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The temperature dependence of the ab-plane resistivity pxx for graphite
crystal along the c-axis magnetic fields indicated in the legend, showing
the metal to insulator type behaviour. Adapted from Du et al [8]. The
shadowed area in the inset and its mapping onto the data in the main panel
indicates the interval defined by the condition At < hwc < kBT (See
text).

Magneto-resistance of elemental semimetals antimony, bismuth and
WTe, at T = 2 K. Residual Resistivity Ratio (RRR) is equal to pT =
300 KpT = 2 K. Adapted from Fauque et al [12].

Magneto-resistance of various semimetalsat B=9Tand T =2 Kas a
function of the mobility 40 = 1p0n + pe where e is the charge of the
electron, n and p are the electron and hole density and p0 is the zero field
resistivity at 2 K. o is expressed in Tesla® = 10 cm®Vts™. Adapted
from Fauque et al [12].

(Top) The temperature dependence of the resistivity, indicated by the
open symbols, of WTe; in various magnetic fields from 0 to 9 T at
intervals of 0.5T. The red solid circles denote the locations of the
resistivity minima, and the dashed red line represents its temperature
variation, as derived from Kohler’s scaling rule. (Bottom) The
temperature dependence of the magneto-resistance of this sample follows
the Kohler’s scaling rule: MR = aHpOm with m = 1.92 and a= 25
[nQ.cm/T]*. Adapted from Wang et al [16].

(a) A topological insulator has a bulk band gap with band inversion, and a
surface state with Dirac cone like dispersion (Left). (b) A Dirac
semimetal has a degenerated Dirac cone (Middle Upper).(c) and (d) A
Weyl semimetal is gapless in the bulk with a pair of band crossing points
with opposite chirality (Middle Lower) which leads to a surface Fermi arc
(Right) [23, 24].

(a) Unit cells for Ta(Nb)As; as adapted from Lu et al [11]. (b) Bulk band
structure of TaAs,, calculated without considering spin-orbit coupling;
taken from [33]. The circles denote anti-crossing features within 200 meV
range of the Fermi level, aligned at 0.

(a) The temperature dependence of the longitudinal resistivity p in TaAs;
at various magnetic fields (B=0 — 9 T). (b) The variation of MR with
applied field at various temperatures. (c) The Hall resistivity pyx at
different temperatures and the fitted results by the semi-classical
two-band model. Adapted from Yuan et al [30].

Non-saturating magneto-resistance phenomena and representative energy
dispersions for phosphides [Left] (as in TaP) and antimonates [Right] (as
in TaSh,) are schematically depicted. Adapted from Leahy et al [37]. The
MR in phosphides is characterized by quasi-linear to linear transition as
field increases, while for the antimonates, MR is characterized by
persistent quadratic H dependence, arising from semi-classical charge
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Figure 1.9

Figure 1.10

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

compensation. Each bar indicates App0 =5 X 105 %. Magnetic field
was applied up to uOH =31 T at 0.3 K.

(a) Left panels, adapted from Gooth et al [23], show the real space
scheme of the charge-carrier flow and the associated band structure
occupation in topological materials. Usually, the chirality is conserved,
and consequently, the net current flow is suppressed. However, quantum
mechanical fluctuations can break the conservation law of chirality under
the parallel magnetic (B) and electric (Eel) fields (chiral anomaly). (b)
Longitudinal MR for TaAs samples at 2 K for E and B along the ‘a’
crystallographic direction. The short (green) curve is a fit to the
longitudinal MR data in the semi-classical regime based on a chiral
anomaly model. Adapted from Zhang et al [38].

(a) Field-dependent MR of TaAs, with various angles ¢ at 2 K that shows
negative LMR as adapted from Luo et al [27]. The inset shows the
configuration of the measurements. (b) Experimental results from Wu et
al [13] that shows positive LMR. Resistivity versus magnetic field for
various tilting angles at T = 1.6 K. (c) Demonstration of current jetting
effect in TaAs, as adapted from Yuan et al [30]. Negative LMR is seen
when the contacts are not fully covering the sample as shown in the left
panel and that changes to positive LMR when the contacts are fully
covering the sample (right panel).

(a) Flow chart of the synthesis of single crystals by chemical transport
using iodine vapour. (b) The two-zone furnace used for sample synthesis
in the second stage. Photographs of as-grown samples on (1 mm x 1 mm
grid) graph paper are shown. (c) Thick TaAs, single crystal (d) Flat
NDbAs; single crystal.

(a) Photograph of the 150 kV accelerator facility, showing high voltage
power supply units and accelerating tube. Vacancy distribution due to
irradiation, as a function of depth, was calculated using SRIM and are
shown for (b) TaAs; (c) NbAs;.

(a) Photograph of the Renishaw inVia Raman spectrometer system. Inset
shows the cryostat/heater setup that is used for temperature variation. It
includes the sample cell, nitrogen container and the temperature
controller. This was used for heat treating the sample. (b) The Raman
spectra of pristine TaAs,. (¢) The Raman spectra of TaAs, at various
temperatures. (d) The softening of the 6Ag mode at 289 cm™ with the
increase of temperature due to thermal expansion.

Single crystal x-ray diffraction pattern obtained for the (a) pristine TaAs;
(b) irradiated TaAs; (c) pristine NbAs; and (d) irradiated NbAs,.

(a) Photograph of the Cryogenic Ltd 2 K, 15 T cryostat. It shows the
cryo-cooler, the cryostat chamber, helium reservoir and the system
control units. (b) The schematic of the VTI cooling circuit, as adapted
from the user manual [53].

Measurement using Cryogenic Ltd system. (a) The sample mounting
puck. (b) The sample probe platform. Note the two sockets (one facing
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Figure 2.7

Figure 2.8

Figure 2.9

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

the reader and the other on the right end) for inserting the puck. (c)
Photograph of electrical contacts made in the van der Pauw geometry on
the pristine TaAs,. (d) The schematic of van der Pauw geometry for
resistance measurement. Transverse and Longitudinal resistances (Rxx)
were obtained from the average of 8 van der Pauw voltages, as explained
in the text. (e) The schematic of the Hall resistance (Rxy) measurement.
Four Hall voltages were collected using this geometry. The magnetic field
was applied perpendicular to the sample surface.

Representative results from pristine TaAs,. (a) Resistivity as a function of
temperature at zero field and at 2 T. (b) Variation of resistivity as a
function of field at T = 2.5 K. (c) Hall resistance as function of field at
various temperatures.

(a) Photograph of the 14 T Quantum Design PPMS DynaCool setup
showing the pulse tube cryo-cooler (left), cryostat cabinet (middle) and
the computer controlled data collection system (right). (b) Image of the
horizontal rotator of the PPMS cryostat. (c) The Electro Transport Option
puck on which samples are mounted. (d) and (e) Four probe electrical
contacts made on the pristine NbAs, sample in linear geometry for
magneto-resistance (d), and in cross geometry for Hall resistance
measurements (e).

(@) The angular dependence of magneto-resistance in pristine TaAs;
crystal at 25 K with 1 T, measured using the PPMS cryostat in
conjunction with the horizontal rotator. MR shows a sinusoidal variation.
(b) The polar plot of the angle dependent magneto-resistance in pristine
TaAs, measured at 2.5 K with 1 T field, showing dipolar behaviour. (c)
Magneto-resistance measured at the various indicated fixed angles at 2.5
K as function of magnetic field showing a parabolic behaviour. It can be
seen that highest MR is observed when sample (electric current) is
oriented perpendicular (viz., 90°) to the magnetic field, and it is lowest
when current is parallel to B (viz., 0°).

Raman spectra of pristine, irradiated and heat treated samples of TaAs;.
The mode assignment from Jin et al [52] is shown in the bottom panel.

The temperature variation of resistivity at various constant magnetic
fields in (a) Pristine TaAs, and (b) Irradiated TaAs,, displaying upturns
below a resistivity minimum p *. Resistivity saturates at very low
temperatures. The temperature T *(shown by stars), corresponding to p *
location, match with the respective points of 2p0 (circles) with respect to
the zero field profile as predicted by the Kohler’s rule (See Section 3.4.1).
The insets depict the fit of the Bn behaviour of T = (See Section 3.3).

The resistivity variation of pristine (solid lines) and irradiated (dashed
lines) TaAs, samples at low values of magnetic field. Note the decreased
zero field resistivity after irradiation.

The upturn temperature T * and Tplateau are plotted against the applied
magnetic field for the pristine and irradiated samples. The T * value
grows with increasing field, while Tplateau remains the same.
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Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

(a) and (b) Kohler plots, generated from the temperature dependence of
transverse magneto-resistivity, for the pristine and irradiated TaAs;
samples. All the curves measured at various constant magnetic fields
collapse on to a single curve in agreement with Kohler’s scaling rule. It is
to be noted that the pristine sample exhibits two slopes, while the
irradiated sample bears a single slope.

(a) and (b) Decomposition of resistivity under an applied magnetic field
(6 T) as suggested by Kohler scaling relation in the pristine and irradiated
TaAs, samples. The red curve is the zero field profile. The green curve
depicts the difference component from the total resistivity (black curve)
with 6 T.

(a) The temperature variation of transverse MR for the pristine sample.
The data when normalized with the MR at 6 K collapse to single line as
seen in (b). Similar plots for the irradiated sample are given in the bottom
panels (c) and (d).

The isothermal transverse magneto-resistance measurements in the (a)
Pristine and (b) Irradiated TaAs, samples, exhibit a parabolic and non-
saturating resistivity behaviour. (c) and (d) Kohler plots generated from
various isothermal conditions for the pristine and the irradiated samples
showing agreement with Kohler scaling law.

(a) Transverse magneto-resistance of the heat treated TaAs, sample is
plotted against the applied field at the indicated isothermal conditions.
(b) MR versus BpO plot generated from the data in (a) shows agreement
with Kohler scaling rule.

(@) The isothermal resistivity variation with magnetic field in the
resistivity plateau region for the pristine (solid curves) and the irradiated
(dashed curves) TaAs, samples showing parabolic behaviour. (b) The
resistivity data when converted to MR exhibits two slopes in the pristine
sample. The varying curvature between the pristine and irradiated samples
may be due to the difference in the coefficient of Bm.

(a) Hall resistance Rxy and (b) Hall coefficient RH are plotted as a
function of magnetic field for the pristine TaAs,. The linear Rxy at high
temperatures turns to non-linear below 100 K, indicating the appearance
of multiple carriers. The negative RH indicates that electrons are the
dominant carriers in the magneto-transport. Similar results for the
irradiated TaAs; are shown in (c) and (d).

(a) and (b) The temperature dependent carrier density for the pristine and
irradiated TaAs, samples, obtained from the two-band analysis of Hall
resistance and transverse magneto-resistance data. Both electron and hole
charge carriers are present below 100 K, indicating the role of carrier
compensation in the MR. Note the marginally higher electron density in
both the samples. Better carrier compensation can be observed in the
irradiated sample.

(a) and (b) Mobility of charge carriers are plotted against temperature for
the pristine and irradiated TaAs, as obtained from two-band model. Note
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Figure 3.14

Figure 3.15

Figure 3.16

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

that electron mobility increases to very high values below 100 K in both
samples.

(a) A schematic diagram to explain the current jetting effects, that can
creep into resistance measurements under fields. (b) & (c) Isothermal
longitudinal resistivity as a function of magnetic field for the pristine and
irradiated TaAs, samples, showing a parabolic and positive MR.
(d) The LMR as a function of field is plotted in a double log plot for the
pristine sample, showing monotonously increasing positive MR.

(a) The temperature variation of resistivity in the LMR configuration in
the pristine TaAs, sample at various constant magnetic fields. The stars
and circles are points of T = and 2p0, indicating the agreement with the
Kohler rule prediction (Refer Section 3.4.1). (b) Comparison of the
temperature variation of LMR in pristine and irradiated TaAs,. Solid and
dashed lines respectively indicate data from pristine and irradiated
samples. Inset: T * and Tplateau variation with field.

Kohler plots generated from the temperature variation of longitudinal
magneto-resistance measured at various magnetic fields for (a) Pristine
and (b) Irradiated TaAs,. Note the change of slope in the pristine sample
towards the low MR region. (c) The isothermal LMR curves of pristine
TaAs; collapses to a single straight line in the Kohler diagram.

Band structure of NbAs, computed with spin - orbit coupling effect as
adapted from Xu et al [33].

Representative results on the magneto-transport in NbAs, from the
literature. (a) Resistivity upturns and plateaus in the temperature variation
of magneto-resistance reported by Wang et al [31]. Field dependent
longitudinal MR measurements of (b) Shen et al [29] show negative MR,
while that of (c) Wang et al [31] exhibit positive MR at all the angles
between electric and magnetic fields including the Longitudinal MR
geometry (See ¢ = 90° orientation).

(a) Raman spectra obtained from the Pristine, Irradiated and Heat treated
NDbAs; crystals. Modes in the pristine sample, indexed as per the report by
Jin et al [52], displayed hardening of 2 to 3 cm™ after irradiation and heat
treatment. In the irradiated sample, the relative intensities of modes have
been changed compared with the pristine sample, indicative of arsenic
vacancies. After heat treatment, although relative intensity changes are
less, peaks have been broadened which suggests the introduction of
disorder. (b) Raman spectrum of the dodecahedron type and the plate type
pristine NbAs, crystals. Both types show identical spectrum.

(a) The angular magneto-resistance of pristine NbAs, measured at 2.5 K
with 1 T showing a di-polar character. (b) The isothermal
magneto-resistance for the pristine sample at various indicated angles
measured as function of magnetic field shows a parabolic dependence on
the field. The schematic of the measurement configuration with respect to
crystalline axes is depicted as inset.
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Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

(a) The temperature dependence of resistivity at various magnetic fields
in pristine NbAs, in the transverse geometry. This shows upturn and
resistivity saturation at low temperatures with the application of magnetic
field. The upturn temperatures are denoted by ‘stars’. The circles indicate
the 2p0 values (See Kohler analysis in Section 4.5). (b) The T * and
Tplateau are plotted as a function of magnetic field. The variation of T *
has been analyzed in literature in terms of critical field behavior.

(a) The transverse magneto-resistance of pristine NbAs, measured at
various isothermal conditions shows a parabolic, non-saturating behavior
with the applied magnetic field. (b) The resistivity data in the top panel is
converted into magneto-resistance and plotted on a log-log scale. The
exponent in the Bm fit is seen to decrease from 1.7 at low fields (less than
~3 T) to 1.4 at higher fields.

Kohler plots obtained for the pristine NbAs, sample from the transverse
geometry during (a) Isothermal magneto-resistance measurements and (b)
Temperature variation of magneto-resistance carried out at various fixed
magnetic fields. The collapse of MR data into a single line in both the
figures shows validity of Kohler’s rule in NbAs,. (c) The decomposition
of magneto-resistance in the temperature variation measurement to
demonstrate the origin of resistivity upturns. The red curve shows the
total resistivity at 10 T. The black curve is the zero field resistivity. The
blue curve is the difference component between 10 T and 0O T
measurements.

(&) The field variation of longitudinal magneto-resistance measured at
different temperatures. (b) The log-log plot of isothermal LMR versus
magnetic field. Both results show positive LMR.

(a) The temperature variation of LMR measured at various fixed magnetic
fields. Inset shows the variation of T * and Tplateau with field.
(b) Kohler plot generated from the temperature variation measurements
shows collapse of LMR data into a single line. (c) The decomposition of
the magneto-resistance at 10 T (red) into the zero field component (black)
and the difference component (blue).

The magneto-resistance in the irradiated NbAs; at 2.5 K, measured as a
function of magnetic field at various pre-set angles between the electric
and magnetic fields. It shows positive MR at all the angles, irrespective of
the relative orientations of the E and B fields. Note the decrease in the
MR magnitude after irradiation (See Figure 4.4b).

Transverse magneto-resistance results from the measurements on the
irradiated NbAs,. (@) The temperature variation of MR measured at
various indicated constant magnetic fields. (b) The isothermal TMR
shows parabolic behaviour. The ripples at low temperatures are
Shubnikov — de Haas oscillations. (c) The double log plot of isothermal
TMR data exhibit a near quadratic dependence on the field B. (d) Kohler
plot generated from the data in ‘c’ show a collapsed straight line
conforming to Kohler’s scaling rule.
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Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

(a) The isothermal longitudinal MR measurements on irradiated NbAS;
shows positive MR. (b) The collapsed LMR versus B data shows that the
irradiated sample follows Kohler’s rule. 103

Results from the transverse magneto-resistance measurements in the heat
treated NbAs, sample. (a) The temperature variation of resistivity at
different magnetic fields shows minima and upturns at low temperature.
(b) Field variation of isothermal resistivity shows a near parabolic
behaviour. (c) The isothermal MR scales to a single curve in the Kohler
plot. 105

The angular dependence of magneto-resistance performed on the heat
treated NbAs, sample. (a) With 6 T, at various isothermal conditions.
(b) At 2.5 K, with different fields. At all instances the sample retains the
dipolar behaviour which negates a temperature or magnetic field induced
Liftshitz transition. 107

Results from Hall measurements. Panels (a) to (c) show the field variation
of isothermal Hall resistance from different temperatures for the pristine,
irradiated and heat treated NbAs, samples respectively. Hall resistance is
linear at low fields & high temperatures and becomes non-linear at
high fields & low temperatures. The right panels display the temperature
variation of density and mobility of carriers in the corresponding samples
as estimated from a single band model analysis. 109

Correlation between the temperature dependence of magneto-resistance
with that of carrier mobility and carrier density in the NbAs; system. The
results are compiled in different panels for the pristine (top), irradiated
(middle) and heat treated (bottom) samples. It is clearly seen that the
magneto-resistance tracks the variation of mobility with temperature. 111

Representative results from literature in Weyl semimetals based on dHVA
measurements. (a) The angular dependence of the quantum oscillation
frequencies in NbP, and the calculated Fermi surface cross sections are
used to map the electron and hole pockets. Adapted from Klotz et al
[114]. (b) The dHVA oscillations and the frequency spectra in TaP, as
adapted from Arnold et al [115]. The temperature dependence of the
oscillation amplitude is fitted with Lifshitz - Kosevich formula as shown
in the inset. 115

A photograph of the SQUID VSM facility. It shows the main cabinet
along with electronics control unit, computer control system and the
pump console. The top inset is the pulse tube cryo-cooler. 117

Photographs of (a) sample mounting platform, quartz holder and the (b)
sample loading stick. After mounting the sample, the quartz holder is
attached to the bottom end of the stick, shown in (c). The other end shown
in (d) is magnetically coupled to the airlock valve after loading the stick
into the cryostat chamber. 118

The raw magnetization data as obtained from the isothermal
measurements in pristine TaAs; is plotted against the magnetic field
applied parallel to the b-axis of the crystal. It displays clear de Haas - van
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Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Alphen oscillations riding on a diamagnetic background. The Y-axis is
shifted upward in each curve except in 2.5 K for clarity of oscillations. 120

(a) Polynomial background subtracted magnetization data of pristine
TaAs, at various temperatures is plotted against the magnetic field
(parallel to b-axis). It displays dHVA oscillations up to 25 K. (b) FFT
spectra of data show various oscillation frequencies. (c) The Lifshitz -
Kosevich fit of the oscillation amplitudes in a varying magnetic field
obtained at 6 K to estimate effective carrier mass and Dingle temperature.
The inset is the background subtracted residual magnetization versus
inverse field plot, showing the weakening of oscillation amplitudes with
decrease of field. 122

(a) The dHVA oscillations exhibited by the pristine TaAs, when magnetic
field was applied parallel to the a-axis. The oscillations are weaker than
that when field was parallel to the b-axis. The inset is the FFT spectrum
of oscillations at 4 K. (b) The Lifshitz - Kosevich fit shows an increase in
carrier mass when magnetic field is parallel to the a-axis. Inset is the plot
of residual magnetization versus inverse field at 4 K. 124

() The dHVA oscillations obtained from the isothermal magnetization
measurements on pristine NbAs,. Magnetic field is along b-axis. (b) Fast
Fourier transform spectra of oscillations, showing four distinct oscillation
frequencies. (c) The Lifshitz - Kosevich analysis of field dependent
amplitude variation results in the estimation of effective carrier mass and
Dingle temperature. (d) The L-K fit of the oscillation amplitudes obtained
when field was along a-axis. It reveals a higher cyclotron mass. 128

(a) Isothermal magnetization experiments on irradiated TaAs, show weak
de Haas - van Alphen oscillations. It also indicates an increasing
paramagnetic background as the sample is warmed. Inset shows the FFT
spectrum of oscillations at 2.5 K. (b) The Lifshitz - Kosevich fit indicates
slightly increased carrier mass in the irradiated TaAs,. 129

() Results of the isothermal magnetization measurements on the
irradiated NbAs,. The irradiated sample retained dHVA oscillations with
increasing paramagnetic background. Inset is the FFT spectrum of
oscillations obtained at 2.5 K, indicating multiple frequencies. (b) The
Lifshitz - Kosevich fit reveals an increased carrier mass in the irradiated
sample. 131

(a) The isothermal transverse magneto-resistance in pristine TaAs; at 2.5
K is displaying Shubnikov - de Haas oscillations at high magnetic fields.
(b) The residual resistance after removing the parabolic background is
plotted against inverse field. (c) Fast Fourier transform spectrum of the
oscillations showing main oscillation frequencies and their harmonics. 133

(a) The Shubnikov - de Haas oscillations in pristine NbAs, observed at
2.5 K during the transverse magneto-resistance experiments. (b) The
residual resistivity versus inverse magnetic field obtained after subtracting
the parabolic resistance background from the magneto-resistance in the
SdH effect. The beating pattern indicates the existence of multiple
oscillation frequencies. (c) Fast Fourier transform of the beating pattern
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Figure 5.12

Figure 5.13

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

reveals several frequency elements and their harmonics contained in the
oscillations. 135

Landau level - fan diagram for pristine TaAs, sample obtained from the
de Haas - van Alphen oscillations at 4 K. The obtained intercept suggests
topologically trivial bands in the sample. 141

The reduction in the diamagnetic character and weakening of oscillations
upon introducing defects or by introducing carriers via heat treatment and
irradiation in (a) TaAs; (b) NbAs,. (c) Variation of diamagnetic
background with temperature in heat treated TaAs,. 143

(a) Temperature dependence of resistance under magnetic field in TaAs,.
(b) Variation of the resistivity minima temperature T * and the plateau
temperature Tplateau as a function of magnetic field. (c) Kohler scaling
of the magneto-resistance data shown in (a). (d) The origin of minima in
the resistivity as a competition between p0(T) and the resistivity due to
magnetic field. (e) Resistivity versus magnetic field at various
temperatures for TaAs,, and its excellent scaling according to Kohler rule
is shown in (f). 147

(a) The variation of MR with magnetic field for various angles between
the magnetic and electric fields for TaAs; is shown. It is seen that MR is
positive even for longitudinal configuration, albeit smaller than for
transverse configuration. (b) The parabolic variation of resistivity with
magnetic field for TaAs; in LMR configuration. 148

(a) The variation of MR with mobility from Fauque et al [12]. The data
from the present investigations (indicated in red) are in concurrence with
the above correlation. (b) The similarity of the temperature dependence of
normalized MR with mobility from Hall measurements in NbAs;. 149

(a) de Haas - van Alphen oscillations in TaAs, after the subtraction of the
diamagnetic background. (b) Landau level-fan diagram constructed from
the data shown in (a). The slope is consistent with that obtained from the
fast Fourier transform of dHVA oscillations, and the intercept points to a
trivial Berry phase. 150
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Raman modes identified in the TaAs, samples at each stage. The first two
columns are the standard reported data from references [52, 61]. Columns
3, 4 and 5 give the values obtained from the present studies.

Raman modes of the pristine, irradiated and heat treated NbAs, crystals.
The first and second columns are the theoretically predicted modes and
the experimentally observed values reported by Jin et al [52]. Values in
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NDbAs;, as estimated from the analysis of quantum oscillations observed
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Chapter 6

Summary and Conclusions

When the investigation on the magneto-transport in the di-arsenides was initiated
as a part of the thesis work, there was a considerable confusion in the literature on whether
this then new family of materials belongs to the class of Weyl semimetals. There were
experiments in the literature that pointed to negative LMR, a tell-tale signature of Weyl
semimetal, as also experiments that showed only positive LMR. Further, the characteristic
upturn in resistivity with the lowering of temperature under magnetic field has been
attributed to a metal - insulator transition induced by magnetic field, or alternatively
explained as arising due to the effect of magnetic field and temperature on the transport of
carriers in the semi-metallic system characterized with high mobility and low density.

In this thesis, two related systems TaAs, and NbAs, were investigated, as also
these systems in which disorder was introduced through low energy ion irradiation and
heat treatment with a view to alter the carrier density and mobility. The principal findings
are conveyed through figures in the following:

Figure 6.1a shows the variation of resistance with temperature under magnetic
field in TaAs,. The metallic behaviour at zero field shows an upturn with the application
of magnetic field. The upturn temperature indicated by the stars (See Figure 6.1b) could
not be fitted to a critical behaviour T* ~ (B — B:)™, as would be expected for a
metal - insulator transition driven by a magnetic field. In fact, in a few cases (See Figure
3.15 and Figure 4.10), the variation of T* with B is almost linear that certainly cannot be
fitted to a critical behaviour. However, it is seen that the magneto-resistance curves seen in

m
Figure 6.1a can be scaled according to the Kohler’s rule, MR = « (E) , With m ~ 2, as

Po

indicated in Figure 6.1c. As discussed in Section 3.4, the Kohler rule also provides an
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Summary and Conclusions

explanation for the upturn behaviour under magnetic field as arising due to competition
between the opposing temperature behaviour of zero field resistivity, p (T) and the
increase in resistance due to magnetic field. This results in a broad minimum at T* in the
temperature dependence of the total resistivity, as shown in Figure 6.1d. Further, for
m = 2, the value of minimum resistivity at T* is 2p, and these, indicated as red dots, are
in good agreement with data in Figure 6.1a. The variation of resistivity as a function of
magnetic field at various temperatures for TaAs; is shown in Figure 6.1e. The near
parabolic and non-saturating variation of resistivity at various temperatures is seen to scale
according to Kohler rule as shown in Figure 6.1f. It is seen that while a single exponent is
seen in the Kohler’s plot obtained from isothermal measurements, there is a change of
exponent in the Kohler scaling plot obtained from resistivity measurements as a function
of temperature at various fields (See Figure 6.1c). This is linked to the temperature
dependence of mobility, as also validated from the results shown in Figure 6.3. The results
as seen in Figure 6.1 for pristine TaAs, are also seen for irradiated TaAs, and NbAs,

systems.

146



Summary and Conclusions

1142T Pristine Tavf-‘«s2
10
,|8T Transverse MR
10°46 T
E 4T .
% 101427
Ce
05T o
10
0T 20
0 50 100 150 200 250 300
T (K)
4? (c) Pristine TaAs,
10 | Low Temp,
g 1 03!: High MR
II_| 25
= 10% n®
11 _':'/
10 1o /4 High Temp,
o] % LowMR 10T
107 13 o 127
Jq « 14T
10 s "
Blpg (T/uQ2.cmy
3x10 (e) Pristine: TMR
£ — 25K —75K
- 24 —5K —100K
g 2x10 — 10K —150K
- —20K ——200K
c{’é —30K —250K

1x10%]

— 300K

—50K

0

512 -9 -6

T T T T T T

30Ty (1%, T plateau) Variation with B
2501 *
|
2007
c o Irradiated e ® T
1501 o Pristne _®
] . o Irradiated
100. @ I1 n Pristine
L
507185 = —— n a .
] & 1] 'Tplatea}.u
00 6 9 15
B(T)
120
1001 (d) Pristine TaAs,
£ 80-
Q
S 60
& 40-
207
p(0T) .
0- p(BT)-p(0T) o
0 50 100 150 200 250 300
T (K)
10° —
(f) Pristine TaAs,: TMR
« 25K 75K
« 5K « 100K
% 4 10K * 150K
oy v 20K « 200K
30K o 250K
1 <« 50K + 300K
10 - - -
10™ 0 10

Blpo (T/nQ.cm)

Figure 6.1 (a) Temperature dependence of resistance under magnetic field in
TaAs,. (b) Variation of the resistivity minima temperature T* and the plateau
temperature Tpiqreqr, @S @ function of magnetic field. (c) Kohler scaling of the
magneto-resistance data shown in (a). (d) The origin of minima in the resistivity
as a competition between po(T) and the resistivity due to magnetic field.
(e) Resistivity versus magnetic field at various temperatures for TaAs,, and its
excellent scaling according to Kohler rule is shown in (f).

In the present study, the absence of negative longitudinal magneto-resistance in

TaAs, and NbAs; has been established through angle dependent MR measurements and
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careful LMR experiments. The results are summarized in Figure 6.2. The longitudinal MR

is also seen to scale according to the Kohler’s rule.
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Figure 6.2 (a) The variation of MR with magnetic field for various angles
between the magnetic and electric fields for TaAs, is shown. It is seen that MR is
positive even for longitudinal configuration, albeit smaller than for transverse
configuration. (b) The parabolic variation of resistivity with magnetic field for
TaAs, in LMR configuration.

The large magneto-resistance seen in TaAs; ~10* % at low temperatures and
magnetic fields ~14 T arises due to near compensation of charge carriers within the
framework of the two-band model. For the semimetals, the MR varies as uH?, and the
results for various semimetals from the literature [12] are shown in Figure 6.3a. In this
plot, we have now included (See the red dots in Figure 6.3a) the results from our MR
studies on pristine TaAs; and NbAs,, along with the mobility as obtained from Hall
measurements. While, we do not have large variation in mobility with irradiation, as it
occurs naturally across the various semimetals, the present data falls in place lends

credence to the correlation between MR and mobility. Further, the similarity of the
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temperature dependence of MR with that of mobility, as shown in Figure 6.3b, shows

another facet of the correlation between large magneto-resistance and mobility.
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Figure 6.3 (a) The variation of MR with mobility from Fauque et al [12]. The
data from the present investigations (indicated in red) are in concurrence with the
above correlation. (b) The similarity of the temperature dependence of normalized
MR with mobility from Hall measurements in NbAs,.
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Finally, the high quality of crystals with large mobility resulted in high quality
de Haas - van Alphen oscillations as shown in Figure 6.4a for TaAs,. The decay of these
oscillations with magnetic field has been analyzed using the Lifshitz - Kosevich formula to
extract important transport parameters in pristine and irradiated samples. With an analysis
of these oscillations through the construction of the Landau Level - fan diagram, it is seen

that TaAs, has a trivial Berry phase that indicates the non-topological nature of

di-pnictides.
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Figure 6.4 (a) de Haas - van Alphen oscillations in TaAs, after the
subtraction of the diamagnetic background. (b) Landau level-fan diagram
constructed from the data shown in (a). The slope is consistent with that
obtained from the fast Fourier transform of dHvA oscillations, and the
intercept points to a trivial Berry phase.

To conclude, through experiments reported in this thesis, we have shown that
while the di-pnictides show several interesting magneto-resistance properties

characteristic of a semimetal, it does not belong to the family of Weyl semimetals.
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Abstract

Transport measurements in semimetals has emerged as a major field of research in
condensed matter physics / material science in the last decade following the discovery of
Weyl and Dirac semimetals. Similar to many other semimetals of recent focus, the low
temperature resistivity in transition di-pnictides TaAs, and NbAs, shows large increase
~10° % under applied magnetic fields, leading to non-saturating magneto-resistance, and
also features the characteristic resistivity minima and upturns in its temperature variation.
In this thesis work, we have approached the magneto-resistance property in TaAs, and
NDbAs; single crystals of high purity, having micron to millimeter sizes that are grown via
chemical vapour transport route, and characterized by Raman spectroscopy, from the
rationale of Kohler’s rule, which has its roots in the landscape of semi-classical metal
physics. This helped us to establish the veracity and the universality of Kohler’s scaling
framework in dealing with the magneto-transport of semimetals for a wide range of
temperatures ~300 K to 2.5 K, and magnetic fields up to £15 T. In doing so, we have
excluded other propositions which are suggested in literature, viz., the existence of a
critical field arising out of metal-insulator transition driven by magnetic fields, or a
temperature / field induced Lifshitz transition etc., as role playing agents in the transport
behaviour of di-pnictides. Further, combined with the Hall resistance measurements, we
made a systematic investigation in uncovering the underlying relationship between the
extremely large  magneto-resistance and the ultra-high  carrier  mobility
~10% cm?.V~1.s71 in these semimetals. Although this is a recurring theme present in
literature, it has not been explored before in detail, and now we also show it as a reflection
of the validity of Kohler’s rule. This has been undertaken by extending the studies to
samples of altered carrier density and mobility, which are created after modifying the

as-grown crystals through ion irradiation and heat treatments. By supplementing these
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magneto-resistance measurements with angle dependent studies, we show here that the
di-arsenides does not exhibit negative longitudinal MR, a necessary requirement to be
satisfied by archetypical Weyl semimetals. Quantum oscillation measurements are another
frontier field where vigorous investigations have been pursuing to study transport
properties in semimetals. In this thesis, using the spectacular de Haas - van Alphen
oscillation measurements, which is a relatively less attempted area in di-pnictides, and by
adopting the Lifshitz - Kosevich formalism for the oscillation decay, we also present the
extracted transport parameters that can provide better insights on the carrier transport and
magneto-response in TaAs; and NbAs,. Also, with the help of a Landau level-fan diagram,
we suggest that the energy bands in these systems are topologically trivial. We believe that
the investigations and results in this work are of high value and relevance in the electron

transport characterization in materials, in particular for semimetals.
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Chapter 1
INTRODUCTION: Magneto-resistance in Semimetals

In this chapter, we first provide an overview of magneto-resistance in metals and
semimetals, and then present an introduction to the recent interest in the novel topological
semimetals, in particular their distinctive transport properties under magnetic fields.
While the mono-pnictides have been established to be Weyl semimetals, the results in the
new di-pnictide family of semimetals have been contradictory. We present a survey of

these results drawn from the literature to set the stage for the contents of the thesis.

1.1. Magneto-resistance in Metals
The investigation of dynamics of electrons under the application of magnetic field

is a rich field in condensed matter physics, that has spawned several areas of research, that
include the elucidation of Fermi surface in metals, Landau quantization of energy levels
leading to quantum oscillations in resistivity and magnetization, to the exotic phenomena
such as fractional quantum Hall effect (FQHE) and the investigation of magneto-transport
in novel materials [1, 2].

It is well known [3] that under the combined application of electric and magnetic
fields, the conductivity of a metal becomes a tensor, with the component along the electric
field varying with the magnetic field (H), and a transverse component — the Hall
conductivity. An analysis of the dynamics of free electron described by the Langevin
equation shows that the resistivity component p,., is independent of the applied magnetic
field, that 1is metals within the free electron approximation have no
magneto-resistance (MR). However, metals do show positive magneto-resistance, that is
Py > po- At the simplest level, it requires the presence of two types of carriers such as the
electrons and holes or electrons of two different masses, such as the ‘s’ and ‘d’ electrons.

The two-band model is described subsequently in Section 1.3.
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In some metallic systems, the resistivity gets saturated as H increases in all
crystalline directions, whereas in some systems it saturates in some directions, but not
along others. This is related to the detailed topology of the Fermi surface. It is known [4,
5] that for closed orbits MR saturates with the increase of field, whereas for open orbits it
increases as H? without saturation. This aspect is used in the determination of Fermi

surface of metals through experiments on the study of high field MR in single crystals [4].

1.2. Magneto-resistance in Semimetals
The semi-metallic systems like Graphite, Bi and Sb display huge

magneto-resistance, orders of magnitude higher than in metals. In contrast to metals, the
semimetals are characterized by lower carrier density, lower cyclotron mass and higher
mobility of carriers. This leads to very interesting transport characteristics with the

variation of the magnetic field and temperature. We note that the relevant magnetic field
parameter is the cyclotron frequency: w, = fn—B*, where e is the charge of the electron, B

the magnetic induction and m* the (cyclotron) effective mass. This together with the
scattering time 7 and temperature T helps to delineate the various magneto-transport
regimes: (1) w.t « 1, the low field limit, (2) w.t = 1, the intermediate field limit,
(3) w.t >» 1, the high field limit, (4) Aw, > kgT, the quantum oscillation regime and
(5) Aw, > Eg, the quantum limit, in which E corresponds to the Fermi level [6].

The low carrier density in semimetals implies that a moderately high field of 10 T
is enough to drive the system to quantum limit. Further, the low effective mass leads to
higher cyclotron frequency which in turn leads to quantum oscillations being observed at
relatively high temperatures. This together with their high purity facilitates the observation
of well-resolved oscillation patterns, in that the semimetals such as bismuth and graphite

have been popular materials for studies of quantum magnetic-field effects [7].
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Another interesting property is the variation of resistivity with temperature at
various magnetic fields. Figure 1.1 shows the results in graphite [8]. The metallic
behaviour seen at zero field shows an upturn with the lowering of temperature, as the
magnetic field is applied. With the increase of field, on lowering the temperature, the
resistance increases, as it does in an insulator but then saturates towards field-dependent

constant values at the lowest temperatures.
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Figure 1.1 The temperature dependence of the ab-plane resistivity p,, for
graphite crystal along the c-axis magnetic fields indicated in the legend, showing
the metal to insulator type behaviour. Adapted from Du et al [8]. The shadowed
area in the inset and its mapping onto the data in the main panel indicates the
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interval defined by the condition > < fw, < kpT (See text).

This has been attributed [9] to a metal — insulator transition (MIT) driven by the
magnetic field. The magnetic field opens up an excitonic gap in the linear spectrum of the
Coulomb interacting quasi-particles in graphite [10]. However, the upturn behaviour as
seen in Figure 1.1 for graphite is also seen in other semimetals such as Bi that does not
have a linear dispersion. This has prompted an alternate explanation [8] for the upturn
behaviour that is based on the generic properties of semimetals, namely, the low carrier

density, high purity, and an equal number of electrons and holes (compensation), rather
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than the almost two-dimensional (2D) nature of transport and a Dirac-like spectrum in
graphite.

Through a combined analysis of the temperature and field-dependent longitudinal
resistivity  p,, (T,B) (magneto-resistance) and transverse resistivity p,,, (T,B)

(Hall effect), it is shown that there exists a wide interval of temperatures and magnetic
fields (shaded region in the inset of Figure 1.1), defined by the condition %s how, <

kgT. In the middle region, the effect of magnetic field on resistivity is large, viz., the MR
is large. The large MR is also due to compensation between charge carriers. The inequality

above defines the ordering of the three characteristic energy scales, viz., the width of the
energy levels g , Where t is the electron - phonon scattering time, the cyclotron energy Aw,

and the thermal energy kT, and for the semimetals characterized by low carrier density
and high mobility, there exists a wide range where the magnetic field has a large influence
on the resistivity.

As we shall see, features similar to that shown in Figure 1.1 for graphite is also
seen in the novel topological semimetals [11], and discussions based on MIT induced by
magnetic field or as arising due to the compensation of charge carriers have been put
forward. One of the aims in this thesis is to resolve between these alternative viewpoints in
the magneto-transport studies on di-pnictides.

In addition to experiments where the resistivity is measured as a function of
temperature at constant fields, experiments are also carried out with varying field, at
constant temperatures. The variation of MR with H provides insight into the dynamics of
electrons. As indicated earlier, in metals in some directions, MR increases and saturates,
whereas in other directions, it does not saturate and increases as H2. In the case of
semimetals, the MR increases quadratically with applied transverse magnetic field, and

does not saturate up to very high fields. This is shown in Figure 1.2, for the semimetals
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Bi and Sb [12]. This un-saturating behaviour is responsible for the large MR observed in
the semi-metallic systems, and finds justification within the two-band model, discussed

below.
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Figure 1.2 Magneto-resistance of elemental semimetals antimony, bismuth and

WTe, at T = 2 K. Residual Resistivity Ratio (RRR) is equal to %. Adapted

from Fauque et al [12].

1.3.  Two-band Model
The magneto-resistance behaviour in a semimetal is understood within the

framework of a two-band model. In the semi-classical two-band model [5], the

longitudinal resistivity p,, and the Hall resistivity p,,, are given by [13]

o, + o + 0.0y, (6.R? + o, R}) B?

P = (0o + 0n)? + 020Z (R, + Ry)? B
(1. 1)
[R.0Z + Ryoi + 020/ R.Ry (R, + Ry)B?]
Py = 2 T (6, + on)? + 0202 (R, + Ry)?B?
(1. 2)
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1 1
where o, = n.eu, , R, = e M and u, (o, = npeu, , Ry = mwaRlt and u;,) are

longitudinal conductivity, Hall coefficient, carrier density, and mobility for electrons
(holes), respectively.

In case of perfect compensation between electrons and holes, n, = ny, i.e.,
R, + R, = 0, MR has a simple quadratic dependence on B in the formula MR = p,u,B?,
and does not saturate [3, 5]. A slight deviation from the perfect resonant condition can also
lead to a large quadratic MR as long as B is not too strong. This is consistent with the
results shown in Figure 1.2.

In Figure 1.3, we show the variation of MR with mobility. The amplitude of

field-induced enhancement in resistivity is plotted [12] as a function of zero-field mobility,

extracted from resistivity and carrier density: u, = p(n—1+me' One can see that across more
0

than three orders of magnitude, the MR of semimetals roughly scales with their zero-field
mobility. The data from the recent topological semimetals are also included in this. The
higher the mobility, the larger is the magneto-resistance. This is consistent with the
two-band description of MR = u,u,B2. In this thesis, we show that for the di-pnictide
system too, MR scales with mobility. Experiments have been carried out on irradiated

samples to control the mobility.
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Figure 1.3 Magneto-resistance of various semimetalsat B=9Tand T =2 K as

a function of the mobility y, = where e is the charge of the electron, n

po(n+ple
and p are the electron and hole density and p, is the zero field resistivity at 2 K.
Ho is expressed in Tesla™ = 10* cm®.V'.s™. Adapted from Fauque et al [12].

1.4. Kohler Scaling Relation
While the variation of resistivity with temperature under magnetic field is quite

complicated (See Figure 1.1), Kohler pointed out that the MR can be described as a

scaling relation: i—p = F(pi) where Ap = py — po and F represents a function of material
0 0

properties [3]. The validity of Kohler’s rule is seen in many systems, including high
temperature superconductors [14, 15]. A recent result for the topological semimetal WTe,
[16] is shown in Figure 1.4.

The temperature dependence of resistance under magnetic field in WTe, shows the
characteristic feature of a resistivity minimum, followed by an upturn leading to a plateau
at very low temperatures where the magnitude of the magneto-resistance reaches extreme
values. The temperature at which the minimum occurs is found to increase systematically
with the applied field. This upturn in resistivity on lowering the temperature has been

attributed to a field induced metal to insulator transition invoking an excitonic model [9,
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17]. Alternatively, the large variation of resistance with magnetic field has been
understood within the framework of a semi-classical transport model for a semimetal

characterized by low density and high carrier mobility [8]. It is seen from Figure 1.4 that

m
the data scales according to Kohler’s rule MR = a(i) with m ~ 2. The exponent

Po

m = 2 in the Kohler relation follows from the two-band model for the case of perfectly

compensated system. For the two-band model, with n, = ny, pyx (T, H) = pyy (T,0) +
. H\?
pex (T, 0) ot H?, which leads to MR = a (p—) [16].
0

The underlying physical reason for the applicability of the Kohler scaling relation
can be understood as follows [18]: The applied magnetic field causes the electron to move
in a circular / helical orbit. The ratio of H to resistivity depends on how many times the
electron goes around in cyclotron orbit before collisions, which in turn depends on the

ratio of the electron mean free path (I) to cyclotron radius (r). For a free electron, the

mv mv - l H . .
mean free path, | = ——, and r = —, giving - = — apart from a constant involving
e“npg eH r Po

electronic charge e and charge density n. Thus, the pi in the Kohler relation is a measure
0

of % that essentially vary with collisions [5, 19]. In a material, which conforms to Kohler’s
law, the role of magnetic field is merely to create cyclotron orbit rather than to change the

scattering rate. The validity of Kohler’s scaling relation expresses a self-similarity of the

electronic orbital motion across different length scales: an invariance of the magneto

response under the combined transformation of shrinking the orbital length L ~% by

increasing H while, at the same time, also increase of the scattering rate % by the same

factor such that Ht remains unchanged [18, 20]. It can be appreciated that Kohler’s rule
breaks down if different scattering mechanisms emerge on different temperature or length

scales or if Landau orbit quantization plays a role [20]. Further, deviations from the
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Kohler rule may also point to electronic phase transitions, such as the Lifshitz transition

[21]. More details on the Kohler rule are presented in Section 3.4.
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Figure 1.4 (Top) The temperature dependence of the resistivity, indicated by the
open symbols, of WTe, in various magnetic fields from 0 to 9 T at intervals of
0.5 T. The red solid circles denote the locations of the resistivity minima, and the
dashed red line represents its temperature variation, as derived from Kohler’s

scaling rule. (Bottom) The temperature dependence of the magneto-resistance of
m
this sample follows the Kohler’s scaling rule: MR = « (E) with m = 1.92 and

o =25 [uQ.cm/T]**. Adapted from Wang et al [16].
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1.5. Topological Semimetals
Starting with the discovery of topological insulators, the studies on the topological

states of matter have been further enriched with the discovery of topological semimetals
that are characterized by a linear energy band dispersion in the bulk state and topologically
protected surface state with arc-like Fermi surface [22].

Figure 1.5a shows the sketch of the band structure of a topological insulator [23,
24]. It is constituted by a bulk valence band (green) and conduction band (blue) that
exhibits a parabolic dispersion, and features additional topological surface states that
exhibit a linear dispersion. Dirac and Weyl semimetals are 3-dimensional (3D) topological
materials in which conduction and valence bands touch linearly close to the Fermi energy.
In Dirac semimetals, both time-reversal and inversion symmetries are preserved, and the
Dirac cone is degenerated, as shown in Figure 1.5b. Weyl states emerge when one of these
symmetries is broken. As sketched in Figure 1.5c, the band touching point splits in
momentum space into a pair of separated nodes (Weyl nodes) with opposite chirality,
which refers to the handedness of the spin of electrons with respect to linear momentum.
The Weyl nodes are the point-like crossings of two energy bands with linear dispersion.
Locally, they can be described by a Hamiltonian of the form H, = Yk;a;;0;.
Topologically, a Weyl node can be characterized as being a quantized source or sink of
Berry curvature, depending on its chirality. Due to their quantized nature, Weyl points can
only be created or annihilated in pairs of opposite chirality. The projections of the Weyl
nodes with opposite chirality near the surfaces of Brillouin zone boundaries must be
connected by surface Fermi arcs, as shown in Figure 1.5d. The two curves of the crescent

are two Fermi arcs, and the two end points correspond to the projected Weyl nodes.

10
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Figure 1.5 (a) A topological insulator has a bulk band gap with band inversion,
and a surface state with Dirac cone like dispersion (Left). (b) A Dirac semimetal
has a degenerated Dirac cone (Middle Upper).(c) and (d) A Weyl semimetal is
gapless in the bulk with a pair of band crossing points with opposite chirality
(Middle Lower) which leads to a surface Fermi arc (Right) [23, 24].

In the last few years, several Weyl semimetal (WsM) systems have been
discovered such as TaAs, TaP, NbAs, NbP, MoTe, and WTe, [24, 25].
Niobium mono-arsenide (NbAs) crystallizes in a non centro-symmetric, body-centered
tetragonal structure. The absence of a horizontal mirror plane in the unit cell makes this
structure break the inversion symmetry, which is crucial to realize a time-reversal
symmetric intact Weyl semimetal. Evidence for the presence of both the Weyl fermions in
the bulk and the Fermi arcs on the surface have been obtained in these systems through
angle-resolved photoemission spectroscopy (ARPES) experiments by choosing different
incident photon energies [24].

Another class of materials, the transition metal di-pnictides of the type AB;

[A=(Ta, Nb); B = (As, Sh)] have gained a lot of attention [17, 26-30] for their giant

11
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magneto-resistance. The exact nature of magneto-resistance in these materials - especially
the dependency on the direction of the magnetic field - is still under active investigation
and is the subject of this thesis. Of particular importance is to know, whether these
materials belong to the class of Weyl semimetals or not. Negative magneto-resistance, that
is a distinctive signature of a WsM (See below) has been observed experimentally for
NDbAs; [28, 29], TaAs; [27, 29] and TaSh, [17, 28]. However, there are also experiments
which point to the opposite, which is that there is no negative magneto-resistance in these

materials [30, 31].

1.6. Structure and Electronic Structure of di-pnictides
The transition metal di-pnictides AB, (A =V, Nb, Ta, Cr, Mo, and W; B = P, As,

and Sb) crystallize in the monoclinic OsGe,-type structure [32]. The unit cell is having one
crystallographic A site and two B sites [11] [See Figure 1.6a]. It can be seen that one of
the two B sites is isolated from its nearby equivalent sites, while the other forms distinct
B - B dimers. Further, each A atom is coordinated or surrounded by six B atoms, which
form a trigonal prism with two more B atoms outside the rectangular faces. The prisms are
stacked along the crystallographic b direction through their trigonal faces to form the
monoclinic structure. The structure possesses an inversion centre and consequently not
expected to host Weyl nodes.

The band structure of TaAs, is shown in Figure 1.6b [33]. It is seen that there is a
pair of one electron band and one hole band which cross the Fermi level Ep, suggesting
the two-band character and the coexistence of electron/hole carriers in these compounds.
Moreover, two anti-crossing features within 0.2 eV of the Fermi level E. are seen, as
denoted by the blue circles. These band inversion properties have been verified with
symmetry analysis for the states near the K-points. By explicitly calculating the

coordinates of the nodal K-points, it has been shown that these band crossing K-points

12
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form nodal lines. On taking into account the spin-orbit coupling it is seen [33] that the
nodal lines become gapped, leaving a pair of fully gapped hole band and electron band.
Furthermore, these bands are also completely separated from all other bands in the whole
Brillouin Zone. Therefore, Z, invariants can be calculated for each of these bands. Thus,
the band structure calculations indicate that these materials are semimetals, but without a
direct closure of the band gap. Consequently, they do not host any Weyl or Dirac points.
These compounds can be classified as weak topological insulators, with Z, indices

0; (111), in agreement with other studies [27, 28, 34].
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Figure 1.6 (&) Unit cells for Ta(Nb)As, as adapted from Lu et al [11]. (b) Bulk
band structure of TaAs,, calculated without considering spin-orbit coupling; taken
from [33]. The circles denote anti-crossing features within 200 meV range of the
Fermi level, aligned at 0.
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1.7. Magneto-transport in Topological Semimetals
Of particular interest have been the unique transport properties at low temperatures

and high magnetic fields [35]. The topological semimetals show an ubiquitous
non-saturating resistance with the applied magnetic field, that leads to extreme
magneto-resistance ~ 10° %. There are some aspects of the MR behaviour that is related
to the semi-metallic characteristics, and there are those that are intrinsically related to the

topological nature of the electronic structure [36]. We shall present these in the following.

1.7.1. Magneto-resistance versus Temperature (MR versus T)
As an example of these studies, we present the results in TaAs;, taken from

Yuan et al [30]. Figure 1.7a shows the results of variation of resistivity with temperature
under various magnetic fields. It is seen that with the application of magnetic field, the
metallic variation of resistivity shows an insulating upturn and finally saturates at lowest
temperature. This behaviour is similar to that seen in the case of graphite and WTe; (See
Figure 1.1 and Figure 1.4). Figure 1.7b shows the parabolic and non-saturating variation of
resistivity with magnetic field that in turn leads to extremely large MR in these systems. In
order to understand the large MR, Hall measurements have proved very useful. Figure
1.7c shows the variation of transverse resistivity with magnetic field. A non-linear
variation of Hall voltage is seen, that points to multiple charge carriers. An analysis in
terms of two-band model indicates a near compensation of charge carriers that accounts
for the large MR (See Equations (1. 1) and (1. 2) in Section 1.3 on two-band model).
In the present thesis too, the MR data in di-pnictides have been analyzed in conjunction

with the Hall data.

14
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Figure 1.7 (a) The temperature dependence of the longitudinal resistivity p in
TaAs, at various magnetic fields (B=0 — 9 T). (b) The variation of MR with
applied field at various temperatures. (c) The Hall resistivity p,, at different

temperatures and the fitted results by the semi-classical two-band model. Adapted
from Yuan et al [30].
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1.7.2. Magneto-resistance versus Magnetic field (MR versus H)
In typical non-magnetic and semiconducting materials, the MR increases

quadratically with applied transverse magnetic field and saturates to a constant value when
the product of the applied field and the mobility (u) approaches unity [37]. However, in
the topological semimetals, the MR is seen to show a non-saturating behaviour, leading to
record-high non-saturating MR, known as extreme magneto-resistance (XMR).

Two types of MR behaviour are seen as shown in Figure 1.8. The parabolic
non-saturating MR is attributed to the semi classical two-band model, where electron-like
and hole-like carriers are nearly compensated, resulting in rich magneto-transport
characteristics that are strongly temperature (T) and applied transverse magnetic field (H)
dependent. On the other hand, the linear behaviour of MR versus H is attributed to the
squeezed trajectories of carriers (guiding center motion of charge carriers).
In semi-classically large magnetic fields, uB > 1, that is easily achieved in linearly

dispersing topological semimetals (See Leahy et al [37]).
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Phosphides Antimonates

Ap/pg

Magnetic field

Figure 1.8 Non-saturating magneto-resistance phenomena and representative
energy dispersions for phosphides [Left] (as in TaP) and antimonates [Right] (as
in TaSh,) are schematically depicted. Adapted from Leahy et al [37]. The MR in
phosphides is characterized by quasi-linear to linear transition as field increases,
while for the antimonates, MR is characterized by persistent quadratic H
dependence, arising from semi-classical charge compensation. Each bar indicates

22 = 5% 105 %. Magnetic field was applied up to yoH =31 T at 0.3 K.

Po

1.8. Influence of Topology on Magneto-transport
In a Weyl semimetal, the presence of Weyl nodes with opposite chirality leads to

interesting topological features. There are two different manifestations of topology: First is
the nontrivial surface state, and the second is to study the response to an applied electric
and/or magnetic field [35]. The unusual response to electric and magnetic fields is due to

the chiral anomaly, discussed in the following:

1.8.1. Chiral anomaly and negative LMR
The conservation law of chirality mandates that the number of left-handed and

right-handed electrons must always be symmetric; in other words, more electrons of one
chirality than of the other cannot exist [23]. When a magnetic field is applied in parallel to

an electric field, the chiral symmetry scenario can be violated at the quantum level.
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Simultaneous application of electric and magnetic fields to a Weyl semimetal leads to
chiral charge pumping between the two branches of chiral energy levels (Landau levels),
such that the flow rate is proportional to the product of the parallel magnetic and electric

field components, as shown in Figure 1.9a [38].
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Figure 1.9 (@) Left panels, adapted from Gooth et al [23], show the real space
scheme of the charge-carrier flow and the associated band structure occupation in
topological materials. Usually, the chirality is conserved, and consequently, the
net current flow is suppressed. However, quantum mechanical fluctuations can
break the conservation law of chirality under the parallel magnetic (B) and
electric (E,;) fields (chiral anomaly). (b) Longitudinal MR for TaAs samples at
2 K for E and B along the ‘a’ crystallographic direction. The short (green) curve
is a fit to the longitudinal MR data in the semi-classical regime based on a chiral
anomaly model. Adapted from Zhang et al [38].

While in TaP and TaAs, definitive evidence for the negative longitudinal
magneto-resistance (NLMR) has been obtained (See Figure 1.9b), the results in the case of
di-pnictides have been contentious. For example, while in the studies by Luo et al [27] on
TaAs,, clear signatures of LMR are seen; in the studies by Wu et al [13], positive LMR is

seen. These are shown in Figure 1.10. This discrepancy, shown for the TaAs, system, is
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also seen in the other di-pnictides such as NbAs; [29, 31]. As mentioned earlier (Section
1.6), TaAs; possesses an inversion centre, and further the electronic structure shows a
band gap, rather than band touching points with linear dispersion, and hence not expected
to host Weyl nodes [34]. There have been theoretical proposals [39] for mechanisms by
which Weyl nodes to appear in these materials under the influence of a magnetic field.
The chiral anomaly associated with these Weyl nodes is a possible source of negative
magneto-resistance. Further, it has been demonstrated that the negative LMR observed in
TaAs, may be an artefact of current jetting effect, when the contacts are not fully covering
the sample, as discussed in more detail in Chapter 3 (See Section 3.8). This is shown in

Figure 1.10c.
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Figure 1.10 (a) Field-dependent MR of TaAs, with various angles ¢ at 2 K that
shows negative LMR as adapted from Luo et al [27]. The inset shows the
configuration of the measurements. (b) Experimental results from Wu et al [13]
that shows positive LMR. Resistivity versus magnetic field for various tilting
angles at T = 1.6 K. (c) Demonstration of current jetting effect in TaAs, as
adapted from Yuan et al [30]. Negative LMR is seen when the contacts are not
fully covering the sample as shown in the left panel and that changes to positive

(c) uoH (T)

LMR when the contacts are fully covering the sample (right panel).
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1.8.2. Berry phase
In addition to the presence of Fermi surface arcs and exotic signatures in electron

transport such as chiral anomaly induced negative longitudinal magneto-resistance, the
presence of nodes of opposite chirality in a Weyl semimetal leads to a Berry phase of
[40]. The Berry phase describes the additional geometrical phase factor acquired in the
adiabatic evolution along a closed trajectory in the parameter space.

The Berry phase is characterized by the topological features of the electron bands
in the Brillouin zone. A non-zero Berry phase indicates the existence of band touching
point, such as Dirac nodes that manifests itself in observable effects in quantum
oscillations. Under a magnetic field B, the cyclotron motion of Dirac fermions induces
Berry phase, and it changes the phase of quantum oscillations [41]. Generally, through

mapping the Landau level (LL) - fan diagram (the plot of n** Landau level index versus

Bi, the inverse of the applied magnetic field), the Berry phase can be conveniently

n

extracted from the intercept of the linear extrapolation of Landau level index to the zero of
inverse field (%). Experimentally, a Berry phase of m arising from the linear band

dispersion of a Dirac cone has been obtained from the Shubnikov - de Haas oscillations in
topological insulators and Dirac fermion systems [42].

In Weyl semimetals, a similar linear band dispersion also generates a non-trivial
Berry phase of m. However, unlike the well-established 7 Berry phase in Dirac systems,
the experimental determination of Berry phase using the LL - fan diagram remains
challenging for mono-pnictide Weyl semimetals for several reasons [43]: Presence of
quantum oscillations with multiple frequencies due to the existence of multiple Fermi
pockets and complication due to the coexistence of Dirac and parabolic bands [42, 44].
In this thesis, we present the results on the estimation of Berry phase in the di-pnictides

from de Haas - van Alphen (dHvVA) oscillations, and these are presented in Chapter 5.
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1.9. Contents of the Thesis
With the above background, the present thesis work is aimed at understanding the

magneto-transport phenomena in di-pnictides, TaAs, and NbAs,. Experiments have been
carried out in pristine and low energy (Ar” ion) irradiated single crystals, the later with a
view to affect the surface states and alter the mobility. It is shown that the observed MR
behaviour can be rationalized using Kohler’s rule. It is further shown that the origin of the
XMR in these materials is strongly linked with the high mobility of the carriers and
evidence for this is provided through a combined study of Hall and de Haas — van Alphen
oscillations measurements. The thesis is organized into six chapters.

Chapter 2 describes the experimental methods and techniques used for the thesis
work. These include the growth of single crystals, characterization of samples by Raman
spectroscopy and the magneto-resistance and Hall measurements that forms the main
thrust of the thesis. Chapter 3 presents the results of magneto-resistance studies in TaAs;
single crystals [45]. The temperature variation of resistivity under magnetic field in both
the pristine and irradiated samples exhibits an upturn in resistivity with the lowering of
temperature  followed by a plateau resulting in  extremely large
magneto-resistance ~ 10° % at 2 K and 14 T. The characteristic temperature of resistivity
minima that was seen to increase systematically with the applied field was shown not to
follow a critical behaviour as expected for an MIT, induced by the applied magnetic field.
However, the magneto-resistance data in both the pristine and irradiated TaAs, was seen
to follow Kohler’s scaling rule remarkably well as seen from the collapse of all the MR
curves to a single curve in the whole range of temperature and field. In Chapter 4, we
present the results of magneto-transport investigations in an iso-structural compound
NbAs, [46]. Transverse MR in NbAs; showed qualitatively similar behaviour as in TaAs,

and angle dependent MR measurements unambiguously confirmed the absence of negative
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LMR in NbAs,. Combining with Hall measurements, a clear correlation of temperature
dependence of magneto-resistance and mobility was seen across the three set of samples,
viz., pristine, irradiated and heat treated.

Chapter 5 describes the studies from the de Haas - van Alphen oscillations in the
pristine and irradiated TaAs, and NbAs,. This study is aimed to give support to the results
of Chapters 3 and 4, rather than to explore the Fermiology of the materials. The isothermal
magnetization measurements up to 7 T exhibited spectacular dHVA oscillations at low
temperatures, where the resistivity plateau appeared in the MR experiments. A fast Fourier
transform (FFT) analysis was used to resolve the oscillation frequencies and it revealed
multiple charge carrier pockets. The field variation of the oscillation amplitudes at various
temperatures was analyzed using the Lifshitz - Kosevich (L-K) formalism [47] to estimate
the cyclotron mass of the charge carriers and the Dingle temperature. Further, a
Landau level - fan diagram was constructed for pristine TaAs, from the dHVA oscillations
to extract the Berry phase [41, 44] that points to the topologically trivial nature of the band
structure in the materials. In Chapter 6, we present the summary of the main findings of

the thesis.
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Chapter 2

Experimental Methods and Techniques

This chapter describes the experimental techniques and the instruments used for
the present thesis work. TaAs, and NbAs, single crystal samples were synthesized by
chemical vapour transport method. The characterization of the single crystals was carried
out with Raman spectroscopy and Laue x-ray diffraction. Arsenic vacancies were
introduced in the pristine samples via argon ion irradiation. lon implantation was carried
out using 150 kV accelerator. Electron transport measurements, magneto-resistance and
Hall resistance, were carried out using Cryogenic Ltd (U.K) cryostat (2 K, 15 T) and
Quantum Design make PPMS DynaCool cryostat (2 K, 14 T). Angle dependent

magneto-resistance measurements were also performed using the DynaCool system.

2.1. Sample Preparation
Single crystals of TaAs, and NbAs, were grown by chemical vapour transport

using iodine in two stages [27, 30]. Polycrystalline material was prepared in the first step
from the precursor elements (See Figure 2.1a for the schematic of crystal growth). High
purity tantalum / niobium and arsenic powders taken in stoichiometric ratios were
separately ground and mixed together. The mixtures (Ta, As) and (Nb, As) were collected
in separate alumina containers and covered their mouth by alumina wool. These were
vacuum sealed in quartz tubes. The quartz ampoules were kept for heat treatment in a box
furnace. It was heated to 1123 K in steps of 1 K per minute, and allowed to stay there for
48 hours followed by slow cooling to room temperature. The recovered polycrystalline
pellets were again ground well and transferred into alumina containers along with iodine
shots (13 mg/cc). It was vacuum sealed in a quartz tube of 12 cm length and having
12 mm diameter. These ampoules, for vapour transport, were placed in a horizontal

furnace (See Figure 2.1b), programmed to a temperature gradient of approximately 100 K
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between 1123 K and 1223 K such that the source material is at the hot end. The
correctness of the gradient was ensured by calibrating the furnace using a K-type
thermocouple. The required temperature level was reached by 1 K per minute heating rate,
and maintained it for 10 to 14 days. Then the furnace was slow cooled (1 K per minute) to
room temperature. TaAs, single crystals (shown in Figure 2.1c) of dodecahedron
morphology were found at the cold end of the quartz ampoule [48]. For the case of NbAs,,
similar protocol was followed [49]. Flat NbAs; crystals (shown in Figure 2.1d) were found
at the hot end. Crystals were found to have 1 to 2 mm x 1 mm sizes (length x width) and
were having thickness less than 1 mm. The collected crystals were cleaned with isopropyl

alcohol to remove the iodine stains from the surface before further measurements.

Vacuum sealed ground powder

1123 K ﬂ 48 hours

Poly crystals + lodine
in quartz ampoule

U

Evacuated ampoule placed in
the gradient of 1123 K & 1223 K

(a) ﬂ 10 to 14 days

Single crystals of TaAs, at the
cold end of ampoule

Figure2.1 (a) Flow chart of the synthesis of single crystals by chemical
transport using iodine vapour. (b) The two-zone furnace used for sample synthesis
in the second stage. Photographs of as-grown samples on (1 mm x 1 mm grid)
graph paper are shown. (c) Thick TaAs, single crystal (d) Flat NbAs, single
crystal.
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2.2. Irradiation Experiments
In this thesis, apart from magneto-transport studies on pristine di-pnictides,

experiments were also carried out on irradiated and heat treated samples with a view to
investigate the role of disorder. There has been one earlier study on irradiation effects on
topological semimetals [50]. Low energy, 30 keV, argon ion (Ar") irradiation was carried
out to introduce arsenic (As) vacancies near the surface. The ion irradiation experiments
were carried out at room temperature using a 150 kV gaseous ion implanter. Figure 2.2a
shows photograph of the accelerator facility. A radio-frequency ion source produced the
gaseous ions. Argon ions, accelerated at low energies (30 keV) were used to irradiate the
as-grown pristine samples. The samples were attached on a copper block using silver paste
and it was mounted on the sample manipulator. The copper block was electrically isolated
from the rest of the irradiation chamber to enable beam current measurements.
The chamber was evacuated to a pressure of 5 x 107 mbar with a turbo molecular pump.
A beam current of 0.3 pA was generated and the ion beam size was 12 mm. This resulted
in an ion fluence of 1 x 10 ions per cm? Sputtering yield and implantation depth were
calculated with ‘Stopping and Range of Ions in Matter’ (SRIM) software [51]. These
results are given in Figure 2.2b and Figure 2.2c. The sputter yield of As estimated from
SRIM calculations is much higher as compared to Ta/Nb, resulting in predominantly As

vacancies at the surface.
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Figure 2.2 (a) Photograph of the 150 kV accelerator facility, showing high
voltage power supply units and accelerating tube. Vacancy distribution due to
irradiation, as a function of depth, was calculated using SRIM and are shown for
(b) TaAs; (c) NbAs,.

2.3.  Sample Characterization
2.3.1. Raman spectroscopy
Raman spectroscopy has been found useful to characterize the di-pnictide samples

as discussed in detail by Jin et al [52], and we have employed the same in the present
investigations. Raman spectroscopy experiments were carried out with RENISHAW inVia
make Raman spectrometer equipped with a 514.5 nm argon laser and a 785 nm solid state
diode laser. Figure 2.3a shows the Raman spectrometer and the computer controlled data
acquisition system. The acquisition of data and analysis were done with a dedicated
communication interface called “Windows-based Raman Environment’ (WiRE) software.
The instrument is also equipped with a temperature control cell so that sample temperature

can be varied between 80 K and 900 K (See inset in Figure 2.3a). Sample was cooled
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below room temperature up to 80 K by passing cold nitrogen vapour to the sample cell.
We have recorded each spectrum with argon laser with 10 mW power, after illuminating it
for 300 seconds on a 1 um spot on the crystal. Spectra were collected from different spots
on the sample to ensure reproducibility.

Figure 2.3b shows the Raman spectrum obtained from the pristine TaAs, sample.
The nine modes exhibited by the pristine crystal viz., 'Ag, 'By, 2Aq, *By, *Bg, *Aq, °Aq, *Aq
and °A, could be indexed with all the Raman active modes, as given by Jin et al [52]. The
sharp peaks revealed the high crystalline quality. In the case of irradiated sample,
discussed later in Chapter 3 (See Section 3.2), while all the modes were present, they were
observed to be hardened by ~2 cm™.

The sample stage of the Raman spectrometer was also used to heat treat the
sample, as the Raman spectra was being monitored in-situ. Figure 2.3c shows the Raman
spectra in TaAs; at various temperatures. Spectrum was recorded in 40 K intervals after a
residence time of 5 minutes at each temperature. The recovered sample was designated as
the heat treated TaAs, sample. As the temperature was increased from 80 K, Raman
modes were seen to shift. For example, the highest intensity mode 6Ag at 80 K shifts to
low wave number side as temperature was increased, that can be attributed to lattice
expansion (See Figure 2.3d). The width of this peak was broadened with increase of
temperature. Apart from this, a large increase of background (predominantly between
200 cm™ and 275 cm™) can be seen from Figure 2.3c at higher temperatures. This increase
in the background was retained when the sample was cooled back to room temperature.
This heat treated sample, in which disorder was introduced, was used in the
magneto-transport experiments for comparison with pristine sample, as discussed in

Chapter 3. For the case of NbAs, sample, discussed in Chapter 4, the heat treatment was
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done, without the attendant in-situ Raman measurements, in a box furnace at 700 K, after

vacuum sealing in a quartz ampoule.
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Figure 2.3 (a) Photograph of the Renishaw inVia Raman spectrometer system.
Inset shows the cryostat/heater setup that is used for temperature variation. It
includes the sample cell, nitrogen container and the temperature controller. This
was used for heat treating the sample. (b) The Raman spectra of pristine TaAs,.
(c) The Raman spectra of TaAs, at various temperatures. (d) The softening of the
®A, mode at 289 cm™ with the increase of temperature due to thermal expansion.
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2.3.2. Laue x-ray diffraction
The samples were also characterized with Laue x-ray diffraction technique. The

Laue patterns for the pristine and irradiated TaAs, and NbAs, are given in Figure 2.4.
Experiments were performed using a molybdenum x-ray source. An HD-CR-35 NDT
image plate system was used to record the diffraction pattern. The measurements were
carried out in the back-reflection geometry. The array of spots in the Laue pattern of the
pristine TaAs, (See Figure 2.4a) indicates the high quality of the synthesized single crystal
samples. While, we have not analyzed the x-ray diffraction pattern in any detail, the
streaks or the broad spots appears on the pattern of irradiated TaAs, (See Figure 2.4b)
indicate the disorder caused by irradiation, consistent with the Raman spectroscopy results
indicated in the previous section. Similar observations can be made from the Laue patterns

of pristine and irradiated NbAs; as shown in Figure 2.4c and Figure 2.4d respectively.

() ()

Figure 2.4 Single crystal x-ray diffraction pattern obtained for the (a) pristine
TaAs, (b) irradiated TaAs, (c) pristine NbAs, and (d) irradiated NbAs,.
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2.4. Magneto-transport Experiments
The main thrust of the thesis is on magneto-resistance (MR) measurements in the

di-pnictides. MR and Hall resistance measurements were performed using the liquid
cryogen free Cryogenic Ltd (U.K) 2 K, 15 T cryostat and PPMS (2 K, 14 T) cryostat, in
which the latter was also enabled to make angle dependent magneto-resistance

measurements. Experiments were carried out in the 2 K to 300 K temperature range.

2.4.1. Liquid free (2 K, 15 T) Cryogenic Ltd cryostat
Figure 2.5a shows the Cryogenic Ltd cryostat set up. It consists of cryostat &

magnets, cryo-cooler system, variable temperature insert (VTI), electronic units and
measurement system software. The schematic diagram of the VTI cooling circuit as
adapted from the cryostat user manual [53] is shown in Figure 2.5b. The vacuum insulated
cryostat chamber provides a thermal shield to the superconducting magnet and the VTI.
The magnet is a vertically oriented solenoid wound from superconducting NDbTI
(low field) or NbTi with NbsSn (high field) wires. In the first stage of the cooling process,
the cryo-cooler cools the radiation shield in the chamber. The helium gas at room
temperature is stored in the reservoir. The second stage involves cooling of the magnet to
4 K and the VTI to below 4 K using the circulating helium gas. A needle valve is used to
adjust the gas flow to the sample space. A heat exchanger below the VTI maintains the
required sample temperature with the help of a heater, controlled by the temperature
controller. The VTI helps in varying the sample temperature between 1.6 K and 325 K. An
oil free pump drives the warm gas back to the helium dump. A CERNOX thermometer
attached to the sample platform monitors the sample temperature. The sample is inserted
to the sample space through an airlock provided on the top plate of the cryostat without
contaminating the sample chamber. The electronic units include temperature controllers
(to control and measure the VTl & sample probe temperatures), Keithley 2700

multi-meter, probe current source and magnet controls.
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Figure 2.5 (a) Photograph of the Cryogenic Ltd 2 K, 15 T cryostat. It shows the
cryo-cooler, the cryostat chamber, helium reservoir and the system control units.
(b) The schematic of the VTI cooling circuit, as adapted from the user manual

[53].

Photographs of the sample mounting puck and measurement probe platform are

shown in Figure 2.6a and Figure 2.6b respectively. Samples of dimensions up to 10 mm X
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5 mm (length x width) can be measured using this puck. Single crystal samples were
polished to uniform thickness for measurements. The sample was mounted at the middle
of the puck (Figure 2.6a) using double sided sticky tape. Four insulated copper wires
(44 SWG) de-enameled at the tips were used to make electrical contacts on the sample
under a microscope. The wires were attached on to the sample surface using silver paste.
The other ends of the copper wires were soldered on any four gold coated pads on the
puck. Any extra length of the contact wires was arrested on the puck using double sided
sticky tape to avoid any spurious signal during field measurements. The puck, after
mounting the sample, was inserted to any one of the two sockets on the probe platform
shown in Figure 2.6b. For the transverse magneto-resistance (TMR) measurement, the
puck was inserted to the socket at the tip, while for the longitudinal magneto-resistance
(LMR) geometry, the socket on the side was used. The puck was also wrapped around
with teflon tape on the platform to avoid the accidental fall of the crystal in the
sample space during measurement. The probe platform was then connected to the
measurement probe using a 19 - pin connector.

The magneto-resistance data were collected in both linear and van der Pauw
geometries. A photograph of the electrical contacts on the pristine TaAs, crystal made in
the van der Pauw geometry is shown in Figure 2.6¢c. The crystal is shown alongside a
graph paper of grid size 1 mm x 1 mm. The approximate sample dimensions (length x

width x thickness) were 1 mm x Imm x 0.3 mm.
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Figure 2.6 Measurement using Cryogenic Ltd system. (a) The sample mounting
puck. (b) The sample probe platform. Note the two sockets (one facing the reader
and the other on the right end) for inserting the puck. (c) Photograph of electrical
contacts made in the van der Pauw geometry on the pristine TaAs,.
(d) The schematic of van der Pauw geometry for resistance measurement.
Transverse and Longitudinal resistances (R,,) were obtained from the average of
8 van der Pauw voltages, as explained in the text. (e) The schematic of the Hall
resistance (R,,) measurement. Four Hall voltages were collected using this
geometry. The magnetic field was applied perpendicular to the sample surface.

The schematic of the resistance measurement is depicted in Figure 2.6d. In the van
der Pauw geometry, eight voltages (V; to V3) were collected by swapping the voltage and
current terminals, and also after reversing the current directions. Following David et al

[54], two resistivities were then evaluated as given below.
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VZ_V1+V4_V3

Pa = 1.133 fA ts

I
2. 1)
Ve —Vs +Vg =V,
pB = 1133 fB tS I
2.2)

where p, and pp are resistivities in Q. cm, ts is the sample thickness in cm, V; through Vg
are the measured voltages, I is the current in ampere. Typically 10 mA current was sent
through the sample. f, and f; are geometrical factors based on sample symmetry and are

defined as f;, = 1.0545 — 0.0478 Q, and fz = 1.0545 — 0.0478 Q5. Here, Q4 & Qp are

V-V
Va—=V3

Ve—Vs
Vg—V7'

the resistance ratios given as Q, = and Qg =

Sample resistivity was obtained from the average of p, and pg. Magnetic field was
respectively applied perpendicular and parallel to the sample surface in transverse and
longitudinal MR measurements. The data were collected under positive and negative
magnetic fields, and averaged to eliminate the effect of non-symmetrical contributions of
the contacts.

Hall resistance was also measured alongside the transverse magneto-resistance
experiments. Figure 2.6e depicts the schematic of Hall resistance measurement. Four
diagonal Hall voltages (V; to V,) were measured by reversing the current direction (V;
& V), and also after swapping the voltage and current terminals (V5 & V,). Here, magnetic
field was applied perpendicular to the sample surface. The resultant Hall voltage was then

obtained as

Vl - VZ + V3 - V4_
Vhau = 2

(2.3)

VHall

and the Hall resistance is given as Ry, = ;

where ‘I’ is the magnitude of the current

passed.
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Figure 2.7a shows the representative results of resistivity versus temperature
measurements in TaAs,. It is seen that the metallic behaviour of resistivity at zero field
shows an upturn to an “insulating” behaviour in the presence of applied field. Figure 2.7b
shows the variation of resistivity with applied field at 2.5 K in TaAs,. A near parabolic
variation of resistivity and a non-saturating behaviour with applied field, leading to
extreme magneto-resistance, is one of the distinguishing features of these systems. The
underlying reason for the metal to insulator type behaviour with applied field is the subject
of the thesis. Towards developing an understanding of magneto-transport, Hall effect plays
an important role, and the representative result is shown in Figure 2.7c. The Hall data were
analyzed in terms of one/two carrier models [30, 55], and these are indicated at respective

places in Chapters 4 and 5.
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Figure 2.7 Representative results from pristine TaAs,. (a) Resistivity as a
function of temperature at zero field and at 2 T. (b) Variation of resistivity as a
function of field at T = 2.5 K. (c) Hall resistance as function of field at various
temperatures.
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2.4.2. Liquid free (2 K, 14 T) PPMS DynaCool cryostat

=

Dedign

(d)

Figure 2.8 (a) Photograph of the 14 T Quantum Desigh PPMS DynaCool setup
showing the pulse tube cryo-cooler (left), cryostat cabinet (middle) and the
computer controlled data collection system (right). (b) Image of the horizontal
rotator of the PPMS cryostat. (c) The Electro Transport Option puck on which
samples are mounted. (d) and (e) Four probe electrical contacts made on the
pristine NbAs, sample in linear geometry for magneto-resistance (d), and in cross
geometry for Hall resistance measurements (e).

In addition to Cryogenic Ltd cryostat, some of the experiments were carried out
using the Quantum Design make 14 T Physical Property Measurement System

(PPMS)-DynaCool experimental facility as shown above in Figure 2.8a. The PPMS
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DynaCool employs a two-stage pulse tube cryo-cooler for cooling the superconducting
magnet and the temperature control systems. The temperature control can adjust the
temperature from 400 K to 1.8 K. The system is equipped with either a9 T or 14 T
conduction-cooled superconducting switch-less magnet system.

The sample was mounted on an Electro Transport Option (ETO) puck that was
operated in conjunction with horizontal rotator of the PPMS that are shown in Figure 2.8b
and Figure 2.8c. With this, sample could be rotated through 360°, with magnetic field B
along the vertical axis, enabling angular dependent magneto-resistance studies. Special
attention was given to orient the crystal while mounting it on the puck so that the electric
current direction changes as the platform rotate during measurement. Figure 2.8d and
Figure 2.8e show photographs of the electrical contacts made on the pristine NbAs;
sample for the magneto-resistance and Hall measurements respectively. In MR
measurements, the electrical contacts were made in the four probe linear geometry with
44 SWG copper wires using silver paste. Hall resistance data were collected with a four
point cross Hall structure contact geometry.

Representative results from the above PPMS-DynaCool system are shown in
Figure 2.9. The system was used to investigate the angular dependence of
magneto-resistance that was very useful in clarifying the absence of negative longituinal
MR in the di-pnictides. Figure 2.9a shows the result for the pristine TaAs,. This exhibits a
cosine variation of magneto-resistance with respect to the angle between magnetic field B
and electric field E (or current direction, I). Electric current (typically 10 mA) was sent
along the a-axis. The polar plot of the variation of magneto-resistance is shown in Figure
2.9b. It is seen that the magneto-resistance reaches maximum when E and B are mutually

orthogonal, and the magneto-resistance shows a minimum when these two fields are
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parallel to each other. In particular, the magneto-resistance is positive even in the

longitudinal MR configuration. Here both E and B are along the a-axis.
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Figure 2.9 (@) The angular dependence of magneto-resistance in pristine TaAs,
crystal at 2.5 K with 1 T, measured using the PPMS cryostat in conjunction with
the horizontal rotator. MR shows a sinusoidal variation. (b) The polar plot of the
angle dependent magneto-resistance in pristine TaAs, measured at 2.5 K with 1 T
field, showing dipolar behaviour. (c) Magneto-resistance measured at the various
indicated fixed angles at 2.5 K as function of magnetic field showing a parabolic
behaviour. It can be seen that highest MR is observed when sample (electric
current) is oriented perpendicular (viz., 90°) to the magnetic field, and it is lowest
when current is parallel to B (viz., 0°).

The variation of resistivity with magnetic field could be carried out at various
pre-set angles, and the representative result for pristine TaAs; is shown in Figure 2.9c. It
shows parabolic and non-saturating property of magneto-resistance in TaAs; at all the

angles from 0° (red curve) to 90° (black curve). It is seen that as the angle between E
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and B fields is changed from orthogonal to parallel orientation, the magneto-resistance
shows a gradual decrease and reaches a lowest value when the fields are collinear.
Detailed angular dependence of magneto-resistance was performed for the pristine,
irradiated and heat treated NbAs; samples and they are presented in Chapter 4.

In this thesis, apart from magneto-resistance measurements on TaAs; and NbAs;,
de Haas - van Alphen oscillation measurements have been carried out to obtain
information on electron transport parameters such as the carrier density and mobility. The

relevant experimental facilities and data analysis protocols are described in Chapter 5.
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Chapter 3

Magneto-resistance in TaAs, Single Crystals

This chapter presents the magneto-transport results of chemical vapour
transport grown TaAs; single crystals, performed in magnetic field up to 15 T, from
room temperature to 2.5 K. Samples were characterized by Raman spectroscopy.
Experiments have been performed in pristine and irradiated samples. It is inferred that the
turn on temperature behaviour can be better understood by Kohler’s scaling rule rather
than as arising due to a metal to insulator transition. Hall resistance studies indicated the
role of electrons and holes in the transport, and a two-band analysis provided a nearly
carrier compensation picture of the material. By careful measurements performed on both
pristine and irradiated samples, the absence of negative longitudinal magneto-resistance

in TaAs, has been confirmed.

3.1. Introduction
Following the experimental realization of Weyl fermions in the transition pnictide

mono-arsenide TaAs, there has been an unprecedented surge of interest in the
magneto-transport of topological semimetals [56]. Of particular interest has been the
family of di-pnictides, such as TaAs, and NbAs; [11]. The di-pnictides AB, (A = Ta, Nb;
B = As, P, Sb) has base centered monoclinic structure (See Figure 1.6a), and belongs to
the space group C12/ml [27, 33]. They are centro-symmetric in contrast to their
mono-pnictide counterparts, which lacks an inversion-centre [33], and hence not expected
to host Weyl fermions. The electronic structure calculations in TaAs; (See Section 1.6)
indicate that the density of states (DOS) of TaAs, shows a pseudo gap at the Fermi level,
suggesting its semi-metallic character [57]. The density of states calculated by Xu et al
[33] is 0.583 states per unit cell per electron volt. The Fermi surface calculations revealed

three isolated carrier pockets [33]. The ratio of electron to hole DOS has been estimated
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as 1:1.16, suggesting that TaAs, is nearly compensated [33]. The carrier densities reported
in the literature [11, 13, 30] are seen to be in the range of 10" cm™ to 10" cm™. Thus,
while it is clear that TaAs; is a semimetal, the crucial issue is whether it is a topological
semimetal, on which the experimental results reported in the literature have been
divergent.

As indicated in Chapter 1, magneto-transport studies in TaAs, (See Figure 1.7)
shows that, with the application of magnetic field, the metallic variation of resistivity
exhibits an insulating upturn, and finally saturates at the lowest temperature. This ‘upturn
temperature’ systematically increases with the applied field, and these features are similar
to that seen in other semimetals such as graphite and WTe; [8, 16]. Experiments on the
variation of resistivity as a function of magnetic field show a parabolic and non-saturating
nature of resistivity that in turn leads to extremely large MR ~10° % in these systems.
Previous investigations on TaAs;, present different arguments on the mechanism for the
extremely large magneto-resistance (XMR) and the reason for the upturn in resistivity
under a magnetic field [11]. The upturns arising due to the large increase in the resistivity
in magnetic fields at low temperatures has been interpreted as a metal to insulator
transition (MIT) induced by the field [31]. Such a feature was also viewed as arising out of
the high mobility of the charge carriers in semimetals [13]. Alternatively, the unique
resistivity behaviour under magnetic field has been explained in terms of Kohler’s scaling
rule (described later in this chapter) in related semimetals WTe,, LuBi etc. [16, 58]. The
magnitude of the resultant XMR has been ascribed to the compensation of electron and
hole carriers based on semi-classical approximation [13, 30].

As shown in Figure 1.10, there exist contradictory experimental results on the
observation of negative longitudinal MR (NLMR). In the experiments of Luo et al [27],

clear signatures of NLMR are seen that has been taken as a signature of chiral anomaly in
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Weyl semimetals. However, in the experiments of Wu et al [13], NLMR is not seen (See
Figure 1.10b). In fact, the observation of negative MR in di-pnictides has been attributed
to measurement related artefacts such as ‘current jetting effects’ [30].

The discrepancies, as indicated above, compelled us to undertake detailed
investigations to get better insights on TaAs; system. The magneto-resistance data,
collected in both transverse and longitudinal geometries, have been analyzed in terms of
MIT and on the basis of Kohler’s rule. As will be shown, the later methodology provides
consistent understanding of the upturn behaviour in temperature dependent resistivity.
Further, Hall measurements have been carried out to estimate the carrier density and
mobility, with a view to check the importance of charge compensation mechanism on the
observed XMR [30, 59].

In the present investigations [45], in addition to experiments on as-grown pristine
single crystals of TaAs;, we have carried out experiments on irradiated and heat treated
crystals. These studies have been undertaken to alter the density and mobility of carriers,
and to see the effect on magneto-transport. In this chapter, we discuss the results of

pristine and irradiated samples together.

3.2. Raman Characterization
The synthesized crystals have been characterized by Raman spectroscopy (See

Section 2.3.1 for measurement details). Figure 3.1 shows the Raman spectrum obtained
from the pristine, irradiated and heat treated TaAs, samples. Based on the report by
Jin et al [52], the nine modes exhibited by the pristine crystal viz., 'Ag, !By, 2Aq, ?Bg, By,
Ay, °Ag *Aq and °A, were indexed as the Raman active modes (See Figure 3.1a).
A systematic shift of all the modes by ~2 cm™ have been observed in the irradiated sample
(See Figure 3.1b) which can be understood as mode hardening from irradiation. In

non-metallic materials, mode hardening results from the strengthening of bonds between
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15t and 2™¢ neighbour atoms around a vacancy [60]. Sputter yield of As estimated from
SRIM calculations showed one order higher magnitude as compared to Ta. Also, As
vacancy concentration was double that of Ta (See Figure 2.2b). Hence it is reasonable to

state that the irradiation induced defects were mainly due to arsenic vacancies.
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Figure 3.1 Raman spectra of pristine, irradiated and heat treated samples
of TaAs,. The mode assignment from Jin et al [52] is shown in the bottom

panel.

The Raman spectrum for the sample heat treated at 700 K is shown in Figure 3.1c.
Here, the mode hardening is negligible except for ‘A, & 'By. However, there is

considerable increase in background, observed between 200 cm™ and 275 cm®, that
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suggests disorder. Also, one new peak was seen in the broader region which was identified
as an oxide mode (256 cm™) corresponding to the O-Ta-O bending vibrations in TaOsg
octahedra [61]. Table 3.1 lists all the Raman modes obtained from the pristine, irradiated

and heat treated samples.

Table 3.1 Raman modes identified in the TaAs, samples at each stage. The first two
columns are the standard reported data from references [52, 61]. Columns 3, 4 and 5
give the values obtained from the present studies.

Reported Pristine Irradiated | Heat Treated
Mode value [52] (cm™) (cm™) (cm™)
(cm™)
A, (R) 129.0 129 130 129
°Aq (R) 168.7 168 170 168
°A; (R) 207.6 208 209 208
Ay (R) 227.9 227 228 228
°A,; (R) 263.5 263 264 263
°A; (R) 286.3 286 287 286
By (R) 134.6 133 135 135
’By (R) 177.0 177 179 177
°By (R) 183.9 183 184 183
O-Ta-0 bending mode 256
(Dobal et al [61])

3.3. Transverse Magneto-resistance: Resistance versus Temperature
shows upturn under a Magnetic field

The transverse magneto-resistance measurements in the pristine TaAs, sample
have been carried out with four probe method in linear and van der Pauw geometries, as
discussed in Section 2.4.1 of Chapter 2. The magnetic field was applied along the b-axis of
the crystal. Uniformly polished crystals were used for measurements. The approximate
sample dimensions (length x breadth x thickness) used for the linear geometry was
2.3mmx 1.1 mm x 0.88 mm, while for the van der Pauw geometry it was 0.5 mm X
0.5 mm x 0.29 mm. Experiments on the irradiated sample (0.5 mm x 0. 5 mm x 0.41 mm)
and heat treated sample (1L mm x 0.5 mm x 0.34 mm) have been performed in the van der
Pauw geometry. For resistance measurements, an electrical current of 10 mA was sent

along the a-axis in linear geometry or along the ac-plane in van der Pauw geometry such
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that in either case the magnetic field and electric current were mutually perpendicular to
each other. Magneto-resistance measurements have been carried out between £15 T field
in the 300 K to 3 K temperature interval using the facility described in Section 2.4.1.
Figure 3.2 shows the temperature variation of magneto-resistivity, p (T, B) in the
pristine and irradiated samples, measured under magnetic fields up to 14 T. We will
initially look at the resistivity behaviour upon varying the temperature, p (T) in the
absence of an externally applied magnetic field. The zero field resistivity is metallic in
pristine and irradiated samples as seen from the black curves of Figure 3.2. Upon lowering
temperature from 300 K, the resistivity was seen monotonously decreasing with a positive
temperature coefficient and finally saturates below 50 K. In the pristine sample, resistivity
at the lowest temperature (Presiquar) Was 0.54 uQ.cm and the residual resistivity ratio
(RRR) was 53. Surprisingly, the irradiated sample exhibited slightly lower residual
resistivity (0.39 uQ2.cm) and a higher RRR (62). The high residual resistivity ratios
indicate the good quality of the synthesized crystals. The resistivity data below 80 K could
be fitted to the Fermi liquid model p (T) = presiquar + a* T™ where ‘m’ was found to
be 2.52 + 0.01 and 2.62 + 0.01 in the pristine and irradiated samples respectively. These
values of ‘m’ lies between that reported for TaAs, by Butcher et al [62] (m = 2.4) and
Yuan et al [30] (m = 2.7 to 3). It indicates that the scattering in the system is not purely
due to electron - electron interactions for which m = 2 [3, 16]. Identical values of ‘m’ in
other semimetals such as WTe, (m = 2.7) [63], LaBi (m = 2.99) [64] and NbSbh, (m = 2.5)

[65] have been observed [66].
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Figure 3.2 The temperature variation of resistivity at various constant
magnetic fields in (a) Pristine TaAs, and (b) Irradiated TaAs,, displaying
upturns below a resistivity minimum p*. Resistivity saturates at very low
temperatures. The temperature T*(shown by stars), corresponding to p*
location, match with the respective points of 2p, (circles) with respect to
the zero field profile as predicted by the Kohler’s rule (See Section 3.4.1).
The insets depict the fit of the B™ behaviour of T* (See Section 3.3).

In measurements under a magnetic field, p (T, B), the pristine sample (See Figure
3.2a) retains the metallic behaviour with 0.5 T also, but with an increase of residual

resistivity. Upon increasing the field to 1 T, the resistivity shows a minimum around 50 K.
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When the sample is cooled beyond this resistivity minimum, the temperature coefficient of
resistivity becomes negative and with further cooling resistivity increases, resulting in an
upturn in the p (T, B) curve and finally saturates at the lowest temperatures. With higher
magnetic fields, as the sample is cooled, resistivity shows clear upturns at certain
temperature and saturates below ~ 40 K where it give rise to resistivity plateaus. It is noted
that with an increase of magnetic field the resistivity minimum (p*) shifts to higher
temperature (T*) values as indicated by the stars in Figure 3.2, producing clear resistivity
upturns and leading to an extremely high magneto-resistance in the plateau region.
With 14 T, the pristine sample shows an XMR =~ 8.47 x 10* % at 2.5 K. These kinds of
resistivity profile can essentially be summarized as metallic at high temperatures, which
turns to semiconducting like variation at an intermediate temperature and finally shows
plateaus in the lowest temperatures. This type of resistivity variation has observed in
TaAs; [13, 27], in other transition di-pnictides [17, 65] and in many novel semimetals such
as WTe, [59], LaBi [64], PtBi, [67], transition metal pnictides [11, 42, 68] as also in
archetypical semimetals bismuth and graphite [69]. Such a resistivity behaviour has been
variously interpreted as a metal to insulator transition in an applied magnetic field [55] or
a temperature induced Lifshitz transition caused by significant electronic structure change
[70], as alluded to in Chapter 1 (See Section 1.2).

The measurements from the irradiated TaAs; also displayed qualitatively similar
features such as upturns in resistivity curves and the subsequent formation of plateaus in
magnetic fields as evident from Figure 3.2b. But, a distinguishing feature is that the
resistivity minimum appears with 0.5 T itself. This is clearer when we look at the low field
resistivity behaviour, as shown in Figure 3.3. The higher MR 1.2 x 10> % seen in the

irradiated sample is due to the lower zero field resistivity.
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Figure 3.3 The resistivity variation of pristine (solid lines) and irradiated
(dashed lines) TaAs, samples at low values of magnetic field. Note the
decreased zero field resistivity after irradiation.

The temperature at which the upturn in resistivity occurs (See Figure 3.2),
designated as the ‘turn on’ temperature (T*) and that of the beginning of the resistivity
plateau, while cooling, is Tpigtequ, and their variation with magnetic field are plotted in

Figure 3.4. These temperatures have been deduced from a plot of differential
resistivity (Z—i) against temperature [31], with the points where Z—g = 0 correspond to the

values of T* (indicated by the stars in Figure 3.2), and the minimum of the differential
resistivity is considered as Tpig¢eqy- It Can be seen that T* increases with an increase of
magnetic field while Tj,;4¢0q,, remains more or less the same. It is to be noted that 7™ and

T

plateau Values are more or less identical in both pristine and irradiated samples.

Qualitatively, the results in Figure 3.4 can be partitioned into three regions to
differentiate the MR behaviour in a varying temperature and magnetic field. In the

region-1 wherein T > T*, the resistivity follows a metallic temperature dependence and

magneto-resistance is very small or negligible. The region-Il, defined by
Toiatean < T < T, is the region where upturn in resistivity is seen. The MR is

determined by both magnetic field and temperature, and its rate of change is largest in this
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region. The third region (T < Tpiateqn), Where resistivity plateaus appear, exhibits the
highest MR. Resistance in this area is affected by magnetic field only. This
“phase diagram” serves to illustrate that the effect of temperature and magnetic field on
the resistance of TaAs; is intricately intertwined to each other, and is challenging to
delineate the role of one from the other, as also seen in the case of other topological

semimetals [64, 71].
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Figure 3.4 The upturn temperature T* and T,4¢eq,, are plotted against the
applied magnetic field for the pristine and irradiated samples. The T* value
grows with increasing field, while T4, remains the same.

The origin of the observed resistivity upturns under an applied magnetic field, as
seen in Figure 3.2, has been a widely debated issue in the magneto-transport investigations
of many semimetals, particularly in XMR materials [16, 20, 59, 64, 70-72]. The nature of
T* growth with B has been ascribed to a critical field behaviour [73] leading to a
magnetic field induced metal to insulator transition [17], as has been done in the
semimetals like graphite and Bi [9] and also in the novel semimetals [17]. The critical

field B, that triggers the semimetal to insulator transition and the temperature at which

1
this behaviour sets in follows the relation, viz. T* ~ (B — B.)z. Although we see a field

dependent characteristic temperature T* in the present studies (See Figure 3.4), our
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attempt to fit the data to a critical behaviour was unsuccessful. In our case, the ‘turn on’
temperature fitted to T* ~ B™, rather than (B — B.)", withn = 0.83 + 0.06 in the
pristine and n = 0.55 + 0.03 in the irradiated samples. These fits are given as insets of
Figure 3.2. Having failed to explain the variation of T* with applied field in terms of the
critical behaviour, we rationalize the upturn behaviour, as seen in Figure 3.2, in terms of
the Kohler’s rule, as has been done in the case of WTe, [16]. We pursue this in the next

section.

3.4. Kohler’s Rule: Magneto-resistance follows Scaling Laws
Before we analyze the experimental data as shown in Figure 3.2 in terms of the

Kohler’s scaling relation, we provide a brief introduction to the Kohler’s rule and its
validity, to supplement the contents in Section 1.4. The magneto-resistance due to the
orbital motion of the charge carriers can be understood using a classical law known as the
Kohler’s scaling rule [3]. According to this rule, the magneto-resistance measured at
various temperatures and magnetic fields can be scaled to a single curve, if the relaxation
rate of the carriers has single temperature dependence at all points on the Fermi surface
during the magneto-transport [74]. i.e., in order for Kohler’s rule to hold, the anisotropy in
the relaxation rate should be temperature independent [75].

The Kohler’s rule expresses the MR due to an applied magnetic field B as a
function of the product of the cyclotron frequency (w,.) of the carriers and the relaxation
time (7) for the orbits in a plane orthogonal to B [4]:

MR = f(w.T)

(3.1)
Since relaxation time has a reciprocal relationship with the zero field

resistivity, p, = and w, = ;—ﬁ where n,e and m* are the volume density, charge

m*
(nezt) '

and the effective mass of the carrier, the Kohler’s relation can be written as
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= f (o) = o ()
3.2)

wherein @ and m are constants depending on the external geometry of the material and its
intrinsic electronic structure [14]. In general, they are independent of the value of p, and
the defect concentration in the material [76]. If the carrier density does not change with
temperature, this can be further simplified to

m

B
MR = « (—)

Po
(3.3)
This essentially defines the Kohler’s rule, and the plots of i—p (MR ) versus pﬁ are

0 0
known as Kohler plots [4]. In general, the Fermi surface geometry and topology does not
matter for its validity across samples [74].

Kohler’s rule is obeyed by conventional metals with Fermi liquid behavior. In

conventional metals having quadratic MR, (See Chapter 1) the coefficient of B? is

proportional to the transport scattering time (z) associated with the orbital MR effect [77].

. . . 1 A B . .
Since p, is proportional to - plots of p—p Versus o should collapse on a single line. The
0 0

scaling can be understood as follows [4]: an increase of B results in a higher collision rate
that only scales down the pattern of electron behavior without changing the character. As
distinct charge carrier species will have different effective masses and a resulting spread in
their velocities, they may encounter dissimilar scattering mechanisms resulting in distinct
relaxation times, given their varied concentration and mobilities [78]. Hence systems with
multiple types of carriers, as in the case of most semimetals, can show deviation from the
Kohler’s scaling [79, 80].

Historically, Kohler’s rule has been formulated as an empirical relation to explain

the magneto-resistance in single band metals for which carrier density, to an extent,
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independent of temperature variation and impurity content [81]. Basically, it says that if
we make a metal with higher and higher purity, it will show larger and larger
magneto-resistance [82]. This is ingrained in the Kohler relation as it is defined in terms of
the zero field resistivity (p,) which is an indicator of the purity of the material. Over time,
Kohler’s law has been found useful in interpreting the magneto-resistance data in a variety
of systems [75, 77] including, but not limited to, superconductors [14, 15], iron arsenide
systems [80, 83] etc. Recently, this rule has gained attention to account for the
extremely large MR in the novel topological materials [20, 82] that includes the Weyl [78]
and Dirac [67] semimetals [72]. Investigations on the layered transition metal
di-chalcogenide member WTe, have regenerated interest in the applicability of Kohler’s
scaling relations to interpret the XMR [16, 21]. Now we are demonstrating that Kohler’s
rule can really help us in understanding the magneto-resistance behaviour in our TaAs;

samples.

3.4.1. Transverse MR obeys Kohler’s Rule
We have analyzed our resistivity data of Figure 3.2 in terms of Kohler’s rule and

the results are given in Figure 3.5. The plots show that the visibly diverging p(T) curves
exhibiting large resistivity variations when measured under several constant magnetic
fields collapse into a single curve, endorsing Kohler’s scaling relation. A noticeable
feature in the Kohler’s plot of the pristine sample (See Figure 3.5a) is that the collapsed
curve is not a straight line, but it has different slopes in the low and high MR regions. The
low MR and high MR regions respectively correspond to the higher and lower temperature
sides. However, for the irradiated sample (See Figure 3.5b) there is no apparent slope
change. The agreement of Kohler’s scaling implies that the application of magnetic field
does not change the scattering process in the TaAs, samples [19]. The exponent ‘m’ in

equation (3. 3) can be evaluated from the slope of the Kohler plot. A fit of the collapsed
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line in the high MR region in the pristine sample gave m ~ 2 + 0.01, while in the
irradiated sample m = 2.1 + 0.01, close to the value reported for WTe, (m = 1.92)
[16]. The value of ‘m’ has often been considered as a measure of the degree of
compensation of various types of charge carriers in the system [58, 72]. In particular

m = 2 is taken to be an indication of perfectly balanced electron — hole densities [84].
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Figure 3.5 (a) and (b) Kohler plots, generated from the temperature
dependence of transverse magneto-resistivity, for the pristine and
irradiated TaAs, samples. All the curves measured at various constant
magnetic fields collapse on to a single curve in agreement with Kohler’s
scaling rule. It is to be noted that the pristine sample exhibits two slopes,
while the irradiated sample bears a single slope.
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As will be shown in the following, the Kohler scaling behaviour also helps to
rationalize the upturn behaviour seen in Figure 3.2. Following Wang et al [16] and other
related reports [20, 58, 85], we can recast equation (3. 3) as

(p—po) _ (B )m
— =«
Po
Further rearrangement will give us

m

B
p(T,B) = po(T) + s (T.B)
0

(3. 4)
Thus, it is seen that the change of resistance upon varying temperature under an

applied magnetic field can be decomposed into two parts: The zero field resistivity po(T)
and the field induced resistivity component contained in the second term on the right of
equation (3. 4). We see that the first term is proportional to p,, while the second term has
an inverse dependence on p, when m = 2. Since both components are functions of
temperature (T), a variation in T will result in their reciprocal variations that show
opposing changes. These mutually competing terms will result in a minimum at certain
temperature in the total resistivity profile of p (T, B), which we had assigned as the
‘turn on’ or ‘resistivity minimum’ temperature T ™.

In order to illustrate this, we show the temperature variation of resistivity at zero
field and at 6 T in both pristine and irradiated samples in Figure 3.6a and Figure 3.6b
respectively. It can be seen from the figures that at some temperature, the 0 T resistivity
and the difference component reaches the same value and a minimum in the total
resistivity appears at this temperature (7). If we plot Figure 3.6 with different fields, it
will be clear that the resistivity minimum occurs corresponding to the temperature where
the difference component crosses the O T curve. This is why the T* values are seen

varying as a function of magnetic field. It is also seen that equation (3. 4) predicts a rather
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simple relation for the resistivity minima [16]: p*(T) = [1 + (m — 1)71] po(T). Further,
since m = 2 in both of our samples, the resistivity minima are expected to have a value of
p*(T) = 2po(T). Thus obtained p*(T) values at various applied fields are indicated as
closed circles in Figure 3.2a that is seen to match with the numerically estimated minima
positions indicated by stars. The corresponding results for the irradiated sample of TaAs,
are shown in Figure 3.2b. This good agreement of the minima positions provides another
support that the temperature dependence of resistivity under magnetic field can be well

explained with the Kohler rule.
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Figure 3.6 (a) and (b) Decomposition of resistivity under an applied
magnetic field (6 T) as suggested by Kohler scaling relation in the pristine
and irradiated TaAs, samples. The red curve is the zero field profile. The
green curve depicts the difference component from the total resistivity
(black curve) with 6 T.

3.5.  Normalized Magneto-resistance has Identical Temperature
Dependence: No Signatures of MIT

We have seen the applicability of Kohler’s rule to explain the upturn in resistivity.
The absence of MIT can also be appreciated in another way. The calculated transverse MR
at the indicated fixed magnetic fields from the data in Figure 3.2a for the pristine sample is
given in Figure 3.7a. The magneto-resistance increases monotonically with the lowering of
temperature, with a larger increase at higher magnetic fields. There is no evidence for a

jump / discontinuity that signals sudden gap opening. When the MR curves are normalized
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with their corresponding values at 6 K, all the curves are seen to collapse onto a single
curve as shown in Figure 3.7b. The results obtained from the analysis of the data from the
irradiated sample are given in the lower panels of Figure 3.7. The normalized MR at all
the fields has similar temperature dependence. Hence the upturn behaviour, starting at T,
cannot be considered as an indication of the onset of a metal to insulator transition.
A drastic increase in MR is observed below 100 K at all fields, irrespective of the position

of T* in the various resistivity curves of Figure 3.2. As will be shown in the next chapter,

this temperature dependence of MR is linked to the temperature dependence of mobility.
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Figure 3.7 (&) The temperature variation of transverse MR for the pristine
sample. The data when normalized with the MR at 6 K collapse to single
line as seen in (b). Similar plots for the irradiated sample are given in the
bottom panels (c) and (d).
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3.6. Field dependent (Isothermal) Resistivity Measurements:
Non-saturating MR

In addition to resistivity measurements by varying temperatures under constant
fields (described in Section 3.3), experiments were also carried out by varying the
magnetic field under isothermal conditions. The field dependent resistivity measurements
have been performed up to £15 T at several temperatures from 2.5 K to 300 K. The results
are given in Figure 3.8a and Figure 3.8b respectively for the pristine and irradiated TaAs,.
The resistivity in both samples shows non-saturating, near parabolic variation with
magnetic field. This will be discussed subsequently in Section 3.6.1. The curves for the
four lowest values of temperatures are collapsed on each other as they come within the
plateau region of Figure 3.2, where magneto-resistance is independent of temperature. It is
noted that (See Figure 3.8a) at the lowest temperatures, magneto-resistivity displays
Shubnikov - de Haas (SdH) oscillations and these are analyzed and discussed in Chapter 5.

The plots in Figure 3.8c and Figure 3.8d show that the transverse MR measured at
various constant temperatures, from 2.5 K to 300 K, in pristine and irradiated TaAs;
samples can be scaled into a single line conforming to Kohler’s law. Remarkably, the two
slope feature present in the Kohler plot of pristine sample generated from the p(T) data
(See Figure 3.5a) is now absent when the Kohler plot is constructed from p(B) curves. We
also note that, now the slope of the Kohler plot of the pristine and irradiated samples are

1.6 + 0.1 and 1.8 + 0.1 respectively.
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Figure 3.8 The isothermal transverse magneto-resistance measurements in
the (a) Pristine and (b) Irradiated TaAs, samples, exhibit a parabolic and
non-saturating resistivity behaviour. (c) and (d) Kohler plots generated
from various isothermal conditions for the pristine and the irradiated
samples showing agreement with Kohler scaling law.

In addition to experiments on pristine and irradiated crystals, MR measurements
were also carried out on heat treated samples. Magneto-resistance of the TaAs, sample,
heat treated at 700 K, was measured in the transverse geometry at selected isothermal
conditions from 5 K to 200 K, and is shown in Figure 3.9a. Resistance variation was
nearly quadratic (B™ with m = 1.8 + 0.1) with the applied field. MR reaches a
non-saturating value of 8.7 x 10* % at 3 K and 14 T, close to the MR in pristine sample.
All the isotherms in Figure 3.9a could be scaled to a single line in accordance with
Kohler’s rule and is presented in Figure 3.9b. The scaled curves fall on a straight line with

aslope of 1.8 +0.1.
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Figure 3.9 (@) Transverse magneto-resistance of the heat treated TaAs;
sample is plotted against the applied field at the indicated isothermal

conditions. (b) MR versus (pi) plot generated from the data in (a) shows
0

agreement with Kohler scaling rule.

Thus, through experiments on pristine, irradiated and heat treated samples of
TaAs;, we have shown the validity of the Kohler’s scaling relation, with an exponent ~ 2.
The significance of the exponent value of 2 can be appreciated as follows: The Kohler’s
rule is derived from the Boltzmann transport relation [3], and the magnetic field enters in
Boltzmann equation as a combination of (Bt). As will be shown in the next section, MR

has a quadratic dependence on the magnetic field. Hence a plot of MR against (Bt)? or
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2
equivalently (pﬁ) should collapse onto a temperature independent single line [15], as is
0
reflected from the exponent 2 in the above Kohler plots.

3.6.1. Functional dependence of MR on Magnetic field
As mentioned in Chapter 1 (See Section 1.1), the functional behaviour of

resistivity with magnetic field provides insights into the transport behaviour [4, 5]. For
example, the resistivity has a B? dependence for compensated semimetals bismuth and
graphite in weak fields, and at high fields when the quantum effects are dominant, the
resistivity has a linear behaviour [86, 87]. The non-saturating nature of resistivity provides
information on the extent to which charge carriers are compensated in semimetals [3].
Figure 3.10a shows the resistivity variation with magnetic field, p,.,(B), at the four lowest
temperatures for the pristine (solid lines) and irradiated (dashed lines) TaAs, samples. The
Pxx(B) values have been calculated as the average of resistivity from p,,(+B) and

P (—B) measurements, obtained during the positive and negative directions of magnetic

field. This is converted to magneto-resistance using the formula (W) X 100 %
XX

and is shown in Figure 3.10b in a log-log plot. Magneto-resistance reaches beyond 10* %
at 2.5 K under 14 T without any sign of saturation.

We see from Figure 3.10b that magneto-resistance in both samples exhibit a power
law, MR = a = B™, on the field B in which ‘a’ is a constant. However the power law
behaviour is dependent on the strength of the applied magnetic field, the temperature and
the sample in agreement with other reports [11, 30]. In the pristine sample, around 2 T, the
exponent ‘m’ changes its value from m = 1.25 +0.01to 1.7 £+ 0.004. While this
feature of change of slope is prominent at temperatures below 30 K viz., in the resistivity

plateau region, for higher temperatures the MR follows near quadratic behaviour

(m > 1.7) all throughout the magnetic field. The corresponding measurements on the
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irradiated sample display near quadratic MR variation (m ~ 1.80 + 0.04) in the entire

measured field range as evident from the dashed lines of Figure 3.10b.
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Figure 3.10 (a) The isothermal resistivity variation with magnetic field in
the resistivity plateau region for the pristine (solid curves) and the
irradiated (dashed curves) TaAs, samples showing parabolic behaviour.
(b) The resistivity data when converted to MR exhibits two slopes in the
pristine sample. The varying curvature between the pristine and irradiated
samples may be due to the difference in the coefficient of B™.

The literature [13, 30, 31] on TaAs; report that magneto-resistance is found to have
nearly a parabolic dependence on the field, although Luo et al [27] mentions that the
exponent ‘m’ decreases slightly at higher fields. In the case of TaSb,, another transition

di-pnictide, a change of slope in MR versus B and a lower exponent at fields less than 1 T
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has been reported [73]. This has been attributed to the existence of an ‘activation field’
that triggers magneto-resistance [73]. While we find a change of slope in the pristine
TaAs,, we do not find that in the irradiated sample of TaAs,, though both of these samples
show upturn behaviour in resistivity beyond a certain field during the temperature
dependent measurements (See Figure 3.2). It indicates that the assignment of the knee to a

critical field may not be appropriate [77].

3.7. Hall Experiments: Non-linear Hall resistance and Charge Carrier
Compensation

As indicated in Chapter 1, the large and non-saturating magneto-resistance
property in semimetals has been ascribed to the charge compensation involving different
types of carriers belonging to various energy bands [3]. In order to check this for TaAs,, as
suggested in some reports [13, 30], we have performed detailed Hall resistance
experiments in both pristine and irradiated TaAs; samples.

Hall measurements have been carried out at different isothermal conditions in a
varying magnetic field alongside the transverse magneto-resistance experiments
(described in Section 3.6) in the van der Pauw geometry. A total of four Hall voltages
have been collected by reversing the polarity of the current, and suitably averaged [88].
The resistance obtained in both directions of the field, Ry, (+B) and R,,,(—B) from +15 T
to -15 T, was averaged properly in order to remove any asymmetry caused by the
misalignment of voltage leads. The symmetrized Hall resistance R, (B) for the pristine
sample at the indicated temperatures is given in Figure 3.11a. It is linear at low fields and
higher temperatures, but turns to non-linear at temperatures below 100 K. This indicates
the role of multiple carriers [3, 4] - electrons and holes - in the transport of TaAs; [30]. It
is seen that the Hall coefficient (Ry), depicted in Figure 3.11b is negative in the whole
measurement without changing its sign. This indicates that electrons are the dominant

charge carriers in the 2.5 K - 300 K range. We recall that band structure calculations by
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Xu et al [33] predicted a hole dominant system. However, the earlier studies [13, 27]
showed a slightly higher electron concentration in TaAs, in agreement with the present
observations. The measurements on irradiated sample also gave qualitatively similar
variation of R,,,(B) and Ry (B), though with higher non-linearity, as shown respectively

in Figure 3.11c and Figure 3.11d.
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Figure 3.11 (a) Hall resistance R,, and (b) Hall coefficient Ry are plotted as a
function of magnetic field for the pristine TaAs,. The linear R,, at high
temperatures turns to non-linear below 100 K, indicating the appearance of
multiple carriers. The negative Ry indicates that electrons are the dominant
carriers in the magneto-transport. Similar results for the irradiated TaAs, are
shown in (c) and (d).

We have adopted a multi-band model [3] to analyze the data in Figure 3.11.
A two-band fit of the data has been done through an analysis of the field dependent

conductivity tensor components o, (B) and a,,,(B) [88].
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Oyxx(B) = !
(B)[ RH(B)B +1l
Ry(B)B
ny(B) =
Z(B)IRHgg%B +1l

(3.5)

(3. 6)

The carrier densities and mobilities obtained from the two-band analysis are shown

in Figure 3.12 and Figure 3.13. It is seen from Figure 3.12 that below 100 K, hole carriers

emerge along with the already existing electrons. In the pristine sample (See Figure 3.12a)

the electron densityn, ~ (1.0 + 0.5) X 1026 m~

lowering temperature. The hole density n; (~6.3 x 10%°

3, exhibits a marginal decrease with

m~3), which appears below

100 K, slowly rises as temperature is lowered, leading to better compensation. Both carrier

densities saturate below 30 K. At 2.5 K, the densities of electrons (~9.4 x 102°

holes (~7.7 x 102%°

m~3) are nearly equal.
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Figure 3.12 (a) and (b) The temperature dependent carrier density for the
pristine and irradiated TaAs, samples, obtained from the two-band analysis
of Hall resistance and transverse magneto-resistance data. Both electron
and hole charge carriers are present below 100 K, indicating the role of
carrier compensation in the MR. Note the marginally higher electron
density in both the samples. Better carrier compensation can be observed
in the irradiated sample.
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In the irradiated sample (See Figure 3.12b), there exists a noticeable temperature
dependent carrier density. The electron concentration at 300 K (~1.56 x 1026 m™3)
shows a monotonous drop with decrease in temperature until 30 K, and then saturates.
A similar trend is exhibited by hole carriers which emerges from 100 K onwards. At the
lowest temperature, n, and n; are closer than that seen in the pristine sample, viz.
~3.18 x 10%° m~3 (n,) and ~2.81 x 10%°> m~3 (n,). This indicates that charge carriers
are better compensated in the irradiated sample. It is to be noted that the resistivity
plateaus in the p (T, B) profile (Refer Figure 3.2) appear where carrier density saturates
(below ~30 K) and the carrier compensation characteristic is observed. We note that the
analysis from the measurements on heat treated TaAs, sample also provided evidence for
the multi-carrier nature of magneto-transport.

According to the semi-classical model [3, 4, 89] of magneto-transport involving
two carriers, the magneto-resistance is expressed as [90]

Py —Po _ NeleNpltn(Ue + up)?H?
- 2
Po (ne,ue + nh.uh)2 + ((ne - nh).ueHhH)

MR =

(3.7)
In the case of perfect balance [13, 91] between electrons and holes, i.e, n, = ny,

it follows a simple quadratic dependence leading to MR = pu, u, B2. This scenario has
been recently invoked in the case of WTe,, PtBi,, LaBi, LuBi, YBI etc. which exhibit
non-saturating MR [58, 59, 64, 67]. Yuan et al [30] and Wu et al [13] proposed that the
XMR in their TaAs, samples are due to perfect compensation. On the other hand, the

imbalances between n, and n, in TaAs, have also been observed [27]. In the present

e

study, the carrier density ratio (Z—) was found to be temperature dependent. For the
h

pristine sample, it is ~1.6 at 100 K that reduces to ~1.2 at the lowest temperatures where

the MR increases. The corresponding values for the irradiated sample are ~1.4 and ~1.1,
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indicating that the degree of compensation is better. This accounts for the higher MR in

the irradiated sample as we have earlier observed (See Figure 3.10b). The ratios deviate

from the requirement of % = 1.0 for perfect compensation in line with the departure from
h

B2 response of MR (See Figure 3.10b).

The second parameter obtained from the two-band analysis is the mobility of
carriers. The temperature variation of electron and hole mobility for pristine and irradiated
samples are given in Figure 3.13a and Figure 3.13b respectively. The electron mobility
(ue), In both samples, shows significant temperature dependence below ~100 K.
In the pristine sample at 100 K, u, = 7000cm?2.V~1.s~t while it reaches to
~31330 cm2.V~1.s71 at 2.5 K, an increase of ~4.5 times by variation of temperature.
This very high mobility at low temperatures results in the low residual resistivity of the
sample, although the carrier densities are rather small compared to typical metals. The
hole mobility (u;) also shows similar trend of variation in the corresponding temperature

range although their magnitude is quite small. On an average u, is eight times smaller

than p,.
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Figure 3.13 (a) and (b) Mobility of charge carriers are plotted against
temperature for the pristine and irradiated TaAs, as obtained from
two-band model. Note that electron mobility increases to very high values
below 100 K in both samples.
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In the irradiated sample, the electron mobility (See Figure 3.13b) has comparable
magnitudes down to 100 K, while below this temperature its increase is not as steep as that
in the pristine sample; u, =~ 25000 cm?.V~1.s71 at 20 K. The smaller mobility in the
irradiated sample may be linked to the arsenic vacancies created by irradiation. While the
mobility is smaller, the carrier density is increased upon irradiation, as seen in Figure 3.12.

We have earlier observed in Figure 3.5a that the slope of the pristine Kohler plot
changes around ~170 K. This has similarities with the temperature variation of electron
mobility which shows strong temperature dependence below ~100 K. However, the
change of slope is absent when Kohler plot was constructed from the magnetic field
dependent MR data measured at isothermal conditions (See Figure 3.8c). Thus the explicit
temperature dependence of . is reflected only when MR is measured in a varying
temperature at a set field that is absent when the Kohler plot is generated from the
isothermal field dependent MR measurements. A comparison of the collapsed MR curves
in Figure 3.7b and Figure 3.7d with the mobility versus temperature plots in Figure 3.13
reveals that the temperature dependence of magneto-resistance has good similarities with
that of mobility, particularly electron mobility u,.. This emphasizes that any temperature
dependent alteration in magneto-resistance in a system obeying Kohler’s scaling can be
completely attributed to the mobility changes of its charge carriers upon varying

temperature [81]. This is discussed in more detail in Chapter 4 for the NbAs, system.

70



Magneto-resistance in TaAs2 Single Crystals

3.8. Longitudinal Magneto-resistance in TaAs,
As indicated in Chapter 1, the measurement of longitudinal magneto-resistance

under collinear electric and magnetic fields holds particular importance as it provides a
direct evidence for the condensed matter realization of chiral anomaly [92]. A negative
longitudinal magneto-resistance (NLMR) is the most sought-after magneto-transport
signature for the existence of bulk chiral Weyl fermions in topological materials [35].
However, there exist a variety of situations which can give a negative magneto-resistance,
misleading the experimentalist to conclude it as NLMR generated from chiral fermions.
Most prominent among them are electrical contact geometry related artefacts [93]. An
improper placement of voltage leads can often lead to the measurement of lower potential
difference brought about by the non-uniform distribution of current in the sample. In the
presence of a magnetic field, point contacts on the surface of a sample can inject an
inhomogeneous distribution of current in the entire cross section of the sample. If the
magnetic field is parallel to the line connecting the point current contacts, the electric
current acts as a jet between those points. This ‘current jetting effect’ can cause the
voltage probes on the sample to decouple from the actual current path, and record a
smaller or even no potential difference across it (See the schematic in Figure 3.14a) [93].
If the voltage pair is close (V;) / away (V3) from this current line (indicated by I to I~ line
in the schematic), it can detect a higher / smaller resistance than the intrinsic longitudinal
MR. In that case, the lower resistance detected can be interpreted as negative MR. This is
significant in high mobility samples that show large transverse magneto-resistance.
In order to avoid such an error, we have taken care to cover the four linear contact leads on
the entire width of the sample so that the voltage probes will be able to intercept the
current paths spread across the sample surface. A misalignment of electric and magnetic

fields from the exactly parallel condition can render the negative magneto-resistance get
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undetected. Given this, special care was taken while mounting the sample on the puck, and
orienting it with magnetic field. Carefully polished flat samples were used for the
experiments to avoid geometrical issues while mounting on the sample puck.
Magneto-resistance data have been collected in both positive and negative directions of
the magnetic field, and properly averaged to remove the Hall resistance contribution due
to a probable minor misalignment of contact leads. Experiments have been repeated at
least on two crystals in two different cryostats (Cryogenic & PPMS) that also helped to
ascertain the reproducibility of the results. In addition, we have also collected data from a
sample using the van der Pauw configuration, albeit the rationality of adopting such
contact geometries in the search for negative magneto-response is not discussed in
literature.

We have loaded the sample puck in the parallel slot of the sample holder in the
Cryogenic Ltd cryostat such that magnetic field was along the a-axis. An electric current
of 10 mA was sent along the a-axis (or ac-plane) so that B and I are parallel to each other.
As for the measurement protocols, both temperature dependent and magnetic field
dependent magneto-resistances were measured as was done for transverse MR
experiments. During the isothermal field dependent experiments, between +3 T, in order to
discern any feeble negative magneto response, if present, data have been collected from
very close field intervals (0.005 T) at the lowest temperature (2.5 K). Beyond £3 T, field
intervals were kept as 0.05 T and continued up to 14 T. Experiments have been repeated at
higher temperatures up to 300 K with field intervals of 0.2 T. In all these measurements,
magneto-resistance was seen to be positive, and no signature of a negative MR could be
seen as shown in the results given in Figure 3.14b and Figure 3.14c for the pristine and
irradiated TaAs,. For the irradiated sample, measurements have been performed only up to

5 T at the indicated temperatures below 100 K. A double log plot of the longitudinal MR
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against magnetic field in the pristine sample, shown in Figure 3.14d presents an increasing
resistance profile with increase of field. The LMR was also found to follow a B™
dependence on the field B. In pristine sample m = 1.79 % 0.01 which indicate a near
parabolic MR growth. In the irradiated sample for the measured range up to 5 T, this

parabolic behaviour is less prominent as the exponent m =~ 1.5 + 0.03.
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Figure 3.14 (a) A schematic diagram to explain the current jetting effects,
that can creep into resistance measurements under fields. (b) & (c)
Isothermal longitudinal resistivity as a function of magnetic field for the
pristine and irradiated TaAs, samples, showing a parabolic and positive
MR. (d) The LMR as a function of field is plotted in a double log plot for
the pristine sample, showing monotonously increasing positive MR.

The evidence for positive LMR is also seen from the temperature dependent
measurement with successive increase of magnetic field, p (T, B), as shown in Figure
3.15a. The resistivity variation with temperature at various constant magnetic fields is

qualitatively similar to TMR (See Figure 3.2), viz., a metallic profile in 0 T, upturns under
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fields and resistivity plateaus at low temperatures. However, there are significant
differences between pristine and irradiated samples when comparing the present LMR data
against the corresponding results of TMR (See Figure 3.2). For a closer look of these
differences, the temperature dependence of magneto-resistivity of pristine and irradiated
samples in the LMR configuration is presented in Figure 3.15b. It is well discernible from
the figure that the minimum magnetic field in LMR to produce a resistivity upturnis 1 T
for the pristine sample, while a higher field of 2 T is required in the irradiated sample. But
in TMR, an opposite trend is seen: with a lower field of 0.5 T, the irradiated sample
displayed a resistivity minimum while in the pristine, a clear minimum occurred only with
2 T (See Figure 3.3 for TMR at low fields). The variation of T* and Ty4eq With
magnetic field is shown in the inset of Figure 3.15b. It is seen that T* increases almost
linearly with the applied field, and cannot be fitted to a critical field behaviour. However,
the upturn behaviour can be understood in terms of the Kohler’s scaling rule, as presented

subsequently.
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Figure 3.15 (a) The temperature variation of resistivity in the LMR
configuration in the pristine TaAs, sample at various constant magnetic
fields. The stars and circles are points of T* and 2p,, indicating the
agreement with the Kohler rule prediction (Refer Section 3.4.1).
(b) Comparison of the temperature variation of LMR in pristine and
irradiated TaAs,. Solid and dashed lines respectively indicate data from
pristine and irradiated samples. Inset: T* and Tyq¢eq,, Variation with field.
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3.8.1. Longitudinal MR also Scales with Kohler’s Rule
From Figure 3.16a and Figure 3.16b, we see that the temperature variation of

longitudinal MR resulted in a scaling analogous to that of transverse MR. As observed in
TMR (See Figure 3.5), a marked change of slope is present in pristine sample while that is
not so prominent in the irradiated sample. The value of the exponent ‘m’ (See equation (3.
3)) obtained from the slope of linear region in the pristine sample is 1.9 £ 0.1, while for
the irradiated sample it is 1.8 £ 0.1, both slightly differ from its value obtained in the
Kohler analysis of TMR data (m = 2).

The longitudinal isothermal MR data measured up to 150 K also shows agreement
with Kohler scaling as seen from the result in Figure 3.16¢ for the pristine sample. Up to
150 K, all the isotherms fall on a line that has a single slope. Above this temperature, the
magneto-resistance data was noisy and hence we did not consider for analysis. The fit of
the plot yielded the slope as 1.77 £ 0.07, slightly smaller than obtained from the p (T, B)
data (m = 1.9 £ 0.1). Since isothermal MR for the irradiated sample was measured only

up to 5 T, we have not done the Kohler analysis.
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Figure 3.16 Kohler plots generated from the temperature variation of
longitudinal magneto-resistance measured at various magnetic fields for
(a) Pristine and (b) Irradiated TaAs,. Note the change of slope in the
pristine sample towards the low MR region. (c) The isothermal LMR curves
of pristine TaAs; collapses to a single straight line in the Kohler diagram.
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3.8.2. Negative MR is absent under collinear fields: TaAs; is not a Weyl semimetal
Through experimental results presented in this section, we have shown that there is

no negative LMR in the TaAs, system. Hence, it cannot be considered as a
Weyl semimetal, and is consistent with the band structure calculations [35]. The
magneto-resistance, while positive in the longitudinal geometry, its magnitude is
significantly smaller compared to that in the transverse geometry. For example, at 2.5 K
the pristine sample exhibited an LMR of 27000 % at 14 T, only one third of the TMR
value of 85000 %. This appreciable change in the magneto-resistance upon shifting the
field orientation by 90° (to align along the a-axis) indicates that the magneto-transport in
the system is not contributed by a 3-dimensional Fermi surface. There have been
investigations of MR by changing the orientation of the magnetic field in XMR materials
such as PdSn,, PtSn, [20], LaBi [84] and TaSh, [94, 95]. Hence, transverse
magneto-resistance for the pristine sample was also measured by applying the magnetic
field along c-axis by keeping the current direction as before. The results for the 0 T and
2 T field were shown earlier in Figure 2.7a in Chapter 2. This has been performed without
altering the electrical contacts. We note that MR in TaAs; is higher when the magnetic
field was applied along b-axis (85000 %) and c-axis (89300 %), but decreased along
a-axis (27000 %). In all the three instances, electric current direction was kept the same
(a-axis). Hence it is reasonable to believe that magneto-dynamics is anisotropic in TaAs;
system with respect to the magnetic field and is dominated by a 2-dimensional Fermi
surface sheet [20].

The origin of positive magneto-resistance in the longitudinal configuration is not
well understood. In the Lorentz force formulation, resistance will not have a response to
magnetic field when it is applied parallel to the electric current [5]. In the quantum limit,
the large degeneracy of Landau levels can contribute to LMR [96]. But within the limit of

our field magnitudes, we do not expect any quantum effects that can vyield a
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longitudinal MR. A parallel magnetic field can couple only to the spin of the charge
carriers and spin dependent scattering can generate an LMR [69]. However, the Kohler’s
rule scaling that is seen to be valid is usually used for dealing with MR contributed by the
orbital motion of the charge carriers [3, 4]. Pal and Maslov [97] proposed that if the Fermi
surface shape is having some angular anisotropy with respect to the magnetic field
orientation, it can give rise to a quadratically increasing longitudinal magneto-resistance.
This could be the possible reason for the positive LMR observed in the present

experiments.

3.9. Conclusions

The detailed magneto-resistance investigations in the pristine and irradiated TaAs;
single crystals revealed an extremely large magneto-resistance at low temperatures (Figure
3.2 and Figure 3.8). The observed MR behavior, exhibiting upturns and plateaus in the
temperature variation of resistivity have been rationalized by scaling the
magneto-resistance data in terms of Kohler’s rule (Figure 3.5 and Figure 3.6). This
approach, along with the normalized MR plots (Figure 3.7), has been used to negate the
possibility of a magnetic field induced metal to insulator transition in the system. The Hall
resistance experiments indicated the role of multiple charge carriers in the
magneto-transport (Figure 3.11) and carrier compensation has been found to have an effect
on the large parabolic MR, as revealed from the comparison of MR magnitudes in the
pristine and irradiated samples. It was also understood that for a low density carrier
system, when Kohler’s rule is obeyed, the features in the magneto-resistance variation
have its origin in the temperature variation of carrier mobility (Figure 3.13). Careful
experiments in the parallel geometry (Figure 3.14) have confirmed the absence of negative

longitudinal magneto-resistance, suggesting that TaAs; is not a Weyl semimetal.
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Chapter 4

Magneto-resistance in NbAs, Single Crystals

Magneto-transport studies, in the range of 2.5 K to room temperature under
magnetic fields between 0 to £14 T, have been carried out in as-grown NbAs; crystals, and
also after deliberately introducing disorder in the samples. Angle dependent
measurements did not exhibit negative magneto-resistance, an important signature of
Weyl semimetals. The large resistivity changes in a varying temperature and
magnetic field showed consistent agreement with Kohler’s rule, that is at variance to a
behaviour expected in metal - insulator transition induced by magnetic field. The
temperature variation of magneto-resistance is well correlated to that of charge carrier
mobility. The origin of the extremely large magneto-resistance in the high pure semimetal

system has been ascribed to the low density and high mobility of carriers.

4.1. Introduction
In Chapter 3, we have seen that the resistance in TaAs, shows tremendous changes

upon varying temperature under magnetic field, resulting in large magneto-resistance
values. Here, we are examining these observations in a related binary compound,
niobium di-arsenide (NbAs;), which belongs to the same di-pnictide family, and is
iso-structural to TaAs,. NbAs, crystallizes in the OsGe, prototype structure with an
inversion-centre [33, 98, 99]. The crystal structure is described in Chapter 1 (Refer
Section 1.6).

Figure 4.1 shows the band structure of NbAs, reported by Xu et al [33]. They
predict that, without taking into account the spin - orbit coupling (SOC), one electron band
and one hole band, each crossing the Fermi level, are present in the system. This suggests
the coexistence of electron and hole carriers characteristic of two-band materials. Apart

from this, within 0.2 eV of Fermi level, anti-crossing features are also present that form
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nodal lines. When SOC effect is taken into consideration, the nodal line features become
gapped, and leaving a fully gapped electron band and hole band. The gapped states lead to
the formation of two large and one small isolated carrier pockets. These electronic
structure calculations indicate that NbAs, is a compensated semimetal with electron and
hole density of the order of 10*° to 10 cm™ [29, 30], with an electron to hole density in
the ratio 1: 1.13 [29, 33]. The surface states arising out of the weakly topological electron

band and hole band are not robust as that seen in strong topological insulators [33, 35].
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Figure 4.1 Band structure of NbAs, computed with spin - orbit coupling effect as
adapted from Xu et al [33].

4.1.1. Issues in the Magneto-transport of NbAs;
There have been several magneto-transport studies in NbAs;, and in Figure 4.2, we

present the representative results from the literature [28-31, 90, 100] to bring out the
agreements and discrepancies. As can be seen from Figure 4.2a, the transverse
magneto-resistance experiments show the characteristic upturn behavior under magnetic
field, and resistivity saturation at low temperatures [11], resulting in extremely large
magneto-resistance (XMR) ~10° % at 2.5 K and 14 T. The resistivity upturn has been

interpreted as arising due to metal to insulator transition induced by magnetic field, and
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the resistivity plateau as a consequence of the topological mechanism providing protection
from backscattering [31]. Alternatively, the origin of large MR has been ascribed as due to
the compensation of charge carriers in compensated semimetals [30]. There have been a
few experiments that show Negative Longitudinal Magneto-resistance (NLMR) [29] (See
Figure 4.2b), while not reproduced in several other experiments [30, 31]. The existence of
negative LMR in NbAs,, like in TaAs,, is a highly debated issue. This has been attributed
to measurement artefacts due to current jetting effects [30], or as an indication of chiral

Weyl Fermions [29].
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Figure 4.2 Representative results on the magneto-transport in NbAs, from the
literature. (a) Resistivity upturns and plateaus in the temperature variation of
magneto-resistance reported by Wang et al [31]. Field dependent longitudinal MR
measurements of (b) Shen et al [29] show negative MR, while that of (c) Wang
et al [31] exhibit positive MR at all the angles between electric and magnetic
fields including the Longitudinal MR geometry (See ¢ = 90 °orientation).

Given this back ground, we have carried out systematic magneto-transport

investigations on NbAs; single crystals that were characterized by Raman spectroscopy.
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We have carried out these experiments in conjunction with angle dependent
measurements, so that unambiguous Transverse MR (TMR) and Longitudinal MR (LMR)
experiments could be undertaken. We have not observed negative LMR, and a consistent
interpretation of both the TMR and LMR data could be done within the framework of the
Kohler’s scaling rule [46, 49]. Since the carrier density and mobility play a crucial role in
the observed XMR [30], we have carried out Hall measurements, in addition to
magneto-resistance experiments. With a view to control the mobility, experiments have
been carried out with NbAs; crystals in which controlled disorder was introduced through
low energy ion irradiation and heat treatment. These experiments, coupled with
investigations on pristine NbAs,, help to establish a clear correlation between the observed

MR behavior and mobility variation with temperature [101].

4.2. Crystal Growth and Raman Characterization
As presented in Chapter 2 (Refer Section 2.1), single crystals of NbAs;, have been

prepared by the standard two-step chemical vapour transport route from the ground
niobium and arsenic powders. The synthesis procedure and temperature protocols were the
same as that adopted for the TaAs, crystals, described in Section 2.1. After the heat
treatment of the polycrystalline material in the second step, NbAs; single crystals of thin
rectangular plate type were seen towards the cold end of the quartz ampoule. The obtained
crystals were of 1 to 2 mm long, and 0.2 mm or less thick (See Figure 2.1d). It looks very
much similar to the rod-like crystals obtained by Wang et al [31]. The as-grown samples
have been characterized by illuminating with a 514.5 nm argon laser from RENISHAW
inVia Raman spectrometer. The obtained Raman spectrum is given in Figure 4.3a.
The well-defined and sharp peaks evidence the high quality of the synthesized single
crystals. Peaks were indexed based on the report by Jin et al [52]. All the modes, viz., 1Ag,

By, °Ay, 2By, A, *Ay, °A,, and °A, were identified as Raman active. The absence of extra
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peaks ensured the purity of the crystal, and is thus free from impurities. We also saw some
thicker (0.7 mm to 1 mm) dodecahedron type crystals that also showed similar Raman
spectra (See Figure 4.3b). We have done experiments on both crystal types, and the MR

results are nearly identical.
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Figure 4.3 (a) Raman spectra obtained from the Pristine, Irradiated and Heat
treated NbAs; crystals. Modes in the pristine sample, indexed as per the report by
Jin et al [52], displayed hardening of 2 to 3 cm™ after irradiation and heat
treatment. In the irradiated sample, the relative intensities of modes have been
changed compared with the pristine sample, indicative of arsenic vacancies. After
heat treatment, although relative intensity changes are less, peaks have been
broadened which suggests the introduction of disorder. (b) Raman spectrum of the
dodecahedron type and the plate type pristine NbAs, crystals. Both types show
identical spectrum.
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Figure 4.3a also shows the Raman spectra of irradiated and heat treated samples.
The details of irradiation experiments were given in Section 2.2 of Chapter 2. The Raman
spectrum of the irradiated crystal retained all the modes of the pristine crystal, but showed
a hardening of ~2 cm™ that can be understood due to vacancies created upon irradiation
[60]. The SRIM calculations revealed that 0.65 atoms/ion of Nb and 7.44 atoms/ion of As
were respectively sputtered with a total yield of 8.1 atoms/ion. The higher sputter yield of
As indicates that it was predominantly sputtered out from the surface (See Figure 2.2c for
the vacancy profile). Considering the low implantation range, this gives rise to more
arsenic vacancies near the surface. The heat treatment experiments were used as another
method to create disorder in the bulk crystal. Here, crystals have been gradually heated in
vacuum to 700 K, and quenched in liquid nitrogen after a residence time of 2 hours. The
Raman measurement result of the heat treated sample is given in the top panel of Figure
4.3a. Similar to the Raman spectra of the irradiated crystals, mode hardening has been
observed in samples obtained after heat treatment. Table 4.1 summarizes the Raman

modes in the pristine, irradiated and heat treated NbAs; crystals.

Table 4.1 Raman modes of the pristine, irradiated and heat treated NbAs, crystals. The
first and second columns are the theoretically predicted modes and the experimentally
observed values reported by Jin et al [52]. Values in the third column are obtained from
the as grown samples of the two morphologies. The wave numbers in the fourth and fifth
columns are obtained respectively after the irradiation and heat treatment.

Pristine (cm™)

Made I?:rﬁ)](_)lr)t Plate type Dode::;g]eedron Irr(i(ro:z_ilt)e d He?ért;iz;ted
'A; (R) 140.8 139 141 142 142
°Aq (R) 185.6 186 186 187 188
°Aq (R) 217.8 218 218 219 221
‘A (R) 240.6 240 240 243 242
°A, (R) 275.6 274 274 277 278
°Aq (R) 300.0 299 299 302 301
'B, (R) 148.7 148 148 151 150
°By (R) 167.3 168 168 168 169
°By (R) 221.7 - - - -
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4.3. Angle Dependence of Magneto-resistance: Positive and dipolar MR
The angular dependence of magneto-resistance (AMR) of a material has been used

in various contexts [67, 102] to obtain much useful information like anisotropic
magneto-transport [90], Fermi surface topology [103] etc. But we have measured the angle
dependence of MR in NbAs; to precisely orient the electric current direction with respect
to the magnetic field in the sample, in view of its significance to search for the negative
longitudinal magneto-response in (Weyl) semimetals [92]. It has been carried out at 2.5 K,
by rotating the sample around the b-axis through 360° in a fixed magnetic field of 1 T,
using the apparatus described in Section 2.4.2. Four electrical contacts in the linear
geometry, covering the entire sample width, have been made on a plate type crystal of
approximate dimensions 1 mm x 0.5 mm x 0.17 mm. Resistance data has been collected
after sending an electric current of 10 mA through the a-axis of the sample. The result of
such an experiment at 2.5 K, as a polar plot is shown in Figure 4.4a. Such a dumb-bell
type MR variation suggests that magneto-resistance in the sample has classical Lorentz
type behaviour [65, 72]. Also, the two-fold symmetry reflects the mirror plane or the
inversion plane in monoclinic crystal systems [30, 104]. Figure 4.4a shows that maximum
MR is obtained when I and B fields are mutually perpendicular, viz., 8 = 90°8 and 270°,
and reaching a minimum when the fields become collinear, viz., 8 = 0° and 180°. It is
to be noted that magneto-resistance is positive at all the orientations including the
longitudinal configurations in which I and B are parallel to each other. The absence of
negative longitudinal magneto-resistance suggests that NbAs, is not a Weyl semimetal,
contrary to some of the experiments [28, 29] (See Figure 4.2). The results of MR
measured at 2.5 K for various angles by varying the magnetic field between £3 T is shown
in Figure 4.4b. It is seen that the MR increases systematically as I and B are made

orthogonal to each other from a longitudinal configuration, and at all the angles, it has a
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parabolic variation with the field. Having measured the angular dependence, the results of
the transverse magneto-resistance and longitudinal magneto-resistance will be presented in

the subsequent sections.
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Figure 4.4 (a) The angular magneto-resistance of pristine NbAs, measured at
25 K with 1 T showing a di-polar character. (b) The isothermal
magneto-resistance for the pristine sample at various indicated angles measured
as function of magnetic field shows a parabolic dependence on the field. The
schematic of the measurement configuration with respect to crystalline axes is
depicted as inset.
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4.4. Transverse Magneto-resistance in Pristine Crystal
In order to carry out the transverse magneto-resistance measurements, the pristine

NDbAs; sample was fixed at the angle where the maximum MR was observed during the
angle dependent measurements described in the previous section. Here, the electric current
is along the a-axis and the magnetic field is along the b-axis of the crystal. Figure 4.5a
shows the observed temperature variation of resistivity p (T) measured at various fixed
magnetic fields. The results are similar to other references on NbAs; [11, 29-31]. We note
the following features from our experiments. Without an applied magnetic field, the
resistivity exhibits metallic nature (See the black curve) and saturates to 0.113 uf.cm at
3 K resulting in a residual resistivity ratio (RRR) of 150. This very low value of residual
resistivity and high RRR shows the high quality of the crystals. With the application of a
magnetic field, the resistivity profile changes from the metallic behavior at high
temperatures to insulating at low temperatures, followed by a plateau at the lowest
temperatures. The temperatures at which these two features appear, viz., minimum of
resistivity and the plateau, while cooling the sample are respectively called T* (turn on or
upturn temperature) and Tpqteqy, CONforming to the nomenclature used for TaAs; and in
literature [31]. The smallest field with which a resistivity minimum was observed is 0.5 T.
With higher applied fields, the upturn origin temperature T* shifts to higher temperature
side, while the Tp;4¢eq,, remains the same, as can be seen from Figure 4.5a. The magnetic
field variation of these two temperatures as obtained from a plot of differential resistivity
against temperature is given in Figure 4.5b. It shows qualitatively the same behavior as
seen in TaAs, (See Figure 3.4) and these results are in agreement with earlier studies on
NDbAs; [11]. The large changes in resistance with the magnetic field resulted in a resistivity
of more than 110 pQ.cm at 3 K with 14 T that reveals an MR of ~1.8 x 10° %. The

characteristic behavior of T* with B has been interpreted as a metal to insulator transition
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in many topological semimetals [27, 31, 45, 55, 58, 59, 64, 65] as arising out of an
excitonic gap opening at the band touching points [17, 31]. However, our attempt to show

critical behavior, T* ~ (B — B-)™ was not successful. As will be shown in Section 4.5,

the upturn behavior can be understood in terms of Kohler’s rule.
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Figure 4.5 (a) The temperature dependence of resistivity at various magnetic
fields in pristine NbAs, in the transverse geometry. This shows upturn and
resistivity saturation at low temperatures with the application of magnetic field.
The upturn temperatures are denoted by ‘stars’. The circles indicate the 2p,
values (See Kohler analysis in Section 4.5). (b) The T and Tp;q¢eqq are plotted as
a function of magnetic field. The variation of T* has been analyzed in literature in

terms of critical field behavior.
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4.4.1. lIsothermal MR Measurements
In addition to the measurements of resistivity versus temperature at various

magnetic fields, we have also carried out resistivity versus field at various temperatures, as
it will enable us to understand the functional dependence of magneto-resistance on the
magnetic field. These isothermal MR experiments have been carried out at various
constant temperatures from 2.5 K to 300 K with fields varying up to £14 T, and the results
are shown in Figure 4.6a. The resistivity is observed to have nearly a parabolic variation
with applied field that is non-saturating up to the highest field measured. The increase in
resistance with fields increases drastically at low temperatures, particularly below 30 K
(the plateau temperature in Figure 4.5), leading to a very large magneto-resistance
reaching ~ 1.1 x 10> % at 2.5 K with 14 T. A log-log plot of MR against field B is
depicted in Figure 4.6b. A fit of the data shows that MR has B™ dependence, and the
exponent ‘m’ changes with field B and temperature T.

It is seen that while the exponent is 1.7 over a large range of T and B, a change in
the exponent to 1.4 at higher field and lower temperature is noticed. Such a change in the
exponent has been seen in several systems including the di-pnictides [11, 13, 17, 30], and
the topological semimetals such as the mono-pnictides [68, 105] and WTe, [106]. Several
reasons have been attributed, such as the dispersive nodal line features in the NbAs, band
structure [100]. However, given that the exponent 2 is expected for a fully compensated
system (See Chapter 1), such a deviation from the quadratic behavior is more likely linked

to the variation in the degree of compensation within the two-band model.
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4.5.

and various magnetic fields (See Figure 4.5 and Figure 4.6) in terms of the Kohler’s

scaling relation. As described in Chapter 3, according to Kohler’s rule, MR scales with LA
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Figure 4.6 (@) The transverse magneto-resistance of pristine NbAs, measured at
various isothermal conditions shows a parabolic, non-saturating behavior with
the applied magnetic field. (b) The resistivity data in the top panel is converted
into magneto-resistance and plotted on a log-log scale. The exponent in the B™ fit
is seen to decrease from 1.7 at low fields (less than ~3 T) to 1.4 at higher fields.

Kohler’s Analysis

In this section, we try to understand the variation of resistance with temperature

as per the formula
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Ap B B\™
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Po Po Po

Using the data shown in Figure 4.6, transverse MR is plotted against pﬁ and the
0

(4.1)

results are shown in Figure 4.7a, and the collapse of data collected at various temperatures
from 2.5 K to 300 K is striking. Using the data in Figure 4.5a, the Kohler’s plot is
generated and these are shown in Figure 4.7b. Here we see that the data at various fields
from O to 14 T collapse to a single curve. A fit of the collapsed line in Figure 4.7a has
been used to estimate the value of ‘m’ as 1.6 + 0.1. The exponent (m) in the Kohler’s rule
has been often considered as a measure of the degree of compensation of charge carriers
and m = 2 indicates a perfectly compensated material [58, 85]. Hence, deviation of ‘m’
from the value 2 suggests that the carriers are weakly compensated in our NbAs, sample.
As indicated in Chapter 3 (Refer Section 3.4.1), the validity of Kohler’s rule helps
us to understand the resistivity upturn. The Kohler’s relation can be recast to express the
temperature variation of total resistivity in an applied magnetic field B as the sum of zero
field resistivity py (T) and the field induced resistivity [16]. This decomposition of
resistivity when measured with 10 T field is shown in Figure 4.7c. The two components
will result in a minimum in the total resistivity at an intermediate temperature as shown in
Figure 4.7c. The position of this minimum (T*) varies with the magnitude of the magnetic
field (See Figure 4.5b). Thus the upturn and other features in the resistivity versus
temperature curves (See Figure 4.5a) are natural consequences of the temperature
dependence of the zero field resistivity [16, 20]. Further, the T points were found to be
matching with 2p, values as explained in Chapter 3. This is indicated by the stars and

circles in Figure 4.5a.
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Figure 4.7 Kohler plots obtained for the pristine NbAs, sample from the
transverse geometry during (a) Isothermal magneto-resistance measurements and
(b) Temperature variation of magneto-resistance carried out at various fixed
magnetic fields. The collapse of MR data into a single line in both the figures
shows validity of Kohler’s rule in NbAs,. (c) The decomposition of
magneto-resistance in the temperature variation measurement to demonstrate the
origin of resistivity upturns. The red curve shows the total resistivity at 10 T. The
black curve is the zero field resistivity. The blue curve is the difference component
between 10 T and O T measurements.
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The results shown in Figure 4.7, viz., the collapse of MR curves following the
Kohler’s scaling law, and the understanding of the upturn behavior, rules out the
possibility of metal - insulator transition induced by magnetic field. Further, the validity of
Kohler’s rule indicates that a single dominant scattering process exists in NbAs; across the
measured temperature ranges. This implies that the relaxation rate does not vary due to the

application of magnetic field during magneto-transport between 2.5 K and 300 K.

4.6. Longitudinal Magneto-resistance in NbAs; is Positive
Our earlier section on the measurement of angular dependence of MR indicated

that Longitudinal MR is positive in NbAs, (See Section 4.3). Here, we report the
temperature and magnetic field dependence of MR, measured in the LMR configuration.
The sample has been fixed such that magnetic field is also along the electric current
direction through the a-axis. We note that the crystalline axes along which electric or
magnetic fields are applied is immaterial for the chiral anomaly induced negative MR to
occur [35]. Linear electrical contacts covered the entire width of the sample to keep a
homogeneous current distribution and to ensure an error free voltage measurement [93].
Extra lengths of the contact wires have been arrested on the puck to avoid the generation
of spurious signals in the presence of magnetic field. During isothermal measurements,
LMR data has been collected in both +B and —B directions of the field (between +14 T)
and averaged properly to remove any Hall components. The raw isothermal longitudinal
resistivity data is shown in Figure 4.8a. The corresponding log-log plot of LMR versus
field is given in Figure 4.8b. It is seen that LMR is positive at all instances, indicating that
NDbAs; is ineligible to be categorized as a Weyl semimetal [107]. The isothermal plot for
LMR appears different from TMR (See Figure 4.6a), because for LMR, the increase in

resistivity with field is much smaller.
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Figure 4.8 (@) The field variation of longitudinal magneto-resistance measured
at different temperatures. (b) The log-log plot of isothermal LMR versus magnetic

field. Both results show positive LMR.

The LMR, while positive is much smaller than TMR, viz., 5 x 103 % at 2.5 K
against 1.1 X 10° %. In the semi-classical Drude theory of electron transport, a carrier
moving along the magnetic field direction should not be affected by it [5]. As explained in
Chapter 3 (Refer Section 3.8.2), the angular anisotropy of the Fermi surface with respect

to the magnetic field direction can give rise to a quadratically increasing longitudinal MR

[97]. This could be a possible reason for the positive LMR shown in Figure 4.8a.

96



Magneto-resistance in NbAs2 Single Crystals

In Figure 4.9a, we show the temperature dependence of resistivity at various fields
in the LMR configuration. It is seen that as in the case of TMR (See Figure 4.5a), the
resistivity shows an upturn as the field is increased. However, the resistivity upturns are
not as distinct as that observed in TMR. Further, in LMR the minimum field at which an
upturn originates is much higher, viz., 8 T in contrast to 0.5 T in TMR. The variation of
‘turn on’ temperature (T*) with field is shown in the inset of Figure 4.9a. It is seen that it
cannot be fitted to a critical behaviour at all. However, it is shown that the longitudinal
MR data follows the Kohler’s rule as seen from Figure 4.9b. While the flat T* versus B
cannot be fitted to a critical field behavior, it is seen (Figure 4.9c) that the observed
minima in resistivity with temperature under magnetic field can be explained in terms of
the decomposition of resistivity according to Kohler’s rule (See equation (3. 4)). This
further supports that an analysis of the results in terms of Kohler’s scaling rule is better

than in terms of the existence of a critical field, viz., MIT induced by magnetic field.
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Figure 4.9 (a) The temperature variation of LMR measured at various fixed
magnetic fields. Inset shows the variation of T* and Tpjgteq, With field.
(b) Kohler plot generated from the temperature variation measurements shows
collapse of LMR data into a single line. (c) The decomposition of the
magneto-resistance at 10 T (red) into the zero field component (black) and the
difference component (blue).
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4.7. Magneto-resistance in Irradiated NbAs, Crystals

As indicated in Section 4.2, we have irradiated the NbAs; crystals with Ar* ions at
low energies to create arsenic vacancies so that carrier mobility is altered, and transport
measurements were carried out. A crystal with approximate size of 1.8 mm x 0.8 mm x
0.69 mm was used for irradiation. The magneto-resistance measurements have been
carried out in the same geometry with respect to the crystal axes identical to that done for
the pristine sample (Refer schematic in the inset of Figure 4.4b). In Figure 4.10, we
present the angle dependence of isothermal MR in the irradiated sample across +3 T field,
carried out at the various indicated angles between the electric and magnetic field
directions. It is seen that while the magneto-resistance retains the positive and parabolic
character in the irradiated NbAs, at all the angles, its magnitude has reduced by almost six

times compared to that in the pristine sample (See Figure 4.4b).
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Figure 4.10 The magneto-resistance in the irradiated NbAs, at 2.5 K, measured
as a function of magnetic field at various pre-set angles between the electric and
magnetic fields. It shows positive MR at all the angles, irrespective of the relative
orientations of the E and B fields. Note the decrease in the MR magnitude after
irradiation (See Figure 4.4b).
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Figure 4.11a shows the resistivity variation with temperature at various fields in
the irradiated NbAs,. Although the resistivity in the transverse geometry bears
qualitatively similar features to that in the pristine sample (See Figure 4.5a) such as
metallic profile under zero field, resistivity minimum followed by upturns and subsequent
saturation at low temperature, there are certain differences. The irradiated sample has a
higher residual resistivity of 0.511 uQ.cm and a lower RRR of 36 against the
corresponding values of 0.113 uQ.cm and 150 for the pristine sample. At 3 K
magneto-resistance of 5 x 10* % was observed with 14 T field, although quite high,
reduced by three times from the pristine sample. The initial resistivity upturns are seen
only with fields beyond 2 T, in contrast to the 0.5 T in the pristine sample. The field

variation of T* and Ty 4r.q,, are depicted as an inset to Figure 4.11a.
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Figure 4.11 Transverse magneto-resistance results from the measurements on the
irradiated NbAs,. (a) The temperature variation of MR measured at various
indicated constant magnetic fields. (b) The isothermal TMR shows parabolic
behaviour. The ripples at low temperatures are Shubnikov — de Haas oscillations.
(c) The double log plot of isothermal TMR data exhibit a near quadratic
dependence on the field B. (d) Kohler plot generated from the data in ‘c’ show a
collapsed straight line conforming to Kohler’s scaling rule.

The isothermal TMR measurements showed non-saturating, parabolic
magneto-resistance behaviour as seen from Figure 4.11b. The double log plot of MR
versus B from the irradiated crystal is shown in Figure 4.11c. It exhibits B™ dependence
of MR on field with m = 1.85 across the whole range of field measured (0 T to £14 T).
Here the functional dependence of MR on the field B does not change as we increase the
field in contrast to the pristine sample where a quadratic to quasi-linear dependence was
seen at low temperatures (See Figure 4.6b). The MR versus B data in Figure 4.11c, when
scaled with zero field resistivity, collapsed on to a single straight line in excellent
agreement with Kohler’s scaling law, as shown in Figure 4.11d. The results from
isothermal longitudinal MR measurements in the irradiated NbAs, are shown in Figure
4.12a. The LMR was found to be positive also in the irradiated sample. As seen from

Figure 4.12b, the longitudinal magneto-resistance data also validated Kohler’s rule.
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Figure 4.12 (a) The isothermal longitudinal MR measurements on irradiated
NbAs, shows positive MR. (b) The collapsed LMR versus B data shows that the
irradiated sample follows Kohler’s rule.

So what have we learnt from the studies on irradiated sample? If we take the
irradiated sample as another NbAs, system, with altered defects/disorder, then the present
observations provide further vindication of the robustness of the positive LMR in NbAs,,
negating that it is a Weyl semimetal. The altered mobility due to irradiation and its relation

to the MR value itself will be discussed in Section 4.9.
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4.8. Experiments on Heat treated NbAs, Crystals
As an alternate way of creating disorder in the crystals, heat treatment experiments

have been conducted. Crystal has been heat treated after vacuum sealed in a quartz
ampoule. The ampoule was slowly heated to 700 K at the rate of 1 K per minute in a box
furnace. After reaching 700 K, it was kept at this temperature for two hours and quenched
in liquid nitrogen. The recovered sample is designated as HT700K. It has been
characterized via Raman measurements as indicated in Section 4.2. It was followed by
magneto-resistance and Hall resistance measurements from 2.5 K to 300 K with magnetic
fields up to £9 T. The approximate sample dimension was (1 mm x 0.5 mm x 0.13 mm).
MR has been measured in four-probe linear geometry, while four-point cross Hall
geometry has been used for collecting Hall resistance as described in Section 2.4.2.

The resistivity measured in the transverse geometry by varying temperature at
several fixed fields is given in Figure 4.13a. It exhibit resistivity upturns in magnetic fields
starting at 2 T onwards. Figure 4.13b shows the isothermal measurements, displaying near
parabolic MR. Magneto-resistance attains a value of over 3 x 10* % at 2.5 K with 9 T. The
Kohler plot from the isothermal measurements of HT700K is given in Figure 4.13c. The
overlap of MR curves perfectly supports Kohler’s scaling. The adherence to Kohler’s rule
in all the three samples, viz., pristine, irradiated and heat treated, emphasize the fact that
the magneto-transport in NbAs, is characterized by a single dominant scattering

mechanism.
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Figure 4.13 Results from the transverse magneto-resistance measurements in the
heat treated NbAs, sample. (a) The temperature variation of resistivity at different
magnetic fields shows minima and upturns at low temperature. (b) Field variation
of isothermal resistivity shows a near parabolic behaviour. (c) The isothermal MR
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scales to a single curve in the Kohler plot.
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4.8.1. Angular variation of MR: Temperature and Magnetic field dependence
Another aspect investigated in the heat treated sample is the study on the

temperature and magnetic field dependence of angular variation of MR discussed in
Section 4.3. It is known that insights on the nature of Fermi surface can be obtained from
angular dependent magneto-resistance measurements [7, 108]. This is because the
symmetry of the Fermi surface influences the resistivity anisotropy when projected onto a
plane orthogonal to the electric current [104]. Given this, for the heat treated sample, we
have carried out angular MR experiments as a function of temperature. For this, sample
has been rotated through 360° at various isothermal conditions from 2.5 K to 100 K under
a constant magnetic field of 6 T. As seen from Figure 4.14a, MR exhibits the two-fold
symmetric dumb-bell behaviour. This implies that the crystal retains the inversion
symmetry across this temperature range where the large MR was seen. Such an
observation has been used in literature to negate an electronic structure change in the
material brought about by a possible temperature induced Lifshitz transition [108]. A
Lifshitz transition can also be driven by magnetic fields [109]. Hence, we have checked
the angular dependence with various fixed magnetic fields in an isothermal condition at
2.5 K, and the results are shown in Figure 4.14b. This also gave two-fold symmetric MR
variation confirming the centro-symmetric nature. Hence our angular dependent
magneto-resistance measurements do not provide any signatures indicating modification

of the Fermi surface in NbAs, with temperature and magnetic fields.
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Figure 4.14 The angular dependence of magneto-resistance performed on the
heat treated NbAs, sample. (a) With 6 T, at various isothermal conditions.
(b) At 2.5 K, with different fields. At all instances the sample retains the dipolar
behaviour which negates a temperature or magnetic field induced Liftshitz
transition.
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4.9. Hall Measurements: Mobility, Carrier density and linkage to MR
The mechanism behind the extremely large, non-saturating and parabolic

magneto-resistance in semimetals has often been ascribed to the compensation of charge
carriers from different energy bands [3]. The characteristic of such systems is that MR
increases as (uB)? at low fields and saturates to a constant value at high B, where u is the
carrier mobility [4, 13, 59]. Resonant compensation or exactly matching carrier densities
has been ascribed to the B? behaviour of the XMR (which is non-saturating even at 60 T)
in WTe; [59, 65, 110].

To have an idea on the magneto-transport in NbAs,, we carried out Hall
measurements in the pristine and disordered samples at isothermal conditions by varying
the magnetic field from 0 to £14 T [for heat treated sample up to £9 T]. The resistances
R,y (+B) and R,,,(—B) obtained from each directions of the field have been averaged for
removing any asymmetry from a possible minor mismatch of the placing of voltage leads.
The resultant Hall resistance as a function of field, R, (B), for all the samples is depicted
in Figure 4.15a to Figure 4.15c. It shows that the linear Hall resistance at low fields turns
to non-linear with higher applied fields and this is increasingly prominent below 100 K.
The non-linear R,,,(+B) indicates the role of more than one type of carriers, electrons and
holes, in the transport process which is consistent with other XMR systems [64, 65, 70,
103]. However, in the present investigation, we wanted to see the effect of mobility on
XMR. Hence, we confined to a single band analysis. Further, we wanted to compare
trends across three sets of samples, viz. pristine, irradiated and heat treated. Also, several
authors have carried out single band analysis [55, 103]. The Hall coefficient was found to
be positive in all samples and it indicates a hole dominant system in agreement with the

reported band structure calculations [33].
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Figure 4.15 Results from Hall measurements. Panels (a) to (c) show the field
variation of isothermal Hall resistance from different temperatures for the
pristine, irradiated and heat treated NbAs, samples respectively. Hall resistance is

linear at

low fields & high temperatures and becomes non-linear at

high fields & low temperatures. The right panels display the temperature variation
of density and mobility of carriers in the corresponding samples as estimated from

a single band model analysis.

The temperature variation of carrier density (n) and their mobility (1) calculated

from the single carrier model is plotted in Figure 4.15d to Figure 4.15f. Both parameters

display strong temperature dependence below ~100 K. While the carrier density

marginally decreases below 100 K, carrier mobility increases significantly below 100 K

with lowering of temperature and reaches very high values at the lowest temperatures.
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For example, in the pristine sample x ~ 10° cm® Vs at 2.5 K. When y is expressed in
inverse tesla (10* cm?V™'s™ = 1 T, the mobility of pristine NbAs, is ~100 T™. In the
pristine and disordered samples, carrier mobility lies between 1 to 100 T (=10* - 10°
cm®V?ts?) below 50 K. It is to be noted that the temperature region where mobility
attains ultra-high values and carrier density saturates has remarkable resemblance with the
temperatures in which large MR has been observed (See Figure 4.5a).

Now we look at the MR data to figure out its correlation with mobility. We present
in Figure 4.16a to Figure 4.16c the temperature dependence of the transverse
magneto-resistance measured at various fixed fields of the NbAs, samples. Upon
normalizing these MR curves by the corresponding MR at 5 K, we see that all the curves
collapse to a single line as depicted in the second columns of the Figure 4.16 (See panels
‘d to f*). The magneto-resistance is seen to vary monotonically as temperature is lowered
and for T < 100 K, MR shows tremendous increase. The collapse of MR data provides
another evidence for the absence of a metal - insulator transition that can make the

resistivity upturns and plateaus in the p (T) curves of Figure 4.5a.
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Figure 4.16 Correlation  between the  temperature  dependence  of

magneto-resistance with that of carrier mobility and carrier density in the NbAs;
system. The results are compiled in different panels for the pristine (top),
irradiated (middle) and heat treated (bottom) samples. It is clearly seen that the
magneto-resistance tracks the variation of mobility with temperature.
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The temperature variation of mobility of the carriers is plotted in Figure 4.16g to
Figure 4.16i. We note that the variation of mobility with temperatures is similar to the
magneto-resistance behaviour as shown by the collapsed curves. It is known that for
multi-carrier systems, Kohler’s rule can often be modified as MR = F(u'B), where u’ is
the mean electron and hole mobility [81]. Further, it is to be recalled that when Kohler’s
rule is valid, the temperature dependent changes in the magneto-resistance are attributed to
the variation of the carrier mobility in the system [14, 81]. Another notable feature is that
the mobility increases rapidly in the temperature range where the carrier density decreases
as depicted in Figure 4.16(j, k & I). A low density of carriers together with high purity of
the sample (evidenced by the low residual resistivity and high RRR) effectively reduces

the electron - phonon and impurity scattering events, leading to large MR [8].

4.10. Conclusions
Angle dependent magneto-resistance experiments confirmed the absence of

negative MR in NbAs; (Figure 4.4). It was also shown to negate temperature and field
induced electronic structure changes as a probable reason for the large magneto-resistance
effect (Figure 4.14). The MR behaviour in the whole range of temperature and magnetic
field followed Kohler’s scaling rule in transverse (Figure 4.7) and longitudinal (Figure
4.9) measurement configurations. The temperature dependence of MR was found to follow
the corresponding variation of charge carrier mobility, as estimated from Hall resistance
measurements (Figure 4.16). These observations have also been validated through
experiments with disordered NbAs; crystals of altered mobility, created via ion irradiation
and heat treatments. The investigations point out that the extremely large MR is a

characteristic of high purity semimetals having high mobility and low density carriers.
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Chapter 5
de Haas - van Alphen Measurements in TaAs, and NbAs,

Single Crystals

In this chapter, we present the results of de Haas - van Alphen (dHvA)
experiments, carried out using the SQUID magnetometer, to obtain the transport
parameters in the pristine and irradiated di-pnictides. The oscillation frequencies have
been obtained by fast Fourier transform of the de Haas - van Alphen oscillations, and the
transport parameters such as cyclotron mass, Dingle temperature etc. were extracted
using Lifshitz - Kosevich analysis of the amplitude dampening of oscillations. The
oscillation frequencies in pristine samples have also been obtained through the analysis of
Shubnikov - de Haas measurements, and the results show good agreement with each other.
The diamagnetic background of the dHvA oscillations is seen to be influenced by
temperature, and disorder introduced by irradiation. From a Landau level-fan diagram
analysis of the dHVA oscillations, the Berry phase has been extracted, to look for the

topological signatures in the di-arsenides.

5.1. Introduction

When an external magnetic field (B) is applied to a metallic crystal, the energy of
the conduction electrons is quantized by the applied field into a series of Landau
sub bands. As the magnetic field increases, the Landau sub bands successively pass
through the Fermi level (Er). The resultant fluctuations of the density of states at E result
in the oscillations of the magnetization in the de Haas - van Alphen (dHVA) effect.
Further, as the probability of the scattering in electrical transport is also proportional to the

density of states, the resistance oscillates with increasing magnetic field leading to the
Shubnikov - de Haas (SdH) effect. The oscillations are periodic in § , and their frequency

is given by the Onsager - Lifshitz relation [111]
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1 h
BF _— =

2(3)
(5. 1)

where A,,; IS the extremal Fermi surface cross sectional area (or extremal orbits) in

%Aext

k-space perpendicular to B direction. Thus by changing the direction of the field
orientation, several frequencies can be obtained, leading to different extremal areas, and
consequently the whole Fermi surface shape of the material can be mapped out [4, 111].

With the increase of temperature, the quantum oscillations are damped out, that
reflects the broadening of the Landau levels due to temperature and disorder.
Lifshitz and Kosevich [112] modeled the oscillations as a Fourier series, periodic in
inverse magnetic field, in terms of the characteristic parameters of the electronic band
structure [111]. From Lifshitz - Kosevich (L-K) analysis of the thermal damping effect of
the quantum oscillations, it is possible to extract some critical parameters of the electron
and hole pockets, such as the cyclotron mass and relaxation time.

Furthermore, the analyses of the phase shift of SdH and dHVA oscillations have
been used to determine the Berry phase of the electron pockets [113] which is an
important signature of their non-trivial topology. The Berry phase, that is the additional
geometrical phase factor acquired in the adiabatic evolution along a closed trajectory in
the parameter space, is determined by the topological characteristics of the electron bands
in the Brillouin zone. For a band with linear energy dispersion, the cyclotron motion of
Dirac fermions under magnetic field B induces Berry phase of m in the phase of quantum
oscillations, in contrast with a zero Berry phase for a topologically trivial parabolic

dispersive band. In the data analyses, the resistivity / magnetization peaks and valleys
were used to identify the Landau indices (n) and a plot of n versus % called the Landau

Level - fan diagram, is used to extrapolate the phase shift.
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The SdH / dHVA measurements along with band structure calculations in the
transition mono-pnictides have been used to probe the topology of the Fermi surface.
As an example of these studies, we present in Figure 5.1, the results in Weyl semimetals
NDbP [114] and TaP [42] from the literature. In comparison to mono-pnictides, there are
fewer studies in di-pnictides. Mention can be made of the studies by Shen et al [29] in

which SdH oscillations have been investigated in NbAS;.
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Figure 5.1 Representative results from literature in Weyl semimetals based on
dHvA measurements. (a) The angular dependence of the quantum oscillation
frequencies in NbP, and the calculated Fermi surface cross sections are used to
map the electron and hole pockets. Adapted from Klotz et al [114]. (b) The dHVA
oscillations and the frequency spectra in TaP, as adapted from Arnold et al [115].
The temperature dependence of the oscillation amplitude is fitted with
Lifshitz - Kosevich formula as shown in the inset.
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In this chapter, we present the results of de Haas - van Alphen experiments in
TaAs; and NbAs,. These investigations have been carried out with the limited objective of
providing support to the magneto-resistance measurements presented in Chapters 3 and 4,
rather than to investigate the Fermiology. In particular, we investigate the effect of
irradiation and also obtain the transport parameters. We also analyze the data to see if the
di-pnictides have topological features, viz., the Berry phase.

Towards this, we have carried out the temperature dependent measurements of
de Haas - van Alphen oscillations in TaAs; and NbAs,. The fast Fourier transform (FFT)
technique has been employed to obtain the dHvA frequencies. The field variation of
oscillation amplitude was analyzed using the Lifshitz - Kosevich equation to extract
various transport parameters. In addition, the oscillation features have also been extracted

from Shubnikov - de Haas measurements in the pristine samples.

5.2. Apparatus and Experimental Methodology
The magnetic measurements were performed using the Quantum Design make

liquid cryogen-free (2 K, 7 T) Magnetic Property Measurement System SQUID Vibrating
Sample Magnetometer (MPMS SQUID VSM). This system combines the speed of a
vibrating sample magnetometer (VSM) and the superior sensitivity of a Superconducting
Quantum Interference Device (SQUID) magnetometer. A photograph of the facility is
shown in Figure 5.2. The main cabinet houses the magnet power supply, system control
electronics, computer control system and the 7 T superconducting magnet shielded with
the nitrogen jacket. The collection of high precision data is accomplished with a
superconducting rapid switching element that changes between superconducting and
normal states within a second. The temperature control allows cooling the sample from
room temperature to 1.8 K in 30 minutes. Cold helium gas, driven by a pulse tube

refrigerator (shown in the inset of Figure 5.2) is passed to the sample chamber through a
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variable flow valve. A turbo-molecular pump generates vacuum in the sample chamber

and the pump console can be seen at the bottom right in Figure 5.2.

Figure 5.2 A photograph of the SQUID VSM facility. It shows the main cabinet
along with electronics control unit, computer control system and the pump
console. The top inset is the pulse tube cryo-cooler.

Figure 5.3a shows the photograph of the sample mounting platform on which a
quartz sample holder is placed. The sample holder is in the shape of a semi-cylindrical rod.
In order to mount the sample, the holder is placed on the platform. The area of the quartz
holder parallel to the white strips on the platform approximately comes within the pickup
coil region in the magnetometer. Hence the sample is mounted within this length of the
quartz holder. Well faceted single crystals, sonicated and cleaned in isopropyl alcohol,
were used for measurements. Samples were handled with non-magnetic tweezers. The
crystal was carefully mounted on the flat side of the holder, either parallel or perpendicular
to the field using double sided sticky tape, under a microscope. It was wrapped around the
quartz holder using teflon tape so that the crystal will not accidently fall in the cryostat

during the VSM measurement. Care was taken to use minimum amount of sticky tape and
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teflon to reduce the background signal in the collected data. The sample loading stick is in
the shape of a long rod and is shown in Figure 5.3b. After mounting the sample, the quartz
holder is attached to the bottom end (shown in Figure 5.3c) of the sample loading stick.
The stick is inserted to the sample space through the airlock valve at the top of the cryostat
chamber. The top end of the stick (Figure 5.3d) is magnetically coupled to the airlock

opening.

Figure 5.3 Photographs of (a) sample mounting platform, quartz holder and the
(b) sample loading stick. After mounting the sample, the quartz holder is attached
to the bottom end of the stick, shown in (c). The other end shown in (d) is
magnetically coupled to the airlock valve after loading the stick into the cryostat
chamber.

The operation of the magnetometer and the collection of data are automated
through a Windows based multiple document interface application called ‘MPMS
MultiVu’. Tt records the magnetic moment as the voltage output of the SQUID detector
when the sample makes an upward movement during its vibration through the pickup
coils. The measurements are taken with respect to the initialization position. At each
position ‘MultiVu’ records several voltages, and averages them for improved
measurement resolution. The MPMS system has typically a resolution > 10® emu. Once

the sample is loaded, it needs to be centered properly within the pickup coils. For this, the
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sample is moved in the vertical path (approximately 12 cm long) thorough the coils and
the SQUID detector responses are recorded. This is done after applying an external
magnetic field ~1000 Oe to 2000 Oe (0.1 T to 0.2 T). Since we have mounted the sample
on the quartz within the range indicated by the sample loading platform, we can perform
only a partial centering with pre-set position values. ‘MultiVu’ system scans the sample
magnetic moment during the vertical motion and provides a voltage response profile as a
function of the position. The sample is centered based on this output and subsequently
start the measurement sequence. We have measured isothermal magnetic moment as a
function of magnetic field at several temperatures from 2.5 K to room temperature. The
magnetic field was applied in intervals of 0.01 T (100 Oe) from O to 7 T. The field was
stabilized at each measuring point and five values of moments were recorded, and
averaged them for accuracy. After each measurement, the remanent magnetic field was
ramped to a few Oersted (~5 Oe) by oscillating the field in positive and negative cycles.
The sample was warmed to room temperature (300 K) after every isothermal

measurement.

5.3. Magnetization in TaAs,: Low Temperature Measurements Exhibit
Oscillations

Magnetization measurements on the pristine TaAs, sample have been carried out at
several isothermal conditions from 2.5 K to 300 K in magnetic fields up to 7 T. Figure 5.4
shows the raw magnetization data (in units of emu/g) plotted against the applied field (in
Tesla) for selected temperatures. It exhibits spectacular de Haas - van Alphen oscillations
at low temperatures. The magnetic field was applied parallel to the b-axis of the crystal.
The oscillations are seen to ride on a diamagnetic background. It is seen from Figure 5.4
that while the period of oscillations remains nearly the same across the temperature range,
their amplitude successively dampens with an increase of temperature. The oscillations

disappear completely beyond 30 K.
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Figure 5.4 The raw magnetization data as obtained from the isothermal
measurements in pristine TaAs, is plotted against the magnetic field applied
parallel to the b-axis of the crystal. It displays clear de Haas - van Alphen
oscillations riding on a diamagnetic background. The Y-axis is shifted upward in
each curve except in 2.5 K for clarity of oscillations.

Figure 5.5a is the dHVA oscillations after subtracting a polynomial background
from the data shown in Figure 5.4. The data were further analyzed using fast Fourier
transform (FFT) technique to identify the frequencies of oscillations [111]. The resultant
plots of FFT amplitude versus frequency from various isothermal measurements are given

in Figure 5.5b. In order to obtain this, the data in Figure 5.5a was plotted against the

inverse magnetic field (%). Then, an interpolation to 2048 points was performed to obtain

equidistant data points in %. Fourier transform was carried out on this data. The peaks in

the spectrum indicate the oscillation frequencies. The FFT spectra in Figure 5.5b shows
that the main dHvVA oscillation frequency is 46 T (for example, see the black curve
corresponding to 2.5 K). Identical value (45 T) from Shubnikov - de Haas oscillation
studies is reported in literature [31]. Besides we could observe one more frequency at

76 T. This frequency is quite weak compared to 46 T and disappears quickly as the
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temperature is increased. It can be observed from Figure 5.5b that the first harmonic of
46 T at 92 T is also contained in the oscillations. The presence of multiple frequencies in
FFT result indicates that TaAs, contains different carrier pockets across the Fermi level
and is consistent with literature [13].

In addition, we have repeated the dHVA experiments with another pristine TaAs;
sample of the same batch and obtained 39 T as the main oscillation frequency. In all the
literature based on SdH studies, two prominent frequencies are observed. Wu et al [13]
reported 190.5 T and 212.5 T, while Yuan et al [30] identified smaller frequencies at 39 T
and 54 T. Similar values, 39 T and 56 T, were seen by Rao et al [116]. The major
frequencies observed in Wang et al’s [31] experiments are 45 T and 158 T. The only
previous work from the dHVA studies lists 41 T, 54 T, 85 T and 130 T as the frequencies
obtained [62]. The frequencies from our experiments are presented in Table 5.1, where a

comparison with literature values is also presented.
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Figure 5.5 (a) Polynomial background subtracted magnetization data of pristine
TaAs, at various temperatures is plotted against the magnetic field (parallel to
b-axis). It displays dHvA oscillations up to 25 K. (b) FFT spectra of data show
various oscillation frequencies. (c) The Lifshitz - Kosevich fit of the oscillation
amplitudes in a varying magnetic field obtained at 6 K to estimate effective carrier
mass and Dingle temperature. The inset is the background subtracted residual
magnetization versus inverse field plot, showing the weakening of oscillation
amplitudes with decrease of field.
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In order to obtain the effective carrier mass (cyclotron mass) and Dingle
temperature in pristine TaAs,, we have analyzed the dHVA oscillations presented in Figure
5.5a using the Lifshitz - Kosevich (L-K) formula. Following Shen et al [29] the amplitude
variation of oscillation in a varying magnetic field (B), measured at a given

temperature (T), is given as [111]

alm* _—
# _a Dm )
A(B,T) x — (aTm*) exp ( B
B
(5. 2)
Zﬂszme

Here A (B,T) is the normalized oscillation amplitude at a given T, a = — =

14.69 T/K, m™* is the effective carrier mass and T, is the Dingle temperature. The

relaxation time is related to the Dingle temperature through 7, = % An L-K fit of
BiD

the oscillations obtained at 6 K is given in Figure 5.5c. The residual oscillations (M)
plotted against % are depicted in the inset of Figure 5.5c. The fit resulted in an estimation

of cyclotron mass (m*) as 0.3 m, in units of electron rest mass (m,) and Dingle
temperature as 3.5 K [48]. The value of m* is comparable with that reported from SdH
measurements (0.17 m,, to 0.34 m,) [13, 30, 31].

The magnetization measurements were also carried out by applying the field
parallel to the a-axis of the sample. But the oscillation amplitudes, shown in Figure 5.6a,
were not as distinct as that observed when the field was parallel to b-axis (See Figure
5.5a). The FFT spectrum in the inset of Figure 5.6a shows that it has two prominent
frequencies at 83 T and 129 T, which are very close to the values viz., 85 T, 130 T earlier
cited from literature [62]. A consolidation of all the dHVA frequencies obtained from our
samples is given in Table 5.1. Figure 5.6b shows the L-K fit of the oscillation amplitudes

measured at 4 K. In this case, a higher cyclotron mass, 1.45 m, was obtained, while the
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Dingle temperature (3.3 K) remains more or less same. This implies that
magneto-transport is anisotropic in TaAs, in agreement with our magneto-resistance
results presented in Chapter 3 (Refer Section 3.8.2). Essentially, our studies show that the
charge carriers in TaAs; are having low masses and also suggest an anisotropic Fermi

surface in the material.
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Figure5.6 (a) The dHvA oscillations exhibited by the pristine TaAs, when
magnetic field was applied parallel to the a-axis. The oscillations are weaker than
that when field was parallel to the b-axis. The inset is the FFT spectrum of
oscillations at 4 K. (b) The Lifshitz - Kosevich fit shows an increase in carrier
mass when magnetic field is parallel to the a-axis. Inset is the plot of residual
magnetization versus inverse field at 4 K.
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5.4. Magnetization in NbAs,: Multi-frequency Quantum Oscillations at
Low Temperature

The isothermal magnetization measurements in pristine NbAs, have been carried
out at various temperatures from 2.5 K to 30 K in magnetic fields up to 7 T. The
magnetization plotted against magnetic field applied along the b-axis is given in Figure
5.7a. It displays de Haas - van Alphen oscillations up to 25 K. The diamagnetic nature of
the magnetization signal is evident from the figure. The oscillations start appearing with a
field as low as 0.7 T at 2.5 K. The dHVA amplitudes dampen with temperature and almost
vanish by 30 K. The presence of various oscillation frequencies is clearly discernible at
higher fields in NbAs; [117]. To analyze the oscillations in Figure 5.7a using fast Fourier
transform, a polynomial background was subtracted from each of the isothermal pattern.
The residual magnetization versus inverse field data was subjected to FFT analysis using
the methodology described in the previous Section 5.3. The FFT spectra obtained for
various isothermal measurements are shown in Figure 5.7b. It shows four distinct peaks
viz., 32 T, 62T, 91 T, and 106 T with 32 T as the main oscillation frequency. The
oscillation frequencies obtained in the present experiments and a comparison with the
literature results are presented in Table 5.1.

Now let us briefly look at the literature for comparing the quantum oscillation
frequencies observed in NbAs, with our results. First, we note that there are no reports of
de Haas - van Alphen oscillation studies on NbAs,. The density functional theory (DFT)
calculations of Shen et al [29] and Yupeng Li et al [28] predict four carrier pockets in
NDbAs,. The SdH studies by Shen et al distinguish three different frequencies (76 T, 122 T,
226 T) [11, 29] when field was perpendicular to ab-plane. Here, 122 T may be associated
with the first harmonic of 62 T peak seen in the present investigation. Yupeng Li et al [28]
lists 109.6 T, 234.3 T and 270.5 T as their SAdH frequencies. In this case 109.6 T is close to

106 T while 270.5 T may be a harmonic of 91 T. Further, Peramaiyan et al [90] reported
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32 T (which we have observed) and 266 T as their major SdH oscillation frequencies [90].
Experiments of Yuan et al [30] revealed 124 T (which in turn is the first harmonic of 62 T)
and 224 T (the seventh harmonic of 32 T). Wang et al [31] identified 90 T (closer to our
91 T) and 204 T. Thus, the dHVA frequencies obtained from our experiments more or less
match with the reported SdH frequencies [29-31, 90].

The amplitude variation of oscillations in pristine NbAs, was analyzed using
Lifshitz - Kosevich formula (See Equation (5. 2)). The L-K fit of the data at 2.5 K is
depicted in Figure 5.7c. The cyclotron mass and Dingle temperature were obtained as

0.47 m, and 2.1 K. The inset shows the beating pattern, when plotted between residual
oscillations versus %, indicating multiple frequencies. de Haas — van Alphen oscillations

were also seen with smaller amplitudes when magnetic field applied parallel to the a-axis.
The FFT frequencies obtained are 113 T, 165 T and 322 T. The L-K analysis of
oscillations at 2.5 K is shown in Figure 5.7d and the calculated m* and T, are 1.6 m, and
3.6 K respectively. The estimated cyclotron masses from both orientations are slightly
larger than reported from SdH experiments (~ 0.15 m,, to 0.35 m,) [29-31, 90] and it may

be due to the difference in the field directions between various experiments.
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5.5.
5.5.1.

de Haas - van Alphen studies on the irradiated samples. The details of irradiation
experiments were described in Section 2.2 of Chapter 2. The results from the experiments
on irradiated TaAs, are given in Figure 5.8. Here, the isothermal magnetization
measurements are plotted against the magnetic field applied along the b-axis. Figure 5.8a
shows that de Haas - van Alphen effect has weakened significantly after irradiation in
contrast to that of pristine sample observed from Figure 5.5a. It is seen that the
diamagnetic background decreases, as the temperature is increased, and this is discussed in
Section 5.9. Even at the lowest measured temperature 2.5 K, oscillations now appear only
with high magnetic fields (~3 T and beyond). At 8 K, the dHVA effect reduced to a few

ripples as seen from the blue line in the figure. The oscillations were analyzed using fast

1.0- (d) Pristine NbAs,
dHVA
X Blla
X
< 0.6-
~
S e data
< 0-4j . LK fit
024 Mm*=1.6mg
|T,=36K
0.25 0.30 0.35 0.40

1/B (T)

Figure5.7 (a) The dHvA oscillations obtained from the isothermal
magnetization measurements on pristine NbAs,. Magnetic field is along b-axis.
(b) Fast Fourier transform spectra of oscillations, showing four distinct
oscillation frequencies. (c) The Lifshitz - Kosevich analysis of field dependent
amplitude variation results in the estimation of effective carrier mass and Dingle
temperature. (d) The L-K fit of the oscillation amplitudes obtained when field was
along a-axis. It reveals a higher cyclotron mass.

Effects of Disorder: Irradiation Weakens the Oscillations

de Haas - van Alphen measurements in irradiated TaAs;

In order to see the effects of disorder in the magneto-transport, we have carried out
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Fourier transform. FFT spectrum of 2.5 K data is given as inset of Figure 5.8a. FFT peaks
in the irradiated TaAs; appear at 54 T and 70 T in contrast to 46 T and 76 T in the pristine
crystal. Moreover, there is a small peak at 171 T in the irradiated TaAs,. The changes in
the FFT frequency indicate that carrier density in TaAs; is altered upon irradiation which
was clear from the Hall analysis (Refer Section 3.7 of Chapter 3). Further analysis
(consolidated in Table 5.2) revealed that carrier density in the irradiated sample has

marginally increased, which indicates swelling of the Fermi surface.
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Figure 5.8 (a) Isothermal magnetization experiments on irradiated TaAs, show
weak de Haas - van Alphen oscillations. It also indicates an increasing
paramagnetic background as the sample is warmed. Inset shows the FFT
spectrum of oscillations at 2.5 K. (b) The Lifshitz - Kosevich fit indicates slightly
increased carrier mass in the irradiated TaAs,.
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The L-K fit from the field variation of dHvA amplitudes at 4 K in the irradiated
TaAs; is shown in Figure 5.8b. Because of the large oscillation damping in the irradiated
sample, the Lifshitz - Kosevich analysis was challenging. The estimated cyclotron mass
0.42 m, is higher than that in the pristine sample ( 0.3 m,). Dingle temperature is 2.7 K in

the irradiated sample, as compared to 3.5 K in the pristine TaAs;.

5.5.2. de Haas - van Alphen measurements in irradiated NbAs;
The field variation of magnetization in the irradiated NbAs, crystal measured at

various isothermal conditions between 2.5 K to 30 K is given in Figure 5.9a. Magnetic
field was applied along the b-axis. The multi-frequency character of the oscillations is
evident from the patterns at 2.5 K and 4 K depicted in the black and red curves in the
figure. However, the amplitudes dampen quickly as the sample is warmed. Beyond 8 K,
oscillations almost disappear completely. Importantly, there is an increasing paramagnetic
background in the irradiated NbAs;, with increase of temperature similar to that observed
in irradiated TaAs, (See Figure 5.8a). The significance of the variation in the diamagnetic
background is discussed later in Section 5.9.

The inset of Figure 5.9a shows the fast Fourier transform spectrum of oscillations
in the irradiated NbAs, obtained at 2.5 K. Three distinct peaks viz., 104 T, 132 T and
229 T are seen in which 229 T is the major peak. There also exists a peak at 278 T whose
amplitude is very small. The multiple frequencies in the FFT spectrum evidence the
multi-carrier nature of the transport in the irradiated NbAs, sample. The peak positions in
the irradiated sample are shifted to the high frequency side, which indicates an increase in
the carrier density in NbAs, after irradiation. This may be due to self-electron doping by
arsenic vacancies introduced by irradiation. This was earlier indicated in literature where
sample dependent arsenic vacancies caused changes in the FFT spectra of

di-pnictides [28].
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Figure 5.9 (a) Results of the isothermal magnetization measurements on the
irradiated NbAs,. The irradiated sample retained dHvA oscillations with
increasing paramagnetic background. Inset is the FFT spectrum of oscillations
obtained at 2.5 K, indicating multiple frequencies. (b) The Lifshitz - Kosevich fit
reveals an increased carrier mass in the irradiated sample.

The Lifshitz - Kosevich analysis of the amplitude variation of oscillations in the
irradiated NbAs; at 2.5 K is given in Figure 5.9b. The fit resulted in an estimate of
cyclotron mass as 2.24 m, and Dingle temperature as 3.5 K for the charge carriers. This
carrier mass is quite large compared to that obtained from the pristine sample, i.e 0.47 m,
(See Figure 5.7c). But the Dingle temperature show only a small increase from 3.2 K to

3.5 K (compare with Figure 5.7c). An increased carrier mass can result in a reduction in
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the carrier mobility which we have seen in Chapter 4 (See Section 4.9 for Hall analysis)

where the irradiated NbAs, exhibited lower mobility than that of the pristine sample.

5.6. Shubnikov - de Haas Measurements: Magneto-resistance
oscillations at Low Temperature

5.6.1. SdH oscillations in TaAs;
The de Haas - van Alphen technique is in general free from quantum interference

effects and the noise from electrical contacts associated with resistivity measurements
[118]. Hence it is possible to separate out small frequency components especially with low
magnetic fields. Despite this, in addition to de Haas - van Alphen effect in magnetization,
we have also used the magneto-resistance (MR) data to analyze for Shubnikov - de Haas
(SdH) oscillations. Often SdH technique requires high magnetic fields compared to dHVA
to see sharp and distinguishable frequencies. It is seen from Figure 5.10 and Figure 5.11
that the isothermal magneto-resistance measurements in TaAs, and NbAs, show
Shubnikov - de Haas oscillations at low temperatures. Experiments were carried out at
four different temperatures viz., 2.5 K, 5 K, 8 K and 12 K between + 15 T using the
‘Cryogenic Ltd make cryostat’ described in Section 2.4.1 of Chapter 2.

The results from pristine TaAs, are summarized in Figure 5.10. The MR data were
collected at closer intervals of magnetic field (0.02 T or 200 Oe). Figure 5.10a is the
transverse magneto-resistivity versus magnetic field plot at 2.5 K showing the appearance
of SdH oscillations at high magnetic fields (beyond ~6 T). The electric and magnetic fields
were respectively along the a-axis and c-axis. Oscillations are riding on a parabolic
resistance background and their amplitudes increase with increase of field. The large
increase of magneto-resistance with increase of magnetic field make the oscillations less
visible in the raw data compared to the dHVA effects seen earlier in Section 5.3. As the
sample was warmed, the oscillations dampened very quickly compared to the dHVA

oscillations. Even at 5 K, oscillation patterns were weak in the raw MR data. At 12 K, only
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a few ripples were present in the high magnetic field range (above ~10 T). Hence, we

could not carry out L-K analysis, as done earlier for the dHVA data.
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a
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§ 8x10% Ella Bllc
G
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=
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0 L] 1 ) L L] 1 L]
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& O
o
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(c) 7 f163 T Pristine TaAs,
N SdH oscillation @ 2.5 K
g ] FFT spectrum
LS54T | Ella, Bllc
S |
= | 3257
E 108 T i
- e o N
Y% \/ \ 506 T
. ® --.\' \ - -o’./.\ 65,00 T

100 200 300 400 500 600 700
Frquency (T)
Figure 5.10 (a) The isothermal transverse magneto-resistance in pristine TaAs,
at 2.5 K is displaying Shubnikov - de Haas oscillations at high magnetic fields.
(b) The residual resistance after removing the parabolic background is plotted
against inverse field. (c) Fast Fourier transform spectrum of the oscillations
showing main oscillation frequencies and their harmonics.
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The SdH oscillations in Figure 5.10a were analyzed by fast Fourier transform
technique analogous to that adopted for dHvA analysis in the preceding sections. The
resistance data from both directions of the magnetic field, R,,(+B) and R,.(—B), were

properly averaged to R,,(B). A parabolic background was subtracted from R, (B) and
the residual resistance (6R,.,,) is plotted against inverse magnetic field (%) in Figure 5.10b.

The data were interpolated to large number of points (2048) to obtain equally spaced
resistance values in inverse field. This was subjected to FFT to obtain the SdH oscillation
frequencies and the FFT spectrum is given in Figure 5.10c. It shows dominant peaks at
54T, 163 T and 325 T, the later could be harmonic of 163 T peak. The 54 T may
correspond to the 46 T peak seen in dHVA results (See Figure 5.5b). The results are

summarized in Table 5.1.

5.6.2. SdH oscillations in NbAs;
The results of Shubnikov - de Haas measurements in pristine NbAs; at 2.5 K are

given in Figure 5.11. The magneto-resistance data were collected in magnetic field
intervals of 0.2 T (2000 Oe) between 0 T & +6 T, and in 0.01 T (100 Oe) intervals
afterwards up to £15 T where strong oscillations were expected. Figure 5.11a shows the
transverse magneto-resistivity versus magnetic field plot of the pristine NbAs,, displaying
SdH oscillations at high magnetic fields (above ~7 T). The magnetic field was applied
along the b-axis and carried out in the geometry same as that of Section 4.4.1 for TMR.
The oscillations appear with a large parabolic resistance background and its amplitude

increases with increase in magnetic field.
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Figure 5.11 (a) The Shubnikov - de Haas oscillations in pristine NbAs, observed
at 2.5 K during the transverse magneto-resistance experiments. (b) The residual
resistivity versus inverse magnetic field obtained after subtracting the parabolic
resistance background from the magneto-resistance in the SdH effect. The beating
pattern indicates the existence of multiple oscillation frequencies. (c) Fast Fourier
transform of the beating pattern reveals several frequency elements and their

harmonics contained in the oscillations.
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The oscillations were analyzed using the fast Fourier transform technique similar
to the TaAs, data of the previous section. The residual resistivity (6p,,) Obtained after
subtracting a parabolic background from the data in Figure 5.11a is plotted against inverse
magnetic field in Figure 5.11b. The beating pattern indicates that the oscillation contains
multiple frequencies, unlike the periodic variation in pristine TaAs,, as seen in Figure
5.10b. The FFT spectrum of the beating pattern is given in Figure 5.11c. It shows distinct
peaks at 90 T, 234 T, 270 T and 540 T, the later a harmonic of 270 T. Comparing with the
dHVA results in NbAs; (Figure 5.7b), we note that 90 T is present.

It is noticed that harmonics are seen in the FFT analysis of SdH oscillations, while
not so in dHVA experiments. This may be related to the fact that our SdH experiments
have been carried out up to 15 T, as against 7 T in dHVA experiments. This may be related
to magnetic breakdown [4]. It is well known [44] that charge carriers may tunnel from
one cyclotron orbit to another and jump back to the original leading to form a bigger
cyclotron orbit, hence leading to additional frequencies, equal to the sum or difference of

two or more fundamental frequencies. This becomes more effective at high fields as the
a
tunneling probability scales exponentially with the inverse field % as e B where ‘a’ is a

material parameter relevant to the k-space separation of orbits. The additional frequencies
ascribed to magnetic breakdown have been observed in several topological semimetals
[44, 119]. Multi-harmonic frequencies are generally an indication of long transport

lifetime [30] which will be seen in the next section.
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Table 5.1 Consolidated list of oscillation frequencies obtained from the SdH and dHVA
measurements on the pristine and irradiated samples of TaAs, and NbAs,. The results
from the literature are also indicated.

SdH Frequencies (T)

dHVA Frequencies (T)

Sample Results Literature values Results Literature
values
45, 54, 76, 83,
108, 163, 242, Yuanetal [30] | 39, 54, 65, 109,
325, 506, 651 39, 54 163, 214, 235
(B parallel to Butcher et al
Pristine c-axis) Wang et al [31] 46, 76, 92 [62]
TaAs; 45, 158 (B parallel to 41, 54, 85
91, 273, 545, 818 b-axis) 130
(B parallel to Wu et al [13]
b-axis) 190.5, 212.5 83, 129, 315
(B parallel to
39, 55, 117,137, | Raoetal [116] a-axis)
301, 313, 383, 39, 56
625
(B parallel to
a-axis)
39, 73, 163, 190,
Irradiated 235
TaAs, Sample 2
54,70, 171
Peramaiyan et al Sample 1
[90] 32,62, 91, 106
32, 266
Sample 1
32, 49, 81, 90, Shenetal [29] | (Orientation 2)
146, 234, 248, 76, 122, 226 76, 120, 214,
Pristine 276, 287, 540, 245 No dHVA
NbAs; 828 Wang et al [31] studies
90, 204 Sample 2
38, 95, 210, 305, 149, 162, 239
362, 534, 591 Yupeng Li [28]
109.6, 234.3, Sample 2
270.5 (Orientation 2)
113, 165, 322
Yuan et al [30]
124, 224
Irradiated 104, 132, 229,
NbAs, 278
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5.7. Transport Parameters from Quantum Oscillation Studies
Following other related works on the magneto-transport in semimetals [55, 71, 84,

120, 121], we have further analyzed the dHvA and SdH oscillations in TaAs; and NbAs;

to estimate the transport parameters. From the FFT frequency (F), the extremal Fermi

. . . 2m?
surface cross section area (Ar) was calculated using the Onsager relation Ap = (pi F,
0

1
where ¢, is the magnetic flux quantum [111]. The Fermi wave vector kp = (Af)z was

estimated corresponding to each frequency, F [71]. Subsequently, assuming spherical

3

Fermi pockets, the approximate carrier densities were obtained from the relation np = ;{TF

2
[55]. The average values of Ag, kr and ny corresponding to all the dHVA frequencies in
each sample are given in Table 5.2. It is seen that there is an increase in carrier density
upon irradiation.

We have seen in earlier sections that the L-K analysis of the dHVA oscillations
leads to the Dingle temperature T}, and the effective cyclotron mass m*. From the Dingle

temperature, the quantum relaxation time can be estimated using the relation [111] 7, =

Py— Using the carrier relaxation time and the effective mass, the mobility is evaluated
B D

using the relation u, = inﬁ These are indicated in Table 5.2, for pristine and irradiated

*

TaAs; and NbAs;. It is seen that the mobility decreases on irradiation.

While the increase in carrier density and a decrease in mobility upon irradiation are
consistent with the Hall data, the numbers do not match. Such a discrepancy between the
transport relaxation time and the relaxation time estimated from Dingle temperature is to
be expected [67]. Further, we mention that our mobility values for TaAs, and NbAs; are in

the same ballpark as reported in the literature [27, 30, 90].
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Table 5.2 The transport parameters of pristine and irradiated samples of TaAs, and
NbAs, as estimated from the analysis of quantum oscillations observed during the
transport experiments. The results from Hall data are also included for comparison.
Here, Ar is the cross sectional area of the Fermi surface, kg is the Fermi vector, n is the
carrier density, m™ is the effective mass, Tp is the Dingle temperature, 7 is the relaxation
time and p is the mobility. It is seen that the irradiation results in an increase in the
carrier density and a decrease in mobility.

Parameter Pristine Irradiated Pristine Irradiated
TaAs; TaAs; NbASz NbASz
Ar (10° A9 6.8 9.4 6.9 17.7
ke (107 A 4.6 5.3 4.6 7.4
dHVA 3.5 6.1 3.7 15.1
(1018”6m.3) Hall (2.5 K) 52 60 52 238
m* (m,) 0.3 0.4 0.5 2.2
Ty (K) 35 2.7 2.2 35
T dHVA (z,) 35 4.5 5.6 35
(10" s)
Hall 100 43 6666 299
(T4r; 2.5 K)
dHVA (u,) 2036 1885 2077 272
(e {‘,.1 & Hall 1878 15157 12x10° 52552
(nutr; 2.5 K)

5.8. Landau Level - fan Diagram: Determination of the Berry phase
As mentioned in the introduction, the Berry phase, that is the additional

geometrical phase factor acquired in the adiabatic evolution along a closed trajectory in
the parameter space, is determined by the topological characteristics of the electron bands
in the Brillouin zone. A non-zero Berry phase reflects the existence of band touching point
such as Dirac nodes [122], and results in observable effects in quantum oscillations.

For the case of de Haas - van Aphen effect, the oscillations in magnetic moment is

decomposed into sine components [43] viz.,

" D) )eah
M = a, +ZAisin 2mF; B — @, |e B
i=1

(5. 3)
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whereas the oscillations in the resistivity in the SdH experiments is broken into sum of
cosine functions, which is important in the Berry phase calculation. When several
frequencies are present, then the damped oscillation in magnetization/conductivity is
decomposed into its Fourier components and the Berry phase is determined for each of the
Fermi pockets, as for example done for TaP [42].

Alternatively, the Berry phase can be calculated by constructing the

Landau level - fan diagram [113, 120] from the observed quantum oscillations that is

periodic in inverse magnetic field %. This consists of plotting the index n of the

Landau level (LL), corresponding to maxima, versus Bi The intercept of this linear plot,

n

obtained by extrapolation of the Landau level index (n) to the zero of inverse field (%)

provides the information on the Berry phase. This method, wherein the maxima and
minima are manually determined, works when only one oscillation frequency is present.

This approach has been used in the case of topological insulators [122] and Dirac fermion

systems with linear band dispersion. According Ando etal [122], the Bi and the nth

minimum in the Landau - fan diagram are related as

Zn(;—N—%+ ﬁ) = 2N -Dr

(5. 4)
in which g is the Berry phase.

The results obtained from the analysis of dHVA oscillations of the pristine TaAs;

obtained at 4 K are given in Figure 5.12. The maxima (peaks) and minima (valleys) in the

oscillations were indexed respectively with integer (n) and half integer (n +§) values

following standard methods [122]. When plotted against the inverse magnetic field (%), the

Landau level indices falls on a straight line, as shown by the dots (maxima) and circles

(minima) in the figure. Extrapolating these values to the infinite magnetic field limit or the
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quantum limit is indicated by the red line in Figure 5.12. The intercept on the n-axis can

help in determining the value of Berry phase of the charge carriers [120, 122]. For the

TaAs; data, shown in Figure 5.12, a linear fit with the slope 46.5 T and intercept 0.07 is

obtained. The slope matches with the main frequency obtained in the FFT analysis (See

Figure 5.5b). The intercept of 0.07 suggests trivial Berry phase.

18'_ Pristine TaAs,

154 dHvVA: 4K

124

c 9+
- —e— maxima (n)
61 —o—minima (n+0.5)
3f Slope = 46.5
O+4<~——Intercept = 0.071
00 0.1 02 . 03 04
1/B (T

Figure 5.12 Landau level - fan diagram for pristine TaAs, sample obtained from
the de Haas - van Alphen oscillations at 4 K. The obtained intercept suggests

topologically trivial bands in the sample.

While we have determined the Berry phase through an analysis of LL — fan

diagram, researchers [43] have pointed to the complications/uncertainties in this approach

that arises from the presence of multiple oscillation frequencies due to the coexistence of

Dirac and parabolic bands, and that to realize the signatures of a Berry phase, the Fermi

level must be as close as possible to the Weyl

point. We must mention that we have not

done a similar LL - fan diagram analysis for NbAs,, as it has manifestly multiple

oscillation frequencies in the dHvVA oscillations (See Figure 5.7b).
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5.9. On the Diamagnetic Background in de Haas - van Alphen
Oscillations

With the introduction of disorder, apart from the damping of de Haas - van Alphen
oscillations, another feature that is seen in the magnetization data is the increase in the
paramagnetic background. This is seen clearly in the Figure 5.13 below for irradiated and
heat treated samples, when compared with the pristine samples, as also seen in earlier
figures (Figure 5.8a and Figure 5.9a). This raises two questions: (1) Why is there a
diamagnetic background in the pristine semimetal, and why does it decrease on the
introduction of disorder? It is well known [5] that for an ordinary metal, the magnetic
susceptibility consists of Pauli paramagnetism (spin term) and Landau diamagnetism
(orbital term). The semimetals such as graphite and Bi show large diamagnetic
susceptibility that cannot be explained within the framework of Landau - Peierls
treatment, and it has been shown that one needs to consider band to band transition [123,
124].

In the case of novel topological semimetals, the magnetic susceptibility is quite
distinct from the conventional Landau diamagnetism. Calculations of the magnetic
susceptibility from Landau levels for the Weyl and Dirac Hamiltonian indicate [125] that
for materials with spin-orbit coupling, there is an additional spin-orbit cross
susceptibility, X, on top of the spin susceptibility and orbital susceptibility. It has been
shown [125, 126] that X, is a monotonically increasing or decreasing function in the
Fermi energy with different sign in the electron side and the hole side: The electron side is
more paramagnetic or diamagnetic than the hole side, depending on the chirality of the
spin texture. Further, these calculations [125-128] indicate a strong diamagnetism at the
band touching point of Weyl and Dirac semimetal. X,,; is a logarithmic function which

diverges at zero energy, and for the parameters in experimentally realized Dirac or Weyl
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semimetals, it has been shown that X,,; is the dominant contribution to susceptibility.

This is consistent with the diamagnetic signal seen in pristine samples.
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Figure 5.13 The reduction in the diamagnetic character and weakening of
oscillations upon introducing defects or by introducing carriers via heat treatment

and irradiation in (a) TaAs; (b) NbAs,. (c) Variation of diamagnetic background
with temperature in heat treated TaAs,.
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With irradiation, the diamagnetic background decreases, along with the reduction
in quantum oscillations. Such a reduction in diamagnetic background can arise due to
reduction in the Landau contribution to the susceptibility that arises due to the cyclotron
motion, with the introduction of defects, or a shift in the position of the Fermi level with
the introduction of carriers. In the case of the heat treated sample, the diamagnetic
background seen in the pristine sample changes over to a paramagnetic background that
decreases with temperature (See Figure 5.13c). Thus, we see that there are systematic
changes in the diamagnetic background that could be analyzed in detail to obtain

information on the electronic structure.

5.10. Conclusions

Detailed de Haas — van Alphen measurements in pristine and irradiated samples of
TaAs, and NbAs; evidenced the involvement of multiple carriers in the magneto-transport.
Lifshitz - Kosevich analysis indicated the low effective masses of the carriers that can
provide them high mobility. Extracted transport parameters helped to quantitatively
understand the magneto-transport behaviour. The Berry phase obtained from the
Landau level - fan diagram indicated the trivial nature of the band structure. Hence TaAs;

and NbAs; are not topological semimetals.
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The thesis work is aimed at understanding the magneto-transport phenomena in di-pnictides, TaAs, and

NbAs,. Experiments have been carried out in Raman characterized pristine, heat treated and low energy
(Ar” ion) irradiated single crystals, the later with a view to affect the surface states and alter the mobility.

The temperature variation of resistance in semimetals TaAs,
and NbAs, under applied magnetic fields shows the characteristic
resistivity minima and plateaus at very low temperatures. We have
rationalized the observed magneto-resistance (MR) behaviour using the
semi-classical Kohler’s rule, thereby ruling out a field induced metal to
insulator behaviour. Field variation of MR exhibited non-saturating and
parabolic growth, reaching ~10° % at 3 K with 15 T that also could be
scaled with Kohler’s rule as shown in Fig.1.

The angle dependent measurements did not show negative MR,
a characteristic of Weyl semimetals, including in the longitudinal
configuration where the electric and magnetic fields are parallel (See
Fig.2). Angular variation of MR at fixed field and temperature exhibited
dipolar behaviour. This has been verified over wide intervals of
temperature and magnetic fields which indicates that the di-pnictides
retains the centro-symmetric crystal structure. This helped us to negate
a probable electronic structure change in the material brought about by
a possible temperature or field induced Liftshitz transition.

Hall resistance measurements in TaAs, and NbAs, indicated the
role of multi-carrier and holes. The
temperature dependence of MR was found to follow the corresponding
variation of carrier mobility (See Fig.3) that points to the fact that the
source of the extremely large MR in these semimetals is strongly linked

transport with electrons

with the charge carrier mobility.

The isothermal MR and magnetization measurements at low
temperatures respectively displayed spectacular Shubnikov-de Haas
and de Haas-van Alphen (dHvA) oscillations (See Fig.4). Important
transport parameters have been estimated from the analysis of dHVA
oscillations based on the Liftshitz-Kosevich formalism. The Landau
Level-fan diagram indicated a trivial Berry phase which suggests that
TaAs, and NbAs, are not topological semimetals.
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Figure 1. MR of TaAs, measured at
various fixed temperatures collapse
onto a single line, validating
Kohler’s scaling rule.
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Figure 2. Field dependent MR in
TaAs, at various angles between
electric & magnetic fields.
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Figure 4. The de Haas - van
Alphen oscillations in TaAs,
after removing the
diamagnetic background.
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Figure 3. The similarity of the
temperature dependence of
normalized MR with mobility from
Hall measurements in NbAs.
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