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Abstract

Topological semimetals are new classes of quantum materials, which are characterized
by surface states induced by the topology of the bulk band structure. We inspired
from interesting phenomenon is shown by these materials on a bulk scale, i.e., high
transport properties, quantum anomalies which may be further beneficial for many
other applications.

Reason for choosing RCrSbz and SmSb is its a new class of magnetic material both
for the study and for their possible use. The RX (R = Ce, Pr, Sm; X=Sb, Bi) family
of materials display a very large magnetoresistance and non-trivial band topologies.
In this thesis, I have used Flux method to grow single crystal and characterize with
the help of EDX, XRD, and Laue diffraction.

The magnetization and transport measurements were taken from SQUID magnetom-
etry and PPMS of Quantum design respectively. We have observed a very high valued
anomalous hall effect in RCrSbs while a beautiful Subhnikov de Hass oscillations ob-
served in SmSb. To achieve better understanding in term of band structure from
oscillations in SmSb which are very helpful to resolve the electronic structure and
orientation of the Fermi surfaces. The value of anomalous Hall conductivity is 1230
QO tem™! for LaCrSbs, 1590 Q tem ™! for CeCrSbs, 2930 Q'em ™' for NdCrSbg re-
spectively which is highest ever conductivity reported among any quasi 2D material.
This high AHE arises from internal band structure as calculated from our analysis.
To dig the root cause of this high AHE, we performed thermal hall which also shows
anomalous behavior (high Seebeck coefficient ), Combined electrical, thermoelectric
measurements reveal that this high value of the AHE and ANE may arise from the
same cause which is large net Berry curvature. For a better understanding of the
result, we are collaborated with the theory group and waiting for ARPES results to

comment further.
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Chapter 1
Introduction

Dirac proposed, in 1928 the first successful collation of special theory of relativity
and quantum mechanics, called the Dirac equation. Later on, H. Weyl introduced
simplified version for explaining massless fermions with a definite chirality [ ].
In 1937, Ettore Majorana did a modification using real numbers, which represented
a neutral particle that was its antiparticle. These developments have found signifi-
cant application in modern physics. The Dirac equation is the fundamental equation
describing relativistic electrons, and the Majorana equations are a candidate to de-
scribe neutrinos | |. The Dirac equation is also a central concept leading
to topological phenomena like zero modes and anomalies in quantum field theories.
The best-known example of this phenomena is in graphene, where the massless two-
dimensional Dirac equation shows a linear momentum dispersion relation.

We are concerned about analogous physics in three-dimensional crystals having
linearly dispersing fermionic excitations that are described by the massless 3D Rel-
ativistic equations. These solid-state realizations offer us a stage where predictions
made by relativistic theories can be applied and some new phenomenon that exists
only in a condensed matter context emerge like Fermi arc surface states at the bound-
ary of the material.

“Weyl semimetal” (WSM) was introduced to describe a phase where the chemical
potential is near at the Weyl nodes | |. The major physical properties of Weyl
fermions, such as chiral anomaly | |. Topological consequences of Weyl nodes
started to be explored with the realization that Berry curvature plays a crucial role
in determining the Hall effect | ][ ]. Discovery and prediction of
two and three dimensions of topological insulators have led to an explosion of activity

in the study of a topological aspect of the band structure | ].



Weyl and Dirac semimetals are 3D phases of matter with gapless electronic excita-
tions that are protected by various symmetries. Motivated from transport properties
of Weyl semimetals for example high carrier mobility, large positive transverse mag-
netoresistance, low charge carrier density, low effective mass, we plan to grow some
similar compound which may or may not be Dirac or Weyl semimetals but shows iden-
tical phenomenon’s. However, very few available tools to characterize Weyl semimet-

als through electrical transport, negative magnetoresistance is most commonly used

[ J

Metallic magnetism is always a fascinating source of surprises. The Inter-metallic
alloys formed by combining the elements of the 4f metals and the 3d metals, Cr in
RCrSbs present an exciting category of magnetic materials both for the study of their

magnetic behavior and for their further possible applications | ].

This whole series has a nearly 2D structure with RSb and CrSby layers pile up
along the a axis | ]. Successive layers of such compound allow for the control
of the magnetic aspect through the interlayer coupling. The anomalous magnetism
found in RCrSbs, and the interaction between the itinerant 3d electrons of Cr ion and
the localized 4f moments from the lanthanide series kept increasing when we go from
left to right in series.

Based on which lanthanide element we have chosen, RCrSbs has been found to
have either a purely Ferro or anti-ferromagnetic phase or combination of both the
phases. The anti-ferromagnetic order evolves from the ferromagnetic order as a result
of the competition between R3* and Cr®* ions. The atomic radius decreases from La
to Lu; it found that substitution of the more massive rare earth element in RCrSbs
causes the structure of the compound to contract and resulting into change in the

magnetic properties of the system.

1.1 Hall Effect

If we pass an electric current flows through a conductor in a magnetic field, there
is a force exerted by the magnetic field in the transverse direction of charge carriers
which tends to align them to one side of the conductor. As seen from our Fig 1.1., A

accumulate of charge at the sides of the conductors will balance this magnetic force,



producing voltage drop between across the two sides of the conductor. The transverse
measurable voltage is called the Hall effect after E. H. Hall who discovered it in 1879

[ J

1.1.1 Theory of Hall effect

Consider a rectangular bar-shaped conducting material of thickness t kept in XY
plane. An electric field applied in X-direction and current ”I” flow through the sam-
ple. Let us consider w is the width of the sample and t is the thickness of the sample;
the relation gives the current density, J, = I /wt
If the direction of the applied magnetic field is z-axis, then the Lorentz force moves
the electron toward the y-direction. It leads to the accumulation of charge carriers
at one side of the sample. This causes the transverse electric field £, in the sample.
This develops a voltage difference along the y-axis is known as Hall voltage V.

In steady state condition, the magnetic force balanced by the electric force. Mathe-
matically we can express it as eE=evB

Where e = electron charge, E = the hall electric field developed, B = the applied
magnetic field and v = the drift velocity of charge carriers. And the current I can be

expressed as [ = venA, so using all the above equation we get,

Vy = Ew = vBw = IB/net, Vg = RylIB/t

So Ry = 1/ne is hall coefficient which is different for different charge carriers.
Hall voltage has a different sign for positive and negative charge carriers, and it has
been used to study conduction details in semiconductors and other materials where

we have multiple types of charge carriers | ].
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Figure 1.1: Hall Setup[Hal |

1.2 Berry Phase

The group velocity of electrons in the semiclassical limit is given as v(k) = V[E(k)].
Karplus and Luttinger calculated that the position operator x in a periodic lattice fails
to commute with itself.

v(k) = V]e(k)] — eExQ(k), where Q(k) is the "Berry curvature” terms. The
extra term eEx{)(k) is called the Luttinger anomalous velocity term. Topology is
the study of spatial and geometrical properties which are intact by the continuous
change of shape or size of figures. Topological invariant = quantity that does not
change in constant deformation. A “Berry phase” is a phase angle ( hopping from 0
and 27) shows the global phase evolution of a complex vector carried around a path
in its vector space. The concept was systematized in 1980 by Michael Berry. Berry

curvature is often the largest at near-degeneracies [Shin 19].

1.3 Anomalous Hall Effect(AHE)

The anomalous Hall effect has intensive roots in the history of electricity and mag-
netism. E. Hall in 1879 discovered that when a current-carrying conductor placed in

the presence of a magnetic field, the Lorentz force tries to moves its electrons against

4



one side of the conductor. Later, he reported that “moving electricity” effect was
more dominating in ferromagnetic iron than other nonmagnetic conductors | ].

Hall effect discovered in ferromagnetic conductors is known as the anomalous Hall
effect (AHE).

Karplus and Luttinger (KL) theory, The work of Karplus and Luttinger (KL)
in 1954 was the first theory of the AHE which based on Bloch states | ]. Ac-
cording to KL calculations, there is a significant role played by the existence of bands
and the combined overlap of Bloch states. This theory ignores all lattice disorder,
so the Hall effect it tells based on an intrinsic mechanism alone. In a ferromagnetic,
through spin-orbit coupling (SOC) the orbital motion of the itinerant electrons cou-
ples to spin order. KL theory considers, the moments of the ferromagnetic state are
itinerant, i.e., the electrons carrying the transport current also produce the magneti-
zation. It recognized in the 1950s that if the magnetic polarization of system mingled
with an orbital motion by SOC, Hall phenomenon should exist in ferromagnetic ma-

terials even in the absence of an external magnetic field.

Karplus and Luttinger pointed out the existence of an additional term in the veloc-
ity operator proportional to the gradient of electrical potential acting on the carriers
which adds a term acting like magnetic field called Berry phase term. The Hall con-
ductivity derived from this method is proportional to the Berry curvature summed
over the occupied band. Based upon the system taken we can tune ferromagnetic

polarization and SOC which is further related to Berry phase | .

The measured Hall resistivity, p,, of any magnetic material can be expressed in
general from a relation as, p,, = pyiv + pyf + pyl
Where, the normal Hall effect (NHE) is determined from the relation p,Y = RouoH,
and it is due to the Lorentz force. Ry is the normal Hall coefficient and poH is the
applied external magnetic field | ]. Ry is depend on the density of charge car-
riers.

The anomalous Hall effect (AHE) in a magnetic material is given by the p,2 =
( aprz + Sap:2)M , Where o and S, corresponds to the extrinsic contribution from
skew scattering and the impurity density independent contributions, respectively. M
is the magnetization and p,, is the longitudinal resistivity | ]. The intrinsic

AHE originates from the momentum space Berry curvature, which is measured in the



high field polarized regime. If pxﬁ and p,o were plotted, where « is the scaling power
factor a = 2 is for the intrinsic KL. mechanism and the extrinsic side-jump mechanism
and o = 1 is for another extrinsic skew-scattering mechanism | ]

Lastly, p,I is the topological Hall resistivity which arises due to any noncoplanar or-
der of spins.

So in summary one can understand AHE as follow:

1. When Jyf is independent of o,,, the AHE can grasp in terms of the geometric
concepts of Berry phase in momentum space | |. The anomalous Hall current
can be thought of as the unquantized version of the quantum Hall effect, while in 2D

systems the intrinsic AHE is quantized in units of €*/h at temperature T=0.

2. Three section have been identified from large body of experimental data for

diverse materials:(i) a high conductivity regime [o,, > 10%(Qcm)~!] in which a lin-
A

&~ 0, due to skew scattering dominates. (ii) is an intrin-

ear contribution to oy
sic or scattering-independent regime in which 0,4 is roughly independent of o,
(104(Qem) ™! < 04, < 105(Qem)™1) (iii) a bad metal regime(o,, < 10%(Qem)™1)

in which ayf decreases with decreasing o,, at a rate faster than linear.

3. The intrinsic mechanisms studied in materials having a strong SOC, like oxides

and magnetic semiconductors.



Chapter 2

Materials and Crystal Growth
Method

2.1 Raw material for crystal growth

Single crystals of RCrSby (R = La, Ce, Nd, Gd) were grown by solution growth
method (Flux) using Sb as a flux in Box furnace. For synthesis La, Ce, Nd polished
pieces (La, Ce, Nd pieces, 99.9 %), Chromium(Cr pieces, 99.99% pure ), and Antimony
(Sb pieces, 99.999 % pure) were used.

2.2 Poly and Single Crystal

The first scientific approach of crystal growth began in 1611 when Kepler concluded
that snow crystals built by closed packed spherical particles and posed, in such a
way, the correct principle of crystallographic form, followed by Nicolous Steno, who
explained the origin of various external forms | ].

Crystal growth is a field that demands the collaboration of experts from various
fields. The importance of rareness of single crystals related to their symmetry, molec-
ular structure, purity, and the physicochemical environment of their formation. It is a
procedure of arranging atoms, ions, molecules into regular 3D periodic arrays. How-
ever, in reality, crystals are never perfect due to the presence of various local disorder
and dislocations.Therefore crystal grower have to produce perfect single crystals of
the required shape, size and characterize them to understand their purity and quality.

It is an important branch of materials science for the formation of technologically



important materials of different shapes and size.

2.2.1 Why we need single crystal?

Single crystal maintains transnational symmetry over macroscopic distance. We
should grow single crystal because structure determination and intrinsic property
measurements are preferably, sometimes exclusively, carried out on single crystals.
For specific applications, we rely on optical and electronic properties (laser crystals,

semiconductors, etc.); for that single crystals are necessary.

2.2.2 Theories of Crystal Growth

Crystal growth is the chemical process of having solid, liquid or gas to form a homo-
geneous solid substance having 3D atomic arrangement. From an initially disordered
phase, three basic steps involved in the formation of crystals are:

1. Supersaturation or super-cooling.
2. Nucleation

3. Growth of the nuclei into single crystals.

Nucleation or crystallization is an essential part of crystal growth. Steady-state
super-cooling maintained during crystal growth to obtain the higher-quality crystal.
Sometimes nucleation may occur spontaneously due to the condition in the parent
phase, or it induced artificially | ]. Gibbs was the first to explain the formation
of small embryonic clusters of some critical size is a prerequisite for the development

of a macroscopic crystal.

2.2.3 Crystal Growth Techniques

There is the various method of crystal growth, but we will mainly discuss only those
which involved in inorganic crystal growth.
Self-Flux Growth Method

The single crystal growth method, we have used during my MS thesis is the self-
flux growth method. In the usual flux method, or solution growth method, the target

material is dissolved in a solvent to super-saturation, and the temperature is lowered,



and dissolved material crystallizes out of the solvent. In the self-flux method, one of
the starting material itself acts as the flux in which the target material is grown. In
this process, one starts with an off-stoichiometric amount of starting materials with an
excess of the component which is going to be used as the flux. A mixture of starting
materials is heated to a temperature which is higher than the melting point of the
flux, and then the mixture is cooled slowly (around 1-5 °C'/hr). Crystals grow during
this slow cooling stage.

Due to the long duration of the growth process the choice of crucible material is
essential. The crucible should be made of highly stable, non-reactive material which
has high thermal conductivity. The crucibles most commonly used are ceramics such
as alumina (AlyOj), zirconia (ZrO,), silicon carbide (SiC), and boron nitride (BN).
The other main challenge in the flux growth method is to separate the crystal from
the flux. The common methods used to remove flux from the crystals is to either

decant the flux while it is still molten or to dissolve the flux in some suitable solvent

which doesn’t attack the crystals themselves [Dhanaraj 10].
1. Solid—Solid Solid I, Solid
Devitrification
Strain annealing
Polymorphic phase change
Precipitation from solid solution
2. Liguid-Solid
. . Dec. T
1) Melt growth Molten material Em— Crrystal
Bridgman-Stockbarger
Kyropoulos
Crochralski
Foning
Vemeuil
i) Flux growth Solid(s) + Flux agentis) M Crystal(s)
i) Solution growth Solidis) + Solvent ﬂ Crystal(s)
Evaporation
Slow cooling
Boiling solutions
High T
iv) Hydrothermal growth  Solid(s) + Solvemt — > Crystal(s)
Highp Hydrothermal simtering
Hydrothermal reactions
MNormal temperature gradient
Reversed temperature gradient
3. Gas—5Solid .
Vapor(s) — Solid
Sublimation—condensation
Sputtering
Epitaxial processes
lon-implantation

Figure 2.1: From above figure we may get idea about the all methods that we have:
High temperature methods(1500°C' >):- Czochralski, Stockbarger and Bridgman,
Verneuil, Zone melting.Medium temperature methods:- Fluxes, Electrochemical from
melts, Hydrothermal. Vapor phase transfer.Low temperature methods Sublimation:-
Solution Gel [Dhanaraj 10].



2.3 Glove box

Sometimes samples are very sensitive towards oxygen, and if it is the case, then It is
essential to preserve the grown samples from the exposure to the unwanted impurities,
gases in the atmosphere and sunlight. The Glove Box is always filled with high purity
Argon gas. Since a slight degradation of the sample can change the physical properties.
To avoid any contamination from the ambient environment, we have kept our samples

in Glove Box manufactured by mbraun as shown in Fig 2.2

o —

¥

1= 1
5 i
i g rl
IFEAN NN

Figure 2.2: Glove Box

2.4 Box furnace for single crystal growth

We use high-temperature box furnace, manufactured by Nabertherm, Germany for
crystal growths. It has 4 SiC heating elements and can go up to a temperature as high
as 1400°C. Box Furnaces only process products one at a time or in a single group.
A Box Furnace features a vertical lift or swings outdoor allowing the various sized

products to be placed in the furnace.

10



Figure 2.3: Box Furnance

2.5 Energy Dispersive X-ray spectroscopy

Electron dispersive X-ray (EDX) measurements performed at 25keV and 30keV en-
ergy. From the EDX measurements, the stoichiometry of the compound confirmed.
Electron matter interaction generates a variety of signals which has various informa-
tion about the sample (Figure 2.4). Backscattered electrons produce images with
contrast that carries information on the differences in atomic number; secondary elec-
trons give topographic information; cathodoluminescence tell us about the electronic
structure and the chemical composition of materials, and transmitted electrons can

describe the sample’s inner structure and crystallography.

lincident e7
. .. | beam |
characteristic |

/backscattered e-
x-rays /

secondary e-

\ Auger e-
sample
e ~
inelastically scattered e-| elastically scattered e-

transmitted e-

Figure 2.4: ITllustration of the electron-matter interaction showing its different prod-
ucts | ].
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EDX analysis in SEM:- When the electron beam hits the sample and transfers
its part of the energy to the atoms of the sample, the electron of an atom use this
energy to go into higher energy shell or be knocked-off from the atom. In this kind
of transition, the electron leaves behind a hole of positive charge and, in the second

step of the process, It attracts the negative charge electrons from higher-energy shells.

When an electron from such a higher-energy shell falls into the hole of lower-
energy, the difference in energy can be released in the form of an X-ray. This X-ray
has a particular wavelength related to the energy difference between these two shells

[Jenkins 95].

2.6 Wire Saw for shaping Crystals

Cutting technique that used for precision guidance and consistent application of
a material. Cutting should be in such a way that do not introduce deformations
(eliminate the part ”or defects” ), minimal loss of material from cutting, wire diameters

from 20pm to 60pum. Wire saws are ideal for the precise cutting of materials in Solids.

Figure 2.5: Wire saw for shaping crystals

2.7 Laue Diffraction

Laue diffraction is often used for mounting single crystals in a known orientation,
for example for polishing a surface or for doing measurements. Continuous radia-
tion with all possible wavelengths that Max von Laue used to clash on a stationary

crystal. Through this process, the crystal generates a set of diffracted beams that
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related to the symmetry of the single crystal. From Bragg’s reflection law, constants
like the inter-planar spacing’s (d )and the crystal position referred to the incident
beam. Wavelength A and integer numbers n are variables. The diffraction pattern
will consisting of (for the same spacing d) first order of diffraction (n=1) of a cer-
tain wavelength, the second order (n=2) of half the wavelength (\/2), the third order
(n=3) with wavelength \/3, etc | ].

Laue diagram is a stereographic projection of the crystal. Two types of geomet-
rical methods are possible for Laue, depending on the crystal position concerning
the photographic plate: reflection or transmission. Laue diffraction is two types:-
Back Scattered Laue-in this type of Laue photographic plate is placed in-between
the crystal and X-rays. The beams diffracted in backward diffraction recorded on
film. Transmission Laue- in this type of Laue photographic plate is placed behind the

crystal to record the beams which pass through the crystal as seen from Fig. 2.6

@Back-reflection Laue @Transmission Laue

Laue Method L aue Method ;

Figure 2.6: Laue diffraction setup[l.au ]

2.8 Physical Properties Measurement System (PPMS)

The PPMS is low-temperature and magnet system for the measurement of material
properties like specific heat, magnetic susceptibility, electrical and thermal trans-

port features. PPMS represents a unique steup in laboratory equipment: variable

13



temperature-field system, designed to perform a variety of automated measurements.

Sample environment controls include fields up to +16 tesla and temperature range of
1.9 - 400 K.

Figure 2.7: PPMS system

2.9 Superconducting Quantum Interference Device
(SQUID)

The superconducting quantum interference device (SQUID) is including insulating
layers between two superconductors to form two parallel Josephson junctions. The

device is shaped as a magnetometer to detect incredibly small magnetic fields. The

14



high sensitivity of the SQUID devices is related to measuring changes in the mag-
netic field associated with one flux quantum. One of the discoveries associated with

Josephson junctions was that flux is quantized in units.

1
T —

Figure 2.8: SQUID
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Chapter 3

Characterization and Electric

Transport Measurements

During my MS work I had grown many single crystals including EuAs;Sny, SmSb,
GdPtBi, NdPtBi, LaCrSbs, CeCrSbs, GdCrSbh3s, NdCrSbs but our main focus will
lies on SmSb and RCrSb; series.

3.1 SmSb

X (Sb,Bi) (X = Lanthanide) series of semimetals with a cubic rock salt structure.
These materials are commonly found to have an extremely large magnetoresistance
[ 1 ]. The RX (R = Ce, Pr, Sm; X=Sb, Bi) family of materials display a
very large magnetoresistance and non-trivial band topologies and SmSb is antiferro-

magnetic semimetal.

3.1.1 Laue diffraction

Single crystals of SmSb were grown by solution growth method (Flux) using Sb as
flux. For synthesis, high purity Samarium polished pieces (Sm pieces, 99.9 % pure),
and Antimony (Sb pieces, 99.999 % pure ) were used. Quantum oscillations are
generally studied to resolve the electronic structure. To achieve better understanding

in term of band structure, we probe Shubnikov—de Haas oscillations in SmSb.
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Figure 3.1: (a) image shows single crystal of SmSb and 3.1b shows refined image of
SmSb from Laue diffraction.

3.1.2 Shubnikov de Hass oscillations

The quantum oscillation effect was first discovered by W. Haas and P. van Alphen
when measuring magnetization, and by L. Shubnikov and de Haas when measuring
magnetoresistance in Leiden in 1930. During the study of the single crystal of bis-
muth, oscillatory variations in the magnetization and longitudinal resistance with the
magnetic field observed. In 1952 L. Onsager gave a theoretical explanation of quan-
tum oscillations [Onsager 52], and a quantitative theory by Lifshitz and Kosevich in
1955. A significant theoretical advance was made at this time by Dingle ( 1952b), who
pointed out that electron scattering should broaden the Landau levels and that this
should lead to an extra amplitude reduction factor, which gives rise in temperature
called Dingle temperature Tp [Dingle 52].

In the 1960s, Schoenberg revealed the richness and deep essence of the quantum os-
cillation effect [Shoenberg 09]. When a 3D noninteracting electron gas placed in
magnetic field Hyz, we get quantized energy levels Ey = hw(N + 1/2) in the K,
k, plane. There is a continuous spectrum along the magnetic field direction where
N=0,1,2,... is the Landau level number and w is cyclotron frequency.

The Onsager idea based on the simple semi-classical treatment of how electrons move
in a magnetic field and it appears that the dHvA frequency F (i.e., the reciprocal of
the period in 1/H) is directly proportional to the extremal cross-sectional area A of
the Fermi surface.

The relation is given by F = (ch/2ne)A

18



For transport measurements, the crystal aligned using Laue diffraction and then
cut into the rectangular bar-shaped sample using a wire saw. Contact on samples was

made using Platinum wire of 25mm diameter.

40 A

—=—B=0)
30

20
(a)
SmSh

P, (uQ cm)

™
P, (nQ €M)

Figure 3.2: Resistivity vs. temperature of SmSb at zero field shown in fig. 3.2a while
fig. 3.2b shows resistivity at various applied magnetic field and temperature

We can easily see in low temperature Transport resistivity shows oscillation in its

value.

3.1.3 Calculations:-

A quantitative analysis of the SdH oscillations can be made using the Lifshitz-
Kosevich (LK) equation which is given by | - AR < RrRpcos(2n[F/B-
(1/2—¢)]) Where, Rp = exp(—N1p) is the Dingle factor, T is the Dingle temper-
ature, the temperature dependent damping of the oscillations is given by the factor
Ry = AT /sinh(\T), with A\ = (272 Kpm * /eB) and mx the effective cyclotron mass,
Kp is Planks constant, e is charge of electron and B is applied magnetic field. The
phase ¢ = (¢p/2m) — §, where ¢p is the Berry phase and ¢ is an extra phase factor.
The value of this additional phase shift 6 depends on the dimensionality of the Fermi
surface and takes the value 0 or +1/8 ( Ffor electron like and for the hole like) for

two and three dimension, respectively.
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Figure 3.3:  After smooth background subtraction from p,, to reveal resistivity
oscillations that are clearly visible and periodic in 1/B as seen from fig.3.3a while
Fourier transform of 3.3a shown in figure 3.3b for evaluating particular frequency of
oscillations.

The damping factors Ry from LK fit can be used to calculate important band
parameters such msx, while by fitting field dependent damping of the oscillation am-
plitude with Rp = exp(—ATp), we calculate the Dingle temperature of Rp= 2.71K
and from Rp we can determine lifetime 7 and mobility p of the carriers. Mass of
electron calculated from both curve fitting of fig. 3.4 is 0.40513 m, and 0.5513 m, for
alpha and beta band respectively.

12 1.0 L]
1.0
Cosd \ i |
g \ g ! m* = 0.5613m,
< \
. . <
E ool \ m* =0.40513m_ < os §-band
2 \ S
= \ o band =z
\
X BN : (b)
\ .
\ (a)
02 AN A
N ~_
\\\% 004 — = -
0.0+— T T T T T
2 3 4 5 6 7 8 9 10 2 4 6 8 10
T(K) T(K)

Figure 3.4: Shows LK fit of alpha and beta band in 3.4a, 3.4b respectively.
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3.1.4 Conclusion

To construct the Landau level fan diagram, we assign the landau index n to the
minima of quantum oscillations as displayed in Fig. 3.3 And fitting F//B-(1/2—¢)
with linear fit, intercept gives us ¢ = (¢B/2m)—0, Which is directly related to Berry
phase. And the fit is called Landau Fan diagram as shown in fig. (3.5) Since the lowest
observed Landau index is 34 in the 9T measurements, the uncertainty associated with
the fitted intercept is large, indicating that the determination of the Berry phase is

not reliable.

1 1 1 1 1 1 1 1 1

39 - [Equation y=a+bx a -
Weight No Weighting
| | Residual Sum of 001704
Squares
Pearson’ 0.99951
38 Adj. R-Square 0.99878 L -
Value  Standard Error]
Intercept -1.66703 059638
Slope 321.8808 502452

37 » o

35 2 -

34 ] -

2K

33

T T T T T T T T T
0.110 0.112 0.114 0.116 0.118 0.120 0.122 0.124 0.126 0.128
1B(T")

Figure 3.5: Landau Fan diagram

3.2 RCrSb;

Magnetization, electrical resistivity performed on single crystal RCrShs (R=La,Ce,Nd)
samples | ].

RCrSbh; layered material, crystallizes in space group Pbem with a= 13.266A, b=
6.188A, and ¢ = 6.100A at 293K as determined by neutron diffraction | -
At low temperatures, the resistivity follows a 72 law with an inflection point at about
125K, above which a weaker temperature dependence. Magnetization measurements
also indicate a phase transition at 125K of apparently ferromagnetic nature. These
properties are indicative of itinerant electron ferromagnetic behavior arising from

strong electron correlation in the Cr-d bands | |-
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3.2.1 Single Crystal growth

Single crystals of RCrSbs (R = La, Ce, Nd, Gd) were grown by solution growth
method (Flux) using Sb as flux. For synthesis Lanthanum, Gadolinium polished pieces
(La, Gd pieces, 99.9 % ), Chromium(Cr pieces, 99.99 % ), and Antimony (Sb pieces,
99.999 % ) loaded in an alumina crucible in a molar ratio of 1:1:10 and sealed in an

evacuated quartz tube under 3-bar partial pressure of argon.

Temperature profile of RCrSb, series
1400 L L L L

Dwell at 1100°C for 12h
1200

Cool at rate of 2°C/h
1000 |

C)

Dwell at 700°C

|

800

600

Temperature(®

400 <— Heating at the rate of 100°C/h

200

T T T
0 100 200 300 400
Time (hour)

Figure 3.6: Synthesis route for RCrSbg series i.e.tube heated at a rate of 100K /h up
to 1100 K and left for 12h at this temperature. For the single crystal growth, the
temperature reduced at a rate of 2K /h to 700K, and the extra Sb flux was removed
by decanting from the ampoule at 700K.

Similarly CeCrSbs and NdCrSbs single crystal were grown using same methods
as mentioned above with a bit different molar ratio i.e. 1:1:12, 1:2:20 respectively.
We obtain crystals, 4-10 mm in size, with a preferred growth orientation along [100],
as confirmed by Laue diffraction. The composition and structure were checked by
energy-dispersive X-ray analysis and Laue X-ray diffraction respectively. For trans-
port measurements, the crystal was aligned along the [010], [001]-direction using Laue

diffraction and then cut into a bar-shaped sample using a wire saw.
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Figure 3.7: Single crystal of LaCrSbsy and NdCrSbs of size 5-9mm in fig. 3.7a and
3.7b respectively.

3.2.2 EDX

EDX measurements were done at 25keV energy. Before doing EDX on materials

we cleaved its surface using Scotch tape, and then EDX was done.

EDAX ZAF Quantification (Standardless)

I

EDAX ZAF Quantification (Standardless) 2] Eloment Normalized
Elenent Normalized
SEC Table : Default SEC Table : Default

Elen Vt % At % K-Ratio I A F Elen Ve % At % K-Ratio 2 A F

SbL  66.27 60.96 0.6443 0.9888 0. 9703 1.0133

SiK  0.14 0.56 0 0005 1.2394 0.3098 1.0057

SbL  65.54 §9.71 0.6420 0.9899 0.9762 1.0137 ep AR 1353 Doloer D.oTES D.7834 1hoob

IsL 25.09 20.04 0.1320 0.9693 0.7896 1.0000 - E

Crk 9.23 1363 0.0779 1.1267 0.7435 1.0000 Total 100.00 100.00
Total 100.00 100.00 Element Net Inte. Backgrd Inte. Error P/B
Element Net Inte. Backgrd Inte Error E/B ST PR =5 T

Sikt 9.59 113,80 54.92 0.08 CeL 547.83 122 62 1.94 4.47 (b)

SbL 2385 32 181 11 066 13.76 a Crk 513.20 12035 202 4.26

L 707.13 143 86 1.53 492

Cril 64620 13713 161 471 - M

K] i ]

Figure 3.8: (a)image shows chemical composition of LaCrSbs while fig. 3.8b shows
chemical composition of CeCrShs extracted from EDX.

3.2.3 Laue Diffraction

In crystallography, from the process of diffraction by crystal lattice, the Laue equa-

tions relate the incoming waves to the outgoing waves, and we will get to know about

the crystal orientation from it.
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(a) -

Figure 3.9: (a) shows raw Laue image of LaCrSbs and 3.9b shows refined image of
3.8a

3.2.4 Magnetization

Magnetic measurements were performed using quantum design superconducting

quantum interference device (SQUID).

LaCrSb;y

LaCrSbys is found to have FM transition at T = 132K. A surprising property of this
system is the presence of an apparent AFM transition whose Neel temperature ( Ty
= 98 K) is less than the Curie temperature ( T¢ = 132 K). Neel transition suppressed
with small magnetic field 250G, magnetic transitions are due to the 3d electrons of Cr.
We observed magnetization of LaCrSbs along each direction individually as shown in

below figures.

07 I "Lacrsps” ' I "] P
Blla Blla
06 —=— 0099T| - 1.0
o \ —e—.0999T
o ] .9999T| | . 957
=1 04 *} 00
s 5l @ =
-054
o —e— 25K
’ ] 1.0 4 50K
0.1 ] '... —v— 100K
15
0.0 T T T T T T T T T T T
0 50 100 150 200 250 300 5 4 2 0 2 4 6
T(K) B(T)

Figure 3.10: (a) shows M vs.T at different B while 3.10b shows M vs. applied field.
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Figure 3.11: (a) shows M vs.T while 3.11b shows M vs. applied field
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Figure 3.12: (a) shows M vs.T at different B while 3.12b shows M vs. applied field.

CeCrSb; and NdCrSb;

The saturation moment of CeCrSbz along the ¢ axis is 3.28up/ f.u., and along
the b axis, the magnetization saturates to 1.29up/ fu. as seen from fig. 3.13a,
similarly in figure 3.13b at 107.8 K, ferromagnetic ordering of the Cr moments of
NdCrShs occurs; at 12.7 K, ferromagnetic order of the Nd and Cr moments occurs
[[namdar 08]. Both ferromagnetic ordering transitions in NdCrShz are manifested as

kinks in the temperature dependence of the electrical resistivity.
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Figure 3.13: Magnetization vs. applied B of CeCrSbs, NdCrSbs at 2K along all three
direction shows in Fig. 3.12a, 3.12b respectively.

3.2.5 Electric Transport Measurements

Transport measurement was performed using the Physical Property Measurement
System (PPMS Quantum Design). For transport measurements, the crystals were
aligned along the [010], [001] direction using Laue diffraction and then cut into the
rectangular bar-shaped sample using a wire saw. Contact on samples was made using

Platinum wire of 25mm diameter.

LaCrSbs

Resistivity data indicate metallic behavior. Hall measurement of LaCrSbs is shown
in the figure 3.15a along B || b while insects in fig. 3.15a show Hall measurement along
B || to ¢ and a axis. As clearly seen from measurement we observe high anomalous
hall in both b and ¢ direction, right image shows conductivity vs. applied magnetic
field B at various temperature calculated from hall measurement using the formula
Oye = pyz/(pe2 + py2) and found that maximum hall conductivity is 1230 Q~tem™!

along b direction.
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Figure 3.14: Resistivity vs. temperature measurements of LaCrSbs shows in fig.
3.14a while fig. 3.14b side shows resistivity with applied magnetic field at various
temperature.
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Figure 3.15: Hall resistivity and conductivity of single crystal LaCrSbs shown in above
figure for all a,b,c directions in fig. 3.15a and 3.15b respectively.

CeCrSbs;

CeCrSbs shares many features with LaCrSbs. They are isostructural and same
crystallography. The electrical resistivities of both LaCrSbz and CeCrSbs were found

to have a power law dependence but with different exponents.
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Figure 3.16: Resistivity vs. temperature measurements of CeCrSbs shows in figure

3.16a while fig. 3.16b shows resistivity with applied magnetic field at various temper-
ature.

As clearly seen from figure 3.17a we observe high anomalous hall in both b and ¢
direction, right figure shows conductivity vs. applied magnetic field B at various tem-
perature calculated from hall measurement using the formula and found that highest

conductivity is 1590 Q tem ™!, 1380 Q'em ™! along b and c direction respectively.
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Figure 3.17: Hall resistivity and conductivity of single crystal CeCrShs shown for all
a,b,c directions in fig.3.17a and 3.17b respectively.

NdCrSb;

The electrical resistivity of single crystals (typically size 1 x 1 x 3mm?) was measured
by standard four-probe ac methods with a Quantum Design PPMS between 2K and

300K. After the crystals were cooled in zero fields, the resistivity was measured under
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various applied fields. NdCrSbs exhibits metallic behavior, as shown in the resistivity
(Fig. 3.17a)
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Figure 3.18: Resistivity vs. temperature measurements of NdCrShs shows in figure

3.18a while fig. 3.18b shows resistivity with applied magnetic field at various temper-
ature.

As shown in figure 3.19 we observe high anomalous hall in both b and ¢ direction,
Right figure shows conductivity vs. applied magnetic field B at various temperature
calculated from hall measurement using the formula and found that highest conduc-
tivity is 2990 Qtem ™, 880 Q~tem ™! along b and c direction respectively. This much

value of hall conductivity is highest ever observed value in literature [Guin 19].
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Figure 3.19: Hall resistivity and conductivity of single crystal NdCrSbz shown for all
a,b,c directions in fig. 3.19a and 3.19b respectively.

3.2.6 Calculations

The Hall effect is important to obtain comprehensive information on the external

field dependent magnetic texture in a given sample. In general, the measured Hall
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resistivity, p,, of a topological magnetic material can be expressed by an empirical

relation as, p,. = p, + p, 2 + p, 2,

Where, the normal Hall effect (NHE) is determined by the relation p,Y = RouoH.
The anomalous Hall effect (AHE) in a magnetic material can also be separated and
is given by the p,4 = (@ prs + Sap.2)M, Where a and S, correspond to the extrinsic
contribution from skew scattering and the impurity density independent contribu-

tions, respectively. M is the magnetization and p,, is the longitudinal resistivity.

Lastly, p,I is the topological Hall resistivity which arises due to any noncoplanar
order of spins. More details were already explained in chapter 1. If anomalous Hall
resistivity px‘y4 and the longitudinal resistivity p,o were plotted, where « is the scaling
power factor a = 2 is for the intrinsic KL. mechanism and the extrinsic side-jump
mechanism and a = 1 is for another extrinsic skew-scattering mechanism. We try to
extract each part of resistivity as seen from fig. 3.21 we have value of a=2 since p,2
very well fitted into square of p,2. From fig. 3.20 we can again surely confirm this
test that we are lying in the intrinsic region of resistivity where high conductance is

related to materials band properties.

In fig. 3.20b, the data of other materials were taken from references | ].
Our present result shows a o0,, independent ayf below 100K. Our data matches the
predictions of the model in which three regimes of the AHE is identified which is
already discussed in the introduction of this thesis. RCrSbs series is located into
the intrinsic regime dominated by the Berry-phase curvature, not by the external

scattering events.
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Figure 3.20: Anomalous hall conductivity and longitudinal conductivity for all three
single crystals were plotted on log scale in fig. 3.20a while right fig.3.20b shows general
trend for class of materials[Mivasato 07].
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Figure 3.21: anomalous Hall resistivity p,2 and the longitudinal resistivity p,2 were
plotted in fig. 3.21a while fig. 3.21b shows temperature dependence of anomalous
Hall resistivity p,2.

If we try to scale our above calculated anomalous hall resistivity with magneti-
zation we left with some non zero part as shown in fig. 3.22a there is a distinct
magnetization-independent increase of the Hall effect separate from the normal and
anomalous Hall contribution, which is maybe an indication of topological hall effect
(THE) in this compound. In contrast to the NHE and AHE, the topological Hall

resistivity is maximized in the low external field limit as seen from the fig. 3.22b
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Figure 3.22: (a) shows Topological contribution calculated by scaling anomalous re-
sistivity by magnetization while in fig.3.22b insect shows temperature dependence of
topological resistivity.
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Chapter 4
Thermal Transport Measurements

Applying a temperature gradient in a magnetic material generates a voltage that
is perpendicular to both the heat flow [ ] called the anomalous Nernst effect
(ANE). Initially, it was thought to be proportional to the value of the magnetization
for a long time | |.In general, the ANE has been predicted to originate from
a net Berry curvature of bands near the Fermi level Er. Subsequently | ],
a large anomalous Nernst thermopower S;}E has recently been observed in topolog-

ical materials with no net magnetization but large net Berry curvature around Epr

[ J

4.1 RCI‘Sbg

Nernst thermoelectric measurement was carried out by the one-heater and two-
thermometer configuration on a PPMS. All below shown thermal transport data per-
formed within the [010]-plane of the RCrSbs crystals, with a magnetic field poH
applied in the [001] direction. A gold plate attached to puck used as the heat sink,
two gold-plated copper leads were attached directly to the sample using silver epoxy
along the thermal gradient direction for temperature difference measuring, .

As seen from fig. 4.1 at all T, the Nernst signal increases rapidly at low magnetic fields
(uoH) and saturates above pugH > 0.5T. The Nernst thermopower was estimated as
Syz = L, E,/(L,AT,), where Ey is transverse electric field, L, is the distance between
two temperature leads, and L, is the distance between two voltage wires. Similar to
the anomalous hall effect(AHE), the anomalous Nernst effect (ANE) of conventional
ferromagnets is proportional to the magnetization, that is, S;; = N‘ﬁ,qu where sz,c

is the anomalous Nernst coeflicient.
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Figure 4.1: Oriented single crystal of NdCrSbs in fig.4.1a while right 4.1b shows
thermal measurement contact made on the sample.

1.0 LaCrSb 6 I
Bl|b ] 9.2K
0.5 Bl|b
Eg 24 I 15K
N4 < —21K
> 0.0 2 o0 51K
% —55K s , —T72K
[%) — 11K -2+
-0.5 26K 196K
= - -
—T71K
-1.04 ——93K
1.0 —?g4K -6 (b) r
1 ——206K 0 1 8- T T r ;
w307 K HOH (T) -2 -1 0 1 2

B(M)

Figure 4.2: The field-dependence of the Nernst thermopower (5,,) for LaCrSbs and
CeCrSbg at different T in fig. 4.2a, 4.2b respectively.
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