shows the
magnetic part of resistivity on a semi-logarithmic scale.
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Figure 3.6: Temperature dependence of heat capacity in CeMgs and LaMgs;. The
top inset shows the low temperature parts of C' vs T and C/T vs T of CeMgs. The
bottom inset shows the C/T vs T? plot.

3.3.4 Heat capacity

The heat capacity of LaMgs was measured in the temperature range from 1.8 to 200 K,
while the heat capacity of CeMgz was measured down to 0.5 K using a Quantum
Design PPMS. The temperature dependence of the specific heat capacity of CeMgs
and LaMgs are shown in Fig. 3.6. The heat capacity of LaMgs does not show any
anomaly, and its temperature dependence is typical for a non-magnetic reference
compound. The low-temperature part of the heat capacity of CeMgs is shown in
the top inset of Fig. 3.6. A clear jump at Ty = 2.6 K, confirms the bulk magnetic
ordering in this compound. It is to be mentioned here that no anomaly is seen either
at 3.5 or 4 K as reported by Galera et al. [50] in the earlier studies on polycrystalline
samples. The antiferromagnetic ordering of CeMgs is confirmed to be at 2.6 K, from

our studies on single crystalline sample.
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Figure 3.7: (a) Magnetic part of the heat capacity of CeMgs. The inset shows the
magnetic entropy.

The low temperature part of the C/T vs. T? plot is shown in the bottom inset of
Fig. 3.6(a) and an estimate of the magnitude of Sommerfeld coefficient v is obtained by
extrapolating the low temperature data and fitting to the expression C/T = v+ B3T2.
The v value thus obtained is estimated to be 370 mJ/K? mol, and the 3 value is
estimated to be 608 mJ/K* mol. This implies that the enhanced low-temperature
~v value is due to the strong Kondo interaction. The large value of + in the low
temperature region indicates that CeMgs is a heavy-fermion compound, while the
obtained high g value implies the expected contribution from magnons in the magnetic
phase. The large value of the v at the low temperature also signals the enhanced

density of quasiparticle states at the Fermi level.

The magnetic part of heat capacity, obtained by subtracting the heat capacity of
LaMgs from that of CeMgs, is shown in Fig. 3.7. The jump in the magnetic part of
the heat capacity amounts to 4.35 J/K mol which is considerably reduced compared
to the mean field model prediction of 12.5 J/K mol for S = 1/2 system. The reduced

value of the jump in heat capacity at the magnetic transition temperature supports
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the presence of Kondo effect in CeMgs. Ci,ae shows a broad hump centered around
80 K. This feature is attributed to the Schottky excitations among the CEF levels
of the Ce3* ions which is discussed in the next section. The temperature variation
of Ciag/T is shown in the inset of Fig. 3.7. At Ty (= 2.6 K) the entropy amounts
to only 0.5 R In(2) in comparison to the value of R In(2) anticipated for a doublet
ground state. The reduced value of R In(2) further confirms the presence of Kondo

effect in this compound.

An estimation of the Kondo temperature Tk was made by the method described
by Bredl et al., [57] where in the mean field approach, the jump in the heat capacity
AChag of a Kondo system is related to the Kondo temperature. Besnus et al. [58]
have found that the estimation of Tk by this model agrees well with the experimental
data on various Ce and Yb based compounds. Fig. 3.8 shows the plot of Kondo
temperature of various compounds and the jump in heat capacity, where the Kondo
temperature is determined independently from other methods. The data plotted
in Fig. 3.8 is extracted from the paper by Besnus et al. [58]. Based on the model
described in Ref. [57], Blanco et al. [59] have given the expression for AC;,,, at the

magnetic ordering temperature as

6Nakg [ /(1 e g
ACinag = m [l/) <§ + x) + z1 (5 + x)} ; (3.4)

where r = (Tx/Tx)/2m and 1), 4" and 9" are the first, second and third deriva-
tive of the polygamma function and the other terms have the usual meaning. A plot

of this function is shown in Fig. 3.8(a).

The jump in the magnetic part of heat capacity was found to be 4.35 J/K mol,
which results in a Tk value of 3.5 K. Desgranges and Schotte [60] have theoretically
explained that the entropy of a Kondo system at the characteristic temperature Tk
amounts to 0.68 R In 2 (= 3.92 J/K mol). According to this description, in case of
CeMgs, at 3.8 K the entropy reaches 0.68 R In 2, which indicates that the Kondo
temperature is in close agreement with the one estimated from Eq. 3.4. Furthermore,
as mentioned by Gruner and Zawadowski [61], the Kondo temperature can be esti-
mated from the paramagnetic Curie-Weiss temperature, |6,/4] (12/4 = 3 K). These

estimation of the Kondo temperatures (Tk) by various methods give a value of 3 - 4 K,
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Figure 3.8: (a)An estimation of Kondo temperature made from the jump in heat
capacity. The solid line is the plot of the Eq. 3.4. (b) The plot of Kondo temperature
vs. the jump in heat capacity for various Ce and Yb based Kondo lattice compounds.
The data is extracted from the paper by Besnus et al. (see text).

which is close to the magnetic ordering temperature of CeMgs. However, a detailed
neutron diffraction experiment has to be performed to substantiate our estimation of

Kondo temperature.

Figure 3.9 shows the C'/T versus T plot of CeMgz measured in applied fields of 0, 1
and 5 T. There is no appreciable change in the ordering temperature in an applied field
of 1 T while in a 5 T field the Néel temperature shifts to a lower temperature and the
jump in the heat capacity also decreases as it is usually observed in antiferromagnetic
compounds. The low temperature part of C'/T versus T plot is shown in the inset of
Fig. 3.9. An estimation of the 7 value by linear extrapolation of the C'/T" versus T
plot of the heat capacity data measured in 1 T and 5 T field results in intercepts of
300 and 200 mJ/K?-mol, respectively. The reduction in the v value implies that the
application of magnetic field tends to break the Kondo coupling between the localized

Ce-4f electron and the conduction electrons.

3.3.5 Crystal field analysis

The deviation of the inverse magnetic susceptibility from the Curie-Weiss behavior
below 150 K, the double peak structure in the electrical resistivity and the Schottky
anomaly in the magnetic part of the heat capacity all reveal the substantial crystal
electric field effect in CeMgs. To gain more insight into the CEF we have performed

the crystalline electric field analysis on the magnetic susceptibility and the heat ca-
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Figure 3.9: C/T versus T plot of CeMgs in applied magnetic fields, in the temperature
range 0.5 to 4 K. The inset shows the low temperature part of C'/T versus T? plot.
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pacity data. The Ce atom in CeMgs occupies 4a Wyckoft’s position, which has the
(m — 3m) cubic point symmetry. For a cubic point symmetry, the CEF Hamiltonian

is given by

Hopr = BY (0 +50%) + B (0L — 2107, (3.5)

where B]" and O]" are the crystal field parameters and the Steven’s operators
respectively [23, 24]. For Ce atom, the sixth order terms Of and Of are zero and

hence the CEF Hamiltonian reduces to

Herr = By (0] +50)) . (3.6)

The magnetic susceptibility including the molecular field contribution A; is given

by
Xi ' = Xcer: — N (3.7)
where the expression for xcgr is given in Chapter 1. The CEF parameter BY
was estimated by using the Eqns. 3.6, and 3.7. The solid line Fig. 3.10(a) is the
calculated CEF curve and the value of Bj thus obtained is 0.53 K and the molecular
field contribution A was —8 mol/emu. For Ce atom, in the case of cubic site symmetry,
depending on the sign of the crystalline electric field parameter the ground state will
be a doublet or a quartet. The ground state will be a doublet if the sign of the crystal
field parameter is positive, while it will be a quartet if the sign is negative. From the
CEF calculations, it has been found that the sign of the B} parameter is positive,
which clearly indicates that the ground state is a I'; doublet. Diagonalizing the
Hamiltonian of Eq. 3.6 gives the eigenvalues and the eigenfunctions. The eigenvalues
are the energies of the crystal field split levels. From the eigenvalues of the crystal
field Hamiltonian the crystal field splitting energy was found to be 191 K. The crystal
field level scheme thus obtained from the magnetic susceptibility and the heat capacity
data are in accordance with the previous neutron diffraction results on polycrystalline
samples [49, 51]. The magnitude of the ordered moment of a I'; doublet ground state
based on the CEF calculation (¢,J, = 6/7 x 0.833) should be 0.714 pp/Ce. The
observed magnetization value at 1.8 K is only 0.56 up/Ce, this confirms that the
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Figure 3.10: (a) CEF fit to the inverse susceptibility data. The CEF calculations
exactly reproduce the experimentally observed susceptibility data. (b) The Schottky
fit to the heat capacity data.

moment reduction in this compound is due to the combined effect of Kondo and

crystal field effects.

As discussed earlier, the magnetic part of the heat capacity Cyag of CeMgs shows
a broad peak at high temperature as shown in Fig. 3.10(b). This feature is attributed
to the Schottky excitations between the CEF levels of the Ce3" ions. An analysis of
the heat capacity data has been performed on the basis of CEF model. The Schottky

contribution to heat capacity is given by the following expression,

o
Z gie BT Z giE2e BT [Z giEie_Ei/T]

Csen (T) =R |- . : (3.8)

p
Z gie_Ei/T]

T2

where R is the gas constant, E; are the CEF energy levels in the units of tem-
perature and g; are the corresponding degeneracy of the levels. From the entropy
calculations discussed above, it is obvious that the ground state of CeMgs should be
a doublet ground state. Considering a degeneracy of doublet ground state and a quar-

tet excited state, we found that the CEF levels are separated by an energy of 191 K
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Figure 3.11: (a) Temperature vs. electrical resistivity of CeMgs with J || [100]

at various applied hydrostatic pressures, and (b) The pressure dependence of e,
T2 dpjar, T$7§T, and a tentative T are shown.

apart. The solid line in Fig. 3.10(b) is based on the Eq. 3.8, which indicates that the
calculated Schottky heat capacity matches well with the experimental data, which
also supports the energy level obtained from the CEF analysis of the susceptibility
data.

3.3.6 Pressure studies

From the physical properties of CeMgs discussed so far, it is obvious that this
compound undergoes an antiferromagnetic ordering at sufficiently low temperature.
CeMgs exhibits a double peak structure in the electrical resistivity, a reduced mag-
netic moment in the ordered state and a large Sommerfeld coefficient. Furthermore,
it was found that the Kondo temperature (Tk) is close to the Néel temperature (Ty).
All these indicate that CeMgs is similar to the other well known heavy fermion an-
tiferromagnetic compounds like Celng [42, 47], CePd,Sis [42], and CeCuyGey [43], to
mention a few, which show pressure induced superconductivity. As we have discussed
in the introduction (Chapter 1), the magnetic state of these compounds are very
sensitive to the external pressure, so we explored the effect of external hydrostatic
pressure on CeMgsz up to a pressure of 12 kbar. This work was done in collaboration
with Prof. Bauer’s group at Vienna. Some of the initial pressure measurements were

performed in our home-made resistivity set-up as well.
The electrical resistivity of CeMgs has been investigated in the temperature inter-
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val from 350 mK to 290 K in a piston cylinder type pressure cell up to a pressure of
12 kbar. The current was applied along the crystallographic [100] direction. Fig. 3.11
shows the results of pressure dependent resistivity. A clear tendency of higher residual
resistivity values with increasing hydrostatic pressure is observed. With increasing
hydrostatic pressure, the maximum at low temperature becomes more distinct and
the broad hump around 100 K at ambient condition gets shifted to slightly lower
temperatures (not shown in Fig. 3.11. The higher values for the resistivity curve
for 0.6 kbar pressure, has been obtained after the high pressure study with 12 kbar
applied pressure and a partial relief of that. It is likely that a contact problem of the
voltage leads accounts to the shift by a factor of two, though the general behaviour

is comparable.

The maximum in the resistivity (7,**) at low temperatures was determined di-
rectly form the maximum in the measurement data. Identification of the Néel temper-
ature is done in different ways found in the literature: (a) a tentative Ty is proposed
by two line fits intersecting in the vicinity of the transition peak, (b) taking temper-
ature (712 ap/ar) at half value of the derivative with respect to temperature dp/dT .
Fig. 3.11(b) shows the characteristic temperatures. The general trend is an increase in
the magnetic ordering temperature with applied hydrostatic pressure, thus stabilizing
the ordered ground state. One of the reasons for the increase of Ty with application of
pressure might be due to the large separation of Ce-Ce distance (= 5.2 A) in CeMgs.
It is likely that we need higher pressures to decrease Ty and eventually reach the

quantum critical point, as expected on the basis of Doniach’s phase diagram.

3.4 CeMg12

3.4.1 Crystal Structure

Like CeMgs, the single crystal of magnesium rich CeMg;, has also been grown by
Bridgman method, where we used little excess of magnesium in order to compensate
the weight loss due to its volatile nature. The phase purity of the sample was checked
by means of powder x-ray diffraction (XRD) using monochromatic Cu-K, radiation
with wavelength 1.5406 A. The XRD pattern showed that the sample is phase pure
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Figure 3.12: (a) Crystal structure of the tetragonal CeMgi2, (b) and (c¢) Experimental
and theoretical Laue patterns of CeMg;y corresponding to (100) and (001) planes.

and possesses the space group I4/mmm. The lattice constants were estimated to be
a = 10332 A and ¢ = 5961 A which matches well with the previous structural
report [62]. The Ce-atoms are lying at the corners of the tetragonal unit cell and
one at the body center. The unit cell volume is 636.35 A® and the nearest Ce — Ce
distance is 5.961 A along the c-axis. The crystal structure of CeMg;, is shown
in Fig. 3.12(a). The crystal was oriented along the two principal crystallographic
directions viz., along [100] and [001] directions by means of Laue diffraction. Well
defined Laue diffraction spots together with the four fold symmetry confirmed the
tetragonal crystal structure and the good quality of the sample. The experimental
Laue pattern for the (100) and the (001) planes together with the simulated patterns
are shown in Fig. 3.12(b) & (c).

3.4.2 Magnetic measurements

The temperature dependence of the magnetic susceptibility was studied in the tem-
perature range from 1.8 to 300 K using a SQUID magnetometer with an applied
magnetic field of 1 kOe along crystallographic [100] and [001] directions. The tem-
perature dependence of susceptibility is plotted in Fig. 3.13(a) on a semi-logarithmic
scale. We see a large magnetic anisotropy in CeMg;, reflecting the tetragonal crystal

symmetry.
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Figure 3.13: (a) Temperature dependence of magnetic susceptibility of CeMg;o with
an applied magnetic filed of 1 kOe along the crystallographic a and ¢ directions, (b)
inverse susceptibility vs. temperature plot. The solid lines are fits to the modified
Curie-Weiss law.

The magnetic susceptibility along the [100] direction is larger than along the [001]
direction, thus indicating that the [100] crystallographic direction is the easy axis of
magnetization. Inverse susceptibility vs. temperature is plotted in Fig. 3.13(b). At
high temperature range, from 100 to 300 K, inverse susceptibility varies linearly with

temperature, and follows the modified Curie-Weiss law:

X(T) = Xpara 1T X0, (3'9)

with
X0 = XPauli T XLandau + XDia- (310)

XPara 1S given by the Eq. 3.1. As it is evident from Eq. 3.10, the contributions
to xo come from the diamagnetic susceptibility which arises due to the presence of
ion cores and the Landau and Pauli spin susceptibilities of the conduction electrons.
From the modified Curie-Weiss fitting we obtained o = 4.561 x 107* emu/mol,
6, = 20.86 K and peg = 2.44 pp/Ce along H || [100] and xo = -1.289 x 1074
emu/mol, 0, = —47.5 K and peg = 2.68 pp/Ce along H | [001] direction. The
deviation from the linear behavior in the inverse magnetic susceptibility below 100 K

is mainly attributed to the crystal electric field effect.
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Figure 3.14: Isothermal magnetization measured at T'= 1.8 K of CeMg;, for applied
magnetic field along the two principal crystallographic directions.

Isothermal magnetization is measured at 1.8 K up to a magnetic field of 70 kOe
along both the crystallographic directions as shown in Fig. 3.14.The magnetization
for H || [100] increases more rapidly than along the [001] direction, confirming that
[100] direction is the easy axis of magnetization. For fields greater than 35 kOe, the
magnetization along [100] direction shows some spin re-orientation, in spite of the fact
that the magnetization is measured at 1.8 K, which is 0.6 K above the T4 = 1.2 K.
This indicates some short range magnetic ordering above T,.4. Furthermore, the
magnetization shows a saturation behavior for fields around 7 T. The magnetization
reaches a value of 1.85 ug/Ce, which is close to the free ion value of Ce®* (g;J =
$ x 2 =2.14). The magnetization for H || [001] increases linearly and reaches only

7
0.2 pup/Ce at 70 kOe, indicating that [001] is the hard axis of magnetization.

Crystal electric field analysis on the magnetic susceptibility data, as well as on
the isothermal magnetization data was performed in order to estimate the crystal
field split energy levels of the degenerate (2J + 1) states. The Ce atom in CeMgo
occupies the 2a Wyckoff’s position in the space group I4/mmm and hence possesses

the tetragonal site symmetry 4/mmm. For the tetragonal site symmetry, the sixfold-
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degenerate levels of the J = 5/2 multiplet will split into three doublets. The crystal

electric field Hamiltonian for the Ce-atom in tetragonal site symmetry is given by,

Hepr = BYOY + B0 + B1Oj, (3.11)

where B" and O]" are the CEF parameters and the Stevens operators, respec-
tively [24, 23]. The magnetic susceptibility including the molecular field contribution
i, which represents the exchange interaction among Ce magnetic moments, is given

by Eq. 3.7.

For calculating the magnetization we have used the following Hamiltonian which

includes the Zeeman term and molecular field term,

H = Herr — gapsJi(H; + A\iM;), (3.12)

where,

e—En/kBT

M,; = gJ,uBZ | (n] J;| n)T (1 =z,y,and z2). (3.13)

For the purpose of crystal field analysis, we have plotted the experimental results
on susceptibility in the form of 1/(x — xo). An estimate of the crystal field energy
levels are obtained by diagonalizing the Hamiltonian. The crystal field parameters
thus obtained correspond to BY = 6.8 K, B} = 0.022 K and B} = —0.75 K and the
molecular exchange field constant Ajgp = 0 and Agp; = 30 mol/emu. The positive
value of A along the [001] direction suggests a ferromagnetic ordering in CeMg;s,
the calculated susceptibility diverges at low temperature along this direction also
supports the evidence of ferromagnetic ordering. However, further low temperature
measurements are necessary to confirm the nature of magnetic ordering in CeMg;s.
The difference in the molecular field contributions for [100] and [001] directions, clearly
indicate the anisotropic magnetic interaction between the Ce moments. The sign of
the BY parameter in general determines if the system possesses an easy plane or
easy axis anisotropy [25]. Since BY is positive in CeMg, it suggests an easy plane
magnetization. The obtained energy levels are A; = 30 K and Ay = 126 K. A detailed

neutron diffraction study and the high temperature heat capacity measurements are
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Figure 3.15: Inverse magnetic susceptibility of CeMgo, the black solid lines are the
calculated curves based on the crystal electric field calculations. The obtained energy
levels are shown in the inset of the figure. The calculated CEF susceptibility is
shown in the top inset. The bottom inset shows the magnetization data measured at
T = 10 K, and the solid lines are the calculated CEF magnetization curves along
the two principal crystallographic directions.
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Figure 3.16: Temperature dependence of electrical resistivity of CeMg, along the
two principal crystallographic directions.

necessary to clarify this estimated crystal field split level schemes.

3.4.3 Electrical Resistivity

The temperature dependence of electrical resistivity, measured in the temperature
range from 1.8 to 300 K is shown in Fig. 3.16. As it is evident from the figure, there
is a large anisotropy in the resistivity when the current is passed along the [100] and
[001] directions. Since the resistivity was measured down only to 1.8 K, the magnetic
ordering could not be traced. From the low temperature heat capacity measurement,
to be discussed later, it is clear that this compound orders magnetically at 1.2 K.
The electrical resistivity decreases with decreasing temperature showing a metallic
behavior. A broad hump centered around 100 K is seen in the electrical resistivity,
indicating the thermal population of the excited levels of the 2J + 1 crystal field
levels, which substantiates the crystal field calculations. Unlike the case of CeMgs no

signature of Kondo effect is observed at low temperature.
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Figure 3.17: Temperature dependence of heat capacity of CeMg;,. The inset shows
the low temperature part of the C/T versus T2 plot.

3.4.4 Heat Capacity

The temperature dependence of specific heat capacity measured in a Quantum Design
physical property measurement system (PPMS), in the temperature range from 0.05
to 10 K is shown in Fig. 3.17. It is evident from the figure that a huge jump in the
specific heat is observed at 1.2 K suggesting a bulk magnetic ordering 75,4 in CeMgys.
The jump in the specific heat is broad thus signalling a short range magnetic order
above the T,q. The inset shows the low temperature part of the C'/T versus T' 2 plot.
An estimation of the Sommerfeld coefficient v was made by the linear extrapolation
of the C//T versus T? plot. The obtained ~y value is 360 mJ/K? mol. Although the
apparent 7y value is large, since the magnetic ordering temperature is at 1.2 K and
the crystal field split first excited state is at 30 K, one cannot claim this compound
to be a heavy fermion compound. An estimate of the magnetic entropy could not be

performed as the non-magnetic analog of CeMg;s was not available.
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3.5 Summary

Single crystals of CeMgs, LaMgs, and CeMg5 have been grown by Bridgman method
in sealed molybdenum tubes, which were then sealed in quartz ampoules. X-ray and
EDAX analysis of the samples confirm that the samples are phase pure. The magnetic
susceptibility and heat capacity data clearly indicated that the CeMgs orders antifer-
romagnetically with T = 2.6 K. The heavy fermion nature of CeMgs is concluded
from the high value of Sommerfield coefficient v = 370 mJ/K? mol. The reduced value
of the magnetization, the reduced jump in the heat capacity at the magnetic transi-
tion temperature, and the —In(7T") behavior in the electrical resistivity confirmed the
presence of Kondo effect in this compound. The estimated Kondo temperature was
found to of the order of the Néel temperature, around 3-4 K, suggesting a delicate
competition between the Kondo interaction and the RKKY exchange interaction in
this compound. From the pressure dependence of electrical resistivity, we have found
that the Néel temperature (Ty) increases with increasing external hydrostatic pres-
sure up to a pressure of 12 kbar. It will be interesting to observe the effect of even
higher pressure in this compound, which may eventually bring down the Néel tem-
perature and tune the system to quantum criticality. From the CEF analysis of heat
capacity and magnetic susceptibility data we have found that the J = 5/2 six fold
state splits into a doublet ground state and quartet excited state separated by an

energy of 191 K.

The anisotropic physical properties have been investigated for the first time on
CeMgyy. From the heat capacity measurement, it was found that CeMg;, undergoes
a magnetic ordering at 1.2 K. The low value of the magnetic ordering temperature
may presumably be attributed to the long Ce-Ce distance in the unit cell. The
magnetic susceptibility and the electrical resistivity are highly anisotropic reflecting
the tetragonal nature of the crystal structure. The effective moment of Ce atom is
close to the free ion value indicating that the Ce atom exhibits local moment behavior.
The magnetization reaches 1.8 ug/Ce at a field of 70 kOe. The crystal electric field
analysis of magnetic susceptibility data reveals that the (2J + 1) degenerate level of
Ce®" ion split into three doublets, and first and the second excited doublets are at
energy 30 K and 126 K, respectively from the ground state. From the negative value

of the polycrystalline average of the paramagnetic Weiss temperature the magnetic
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ordering can be supposed to be of antiferromagnetic in nature. However, a positive
value of the molecular field exchange constant A, for H parallel to [001] direction in
the CEF calculations indicates that the magnetic ordering is ferromagnetic. Neutron
diffraction experiments on CeMg, at sufficiently low temperature is necessary to
know the exact nature of magnetic ordering and to know about the magnetic structure

of this compound.

66



Chapter 4

Anisotropic magnetic properties of

equiatomic CeGe and CeSi

4.1 Introduction

In continuation of our studies on Ce based binary compounds, we have grown the
single crystals of CeGe and CeSi, and investigated their anisotropic magnetic prop-
erties in detail. The RX (R = rare earth, X = Ge, Si) compounds crystallize either
in FeB-type or CrB-type orthorhombic crystal structure depending upon R and heat
treatment during the crystal growth. It is interesting to mention here that some
compounds in the RX series exhibit polymorphism [63], by crystallizing in both the
structure types. CeX (X = Ge, Si) compounds crystallize in the FeB-type orthorhom-
bic crystal structure with space group Pnma (no. 62). CeSi has been previously
studied on a polycrystalline sample by Shaheen [64] and it was reported that it or-
ders antiferromagnetically with Ty = 5.6 K. Furthermore, from the heat capacity
data, Shaheen concluded that the ground state is a quartet, which is unusual for
a system in which the Ce site symmetry is orthorhombic. In such cases a doublet
ground state is usually expected, while quartet ground state is observed only when
the Ce atom is located at a high site symmetry such as cubic site symmetry. In
another report Noguchi et al. [65] have studied the magnetic properties of CeSi sin-
gle crystalline sample. They reported a doublet ground state in this system, and
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found a saturation moment of 1.75 pp/Ce along the [010] direction, which is the
easy axis of magnetization. Polycrystalline CeGe was investigated by Buschow [66]
long ago, and very recently by Marcano et al. [67, 68]. All the previous reports on
polycrystalline CeGe confirmed an antiferromagnetic ordering at around 10 K. From
the heat capacity data Marcano et al. [68] concluded that the Kondo interaction is
present in CeGe. This is interesting as Shaheen [64] did not report any evidence of
Kondo interaction in isostructural CeSi which has a lower unit cell volume compared
to CeGe. The puSR studies on polycrystalline CeGe revealed a complex antiferromag-
netic spin structure [69]. The magnetization measurements also exhibited a strong
irreversibility between the field-cooled (FC) and zero-field-cooled (ZFC) plots at low
temperatures and a very broad metamagnetic transition [68] in the M vs H plot.
Furthermore, Marcano et al. [68] found that the electrical resistivity in CeGe at the
transition temperature (T ) increases with decrease in the temperature indicating the
signature of magnetic superzone gap opening in this compound. Due to the relatively
low crystal symmetry of CeX compounds, we thought that it will be worthwhile to
grow the single crystals of CeX (X = Ge and Si) and investigate their anisotropic
magnetic behavior using the techniques of magnetization, electrical transport, and
heat capacity, as well as studying the superzone gap in detail. In addition it was
felt that a crystal electric field analysis of the anisotropic magnetic susceptibility and
heat capacity of CeX single crystals would enable us to find the CEF level scheme in

these two compounds.

4.2 Crystal Growth

CeGe phase melts peritectically at 1433 °C [70], but increasing Ge concentration
slightly results in a near congruent melting. We took Ce and Ge in the ratio 1 : 1.05,
and melted the charge several times in a tetra-arc furnace to prepare a homogeneous
polycrystalline sample. Later a tungsten seed rod was used to pull the single crystal
out of the melt by Czochralski method. It is interesting to mention here that the
crystal has a cleavage plane perpendicular to the growth direction and because of
that the crystal cleaved during the growth and its lower portion fell down due to its
own weight. The cleaved surface of the crystal was later found to be crystallographic
[010] direction from the Laue diffraction studies. In case of LaGe, CeSi, and LaSi,
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the phases melt congruently around 1400 °C. Single crystals of LaGe, and CeSi were
grown by similar method as CeGe. We prepared the polycrystalline sample of non-
magnetic reference compound LaSi by arc-melting. The details of crystal growth are

given in Chapter 2.

4.3 Results of CeGe

4.3.1 Structural properties

The shiny cleaved surface of CeGe crystal indicated that the grown crystal was of
good quality. As the crystal was pulled from a slightly off-stoichiometric melt, the
phase purity of the sample was checked by means of powder x-ray diffraction. A small
piece of the single crystal was ground and the powder x-ray diffraction measurement
was done using a PANalytical x-ray diffractometer with a monochromatic Cu Ka
radiation. It was found that the crystal was phase pure as there were no impurity
peaks in the powder diffraction pattern. From the x-ray diffractogram it was inferred
that CeGe crystallizes in the orthorhombic crystal structure with the space group
Pnma (no. 62). A Rietveld analysis was performed on the powder pattern using
FULLPROF [32] software package to estimate the lattice constants. A reasonably
good fit to the experimental pattern was observed which is shown in Fig. 4.1. In
the inset of Fig. 4.1 the crystal structure of CeGe is shown. The estimated lattice
parameters are a = 8.355(4) A, b = 4.078(9) A, and ¢ = 6.023(5) A. From the
Rietveld refinement it was found that the Ce and Ge atoms occupy the 4c site with
positions at (0.1788, 0.25, 0.6172) and (0.0424, 0.25, 0.1366), respectively. These
lattice parameter values are in good agreement with the previous reports [66, 67, 63].
The composition of the grown crystal was confirmed by means of Energy Dispersive
Analysis by X-ray (EDAX) at various regions of the crystal. The grown crystal was
found to be homogeneous and the stoichiometry was uniform throughout the sample.
The crystal was oriented along the principal crystallographic directions by means of
back reflection Laue diffraction method, and cropped out in a rectangular bar form
using a spark erosion cutting machine. All the measurements were performed on well

oriented single crystalline samples.
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Figure 4.1: Powder x-ray diffraction pattern of CeGe along with the Rietveld re-
finement (black line), Bragg positions (green markers), and the difference between
experimental and calculated pattern. A unit cell of CeGe crystal is shown in the
inset.
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4.3.2 Magnetic susceptibility and magnetization

The magnetic susceptibility of CeGe was measured in the temperature interval from
1.8 to 300 K, along the three principal crystallographic directions, namely, [100],
[010], and [001] using a (Quantum Design) SQUID magnetometer in an applied field
of 1 kOe. The temperature dependence of magnetic susceptibility along the three
principal crystallographic directions is shown in Fig. 4.2. A large anisotropy in the
susceptibility is clearly visible in both magnetically ordered and paramagnetic phases.
In the inset of Fig. 4.2 the low temperature part of magnetic susceptibility is shown,
where a clear drop in magnetic susceptibility is seen at 10.5 K with decreasing temper-
ature for H || [010]. Relatively small peaks were observed for H || [100], and H || [001]
directions, indicating the onset of antiferromagnetic ordering of this compound at
10.5 K. It is clear that the [010] direction is the easy axis of magnetization, which is
further confirmed from the isothermal magnetization measurements discussed next.
For a collinear bipartite antiferromagnet, the magnetic susceptibility along the easy
axis of magnetization () should decrease to zero as the temperature is lowered to
zero kelvin, while the susceptibility along the hard axes (y,) are expected to be
almost temperature independent. At low temperature below the Néel temperature,
the susceptibility along the hard axes show an upturn with decreasing temperature,
which indicates that the antiferromagnetic ordering in CeGe is not a simple collinear
two-sublattice antiferromagnetism. At high temperature, in the range 150 to 300 K,
the inverse susceptibility varies linearly with temperature, and follows Curie-Weiss
law. The high temperature data were fitted to Curie-Weiss law and an estimate of the
paramagnetic Curie temperature (6,,), and effective moment value (e) of Ce were
obtained. The effective moment values p.¢ and the paramagnetic Curie temperature
6, were found to be 2.57 pp/Ce and -25 K, 2.61 p15/Ce and 16 K, and 2.57 pup/Ce and
-43 K, respectively for H || [100], [010], and [001] directions. The obtained experimen-
tal values of ji.g are close to the free ion value of Ce®t, 2.54 up, which indicates that
the Ce atom in this compound is in trivalent state. The Curie-Weiss temperature 6,
is positive along H || [010], while for the other two principal directions it is negative.
However,the polycrystalline average of 8, is negative (-17 K), which is consistent with

the antiferromagnetic nature of magnetic ordering of this compound.
The field dependence of isothermal magnetization M (H) measured at 1.8 K is
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Figure 4.2: (a)Temperature dependence of magnetic susceptibility of CeGe with mag-
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the low temperature part of the magnetic susceptibility. (b) Inverse magnetic suscep-
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shown in Fig. 4.3(a). At low applied magnetic fields, the magnetization along H || [010]
direction is almost linear, and exhibits an upward curvature as the field is increased.
At a critical field of 4.8 T, the magnetization shows a metamagnetic like transition, the
magnetization shows a more prominent metamagnetic jump at a field of 6.4 T, and
then increases gradually with increasing magnetic fields. The magnetization value
obtained at 12 T is about 1.5 up/Ce which is well below the saturation magnetic
moment of free Ce3" ion (g;Jup = 2.14 ug/Ce). An estimate of the ordered moment
was obtained from the Arrott plot [71]. The Arrott plot is shown in the inset of
Fig. 4.3(a) for H || [010], and the magnetization data measured at temperature 1.8 K.
The high field data were fitted to the following expression:

M?*=a (%) — be (4.1)

where a and b are constants and ¢ = (1 — Tx/T). The ordered moment was
found to be 0.86 up/Ce from the fitting, which corroborates with the previous neu-
tron diffraction result on a polycrystalline sample by Schobinger-Papamantellos et
al. [69], where the authors estimated an ordered moment of 1.0 ug/Ce. The authors
attributed the moment reduction to the presence of Kondo effect in this compound.
Our resistivity measurements, to be discussed later, show a clear signature of Kondo
effect in the high temperature range, from 80 to 300 K in this compound, however no

signature of Kondo effect is observed in the low temperature range.

The magnetization along the [100] crystallographic direction increases linearly
with field up to 10.6 T, where the magnetization exhibits a sharp metamagnetic
transition and then shows a nearly saturation behavior. While the magnetization
along [001] direction increases linearly without anomaly or any sign of saturation up
to a field of 16 T. The magnetization reaches a value of 0.54 pp/Ce at a field of 16 T
for [001] direction, indicating it as the hard axis of magnetization. From Fig. 4.3, it
is clear that [010] direction is the easy axis of magnetization. The field dependence of
magnetization at various fixed temperatures along the [100] and [010] directions are
measured and is shown in Fig. 4.3(b) and (c). It is evident from the figure that with
increasing temperature, the metamagnetic transition along the [100] direction shifts
towards left (lower magnetic field) and vanishes at magnetic transition temperature.

While along [010] crystallographic direction, the metamagnetic transition at lower
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Figure 4.3: (a) Magnetization plots of CeGe along the three principal crystallographic
directions measured at 7' = 1.8 K. The inset shows the Arrot plot for H || [010]
magnetization data measured at T = 1.8 K (b) Isothermal magnetization of CeGe
measured at various fixed temperatures for H || [010] and (c) for H || [100] direction.
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Figure 4.4: Magnetic phase diagram of CeGe for field parallel to (a) [100] and (b)
[010] directions. The solid lines are guide to eyes.

field shifts toward higher field and the metamagnetic transition at the higher filed
shifts toward lower field with increasing temperature, and merges at 5 K. A magnetic
phase diagram has been constructed from the differential plot (dM/dH vs. H) of

isothermal magnetization as shown in Fig. 4.4.

For H || [100] direction, above the Néel temperature (Ty) the compound is param-
agnetic, while below T} it is in antiferromagnetic state. At low temperature for mag-
netic field greater than 10.7 T where the magnetization exhibits a near saturation, the
compound is in a field induced ferromagnetic state. In case of [010] crystallographic
direction, for fields 4.5 < H 6.5 T and temperature up to 5 K the system is in a

complex antiferromagnetic state as defined by AF-II in the phase diagram.

4.3.3 Electrical resistivity

The temperature dependence of electrical resistivity for current along the three prin-
cipal crystallographic directions, in the temperature range from 1.9 to 300 K is

shown in Fig. 4.5. The anisotropic electrical resistivity of the non-magnetic reference
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compound LaGe is also shown in the Fig. 4.5.

The electrical resistivity of LaGe is typical of a metallic system, the resistivity
decreases with decreasing temperature from 300 K to about 15 K, below this tem-
perature the resistivity is almost temperature independent with a residual resistivity
of 11.7 pu€ cm and 29.1 pQ2 cm for J || [100] and [010] crystallographic directions,
respectively, indicating a significant anisotropy in the compound. The electrical re-
sistivity of CeGe also decreases with decreasing temperature, but exhibits a broad
hump centered around 75 K for current parallel to all three principal crystallographic
directions. The residual resistivity (at T = 2 K) of CeGe along the three principal
crystallographic direction is 52 u$2 em, 47.7 pf2 cm, and 38.96 pf2 cm for J || [100],
[010], and [001]. Below 75 K the resistivity drops more rapidly down to the Néel
temperature at 10.5 K, where the resistivity increases in all three directions, then
shows a broad maximum centered around 9 K, and again decreases with decreas-
ing temperature along [100] and [001] directions, while along the [010] direction the
electrical resistivity levels off after passing through the broad maximum at 9 K. The
magnetic part of electrical resistivity pmag(1') was calculated by subtracting the resis-
tivity values of homologous LaGe from that of CeGe as shown in Fig. 4.5(b), where
the temperature dependence of pyag(7") is plotted on a semi-logarithmic scale. We
observe a negative temperature coefficient of electrical resistivity below 300 K with
a broad peak at 80 K, which can be rationalized on the basis of incoherent Kondo
scattering of conduction electrons and the crystal electric field split levels. However,
at low temperature immediately above Ty, we do not see any evidence of Kondo effect

in our electrical resistivity data.

The electrical resistivity of CeGe at Tx(= 10.5 K) shows an upturn. This type
of behavior is usually attributed to the magnetic superzone gap effect, which appears
when the magnetic periodicity is different from the lattice periodicity. The theoretical
investigation of this type of anomaly appearing at the paramagnetic to antiferromag-
netic transition in rare-earth metals has been made by several authors [28, 72] and can
simply be understood as shown in the cartoon diagram Fig. 4.6. In normal metals,
the electron states in which the conduction electrons exist are surrounded by Brillouin
zone boundaries and the Fermi sphere is completely within a Brillouin zone 4.6(a).
The conduction electrons are at the Fermi surface and the surface area of the sphere

governs the conductivity. Now in the case of a simple two sub-lattice antiferromagnet,
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Figure 4.5: (a) Temperature dependence of electrical resistivity of CeGe and LaGe
for current parallel to the three principal crystallographic directions. The inset shows
the low temperature resistivity of CeGe. (b) The magnetic part of the resistivity pmag
as a function of temperature in a semi-logarithmic scale.
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Figure 4.6: (a) Crystal lattice of a normal metal, the Fermi surface lies within the
Brillouin zone. (b) Spin-up and spin-down sub-lattice due to antiferromagnetic order-
ing. The magnetic unit cell is doubled which causes new zone boundaries and results
in antiferromagnetic superzone.

78



4.3. Results of CeGe

each sub-lattice has a spin up and spin-down configuration. When the sub-lattice pe-
riodicity is greater than the crystal lattice periodicity new zone boundaries will occur.
These new zone boundaries may intersect the Fermi surface and a gap opens up in
the Fermi surface. The effective surface area of the Fermi sphere in Fig. 4.6(b) is less
than that in the Fig. 4.6(a) and consequently this gap reduces the effective number of
conduction electrons below Ty and in addition to this, the thermal fluctuations in the
spin system cause scattering of the conduction electrons which give rise to an increase
in the resistivity. Since the fluctuations are reduced below the Néel temperature, the
resistivity decreases after passing through a maximum. This type of superzone gap
is usually observed in the pure heavy rare-earth metals like Tm, Er which crystallize
in the hexagonal crystal structure [28, 73, 29]. The electrical resistivity shows an
upturn at the magnetic ordering temperature in these heavy rare-earth metals, only
along the hexagonal c-axis while no such anomaly is observed along the perpendicular

direction viz., a-axis.

In CeGe the superzone gap is observed along all three crystallographic directions,
which is in contrast to the heavy rare-earth metals where the gap formation is only
along the hexagonal c-axis [29]. The present scenario is very similar to that observed
for hexagonal UCusSn [74] where the superzone gap opens up along all three principal
crystallographic directions. By comparing the ratio of the resistivity at the lowest
temperature to the resistivity at just above the ordering temperature, we give a
qualitative comparison of the gaps along different directions. The resistivity ratio
p(T'=2 K)/p(T =15 K) is found to be 0.85, 1, and 0.71, respectively for J parallel
to the [100], [010], and [001] directions. This gives an indication that the superzone
gap is larger in the ab-plane than along the [001] direction.

As it is seen from the resistivity data, the superzone gap is large in the ab-plane,
and an analysis of the electrical resistivity of CeGe for current parallel to [100] and
[010] direction is performed based on the simple model of Elliot and Wedgwood [29].
The expression for the electrical resistivity along the magnetic modulation direction

as
_a+BT+’y(1—%M2)

1—-TM? ’

p (4.2)

where o, # and v are normally taken as the fitting parameters. o represents the

impurity scattering, the contribution of the electron-phonon scattering is represented
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Figure 4.7: (Color online) Low temperature electrical resistivity of CeGe for current
parallel to [100] and [010] direction. The solid line is the plot of Eq. 4.2. See text for
details.

by £ and v represents the spin disorder scattering. I' in the above expression de-
fines the superzone-boundary effect and M is the sublattice magnetization usually
obtained from the neutron diffraction experiment. Figure 4.7 shows the low temper-
ature electrical resistivity of CeGe for J || [100] and [010] directions. The solid line
is fit to the Eqn. 4.2. While fitting the experimental data to Eqn. 4.2 the sublattice
magnetization in the ordered state is taken as M = [1 — (T/Tx)?]%° similar to BCS-
gap, where the superzone gap should open as the temperature decreases [75]. It is
evident from the figure that we could get a reasonably good fit for both the directions
and the estimated values of the parameter are, a = 3.42 puQ2-cm, v = 55.51 uf2-cm
and I' = 0.38 for J || [100] and o = 1.0 pQ-cm, v = 37.31 pQ2-cm and I' = 0.58
for J || [010], in the above fitting process for the ST term the respective resistivity
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Figure 4.8: Electrical resistivity of CeGe measured in applied magnetic fields. The
magnetic field is parallel to [010].

of LaGe has been used. The I' values thus obtained for CeGe for [100] and [010]
directions are of the same order as obtained for the heavy rare-earth metals [29]. The
large value of I" for [010] direction indicates that the superzone gap is larger along

[010] direction compared to [100] direction.

The electrical resistivity of CeGe measured in applied magnetic fields is shown in
Fig. 4.8. Since the easy axis of magnetization is the [010] direction, the magnetic field
was applied parallel to [010] direction while the current was passed along the [100] and
[001] direction. It is evident from the figure that as the magnetic field increases, the
peak associated with the magnetic superzone gets suppressed and Ty shifts towards

low temperatures.

4.3.4 Heat capacity

The specific heat of single crystalline CeGe and LaGe was measured in the temper-
ature range from 1.8 to 200 K using a Quantum Design PPMS. The temperature

dependence of heat capacity is shown in the main panel of Fig. 4.9(a).
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Figure 4.9: (a) Temperature dependence of the specific heat capacity in CeGe and
LaGe. The inset shows the low temperature plot C/T vs. T of CeGe. (b) Ciag/T

vs. T of CeGe. The calculated entropy is plotted on the right axis.
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A sharp transition in the heat capacity data of CeGe at 10.5 K, confirms the bulk
nature of the magnetic ordering. The heat capacity values of CeGe are significantly
larger than that of LaGe in both magnetically ordered and paramagnetic states.
The jump in the heat capacity of CeGe at the magnetic transition temperature (7y)
amounts to 6.9 J K= mol™! which is significantly reduced compared to the mean
field value of 12.5J K~ mol™! for spin S = 1/2, but compares well with the value of
6.5 J K= mol~! observed by Marcano et al. [68]. The reduction in the heat capacity
jump at the transition temperature often arises due to the Kondo effect. However,
neither the magnetization data nor low temperature electrical resistivity data showed
any evidence of Kondo effect in CeGe. Hence, it maybe concluded that the reduction
in heat capacity jump in CeGe arises either due to the short range order in the para-
magnetic phase or due to the presence of a background Schottky heat capacity due to
the thermal depopulation of the crystal field split levels with decreasing temperature.
The plot of C'/T versus T? is shown in the inset of Fig. 4.9(a), and by extrapolating
the data below 4 K to T = 0 we obtained the ~ value of 13 mJ K2 mol~!. In case
of LaGe we get a Sommerfield coefficient v of 5 mJ K=2 mol™!. The low value of
~ indicates that there is no mass enhancement in CeGe compound. The magnetic
part of heat capacity Chag is obtained by subtracting the heat capacity of LaGe from
that of CeGe, and the magnetic entropy Spag is obtained by integrating Ci,,/T" data.
Cimag/T versus T' along with the magnetic entropy Spag is shown in Fig. 4.9(b). The
entropy reaches about R In2 (=5.78 J K~! mol™!) at the transition temperature in
conformity with a doublet ground state. Above Ty the entropy increases gradually
and reaches RIn4 around 56 K, which gives a rough estimate of the first excited
doublet state of the crystal field split levels. The magnetic field dependence of the
heat capacity with the applied magnetic field parallel to the easy of magnetization
namely [010]-direction is shown in Fig. 4.10. We observe that with increasing mag-
netic field the heat capacity peak shifts towards lower temperature, which is typical

of antiferromagnetic compounds.

The magnetic part of heat capacity after subtracting the heat capacity of homolo-
gous LaGe from that of CeGe, is shown in Fig. 4.9. A broad peak in the paramagnetic
region is mainly attributed to the Schottky-type excitations between the CEF' levels
of the Ce®" ions. For a three level system, the Schottky heat capacity is given by the

following expression:
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Figure 4.10: Heat capacity of CeGe in various applied magnetic fields for H || [010],
the magnetic easy axis direction.
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Figure 4.11: Magnetic part of the specific heat capacity of CeGe. The solid line is
calculated Schottky heat capacity. The dashed line indicates the magnetic part of the
heat capacity with the Schottky heat capacity subtracted.
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(4.3)

where R is the universal gas constant and A; and A, are the crystal field split
excited energy levels. The solid line in Fig. 4.11 shows the calculated Schottky heat
capacity as given by equation 4.3. The experimentally observed Schottky anomaly
is satisfactorily reproduced by the energy eigenvalues A; = 39 K and A, = 111 K,
obtained from the CEF analysis of the magnetic susceptibility data which is discussed
in the next section. It is worth mentioning here that the first excited state is close to
the value at which the entropy reaches Rin4. The presence of a sizable background
heat capacity due to the Schottky anomaly at the transition temperature Ty reduces
the jump in the heat capacity at the magnetic transition from its mean field value of
12.5 J mol™! K=t (for S = 1/2). Here a heat capacity jump of 6.9 J mol™! K~ is
observed. An analysis of the magnetic part of the heat capacity is made by using a
model proposed by Blanco et al. [59], where they have derived the expressions for the
equal moment (EM) and the amplitude modulated (AM) magnetic structures form
the jump in the heat capacity. For the case of equal moment structure, the jump in

the heat capacity at the ordering temperature is given by,

J(J+1)
ACgm =5 4.4
Mo 2 1) (44)
and for the amplitude modulated system,
10 J(J+1
ACpy = 0 I+ (4.5)

3(22+2]+1) "

where J is the total angular momentum and R is the gas constant. For spin
S = 1/2 system, the equal moment case ACgy amounts to 12.47 J/K-mol and for
the amplitude modulated case ACay amounts to 8.31 J/K-mol. It is evident from
the dashed line in Fig. 4.11 that the jump in the Schottky subtracted magnetic part
of the specific heat amounts to 8.26 J/K-mol which suggests an amplitude modulated

magnetic structure for CeGe, which is in conformity with the neutron diffraction
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results of polycrystalline CeGe.

4.4 Crystal field analysis

The high temperature (in the paramagnetic phase) magnetic anisotropy can be ex-
plained on the basis of CEF model. Here Ce atoms of orthorhombic CeGe occupy
the 4c Wyckoff position and hence posses a monoclinic site symmetry. For Ce atoms
in monoclinic site symmetry, the CEF would split the J = 5/2 multiplet into three
doublets. In order to reduce the number of fitting parameters in the CEF analysis,
the CEF Hamiltonian of an orthorhombic site symmetry has been used. For Ce atom

in orthorhombic site symmetry, the CEF Hamiltonian is given by

Heer = BYOY + B30; + B{O} + BiO} + B0y, (4.6)

where B;" and O} are the CEF parameters and the Stevens operators, respec-
tively [24, 23].

Now including the molecular field contribution );, the magnetic susceptibility is

given by

Xi ' = Xomri — s (4.7)

where the expression for the CEF susceptibility is given in Chapter 1. Based on the
above CEF model, the temperature dependence of inverse susceptibility is calculated
for field along the three principal crystallographic directions. In this calculation, the
[010] direction is defined as the quantization z-axis, the [100] direction as the y-axis
and the [001] direction as the z-axis. The solid lines in Fig. 4.12 are the calculated
susceptibility with the unique value of the crystal field parameters as given in table 4.1.

The corresponding wave functions are also listed in the table.

Negative values for the exchange field constants A\, and ), along [100] and [001]
directions, indicate that the interaction between the Ce moments is antiferromag-

netic in nature. However, along [010] direction, a positive exchange field constant is

87



Chapter 4. Anisotropic magnetic properties of equiatomic CeGe and CeSi

400 - CeGe

—~-[100]

-1

(emu/mol)

(\®
-]
)

-1

X

0 100 200 300
Temperature (K)

Figure 4.12: Temperature dependence of inverse magnetic susceptibility of CeGe.
The solid line is the calculated susceptibility based on CEF model. The obtained
energy levels are also shown.
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Table 4.1: CEF parameters, energy levels and the corresponding wave functions for
CeGe.

CEF parameters

BY(K) B(K) BY(K) B(K) Bi(K) A femu/mol)
30 086 001 —048 171  Apgy = —34
Ap1g = 61
Aloot] = —50
E(K) | +5/2) [ +3/2) |+1/2) |-1/2) [-3/2) | —5/2)
111 0.834 0 -0.018 0 0.551 0
111 0 0.551 0 -0.018 0 0.834
39 0.011 0.463 —0.033  0.837 —0.018 —0.288
39 0.288 —0.018 —-0.837 —-0.033 —0.463 0.011
0 0.470 0 0.546 0 —0.694 0
0 0 0.694 0 —0.546 0 —0.470

obtained, signaling a ferromagnetic type of interaction of the moments along [010]
direction. This is in accordance with the positive value of Weiss temperature 6p
obtained by the Curie-Weiss fitting of the high temperature susceptibility data. By
diagonalizing the Hamiltonian given in equation 4.6 using the estimated crystal field

parameters, the crystal field split energies A; = 39 K and A, = 111 K are obtained.

4.5 CeSi Results

CeSi also crystallizes in the orthorhombic crystal structure with the space group
Pnma identical to CeGe, except that CeSi has slightly smaller unit cell volume in
comparison to the CeGe, due to the smaller atomic radius of Si-atom. Noguchi et
al. [65] have reported the basic anisotropic properties of CeSi single crystal. The
present results on CeSi single crystal matches well with the the published data. In
our work, we have performed the crystal field analysis of the magnetic susceptibility
and the heat capacity data in addition to the anisotropic physical property studies.
From the temperature dependence of isothermal magnetization, a magnetic phase

diagram for CeSi has been constructed.
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4.5.1 Structural properties

The single crystal of CeSi was grown by Czochralski pulling method, and the poly-
crystalline sample of its non-magnetic analogue compound LaSi was prepared by
arc-melting. From the powder x-ray diffraction, it was found that the samples are
phase pure without any impurity peaks. It is to be mentioned here that the x-ray
diffraction pattern is very similar to that of the iso-structural CeGe and the estimated
lattice constants are a = 8.300(2) A, b = 3.952(2) A and ¢ = 5.952(0) A. The until cell
volume of CeSi is 195.2 A® which is lower compared to that of CeGe which amounts
to 205.2 A3. The reduction in the cell volume is mainly attributed to the smaller
atomic radius of Si compared to that of Ge. The lattice constants match well with
the previously reported values [76]. The single crystal was then oriented along the
three principal crystallographic directions by back reflection Laue diffraction method.
The oriented crystal was then cut to the desired shape and size by means of a spark

erosion cutting machine for the anisotropic magnetic property measurements.

4.5.2 Magnetization

The temperature dependence of magnetic susceptibility for field parallel to the three
principal crystallographic directions is shown in Fig 4.13(a). It is obvious from the
figure that CeSi exhibits an antiferromagnetic ordering at Ty = 6 K. A very sharp
drop in the magnetic susceptibility along the [010] direction is observed as shown in
the inset of Fig. 4.13(a). The susceptibility is highly anisotropic in the ordered state
although, the anisotropy along the [100] and [001] direction is not so high. Along the
[100] and [001] direction, the susceptibility shows a very small change at the magnetic
ordering temperature. From the sharp drop in the x versus temperature plot in the
[010]-direction, it can be concluded that [010] direction is the easy axis of magnetiza-
tion, which is confirmed from the isothermal magnetization data to be discussed later.
Fig 4.13(b) shows the inverse susceptibility plot along with the Curie-Weiss fitting.
The effective magnetic moment p.q and the paramagnetic Weiss temperature 0, thus
obtained are 2.55 ug/Ce, -42 K for H || [100], 2.72 pg/Ce, 2.7 K for H || [010]
and 2.57 up/Ce, -25 K for H || [001]. The effective magnetic moment is close to the
theoretical value of 2.54 up/Ce along all the three directions thus indicating that the
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Figure 4.13: (a) Temperature dependence of magnetic susceptibility of CeSi along
the three principal crystallographic directions in an applied field of 1 kOe. The inset
shows the low temperature plot for H || [010], where antiferromagnetic ordering is
clearly seen. (b) The inverse susceptibility plot of CeSi, the solid lines in the high
temperature range are the Curie-Weiss fits
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Figure 4.14: Temperature dependence of inverse susceptibility of CeSi. The solid lines
are the calculated curves based on the CEF analysis. The obtained energy levels are
also shown.

Ce-atom is in the trivalent state in this compound.

A large anisotropy in the magnetic susceptibility data in the paramagnetic state
is mainly attributed to the crystal electric field effect. Hence the crystal field analysis
on the inverse susceptibility data has been performed following the method described
in Section 4.3.2. Figure 4.14 depicts the calculated CEF susceptibility shown by solid
lines along with the experimental data. The calculated curve reasonably matches
with the experimental data and an estimate of the splitting of 2J 4 1 level scheme is
obtained. Owing to the low symmetry of the Ce-atom in the crystal structure, the
CEF splits the ground state multiplet into three doublets and the calculated energy
levels are 30 K and 112 K for the first and the second excited states. It is to be

noted that the CEF level scheme obtained for CeSi are similar in magnitude to that
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Figure 4.15: (a) Field dependence of isothermal magnetization of CeSi measured at
2 K along the three principal crystallographic directions. (b) Magnetization along the
[010] direction at various fixed temperatures. The inset shows the magnetic phase
diagram.

of CeQGe.

The magnetic field dependences of the magnetization M (H) measured at T' = 2 K
of CeSi single crystal in the magnetic fields up to 70 kOe along the three principal
crystallographic directions are shown in Fig. 4.15. The plotted data are the results
measured in the sequence of increasing magnetic field. There is a large anisotropy
in the magnetization for field parallel to [010] and the other two directions namely
[100] and [001]. The anisotropy between [100] and [001] direction is relatively small.
There is a spin flip like metamagnetic transition at 6.5 kOe for H || to [010] direction,
beyond which the magnetization attains a saturation value of 1.6 ug/Ce. The present
result is consistent with the high field magnetization data on CeSi single crystal
published by Noguchi et al. [65]. The magnetization for H | to [010] is close
to the saturation value of the free ion Ce®*T, which amounts to 2.14 ug/Ce, thus
indicating the easy axis of magnetization. A minor spin-reorientation is observed
along the [100] direction at around 55 kOe, where as the magnetization along the
[001] direction is linear and attains a value of 0.6 up/Ce at 70 kOe indicating the hard
axis of magnetization. The temperature dependence of isothermal magnetization of
the b-axis magnetization is shown in Fig. 4.15(b). It is evident from the figure that
as the temperature increases the spin-flip transition shifts towards lower field and

eventually ceases at the magnetic ordering temperature viz., Ty = 6 K. A magnetic
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Figure 4.16: Temperature dependence of electrical resistivity for current parallel to
the three principal crystallographic directions. The inset shows the low temperature
part.

phase diagram has been constructed and is shown in the inset of Fig. 4.15(b).

4.5.3 Electrical resistivity

The temperature dependence of electrical resistivity of CeSi measured in the tem-
perature range from 1.8 to 300 K, using standard four probe method, in a home
made set up is shown in Fig. 4.16. The inset shows the low temperature part of the
electrical resistivity. Over all, the resistivity shows a metallic behaviour by showing
a decreasing trend as the temperature decreases. No signature of any Kondo effect
is observed in the electrical resistivity. A change of slope is observed at Ty = 6 K

due to reduction in spin disorder scattering of conduction electrons below magnetic
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ordering. There is a large anisotropy in the electrical resistivity for current parallel

to [001] direction and the other two perpendicular directions.

4.5.4 Heat capacity

The heat capacity of CeSi and its non-magnetic analogue compound LaSi measured
in the temperature range form 1.8 to 100 K is shown in the main panel of Fig. 4.17(a).
A sharp peak in the heat capacity at Ty = 6 K reveals the bulk magnetic ordering of
CeSi. An estimate of the Sommerfeld coefficient v was made from the low temperature
part of C'/T vs. T? plot as shown in the bottom inset of Fig. 4.17(a) by extrapolating
the data down to 0 K. The Sommerfeld coefficient thus obtained is 78 mJ/K? mol.
The magnetic part of heat capacity is obtained by the usual method of subtracting the
heat capacity values of LaSi from that of CeSi. Besides a peak at Ty the magnetic
part of the heat capacity exhibits a broad peak centered around 30 K arising due
to the Schottky contribution from the thermal variation of the population of the
excited CEF levels. The magnetic entropy Sp.e was estimated by integrating the
Crag/T vs. T curve and is shown in Fig. 4.17(b). The entropy at Ty is 4.2 J/K mol,
which is close to the value of R In2 and thus indicating that the ground state is a
doublet. Having obtained the crystal field split energy levels from the analysis of the
susceptibility data, we have used the energy levels 0, 30 and 112 K in the calculation
of the Schottky heat capacity and found that the calculated curve matches closely
the experimentally obtained Schottky heat capacity, thus justifying our crystal field

calculations.

4.6 Conclusion

The single crystals of CeGe, LaGe, CeSi were grown by the Czochralski crystal pulling
method in a tetra-arc furnace, while the polycrystalline sample of LaSi was prepared
by arc-melting. The magnetic, transport and heat capacity data clearly indicate that
CeGe orders antiferromagnetically below 10.5 K, while CeSi orders antiferromagneti-
cally with Ty = 6 K. A strong magnetic anisotropy is observed in both the compounds

in the magnetically ordered and paramagnetic states. The anisotropy in the para-
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Figure 4.17: (a) Heat capacity of LaSi and CeSi measured in the temperature range
from 1.8 to 100 K. The top inset shows the low temperature part of the heat capacity.
The bottom inset shows the low temperature part of the C/T vs T? plot, the solid
line is the linear extrapolation to estimate the Sommerfeld coefficient. (b) The tem-

perature dependence of the magnetic part of the heat capacity, calculated entropy
and the Schottky heat capacity of CeSi.
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magnetic phase is explained on the basis of crystal electric field model. In case of
CeGe, field induced magnetic transitions were observed along the [100] and [010] di-
rections while no such transition was observed along [001] direction up to a field of
16 T, which is found to be the hard axis of magnetization. It is clearly evident from
our measurements that [010] direction is the easy axis of magnetization. From the
differential plot of isothermal magnetization measured at various fixed temperature
a tentative magnetic phase diagram is constructed. The electrical resistivity of CeGe
exhibits an upturn at Ty, which is attributed to the superzone gap formation below
the magnetic transition temperature along all three principal crystallographic direc-
tions. The electrical resistivity data show a possible presence of Kondo interaction
at high temperatures which weakens and vanishes at low temperatures. The crystal
electric field analysis of the magnetic susceptibility and the heat capacity has revealed
the splitting energies as 39 K and 111 K respectively for the first and second excited
states from the ground state. The heat capacity analysis clearly indicates evidence of
amplitude modulated magnetic structure of CeGe. We have performed similar crystal
electric field analysis of magnetic susceptibility and heat capacity data on CeSi, and
found that the crystal field splits the J = 5/2 multiplet of Ce*" into three doublet
states with energies 30 K and 112 K for first and second excited doublets from the

ground state.
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Chapter 5

Anisotropic magnetic properties of

PrSi and PrGe single crystals

5.1 Introduction

It has been well documented in the literature that Ce compounds exhibit interesting
magnetic properties owing to the close proximity of the 4 f-level to the Fermi energy.
The preceding two chapters also reveal this. In this chapter, the magnetic properties
exhibited by two Pr-based compounds viz., PrSi and PrGe are presented. The 4f
electrons of the Pr-atoms are relatively more localized compared to that in Ce. Despite
this, some Pr compounds also reveal interesting magnetic properties. For example, a
heavy fermion behaviour is observed in PrInAgs with a large Sommerfeld coefficient
reaching ~ 6.5 J/(K? mol) [77]; an exotic heavy fermion nature is observed in PrFe P,
compound with a cyclotron effective mass of 81 my, inferred from the de-Haas van
Alphen experiment on a high quality single crystalline sample by Sugawara et al. [78].
A dense Kondo behavior is observed in PrSns single crystalline sample by Settai et
al. [79] where the magnetic part of the electrical resistivity increases with decreasing
temperature, following a —In T dependence. The crystalline electric field effects also

play an important role in the magnetic properties of Pr-compounds.

It has been already mentioned in the Introduction chapter that according to

Kramer’s theorem, the energy levels of the rare-earth atoms with odd number of
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f-electrons remain at least doubly degenerate in the presence of crystal electric fields,
while the degeneracy can be completely lifted for the rare earth atoms with even num-
ber of f-electrons; i.e., one can have singlet states. For Pr, there are two f electrons,
and the total angular moment J = 4. The CEF splits the 9-fold 2J + 1 degenerate
multiplet of Pr3*ions in such a way that a CEF-split singlet state is always present for
all types of crystallographic site symmetry of the rare-earth atom [80]. The magnetic
ordering in compounds having CEF-split non-magnetic singlet ground state depends
very much on the relative strengths of the CEF and exchange interaction [J., be-
tween the rare-earth ions. No magnetic ordering can occur in the singlet ground state
systems unless the exchange interaction J. exceeds a certain critical value relative
to the CEF splitting energy A between the ground state and the excited state [81].
In view of the effects of CEF on the magnetic properties of Pr-compounds, we have
investigated the anisotropic magnetic properties of equiatomic PrX (X = Si and Ge)

compounds.

As mentioned in the previous chapter, the equiatomic RX (where R = rare earth
and X = Si, Ge, Ni or Pt) series of compounds crystallize in two closely related or-
thorhombic crystal structures, namely CrB type and FeB type structure, depending on
the heat treatment during the crystal growth and the rare earth element present [48].
One of the earliest studies on the structural properties of RX series of compounds
was done by Hohnke and Parthe [63] about five decades ago. They reported that RSi
(with R = La-Er) compounds crystallize in the FeB-type structure while the higher
rare earths from Dy to Er in this series exhibit polymorphism by crystallizing in both
FeB and CrB type structures. On the other hand, most of the RGe (with R = Nd-Er)
compounds crystallize in the CrB type structure. The RGe compounds of lighter rare
earths, namely La and Ce, crystallize in the FeB-type structure. PrGe exhibits di-
morphism by crystallizing in both CrB and FeB type structures, where the CrB type
structure corresponds to the low temperature phase. This RX series of compounds
exhibit not only interesting structural properties but also interesting magnetic prop-
erties [82, 83, 84]. Buschow and Fast [48] studied the magnetic properties of RGe
(with R = La-Er) compounds on polycrystalline samples. They found that RGe (R
= Ce, Sm, Gd, Th, Dy, Ho and Er) compounds exhibit antiferromagnetic ordering at
low temperature, while PrGe and NdGe have ferromagnetic ground state. In EuGe,

Eu was found to have a divalent state with an antiferromagnetic ordering at 20 K
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[85]. Like RGe compounds, most of the RSi compounds order antiferromagnetically

upon cooling except PrSi and NdSi which exhibit ferromagnetic ground state [69].

The magnetic structure of PrSi and NdSi was studied by Nguyen et al., by neu-
tron diffraction on polycrystalline samples. They found that both compounds exhibit
ferromagnetic ordering. NdSi possesses non-collinear structure, but in case of PrSi
the antiferromagnetic component is too weak. Furthermore, they reported that the
magnetic moments in PrSi lie in the a — ¢ plane, while in a recent study by Snyman
et al. [86] it was found that PrSi has a collinear ferromagnetic structure with mo-
ments oriented along the crystallographic b-axis. In view of these intriguing results
and considering the low symmetry crystal structure of PrSi and PrGe compounds, a

detailed investigations on the anisotropic magnetic properties have been made.

5.2 Crystal growth

Both PrSi and PrGe phases melt congruently at 1657 °C and 1400 °C, respectively.
The single crystals of these compounds have been grown by Czochralski pulling
method in a tetra-arc furnace. We have obtained good quality single crystals. The

details of crystal growth method are described in Chapter 2.

5.3 Results of PrSi

5.3.1 Structural properties

Powder x-ray diffraction measurement was performed on finely ground pieces of single
crystal using PANalytical x-ray diffractometer with monochromatic Cu Ko radiation
with wavelength 1.5406 A. PrSi was found to crystallize in orthorhombic FeB-type
crystal structure with space group Pnma (no. 62). Both Pr and Si atoms occupy
the crystallographic 4c site [87], which has a monoclinic site symmetry for the Pr
atoms. A Rietveld analysis has been performed on the powder pattern using the
FULLPROF software package [32]. The powder pattern is shown in Fig. 5.1. The
lattice constants obtained from the Rietveld analysis, a = 8.240(2) A, b = 3.942(1) A,
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Figure 5.1: Powder x-ray diffraction pattern of PrSi along with the Rietveld refine-
ment. The Bragg positions and the difference between the calculated and experimen-
tal pattern are also shown. A representative Laue pattern, corresponding to (010)
plane is shown in the inset.

and ¢ = 5.921(1) A, are in good agreement with the previous report [87]. The positions
of the Pr and Si atoms at 4c site are found to be (0.179, 0.25, 0.612) and (0.040, 0.25,
0.120) for the Pr and Si atoms, respectively. The homogeneity of the single crystal
was further confirmed from the energy dispersive analysis by x-ray (EDAX). The
crystal was oriented along the three principal crystallographic directions by means
of back reflection Laue diffraction method. We observed well defined Laue patterns
for all three crystallographic directions. Clear Laue patterns along with sharp and
rounded spots indicate a good quality of grown crystal. The symmetry of the Laue
pattern also confirms the orthorhombic crystal structure of PrSi. A representative

Laue pattern corresponding to the (010) plane is shown in the inset of Fig. 5.1.
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Figure 5.2: Temperature dependence of electrical resistivity of PrSi. The inset shows
the low temperature part of the electrical resistivity, the solid lines are the fits to
spin-wave gap model equation given in Eqn. 5.1.

5.3.2 Electrical transport

The electrical resistivity measured in the temperature range from 1.8 to 300 K for
current parallel to the three principal crystallographic directions is shown in Fig. 5.2.
The resistivity shows strong anisotropy reflecting the orthorhombic crystal structure.
Close to room temperature the resistivity values are pjjoo) = 109 pfdem, ppoig =
55 pfdem and pioor) = 12 pflem. The electrical resistivity decreases with decreasing
temperature with a broad curvature typical of rare earth intermetallic compounds.
This broad curvature mainly arises due to the thermal depopulation of crystal electric
field split levels as the temperature is reduced. The electrical resistivity falls off
rapidly at 52 K, where the system undergoes a magnetic transition. This resistivity

drop is due to the reduction in spin disorder scattering of conduction electrons below
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Po a b A
(1 em) (4 em/K?) (4 em/K?) (K)

ppoo) 4721 191 x107%  2.88x107? 128
poto) 2477 9188 x 107* 9.53x 107* 124

P[001] 0.525 2.242 x 107 258 x 1073 132

Table 5.1: Fitting parameters along the three principal directions derived from fitting
Eqn. 5.1 to the resistivity data.

the magnetic ordering. It is evident from the magnetization data to be discussed later
that PrSi undergoes a ferromagnetic ordering with T = 52 K. The low temperature
resistivity data can be described by the spin-wave gap model. In the case of non-
cubic (anisotropic) ferromagnets, the dispersion relation of the spin-wave spectrum
is given by [88, 89] Aiwy, = A + D¢?, where wy, and gy, are the frequency and wave
vector of magnons, respectively and D is the spin-wave stiffness and A is the gap in
the spin-wave spectrum. The gapped magnons give rise to a temperature dependent
resistivity for kgT < A, which takes the form,

p(T) = po + aT? + bTA <1 + %) exp (?) (5.1)

The second term in the above expression is the usual Fermi liquid term and the
third term is the contribution from magnons. In Eqn. 5.1, pg is the residual resistiv-
ity, the coefficient a determines the degree of electron-electron scattering and b is a
constant for the given material and depends on the spin wave stiffness D. The low
temperature resistivity fits very well to the above expression as shown in the inset of

Fig. 5.2. The parameters obtained from the fit are given in Table 5.1.

The residual resistivity ratio (RRR) amounts to 23, 22, and 23 for current parallel
to [100], [010], and [001], respectively. The relatively small values of residual resistivity
and the high values of RRR indicate the good quality of the single crystal.
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5.3.3 Magnetization and crystal field analysis

The magnetization versus temperature measured in an applied field of 1 kOe along
the three principal crystallographic directions in the temperature range from 1.8 to
300 K is shown in Fig. 5.3(a). A sharp increase of magnetization is observed be-
low 52 K along the [010] direction, indicating the ferromagnetic nature of magnetic
ordering. The magnetization exhibits an anomaly at 52 K for the H || [100] and
H || [001] directions as well, however the magnetic behavior along these two direc-
tions is relatively complex. The magnetization is anisotropic, and is quite large along
the [010] direction, thus signaling [010] direction as the easy axis of magnetization.
The temperature dependence of reciprocal susceptibility is shown in Fig. 5.3(b). The
inverse susceptibility varies linearly with temperature at high temperatures (100 -
300 K), and follows the Curie-Weiss law x(T') = u2;/(8(T — 6,,)), where peg is the
effective magnetic moment and 6, is the paramagnetic Curie temperature. p.g and
6, values were estimated to be 3.62(2) pp/Pr and —10.3(2) K; 3.58(1) pp/Pr and
58.2(1) K; 3.654(3) pp/Pr and —22.9(3) K for H || [100], [010], [001], respectively.
The experimental value of ji.g is close to the theoretical value of Pr3™ based on the
Russell-Saunders L — S coupling (g5+/J(J + 1) = 3.58), where g; = 4/5 and J = 4
are the Lande’s g factor and the total angular momentum for the 4f? configuration
of Pr. This indicates the local moment behaviour of Pr3* ion in this system. The
Curie-Weiss temperature is found to be negative for the [100] and [001] directions,
while it is positive along the [010] direction. However, the polycrystalline average is
positive (8.3 K), which is in conformity with the ferromagnetic nature of magnetic
ordering of this compound. It may be noted that the Curie temperature along the
[010] direction is comparable to T¢ = 52 K.

We have performed crystal electric field (CEF) analysis on the magnetic suscepti-
bility data in order to understand the magnetocrystalline anisotropy and to estimate
the CEF level splitting. The Pr atom in PrSi occupies the 4c Wyckoff position which
has a monoclinic site symmetry. Hence the 9-fold degeneracy of the free Pr3* will
split into 9 singlets. In spite of the singlet ground state, PrSi exhibits a ferromagnetic
ground state below T¢ = 52 K. For a system having singlet ground state, there is a
threshold value of the magnetic exchange interaction between the ground state and

the first excited state above which only the system can order magnetically. Below

105



Chapter 5. Anisotropic magnetic properties of PrSi and PrGe single crystals

C T T T T T T T T T —
S ;
i : 1(a)
=2 [ ]
& 01F ]
g - = [010] ]
2 [ - [001] )
& 001 F E
< E ]
> i ]
0.001 &
2 4 68 2 4 68 2
1 10 100
Temperature (K)
200 LIS L L Y L L L [N L L N L L L Y L L L B N L L B -
PrSi ‘
b
150 ®)
=
=
L
IS
g 100
S
50

0 100 200 300

Temperature (K)
Figure 5.3: (a) Temperature dependence of magnetization of PrSi along [100], [001]
and [010] in an applied field of 1 kOe plotted on a log-log scale, (b) shows the recip-

rocal magnetic susceptibility of PrSi. The solid lines represent the Curie-Weiss fit as
mentioned in the text.
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this threshold value the system is non-magnetic, and when the magnetic exchange
interaction is strong enough the system transforms into a magnetically ordered state.
The later is usually expected when the energy separation between the ground state

and the first excited state is sufficiently low.

Although the Pr atoms in PrSi possesses monoclinic site symmetry, we have con-
sidered a CEF Hamiltonian for the orthorhombic site symmetry in order to reduce the
number of fitting parameters. The Hamiltonian for the orthorhombic site symmetry

is given by,

Hepr = BIOS+ B202 + BY0Y + B20% + B{O} 4+ BYO)+ B202 + B0 + BSOS, (5.2)

where B" and O are the crystal field parameters and the Steven’s operators [24,
23], respectively. Here the [010] direction has been considered as the quantization
axis or the z-axis, [100] direction as the y-axis and [001] direction as the z-axis. Diag-

onalizing the above Hamiltonian gives the energy eigenvalues and the eigenfunctions.

The magnetic susceptibility including the molecular field contribution A; is given
by

X = Xobe — Mli = 2,,2). (5.3)

The expression for the CEF magnetic susceptibility is given in the previous chap-
ter. Based on above model, the magnetic susceptibility for three principal crystal-
lographic directions is calculated and the crystal field parameters and the molecular
field constants are obtained. Fig. 5.4 shows the temperature dependence of inverse
susceptibility. The crystal field split energy level scheme is also shown in the fig-
ure. The high temperature anisotropy is well described by this model. The obtained
crystal electric field parameters and the energy level values are listed in Table 5.2.
Although the set of crystal field parameters calculated here may not be the unique
set, these values have been chosen so that the energy levels reproduce the Schottky
heat capacity that matches reasonably well with the experiment (to be discussed in

the heat capacity section). A detailed inelastic neutron scattering experiment is nec-
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Figure 5.4: Inverse x vs. T plot, the solid lines show the fit based on the crystalline
electric field model. The crystal field energy levels are also shown.
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Table 5.2: Crystal field parameters and the corresponding energy levels obtained from
the CEF calculation of the reciprocal susceptibility of PrSi.

|

Crystal Field Parameters (K)

|

BY | B | B B B} By B Bg BY | Ni(i = z,y,2)
-3.22 | 0.81 | -0.021 | -0.072 | -0.215 | 0.002 | -0.008 | 0.013 | 0.002 | 17 mol/emu
13 mol/emu
10 mol/emu
’ Energy levels (K) ‘
0 9 | 29 67 97 | 148 | 161 | 184 [ 284 |

essary to determine the unique crystal field level scheme. Here the crystal electric

field splits the (2J + 1) nine-fold degenerate levels of Pr3* ion into nine singlets with

an overall splitting of 284 K. It is worth noting here that the ground state and the

first excited state are separated by only 9 K. These two closely spaced singlet levels

essentially form a quasi-doublet ground state, so that magnetic ordering occurs in

PrSi, induced by a magnetic exchange which is apparently above the threshold value.

For an orthorhombic system, Bowden et al. [90] and Shohata [91] have shown

that the paramagnetic Curie temperature 6,, 8, and 6. and the crystal electric field

parameters By and B2 are related by the following expressions:

%:0N+@J—U@J+$(
O, = 0y + (2] — 1)(2J + 3)

0. = 0y + (27 — 1)(2J + 3)

(B + B)
10k

B3

okp

(By — B})
10k

I

(5.5)

(5.6)

where, 6, is the paramagnetic Curie temperature due to the molecular field and

is given by the following expression,

8)\:/\9

s 2 (I +1))

THB
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Figure 5.5: Isothermal magnetization of PrSi along the three principal crystallo-
graphic directions. The upper inset shows calculated magnetization based on the
crystal field model and the lower inset shows the Arrott plot.

From the experimental values of the paramagnetic Curie-Weiss temperatures, for
the three principal crystallographic directions, the BY and B2 parameters were esti-
mated to be -3.22 K and 0.81 K, respectively, which are in good agreement with the

parameters obtained from our crystal field calculations.

The anisotropic magnetic properties of PrSi are further investigated by measuring
the isothermal magnetization at 7' = 2 K well below the magnetic ordering temper-
ature T = 52 K. The field dependence of magnetization is shown in Fig. 5.5. The
magnetization measurements were performed in both increasing and decreasing fields.
Hysteretic behavior is observed along all three principal crystallographic directions,
confirming the ferromagnetic nature of magnetic ordering in PrSi. For field parallel to
[010] direction, the magnetization increases very rapidly and saturates at fields greater

than 3 kOe, thus confirming [010] as the easy axis of magnetization. The saturation
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moment is 2.88 pp/Pr which is very close to the saturation value of the free Pr3* ion,
given by g;J = 3.2 ug/Pr. On the other hand the magnetization along the [100] and
[001] directions reaches only 0.13 pp/Pr and 0.43 pupg/Pr, respectively, for an applied
field of 40 kOe, indicating that they lie in the hard plane of magnetization. The lower
inset of Fig. 5.5 shows the Arrott plots constructed in the temperature range from
10 to 60 K. The Arrot plots show S-shaped curvature which has been invoked in the
literature as evidence of a first-order transition [92]. A similar type of behavior was

observed in the PrGe single crystal [93].

The field dependence of magnetization has been analysed based on the CEF model

given by the following Hamiltonian:

H = Hcerr — gspsdi(H + NM), (5.8)

where Hcgr is given by Eq. 5.2, the second term is the Zeeman term and the
third is the molecular field term. The magnetization M; is given by the following

expression,

exp(—BE,)
A

M; = gsps Y |(n]Jifn)] , (i=w29,2) (5.9)

With the set of crystal field parameters obtained from the analysis of the inverse
susceptibility data, the diagonalisation of the CEF Hamiltonian was performed and
the energy eigenvalues and eigenvectors were used in Eq. 5.9 to calculate the mag-
netization curve. The calculated magnetization based on this model is shown in the
upper inset of Fig. 5.5. From the figure we see that the magnetocrystalline anisotropy
is qualitatively explained by the set of crystal field parameters though the calculated
magnetization curves do not match very well with the corresponding experimental

plots.

The magnetization value of a singlet ground state ferromagnet at 0 K can be esti-
mated from the energy separation between the ground state and first excited singlet
state (A) and ferromagnetic Curie temperature T from the following expression[94,
95]:
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A
m(r=o k) = 497148 \/1 — tanh? (QkBTC)' (5.10)

Using A = 9 K and T¢ = 52 K, results in a theoretical value for the magnetization
(m) = 3.18 up/Pr in the zero temperature limit which is in close agreement with our
experimental saturation value of 2.88 ug/Pr. The small discrepancy in the measured
magnetization value may be attributed to the fact that the measurement was done
at T' = 2 K. Thus our crystal field calculation assuming an orthorhombic crystal

potential is justified.

5.3.4 Heat capacity

The temperature dependence of specific heat was measured in the temperature range
from 1.8 to 200 K. To find the magnetic part of heat capacity, the heat capacity
of isostructural non-magnetic reference compound LaSi has also been measured in
the same temperature range. Fig. 5.6 shows the temperature dependence of the
heat capacity of LaSi, which is typical of a nonmagnetic metallic system. The low
temperature part of C'//T vs. T? plot is shown in the inset of Fig. 5.6. The Sommerfeld
coefficient v and the lattice contribution f is obtained by fitting the low temperature
data to C/T = v+ BT?. A best fit to the data was obtained for v = 5.341 mJ/K? mol
and 8 = 1.2127 x 10~* mJ/K* mol. From the obtained value of 3, we have calculated

the Debye temperature (Op) using the expression: Op = (1943.7 x n/3)'/3

, where n
corresponds to the number of atoms (for LaSi, n = 2). The Op value thus obtained
is 317 K. However, the simple Debye model only, does not explain the experimental
data very well as shown by the dotted line in Fig. 5.6. This suggests that the higher
energy optical modes should also be considered in LaSi and hence the heat capacity

data were fitted to the following expression:

Cp = ’)/T -+ [mCDebye(T) + (1 - m)CEinstein(T)] ) (511)

where the first term represents the electronic contribution and the second term

represents the phononic contribution which includes the Debye plus the Einstein
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Figure 5.6: Temperature dependence of specific heat capacity of LaSi. The dashed
line and the continuous line are fits to Debye model and Debye+Einstein model. The
inset shows the low temperature part of C/T versus T? plot. The solid line in the
inset is the fit to C/T =~ + BT? expression.

terms.

The Debye and Einstein terms are given by the following expressions,

T\? [O0/T  gher
CDebye:9nR(@_D>/0 md%, (5.12)

and e

CEinstein = 3RRW7

(5.13)

where © = Op/T and y = Op/T. Equation 5.11 results in a best fit to the
experimental data of LaSi with 74% of the weight to Debye term with ©p = 373 K
and the remaining 26% to the Einstein mode with Einstein temperature O = 120 K
as shown by the solid line. At 200 K, the experimental heat capacity reaches a
value of about 45 J/K mol, which is close to the Dulong-Petit limiting value of
3nR = 49.884 J/K mol.
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Figure 5.7: (a) Heat capacity of PrSi and LaSi, and the magnetic part of heat capacity,
the top inset shows Cy¢/T versus T plot and the entropy. The lower inset in (a) shows
the low temperature part of heat capacity and a fit to the nuclear Schottky and (b)
Magnetic field dependence of heat capacity in PrSi.
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The temperature dependence of specific heat capacity of PrSi single crystal along
with the magnetic part of heat capacity (Cy) is plotted in Fig. 5.7. Heat capacity
decreases with temperature from 150 K down to 52 K smoothly, where a sudden jump
in the heat capacity is observed signaling the bulk nature of the magnetic ordering.
The jump in the heat capacity amounts to 40 J/mol K. Such a huge jump further
indicates the first order nature of magnetic transition which was inferred earlier from
the shape of Arrott’s plot. It maybe noted here that the electrical resistivity of the
sample near this transition temperature was measured very carefully by varying the
temperature in very small steps. However, we did not observe a clear hysteresis in
the electrical resistivity, which does not prima facie support the first-order nature of

the ferromagnetic transition in PrSi.

At low temperature region, much below the Curie temperature T, for T' < 4 K|
we observed an upturn in the specific heat with decreasing temperature. This upturn
is attributed to the nuclear Schottky contribution arising due to the interaction of
the nuclear moments with 4f electrons. For T" < 4 K, the heat capacity data was

fitted to the following expression:

Cp =~T + BT° + (%) , (5.14)

where the first term is the electronic contribution of heat capacity, second term
is the lattice contribution, and third term is the nuclear Schottky term arising due
to the level splitting of the hyperfine levels. Here the magnon term was not included
while fitting the low temperature data, since the magnon gap is about an order
of magnitude larger as estimated from the electrical resistivity data. The fitting
parameters are found to be v = 7.378 mJ/K?mol, 8 = 0.115 mJ/K4 mol and the
nuclear Schottky term Cy = 850.2 mJ K/mol. Here the coefficient Cy is related to

the magnetic moment of Pr moment my; as given by the expression:

I(I+1)

On = RA}Qlfmif W,

(5.15)

where R is the gas constant, Ays is the hyperfine coupling constant and [ is the

nuclear spin of Pr. For ! Pr, the nuclear spin I = 5/2 and the value of Ay is 0.052 K
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as found in the literature. Using these values in Eqn. 5.15, the magnetic moment of Pr
is obtained as 2.88 up/Pr, which agrees well with our observed magnetization value
along the easy axis of magnetization namely, [010] direction. This further supports
that the low temperature increase in the heat capacity is due to the nuclear Schottky
effect arising from the hyperfine splitting of the nuclear level, and not due to the
presence of some magnetic impurities. The magnetic field dependence of the heat
capacity of PrSi for H || [010] is shown in Fig. 5.7(b). There is a significant influence
of the magnetic field on the specific heat. As the magnetic field is increased the jump
in the heat capacity decreases and the peak position shifts to higher temperature,
as the applied field aligns the moments ferromagnetically well above the zero field

ordering temperature, which is typically observed in ferromagnetic compounds.

The magnetic part of heat capacity Csf of PrSi is obtained by subtracting the
nuclear Schottky part and the phonon part obtained from the LaSi heat capacity
data. The magnetic entropy is obtained by the usual method of integrating the Cy /T
against temperature T. The entropy reaches R In4 at 60 K, just above the magnetic
transition temperature, which means that there are four CEF singlet levels below that
temperature which is consistent with our CEF calculations discussed earlier. With
further increase in temperature the entropy increases gradually due to the thermally
induced occupation of the higher levels. Just below the magnetic transition the
entropy falls off more rapidly down to the value Rin2 and then it falls off gradually
at lower temperatures. The Schottky contribution to the heat capacity has been
estimated using the expression given in the previous chapter. The energy levels
obtained from the CEF calculation of susceptibility data have been used to calculate
the Schottky heat capacity. The solid line in Fig. 5.7 shows the calculated heat
capacity and it matches well with the heat capacity at high temperature above the
magnetic ordering. This further justifies the validity of the crystal field parameters

and the energy levels of nine singlets calculated from the magnetic susceptibility data.

5.4 Magnetocaloric effect

The huge jump in the heat capacity, a sharp drop in electrical resistivity at the

magnetic transition and the shape of Arrott’s plot revealed a first-order-like magnetic
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Figure 5.8: Representative magnetization isothermals at various selected tempera-
tures along (a) the a axis, (b) the b axis and (c) the ¢ axis of PrSi. Only field
increasing measurement data are shown for each temperature.
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Figure 5.9: (a), (b) and (c) represent the temperature variation of magnetic entropy
change (—AS);, along the three principal crystallographic directions, at various con-
stant temperatures around the magnetic transition of PrSi.
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transition in this compound. Hence an attempt was made to study the magnetocaloric
properties of PrSi single crystal. For this purpose, the magnetization of PrSi along the
three principal crystallographic directions in the temperature range 2 K to 100 K at
selected temperatures and for field ranging from 0 to 70 kOe, has been measured. The
magnetization plots along the three directions are shown in Fig. 5.8. Along the easy
axis [010] the variation of magnetization with temperature is relatively simple and
along the expected lines and at temperature above the Curie temperature T = 52 K
the paramagnetic behaviour is observed. On the other hand along the hard axes,
[100] and [001], the magnetization showed some anomalous behaviour. Since there
is a large magnetic anisotropy in PrSi, it is pertinent to calculate the individual
magnetic entropy change (ASy) for the three directions respectively. ASy in PrSi

was calculated from M wvs. H isotherms using Maxwell’s relation [96]:

ASy(0— H) = /H d—MdH (5.16)
o drT

Temperature dependence of the computed —AS); at selected values of the mag-
netic field H, along the three principal directions are shown in Fig. 5.9. A low field
is enough to induce complete saturation for H || [010] direction. Therefore, we
observe giant negative magnetic entropy change along this direction around 7. The
maximum value of —ASy is found to be 22.2 J/kg K for AH = 70 kOe around T¢
and it attains a value of 18.4 J/kg K for a field change of 50 kOe. These values
of —AS\ are comparable to that of the well-known giant magnetocaloric compound
Gd5SiaGey [97, 98]. The —ASy value that we observe is larger than the value of PrSi
polycrystalline sample [86]. Since the previous report was on polycrystalline sample
they observed a lower MCE due to the large anisotropy. Along H | [001] axis the
magnetization is much smaller even for fields up to 70 kOe. Besides the M — H plot
is non linear along this direction. Due to the lack of saturation here the value of
—AS)y is almost 10 times smaller than H || [010] axis. On the other hand, for
H || [100] direction the magnetic entropy is positive in the magnetically ordered
state for fields as high as 70 kOe. By comparing —AS), for the H || [010], and
H || [100] directions, a giant anisotropy of —ASy is observed in PrSi single crystal.

Relative cooling power (RCP) of a magnetic refrigerant is a measure of how much

heat is transferred between the hot and cold sinks in one ideal refrigeration cycle
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Figure 5.10: (a), (b) and (c) represents the field variation of magnetic entropy change
(—ASyy, along the three principal crystallographic directions, H || [010], H || [001]
and H || [100]) around the magnetic transition region at different constant temper-
atures of PrSi.
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Figure 5.11: Magnetic field variation of relative cooling power for PrSi along the [010]
direction.

and it is an important parameter as far as the magnetic cooling is concerned [96].
For a magnetocaloric material the magnetic cooling efficiency is evaluated by using
the relation, RCP = |ASY*|0Trwam [99], where 6Ty gy is the full width at half
maximum of the -ASy, vs. T curve and |AS}}**| is the maximum value of the entropy
change. Isothermal field dependence of RCP for PrSi is shown in Fig. 5.11. RCP varies
linearly with H. RCP value is reasonably large, which is ~ 470 J/K for a change of
magnetic field H to 70 kOe. It is very interesting to note here that usually, this type of
giant magnetocaloric effect and large RCP is observed for samples possessing heavier
rare-earth elements whose magnetic moments are large [99, 98]. In spite of the Pr
atom’s low saturation moment value (3.2 up) a large magnetocaloric effect is observed
in PrSi. The large MCE in PrSi may tentatively be attributed to a magnetostructural
transition at T such that the change in the configurational entropy adds to the

magnetic entropy.
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5.5 Results of PrGe

5.5.1 Structural properties of PrGe

PrGe single crystal was grown by the Czochralski pulling method. It has been re-
ported in the literature [69] that the PrGe exhibits dimorphism by crystallizing in two
different crystal structures, namely the CrB-type and FeB-type orthorhombic struc-
tures with space group Cmem (no. 63) and Pnma (no. 62), respectively. As a first
step to identify the crystal structure, a small portion of the crystal was subjected to
powder x-ray diffraction at room temperature in a PANalytical x-ray diffractometer
using monochromatic Cu Ko radiation with the wavelength 1.5406 A. The powder x-
ray diffraction pattern confirmed the crystal structure to be CrB-type, with the space
group C'mem. Fig. 5.12 shows the powder x-ray diffraction pattern along with the Ri-
etveld analysis. The obtained lattice parameters are a = 4.481(1) A, b = 11.087(2) A,
and ¢ = 4.050(1) A with the reliability parameters Rg = 12.4% and Rp = 6.5%. The
lattice parameters are in excellent agreement with the previous reports [69]. In the
C'mem orthorhombic space group both Pr and Ge atoms occupy the 4¢ Wyckoff posi-
tion, with y = 0.3608(3) and 0.0785(5), respectively. The stoichiometry of the grown
crystal was further confirmed by EDAX measurement. Then, the crystal was oriented
along the principal crystallographic directions by back reflection Laue method. The
Laue pattern corresponding to the three principal crystallographic planes are shown
in the bottom panel of Fig. 5.12. The well defined Laue diffraction pattern indicates
a good quality of the single crystal, and also confirms the orthorhombic crystal struc-
ture. The crystal was cut in rectangular bar form by spark erosion cutting machine

for anisotropic property measurements.

5.5.2 Electrical Resistivity

Figure 5.13(a) shows the temperature dependence of electrical resistivity of PrGe
single crystal measured for current parallel to [100], [010] and [001] directions. The
electrical resistivity decreases with decreasing temperature along the three directions
and the magnetic ordering is clearly visible by the sharp drop of resistivity below the

magnetic transition temperature due to the reduction in the spin disorder scattering
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Figure 5.12: The top panel shows the powder x-ray diffraction pattern of PrGe to-
gether with the Rietveld refinement. The inset shows the crystal structure of PrGe.
The Laue diffraction patterns corresponding to (100), (010) and (001) are shown in
the bottom panel.
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Figure 5.13: (a) Temperature dependence of electrical resistivity of PrGe for current
parallel to the three principal crystallographic directions. (b) The low temperature
part of the resistivity of PrGe. The solid lines are the fit to the spin-wave gap model.
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Po a D A

(12 cm) | (2 em/K?) | (2 em/K) | (K)

P[100] 26 0.004 0.14 150
p[010] 10 0.002 0.07 154
p[001] 6.4 0.001 0.03 142

Table 5.3: Spin wave fitting parameters of the resistivity data along the three principal
directions described in Eqn. 5.1.

of conduction electrons. There is a large anisotropy in the electrical resistivity with
room temperature values of ppg (300 K) = 319 pufQem, ppig)(300 K) = 139 pflem
and pjoo1(300 K) = 88 pfdem for PrGe. Figure 5.13(b) shows the low temperature
part of the electrical resistivity. There is a small change of slope at 44 K due to
the antiferromagnetic transition at that temperature. The ferromagnetic ordering at
Tc = 41.4 K results in a sharp drop in the electrical resistivity along all the three
directions. At Ty there is a decrease in the resistivity. The resistivity drop is not so
prominent between the temperatures Ty and Ti. Once the ferromagnetic ordering
sets-in the electrical resistivity drops more rapidly due to the reduction in the spin-
disorder scattering. This type of sharp drop in the electrical resistivity is attributed
to the first order transition. The electrical resistivity of PrGe in the ferromagnetically
ordered state can be fitted to the spin wave gap model as described by Eqn. 5.1 which
involves, apart from the usual Fermi liquid term, the contribution from the energy
gap in the magnon dispersion relation [100]. The solid lines in Fig. 5.13(b) represent
the fit to the model and the parameters obtained from the fit are given in Table 5.3.

The obtained values of the spin wave gap is nearly equal for all the three directions
even though there is a large anisotropy in the electrical resistivity. The residual
resistivity ratio (RRR) amounts to 12.22, 12.52 and 13.54 for J || [100], [010] and
[001] directions respectively thus indicating good quality of the single crystal.

5.5.3 Magnetic susceptibility and magnetization

Figure 5.14(a) shows the temperature dependence of magnetic susceptibility of PrGe
measured in an applied magnetic field 1 kOe in the temperature range from 1.8 to

300 K for H || [100] and [010] directions. There is a large anisotropy in the magnetic
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Figure 5.14: (a) Temperature dependence of magnetic susceptibility of PrGe along
[100] and [010] directions, measured in an applied field of 1 kOe. (b) susceptibility
of PrGe along [001] direction. The inset in both the figure shows the expanded
scale susceptibility near the ordering temperature. The arrows indicate the magnetic
transition. The inset in (b) shows data measured in a field of 100 Oe.
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susceptibility between the two directions. Signatures of two magnetic transitions at
44 K and at 41.5 K are observed along the [100] and [010] directions. From the inset
of Fig. 5.14(a) it is obvious that the high temperature transition at 44 K is anti-
ferromagnetic indicated by the cusp like behavior of susceptibility usually observed
for an antiferromagnetic transition. At 41.5 K the magnetic susceptibility shows an
upturn signalling a ferromagnetic ordering. For H || [100] direction, below 10 K,
the upturn of susceptibility is tentatively attributed to the canting of the ordered Pr
moments along this hard axis. The magnetic susceptibility for H || [001] direction is
shown in Fig. 5.14(b). Unlike the other two directions, the susceptibility in a field
of 1 kOe apparently exhibits only one transition at 44 K which is ferromagnetic like.
However when the data are recorded in a lower field of 100 Oe (inset of Fig. 5.14(b))
the antiferromagnetic ordering at 44 K is clearly observed in the [001] direction as
well, followed by a ferromagnetic like upturn at lower temperatures. The in-field,

isothermal magnetization data to be discussed later further substantiate this claim.

The inverse magnetic susceptibility of PrGe is shown in Fig. 5.15. The anisotropy
in the magnetic susceptibility along the three principal directions is clearly evident.
The solid lines are fits to the modified Curie-Weiss law x = xo + C/(T — 6,). It
is observed that the Curie-Weiss law is obeyed from 300 K down to temperatures
just above the magnetic transition and no deviation due to crystal electric field ef-
fect is observed. From the fitting, effective magnetic moment p.g, the paramagnetic
Curie temperature 6, and the temperature independent magnetic susceptibility xo
were found to be 3.78 up, —24 K and 6.794 x 107 emu/mol; 3.90 up, —70 K and
1.8166 x 10~* emu/mol and 3.71 pup, 58 K and 2.5831 x 10~* emu/mol, respectively
for H || [100], [010] and [001] directions. The experimental value of the effective
moment fi.g is close to the free ion value of Pr®**, 3.58 up. The Weiss temperature 0,

is positive for H || [001], as expected for a ferromagnetic ordering compound.

The isothermal magnetization of PrGe measured at T = 1.8 K along the three
principal crystallographic directions is shown in Fig. 5.16. Hysteretic behaviour is
observed along all the three directions confirming the ferromagnetic ground state in
PrGe, thus corroborating the previous neutron diffraction results on a polycrystalline
sample of PrGe [69]. For H || [001] the magnetization increases more rapidly with
field than along the other two directions thus indicating [001] direction as the easy

axis of magnetization. At 1.8 K the magnetization saturates to 3.12 ug/Pr, very close
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Figure 5.15: Inverse magnetic susceptibility of PrGe along the three principal crys-
tallographic directions, the solid lines are fits to modified Curie-Weiss law.

to the saturation moment of free Pr3* ion (¢g;Jup = 3.20 ug). The saturation value
of the magnetic moment along [100] and [010] directions are much smaller indicating
the hard axes of magnetization. The width of the hysteresis loop decreases as the
temperature increases and above 42 K, where the sample enters into the antiferro-
magnetic state, there is no signature of hysteresis. A plot of coercive field versus
temperature for H || [001] direction is shown in Fig. 5.16. For H || [001] direction
the slope of the virgin curve is small which indicates the presence of narrow domain
walls [101]. The impurities of atomic dimensions pin the domain wall as is evident
from the flat virgin curve upto a field of 0.08 T (see inset of Fig. 5.16). At higher
fields the magnetization increases, which means the external field is able to detach
the pinned domain wall, the complete detaching of the pinned domain wall happens
at 0.4 T and at higher fields the domain walls are completely removed. On reversing
the field the reversed domain walls nucleate and only for the negative fields of about

0.4 T the domain walls are removed.
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Figure 5.16: Isothermal magnetization of PrGe measured at 1.8 K for fields along the
three principal crystallographic directions. The upper inset shows the low field part
of the hysteresis loop for H || [001] direction. The lower inset shows the temperature
dependence of the coercive field for H || [001] direction.
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Figure 5.17: (a) Temperature dependence of the specific heat capacity in PrGe and
YGe. The solid line through the data points of YGe is fit to the Debye model of heat
capacity. (b) The main panel shows low temperature part of the specific heat of PrGe
and the inset shows the magnetic part of heat capacity and the calculated entropy.
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Figure 5.18: The magnetic part of the heat capacity (Cjys), the solid line is the fit to
the spin-wave expression given in Eq. 5.18.

5.5.4 Heat capacity

The temperature dependence of the specific heat of PrGe single crystal and its non-
magnetic reference compound YGe measured in the range of 1.8 to 150 K is shown
in the main panel of Fig. 5.17(a). Since the crystal structure of LaGe is FeB-type
which is different from the CrB-type structure of PrGe, a polycrystalline sample of
Y Ge was prepared which has the same crystal structure as that of PrGe and it was
used as the non-magnetic reference compound after taking into account the mass
renormalization as mentioned in Ref. [102]. The heat capacity of YGe can be very
well fitted to the Debye model as shown by the solid line through the data points
of YGe and Op was estimated to be 245 K. Furthermore, an estimation of v was
done from the low temperature heat capacity data of YGe and it was found to be
3.413 mJ/K?-mol. The occurrence of two peaks in the heat capacity of PrGe exactly at
the same temperatures as observed in magnetic susceptibility and electrical resistivity
data, confirms the bulk magnetic transitions in the system. The low temperature
part of heat capacity of PrGe is shown in Fig. 5.17(b). The heat capacity jump at
the antiferromagnetic transition at 44 K amounts to 19.29 J K~ mol™!, while at

41.5 K where the system undergoes ferromagnetic transition, the heat capacity jump
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amounts to 45.06 J K=! mol~!. Such a huge jump in the heat capacity along with
the sharp drop in the electrical resistivity, as mentioned before, clearly indicates a
first order nature of transition at 41.5 K. Further confirmation of first order nature
of magnetic transition comes from the shape of Arrott’s plot. The magnetic part
of heat capacity Cys was obtained by subtracting the heat capacity values YGe from
that of PrGe and subsequently, the entropy (Sy) was calculated by integrating Cys/T
data. The temperature dependence of Sy is shown in the inset of Fig. 5.17(b). The
heat capacity data of PrGe in the ferromagnetic state can be well described by the
spin-wave gap model [103]. The magnetic part of heat capacity is given by

O4f =T + Csw (517)

Where, v is the electronic term of the heat capacity and the heat capacity due to

ferromagnetic spin-wave is given by

Csw =« (3—; + 3AVT + 5\/775) et (5.18)

Here, A is the gap in spin-wave spectrum, and « is a constant. The spin-wave
fitting is shown in Fig. 5.18 by the solid line. It is evident that Eqn. 5.18 fits
very well our data below 40 K. The obtained values of the fitting parameters are
v = 45.9mJ K2 mol™!, a = 0.105 J K~%2 mol~" and A = 140 K. The spin-wave
gap A is in close agreement with the values obtained from the fitting of electrical

resistivity data.

5.5.5 Magnetocaloric effect of PrGe

The magnetocaloric effect of PrGe has been investigated by the same procedure
adopted for the PrSi single crystal. The isothermal magnetization was measured
at various temperatures from 2 to 100 K at selected temperatures. The M vs H
loops were measured for increasing field H from 0 to 70 kOe along the three principal
crystallographic directions as shown in Fig. 5.19. The magnetic entropy change ASy

has been calculated from the M vs H isotherms using the Maxwell’s relation 5.16.
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Figure 5.19: Representative magnetization isothermals at various temperatures along
(a) the b axis (H || [010]), (b) the ¢ axis (H || [001]) and (c) the a axis (H || [100]).
Only the data obtained while increasing the field are plotted for each temperature.
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Figure 5.20: (a), (b), and (c) represents the temperature variation of magnetic en-
tropy change (—AS)y, along the three principal crystallographic directions, H || [010],
H || [001] and H || [100] respectively) around the magnetic transition region of PrGe
at various fields.
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Figure 5.21: The field variation of magnetic entropy change in PrGe (—AS),), along
H || [001] around the magnetic transition region at different constant temperatures.

The temperature dependence of magnetic entropy change ASy for different applied
magnetic field H along the three crystallographic directions is shown in Fig. 5.20.
Since [001] direction is the easy axis of magnetization, relatively low field is enough
to induce complete saturation, hence a giant negative magnetic entropy change is
observed in this direction around the magnetic ordering temperature. The maximum
value of —ASy is found to be 18.2 J/Kg K for AH = 70 kOe around 44 K. Along
the other two crystallographic directions, a complete saturation is not observed up to
a field 70 kOe. The Mwvs.H data is nonlinear along these two directions. Due to lack
of saturation here the value of —ASy along H || [100] and [010] directions is about

three times smaller compared to the [001] direction.

Fig. 5.21 shows the isothermal field variation of magnetic entropy change along
H || [001] crystallographic direction at various temperatures near its magnetic tran-
sition. Isothermal field dependence of RCP for PrGe is shown in Fig. 5.22. RCP
varies linearly with H similar to that of PrSi. RCP value is reasonably large, which

is 360 J/K for a change of magnetic field H to 70 kOe.

M versus H loops for each temperature were measured around the magnetic tran-

sitions from 2 K to 100 K at selected temperatures through increasing magnetic
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Figure 5.22: Magnetic field variation of relative cooling power for PrGe along the
[001] direction.

field H from 0 to 70 kOe along three principal crystallographic directions to verify
the anisotropic magnetization. The representative isothermal magnetization curves
along the H || [100], H | [010] and H | [001] axes with a magnetic field up to
70 kOe were plotted in Fig. 5.19 (a), (b), and (c), respectively. Clear signature of
magnetic anisotropy are observed in PrGe. At very low field (= 2 kOe) we observed
saturation magnetization along H || [001] axis. On the other hand M — H curve does
not show complete saturation behavior along the other two directions. The value of
magnetization along H || [001] direction is almost five times larger than the other

axes.

5.6 Discussion and conclusion

Single crystals of PrSi and PrGe have been grown by Czochralski pulling method
and their anisotropic physical properties were studied in detail. Well defined Laue
spots together with a low value of residual resistivity and high RRR, indicate the
good quality of the grown single crystals. From the magnetic susceptibility, electrical

transport and heat capacity data it is found that PrSi orders ferromagnetically below
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Te = 52 K, while PrGe first undergoes a paramagnetic to antiferromagnetic transition
at 44 K and then antiferro to ferromagnetic transition at 41.5 K upon cooling. The
magnetization measurements clearly showed that the magnetic moments are aligned
along the crystallographic [010] direction in case of PrSi and along the [001] direction
in the case of PrGe. Our result on PrSi does not support the previous neutron
diffraction report where the magnetic moments were inferred to lie in the ac plane [87].
Along the hard axes of magnetization the magnetic behavior is anomalous, which may
be attributed to the low lying CEF levels and/or to the complex nature of magnetic
ordering in these compounds. A detailed neutron diffraction study is required on the
single crystalline sample in order to better understand the complex magnetic structure
of these systems. Crystal field analysis was performed on the magnetic susceptibility
and heat capacity data of PrSi, and it was found that the CEF potential splits the
J = 4 degenerate ground state of Pr3* ion into nine singlet states with an overall
splitting of 284 K. The ground state and the first excited states are separated by
an energy difference of 9 K, such a small separation results in a quasi-doublet state,
which leads to a magnetic ordering as the exchange interaction overcomes the energy
gap A. A huge jump in the specific heat at the ferromagnetic transition and the
shape of Arrott’s plot, clearly suggests the ferromagnetic transition is first order
like in both the systems. Hence there is a huge change in the magnetic entropy with
applied magnetic field. A large magnetocaloric effect is observed along the easy axis of
magnetization in both the systems and the MCE values are comparable to the values
obtained in other popular magnetocaloric materials like GdsSioGey. This suggests
that both the compounds are potential candidates for magnetic refrigeration in the
low temperature range. In case of PrSi, the low temperature heat capacity increases
with decreasing temperature which is well explained by means of the nuclear Schottky
effect arising due to the hyperfine splitting of 14! Pr nuclear levels. The Pr 4f moment
estimated from the coefficient of nuclear Schottky effect matches very well with our

experimental saturated magnetization value.
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Chapter 6

Band structure study of Pr(se by

Angle resolved photoemmision

In the preceding chapters, various physical property studies by means of bulk measure-
ment techniques; like magnetic susceptibility, isothermal magnetization, heat capac-
ity, electrical transport, and the phenomenon like heavy fermion behavior in CeMgs,
level splitting due to crystal electric field, superzone gap formation in CeGe just be-
low its antiferromagnetic ordering temperature, large magnetocrystalline anisotropy
in PrGe and PrSi have been discussed. Many of these properties depend on the details
of the electronic band structure of the compounds. The electronic structure of a sys-
tem is the microscopic basis of all material properties including electrical and thermal
conductivity, magnetism, optical properties.Thus the study of electronic structure of
a material is important in order to understand the connection between the electronic,
magnetic and structural properties exhibited by the systems. In this chapter we will
discuss about Angle Resolved Photo Emission Spectroscopy (ARPES) study which
is the best available technique to directly probe the electronic structure of a mate-
rial. Unlike the techniques discussed in the preceding chapters, ARPES is a surface
sensitive technique, meaning the method only probes the electronic states which are
spatially localized near the surface of the sample. The PrGe binary exhibits a va-
riety of magnetic phase transitions, and large magnetocrystalline anisotropy [104].
An investigation of electronic band structure of the PrGe maybe helpful in better

understanding the complex magnetism of the system, and to explore further possible
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interesting physical properties of this compound. Recently, the electronic structure of
high-temperature superconductors [105], various electronic and magnetic phase tran-
sitions in heavy fermion systems [106, 107], valence fluctuations [108], topological
insulators [109] have been successfully studied by ARPES. Various magnetic phase
transitions of rare earth binary compound CeSb has been studied by ARPES [110],
and the changes in volume of electron and hole pocket have been reported. A similar
observation maybe expected in case of PrGe binary upon various magnetic phase tran-
sitions. Therefore a detailed study of the electronic structure, and their temperature
evolution was studied by ARPES.

6.1 Motivation for present study

The primary goal of this study was to understand the complex magnetism, and large
magnetocrystalline anisotropy of PrGe after experimentally determining the elec-
tronic band structure and Fermi surface topology of this compound, and their tem-
perature evolution i.e., the changes upon various magnetic phase transitions. Along
with this, PrGe is also a suitable compound to study the Rashba spin orbit interac-
tion. Rashba-type spin-orbit interaction has attracted attention due to the possibility
of spin control and manipulation by means of an electric field. The possibility of con-
trolling the spin using a static electric field is of great interest since it can potentially
lead to magnetic rand access memory (MRAM) devices. For a magnetic rare earth
system, a large spin-orbit coupling is expected at the single crystal surface [111, 112].
The PrGe single crystal which exhibits large magnetic anisotropy and contains the
high Z-element, is a natural choice for us to investigate the Rashba effect in this
system [104]. In the present study we have experimentally determined the electronic
band structure of (010) and (001) surfaces of PrGe along with its temperature de-
pendence. We observed Rashba-type splitting of band on the (010) surface in the

paramagnetic phase of PrGe.
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6.2 Basic principle of ARPES

The basis of photoemission spectroscopy lies in the principle of photoelectric ef-
fect [113, 114]. The basic geometry of an ARPES setup is shown in Fig. 6.1. The
material surface is illuminated by a monochromatic beam (either from a gas discharge
lamp, or from a synchrotron source) of photons. The sample surface has to be a single
crystal and properly aligned in order to perform the angle resolved or equivalently
momentum-resolved photoemission measurement. If the energy of the photon is larger
than the work function of the material and the binding energy of the electron, the
electrons are emitted by photoelectric effect, and escape in vacuum in all directions.
The kinetic energy (Ex) of the photoemitted electrons is measured by an electron
energy analyzer for a given emission direction (0, ¢). Next step is to determine the
electronic dispersion of the material. This is done by using the fact that the total
energy and momentum component parallel to the sample surface is conserved by the
photoemission process, while the perpendicular surface component of electrons is not
conserved as it has to consume a portion of the kinetic energy to overcome the per-
pendicular surface potential before escaping into the vacuum. Thus it is not possible
to extract the value of &k, directly from experimental measurements [115]. However,
by assuming the dispersion relation for the final electron states E(k), it is possible to
determine the perpendicular component k£,. This is particularly true when one uses
results of band structure calculations, or assumes a nearly free electron description
for the final bulk states [115]. Since the energy is conserved, the measured kinetic

energy is directly related to the binding energy of electrons as:

hV:EK—FWd,—l-’EB‘ (61)

1 :
k||,initial = kH,final = ﬁ V 2mEkanZn(6> (62)

where hv is the energy of incident photon, Fk is the kinetic energy of the photo
electron, W, is the work function of the material, and Ep is the binding energy of
the electron inside the solid. K| iniiar and K| rine are the initial and final momentum

of the electron parallel to the sample surface, respectively. Note that the momentum
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of incident photon used in ARPES experiment (generally less than 100 eV), is much
smaller than the typical Brillouin-zone dimension 27/a of a solid, and thus maybe

neglected.

Here the incident photon excite the electron from the initial occupied state |1;) to
a vacuum final state [¢)¢). The transition probability of the photo-excitation is given

by the Fermi’s Golden rule:

W = (| H'[¢i)[*0(Ey — E; — h) (6.3)

where H' is the perturbation due to the photons.

The ARPES measurement maps the intensity of photoelectrons as a function of
two angles (f and ¢) and the kinetic energy of the photo electron. The intensity is
the function formed by a many body spectral wave function weighted by the Fermi
Dirac distribution, and the probability function formed by the square of the matrix

element of the interaction Hamiltonian with the many body initial and final states.

The cross section of the absorbed photons depends on the material and the energy
of the incident photon. Another important thing to consider is the mean free path of
the photoemitted electrons. The escape depths of the photoemitted electrons depend
on the photon energy, and amounts to five to ten angstroms [116]. Thus we can
consider ARPES as a surface sensitive technique which probes the electronic states

that are in the spatial vicinity of the material surface.

The details of electronic structure study angle resolved photoemmision can be
found in [115].

6.3 Spin orbit coupling

The spin orbit interaction is a well-known phenomenon which splits the spin-degenerate
levels of one-electron energy level into levels with spin parallel and antiparallel to the
orbit. Generally elements with high Z value have large spin orbit coupling strength.

Therefore the spin orbit coupling is strong in rare earth elements, and their intermetal-
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Figure 6.1: Geometric setup of an ARPES experiment. The emission direction of the
photoelectrons is specified by the polar () and azimuthal (¢) angles.
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Figure 6.2: The schematic view of photoemission process, the diagram is taken from
the Hufner’s book. Energy distribution of photoemitted electrons produced by the
incident photon measured as a function of Fx
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lic compounds. However, in a solid such a splitting is forbidden due to the crystal
symmetry. Is is easy to show that the time reversal symmetry leads to following

restriction [117]:

E(k, 1) = E(=k, 1) (6.4)

If the crystal posses inversion symmetry i.e., the operation ¥ — —7 does not

change the crystal lattice, we have

E(E,1) = E(-k,1) (6.5)

It is clear from above two equations 6.4 and 6.5 that if both time reversal and

inversion symmetry are present,

— -

B(F.1) = B(F, 1) (6.6)

i.e., the energy does not depend on the electronic spin. However in the surface
of a crystal the 3-dimensional inversion symmetry is not present, thus opens up the
possibility of spin degeneracy to be lifted. In the absence of magnetic fields, spin-
orbit splitting is the only possible cause for a splitting of spin degenerate levels at
the surface, and this interaction is described by the Rashba Hamiltonian [118]. The

Pauli spin orbit Hamiltonian is given by:

Y 7x (VV) (6.7)

Hsoc = — 2

where A is the Planck’s constant, my is the free electron mass, ¢ is the velocity of
light, p is the momentum operator, V' is the Coulomb potential of the atomic core,
and o = (0., 0y, 0) is the Pauli spin matrices. If we consider the free electron model,
on the surface VV = dV/dZey, where Z direction is along the surface normal, and
ey is unit vector along the Z-direction. Then the resulting spin-orbit Hamiltonian

takes the following form:
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HSOC = aR(eZ X p) -0 (68)

the so-called Rashba term [118]. Here ap is the strength parameter and propor-
tional to the gradient of potential. The Hamiltonian H = % + Hgoc can be solved
analytically [119], and it can be shown that the free electron parabolic dispersion will
now be split in two parabolas, shifted in k-space corresponding to opposite (up or

down) spin directions,

h2k?
E, =——+ahk 6.9
+ om o (6.9)
Though the above dispersion relation fits very well with the experimental data [119],
the experimental splitting is much larger than would be estimated from the above

calculation.

In a crystal having inversion symmetry, the splitting due to spin-orbit coupling
(SOC) is not possible. However at surface, the 3-dimensional translation symmetry is
broken, and thus opens the possibility of splitting of band due to SOC. The strength of
the spin orbit coupling depends on the potential gradient near the core of the atoms,
and therefore generally the heavier elements have stronger spin orbit coupling. We
may see a spin split in the electronic states which are localized to the surface/interface.
But the surface potential gradient itself is not strong enough to cause an observable
spin split [119, 120]. The spin splitting becomes sizable when it couples to a large
intra-atomic spin-orbit interaction of the system, which is case where the high 7
elements are involved at the surface. In a magnetically ordered surface, the magnetic
exchange interaction is usually much larger than the spin-orbit interaction. The spin

polarization of electronic states in such system depends on the exchange interaction.

6.4 Sample surface preparation

In order to perform the ARPES measurements along the high symmetric directions,
the PrGe crystallographic directions were determined by means of back reflection

Laue diffraction method. The main practical challenge is to prepare a very good
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quality sample surface. As we have already discussed that ARPES is surface sensi-
tive technique, a small amount of oxidation of surface may lead to completely wrong
information about the actual material. Also we need a surface which is atomically
flat. Because one of the important information we measure in ARPES is the emis-
sion angle of photoemitted electrons, which is used to determine the in-plane crystal
momentum of the electronic states inside the material. In order to get a very high
quality atomically flat surface of our single crystal, we cleaved the single crystal inside
UHV by using standard post-method, the crystal has nice cleavage plane along (010)
and (001) directions. First the properly oriented piece of single crystalline sample
is mounted on a copper plate using silver epoxy. The conductive glue was used in
order to keep the sample electrically neutral under the photoemission process. Then a
top-post was fixed at the top of the sample by using Torr Seal. Therefore the sample
was sandwiched between the sample holder and the top-post. Conducting graphite
paint was used to cover insulating Torr Seal and sample holder, in order to create
contrast in the signal coming from the sample during the experiment. Once the sam-
ple was transferred to the manipulator in the measurement chamber, the top-post
was mechanically removed using a screwdriver. We have obtained a clean mirror like
surface for both PrGe (010) and (001).

6.5 Experiment

The measurements were performed at the APE beamline of Elettra Sincrotrone Tri-
este. Temperature as low as 20 K was achieved by means of liquid helium cooled
cryostat. The measurements were performed at photon energy ranging from 20 - 76
eV. The data have been recorded in a Scienta SES 2002 electron energy analyzer.

The energy resolution of our measurements was about 15-20 meV.

6.6 Results

The electronic band structure of PrGe (010) surface is experimentally determined,

and shown in Fig. 6.3. The band structure is measured for both the paramagnetic
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phase at 100 K and the ferromagnetic phase at 20 K. We observe that the band
structure is symmetric with respect to I' point. The most explicit feature is the
Rashba-type band splitting at I". It is more prominent in the paramagnetic phase,
and not so evident in the ferromagnetic phase. The changes in the band structure
between the paramagnetic and ferromagnetic phases are observed near the Fermi
energy; between Ep to 0.5 eV binding energy. The bands at deeper binding energy,
below 1.5 eV, show similar behavior in both paramagnetic and ferromagnetic phases
indicating that their characters are of bulk origin and localized in nature. In Fig. 6.3,
we have observed that the two split bands show a strong photoemission intensity at
0.03 eV binding energy, and the maximum are shifted symmetrically with respect
to T’ point by 0.08 A='. The splitting can be compared on a wave number scale,
where kq is the shift of the band maximum away from the I' point, as well as on the

energy scale where Ep = % is the Rashba energy. The coupling constant in the

spin-orbit Hamiltonian is given by ar = ﬁfnﬂ Here m* represents the effective mass
of the conduction electrons, and found to be about 18 mq from the heat capacity data
described in Chapter 5, where myg is the free electron mass. Calculated value of Epr
and ag are 1.34 meV and 3.37 meVA, respectively. The values of Fx and ap are

comparable to the other Rashba systems [121, 122, 123, 124, 125].

We have also measured the temperature evolution of the electronic band structure
across the magnetic phase transition, in the temperature interval from 20 to 100 K
as shown in Fig. 6.4. We observed that a clear spin orbit splitting is present in the
paramagnetic phase indicating the presence of Rashba effect of this system. The
Rashba splitting in the paramagnetic phase from 100 K to 60 K does not change.
The change in the band structure was observed below 50 K, which is the onset of
antiferromagnetic ordering in this system. The splitting is considerably larger than
the other magnetic systems [112]. Here the spin orbit splitting is observed in the
paramagnetic phase, while in case of Gd and Tb rare earth metals, the splitting is
observed in the ferromagnetic phase [111, 112]. In the antiferromagnetic phase the
splitting in the hole-like bands disappears and becomes a single hole-band with the
electron pockets appearing at the I" point. This result is similar as observed in Bi/Ag
(111) [125] surface alloy, where spin degenerate band with the maximum at high
symmetry point is observed in the absence of splitting. The band structure clearly

signifies that the spin polarization of PrGe (010) surface definitely plays important
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Figure 6.3: Electronic band structure of PrGe (010) surface measured at (a) 100 K in
the paramagnetic phase showing clearly the splitting of bands near the Fermi surface
at T point, and (b) ferromagnetic phase measured at 20 K, where the splitting is not
so evident.
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Figure 6.4: Temperature dependence of the band structure of PrGe across the mag-
netic transition measured at various temperatures.
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and (b) ferromagnetic phase.
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Figure 6.6: The band structure of PrGe (001) surface measured in the paramagnetic
and ferromagnetic phase. Unlike (010) surface, this surface does not show Rashba
type splitting of bands.
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6.6. Results

role across the magnetic phase transition. Generally in case of ferromagnetic system,
the magnetic exchange interaction is much larger than the spin-orbit interaction [126].
Thus the spin polarization of the electronic states is mainly defined by the exchange
interaction, and the spins are aligned along a particular direction in the ferromagnetic

state.

In Fig. 6.5 we show the Fermi surface and the cut along the Fermi surface marked
by the arrow for both paramagnetic and ferromagnetic phases. The Fermi surface in
the paramagnetic phase clearly shows the appearance of hole and electron pockets
which are overlapping with each other. In the ferromagnetic phase we observe two

hole pockets which are nested with the electron sheet in the k, direction.

To further check the Rashba splitting depends on crystallographic directions, we
have performed the band structure measurements on the (001) surface as well. The
band structure of (001) surface is shown in Fig. 6.6 measured at the paramagnetic
and ferromagnetic phases. Here we see the bands are symmetric with respect to the I'
point, as we observed in case of (010) direction. But we do not observe the splitting
of bands, they are spin degenerate.This indicates that there are equal number of
majority and minority spin bands on the surface and the net polarization is zero.
This situation is similar to the observations on Bi/Al (111) surface [125]. To clearly
see the changes in the band structure features we have, we have measured them in
both paramagnetic and ferromagnetic phase. The hole pocket in the paramagnetic

phase (Fig. 6.6) has been filled with the electron states in the ferromagnetic phase.

From the above observations we conclude that the presence of Rashba effect on
the PrGe (010) direction is due to the alignment of spins of the itinerant electrons
in the (010) direction and probably are canted in orientation. On the other hand in
case of PrGe (001) surface the spins of the itinerant electrons are mostly parallel to
the direction of momentum, and hence we do not see any spin-orbit slitting of bands.
At present we do not have any theoretical band structure calculation for this system,

which is planned for the future in order to compare with our experimental results.
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