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Extremely large magnetoresistance, anisotropic Hall effect, and Fermi
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We report on the observation of a nonsaturating, extremely large magnetoresistance (XMR) and the Fermi
surface topology of a high quality WSi, single crystal grown by the Czochralski method. The magnetoresistance
at T = 2K reaches a value ~10°% in 14 T magnetic field with no sign of saturation. The Hall resistivity data
of WSi, was found to be highly anisotropic. The analysis of magnetoconductivity data of WSi, revealed a near
compensation of charge carrier with relatively low carrier density as compared to that of a normal metal. The
observed anisotropic Hall resistivity in WSi, is due to the presence of multiple bands and Fermi pockets respon-
sible for the transport phenomena in it. The extremely large carrier mobility and near compensation of charge
carriers are responsible for the nonsaturating XMR behavior in WSi, crystal. The band structure calculation and
de Haas-van Alphen effect measurement depict a cylindrical Fermi surface from which the associated quantum
parameters have been obtained. The magnetotransport data of WSi, along both the crystallographic directions
follows the universal temperature-field triangular phase diagram as observed in other materials exhibiting XMR

behavior.
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I. INTRODUCTION

Of late, there is a tremendous research interest in con-
densed matter physics towards materials that possess novel
quantum states and has a direct correspondence with the
elementary particle in high energy physics. The elementary
quasiparticles, like Dirac, Weyl, and Majorana fermions that
have been the subject of discussion for long in high energy
physics are now uncovered and observed experimentally in
crystals with various topologically protected surface state
properties [1-11]. These topological phases exhibit physi-
cal properties like extremely large magnetoresistance (XMR)
and other interesting magnetotransport phenomena such as
topologically nontrivial Berry phase in quantum oscillations
[12-19] etc. Elemental Bi, being a prototype semimetal, ex-
hibits a huge nonsaturating magnetoresistance (MR) [20].
It is well documented in literature that the extremely large
carrier mobility, large mean free path of electron, and the
compensation of charge carrier lead to such XMR phe-
nomena in nonmagnetic (diamagnetic) semimetals [4,12—
19,21,22]. Recently, many such nonmagnetic (diamagnetic)
semimetals have been discovered whose MR was found
to be as large as ~10°%. Depending on the band struc-
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ture near the Fermi level and the Fermi surface topology
in the compounds, semimetals can be classified into sev-
eral categories. Dirac, Weyl, and compensated semimetals
are of special interest to the researchers in current times
due to their exotic electrical and magnetotransport proper-
ties. To name a few, the materials exhibiting such XMR
behavior are MoTe,, WTe,, NbP, NbAs, LaSb, YSb, LaBi,
TaP, TaAs, MoP,, WP, etc. [7,11-14,16-18,21-24]. The
electron-hole compensation and the large carrier mobility
(~10* cm?/Vs) with relatively less carrier concentration
(10" ¢cm™3) in those semimetals leads to such XMR be-
havior [12,13,18,22]. From the application point of view, the
phenomena of topologically protected surface states which
lead to various interesting physical and magnetotransport be-
havior can be of potential applications in spintronic devices,
low-power electronic devices, and also for the advancement in
qubits [25].

In the quest for new materials exhibiting such phenom-
ena, recently we reported the magnetotransport properties
of MoSi, single crystal which crystallizes in the tetragonal
crystal structure with space group /4/mmm [26]. The mag-
netoresistance of MoSi, attains a value ~107% in an applied
field of 14 T for J || [100] and H || [001] which is comparable
to the value obtained for WTe; and other topological semimet-
als discovered in recent times [7,11-14,17,18,21,22,26,27]. In
continuation to our studies on materials exhibiting large mag-
netoresistance, we have successfully grown a single crystal
of WSi, with an identical structure to MoSi, and present the
magnetotransport and Fermi surface properties.

©2020 American Physical Society
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II. EXPERIMENTAL DETAILS

A single crystal of WSi, was grown by Czochralski crys-
tal pulling method from a stoichiometric melt of high pure
elements of W (99.99%, Alfa Aesar) and Si (99.999%, Alfa
Aesar) using a tetra-arc furnace (Model: Techno Search,
Japan). A stoichiometric quantity of W and Si with little
excess amount (about 5%) of Si has been melted in a tetra-arc
furnace repeatedly by flipping the ingot upside down before
each melt for ensuring better homogeneity. A polycrystalline
seed was cut from that ingot to grow the single crystal of
WSi,. The seed was carefully attached to the homogeneous
melt of WSi, and initially pulled at a speed of about 25
to 40 mm/h to make a necking process. Once the stable
condition was achieved, the crystal was pulled at a rate of
10 mm/h for about 5 h. We obtained a single-crystalline
rod of WSi, with diameter ~4 mm and length ~60 mm. En-
ergy dispersive analysis by x rays (EDAX) was performed to
check the stoichiometry. A small portion of the crystal was
crushed to fine powders and subjected to room temperature
powder x-ray diffraction (XRD) experiment in PANalytical
x-ray diffractometer equipped with a monochromatic Cu-Ko
as the source of x rays (A = 1.5406 A). Single crystalline
nature of the pulled ingot was verified using x-ray Laue
diffractometer. Then the crystal was oriented along the two
principal crystallographic directions and cut using a spark
erosion wire electric discharge machine (EDM). Electrical
and magnetotransport properties were measured in the tem-
perature range of 2-300 K in magnetic fields up to 14 T using
a physical property measurement system (PPMS, Quantum
Design, USA). The de Haas-van Alphen (dHVA) experiments
at a constant temperature of &~ 35 mK in magnetic fields up
to 14.7 T using a field modulation method were carried out in
a top-loading dilution refrigerator. Electronic band structure
calculation and the topology of the Fermi surface of WSi,
were theoretically calculated with the input from crystallo-
graphic information using the full potential linear augmented
plane wave (FLAPW) method with local density approxima-
tion (LDA) for the exchange correlation.

1. EXPERIMENTAL RESULTS AND DISCUSSION
A. X-ray diffraction

The room temperature powder XRD data confirmed the
phase purity of WSi, single crystal which crystallizes in a
tetragonal crystal structure with space group 14/mmm (No.
139, D}]) as shown in Fig. 1(a). The lattice parameters ob-
tained from the Rietveld refinement analysis of the powder
x-ray diffraction data are a = 3.212(1) A and ¢ = 7.828(2) A.
The refined positional parameters of the W and Si atom are
(0,0,0) and (0,0, 0.3381), occupying the 2a and 4e sites,
respectively. EDAX analyses confirmed the nominal compo-
sition of WSi,. The presence of distinct and well defined cir-
cular Laue diffraction spots with four fold symmetry patterns
in Figs. 1(c) and 1(d) confirms the good crystalline quality.

B. Electrical resistivity and magnetoresistivity

The temperature dependence of electrical resistivity in
the range 2-300K for current along the two principal
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FIG. 1. (a) Room temperature powder x-ray diffraction and
structural refinement by Rietveld method of WSi,, (b) the as grown
ingot, (c) back reflection Laue diffraction pattern of the (100) plane,
and (d) the (001) plane.

crystallographic directions depicts metallic behavior for zero
field as shown in Figs. 2(a) and 2(b). It is to be mentioned here
that the anisotropy in the electrical resistivity along the two
principal crystallographic directions namely [100] and [001]
directions is very small. A similar behavior has been reported
by Nava et al. [28]. The linear resistivity of WSi, single
crystal goes down steeply with lowering the temperature from
300 K to 2 K, thus resulting in a very low residual resistivity
along both the directions. The residual resistivity ratio (RRR)
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FIG. 2. (a),(b) Temperature dependence of electrical resistivity
of WSi, in zero field and different transverse magnetic fields when
a field is applied along two principal crystallographic directions.
(c),(d) Field dependence of transverse magnetoresistance (MR) of
WSi, at different temperatures when a field is applied along [001]
and [100] directions, respectively.
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was estimated as ~136 which attests to a high quality of
the grown WSi, single crystal. The significant enhancement
of transport lifetime associated with the charge carrier leads
to such steep decrements of resistivity with lowering tem-
perature which further results in a low residual resistivity ~
0.103 12 cm. Such a low residual resistivity gives a signature
of high transport mobility as well as high quantum mobility.
The resistivity attains a value of ~14 uQ2cm at room tem-
perature. Such a low resistivity in WSi, at room temperature
is even one order lower than that of the recently reported
Dirac and Weyl semimetals, Cd3As,, WTe,, and LaBi etc.
The observed RRR in WSi, is comparable to that of the other
topological semimetallic compounds reported in recent times
[2,22,29].

In order to shed further light into the nature of low tempera-
ture resistivity in WSi,, we have fitted the zero field resistivity
data in the temperature range from 2 K to 30 K to the equation:
p = po +AT". From the fit we obtained the value of n as ~4,
thereby indicating a deviation from the scattering mechanism
dominated by electron-electron correlation(n = 2). It is to
be noted that such a deviation from pure electron-electron
correlation dominated scattering mechanism has already been
established in some unconventional semimetals, e.g., LaBi
(n = 3), LaSb (n = 4), ZrSiS (n = 3), WP, etc. Such a de-
viation could be attributed to the interband electron-phonon
scattering mechanism [18,22,30].

The temperature variation of electrical resistivity of WSi,
crystal in transverse magnetic fields when current is passed
along the two principal crystallographic directions is shown
in Figs. 2(a) and 2(b). With the application of magnetic field,
the resistivity decreases with decreasing temperature to a
minimum at 7,,;, from where the resistivity starts increasing
until an inflection point at temperature denoted by T;, at
which point the resistivity saturates to form a plateau. Such
an increment in resistivity with field gives rise to a positive
magnetoresistance in WSi, for both the crystallographic di-
rections. A positive MR is reminiscent to a normal metal when
applied magnetic field is transverse to the driven current due
the Lorentz force of the electrons. In WSi,, we observe an
extremely large magnetoresistance at low temperature upon
application of high magnetic fields of 14 T as shown in
Figs. 2(c) and 2(d). The transverse MR at 2 K attains a value
~2.1 x 10°% and ~1.9 x 10°% for J || [100] and J | [001],
respectively, in 14 T. Such an XMR in WSi;, is comparable to
the observed XMR values in Dirac, Weyl, and compensated
semimetals reported in the literature [4,7,11-14,16—-18,21—
23,26]. However, the observed XMR is lower than that of
the isostructural MoSi,, where a very low residual resistivity
resulted in such an exotic XMR. Improved RRR in WSi,
might result in similar XMR behavior as in MoSi,. It was also
observed that there is quite strong anisotropic magnetoresis-
tance in MoSi, unlike in the case of WSi, wherein a subtle
anisotropic magnetoresistance has been observed which is
another featuring difference in magnetoresistance behavior
observed between MoSi, and WSi, [26]. The resistivity at low
temperatures and low applied fields in those single crystals
makes them potential candidates for magnetic sensors and
magnetic switches.

The drastic enhancement in electrical resistivity with low-
ering temperature below T, upon application of magnetic
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FIG. 3. (a),(b) Temperature vs magnetic field triangular phase
diagram of WSi, in various transverse applied magnetic fields when
a field is applied along two principal crystallographic directions.
(c),(d) Field dependence of activation energy of WSi, when a mag-
netic field is applied along [001] and [100] directions, respectively.

fields in such semimetals reflects a metal to semiconductor
like crossover which is even evident at low applied magnetic
field of 1 T. The electrical resistivity of WSi, also exhibits
such metal-semiconductor-like crossover upon application of
magnetic field which is often said to occur in topological
semimetals, for example, LaBi, LaSb owing to the opening
up of a small gap at the band touching points under applied
magnetic fields [22]. However, this resistivity upturn in a
topological semimetal WTe, below Ty, is said to occur due
to a strong field induced scattering [18,22,30,31].

Figures 3(a) and 3(b) show a temperature versus magnetic
field phase diagram that has been constructed by calculating
Thin and T, from the plots of dp/dT versus T (which is not
shown here for brevity). The temperature Tp,;, denotes the
point where dp/9dT changes the sign upon application of mag-
netic field whereas 7j, denotes the point where temperature
dependent resistivity shows a maximum slope change below
Tnin, Where 0p /0T versus T shows a minimum. Upon appli-
cation of magnetic field, Ty, changes substantially, whereas
T;, remains almost unaltered giving rise to a triangular phase
diagram of temperature versus magnetic field which is remi-
niscent for a topological semimetal. In the narrow temperature
regime between T, and Ti,, the temperature variation of
resistivity of WSi, could be fitted to the Arrhenius equation:
o(T) = poexp(E,/ksT), where E, represents the activation
energy of the thermally activated charge carrier and kg is
the Boltzmann constant [22]. The field dependent activa-
tion energy of WSi, reveals a value of ~14.6meV and
~14.2meV, respectively, in 14 T field, for J || [100] and
J || [001] [Figs. 3(c) and 3(d)] and is strongly field dependent
as observed in LaSb, ZrSiS compounds [13,30].

To further investigate the exotic magnetotransport behavior
of WSi, single crystal along two principal crystallographic
directions, we have performed the Hall resistivity measure-
ments at various temperatures; the data at 2 K is shown
in Fig. 4. It is worth mentioning that the field dependence
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FIG. 4. Hall resistivity (o,,), measured at 7 = 2 K, as a function
of applied magnetic field for current along the two principal crystal-
lographic directions.

of Hall resistivity data reveals an anisotropic Hall effect
depending on the applied field direction. Hall resistivity of
WSi, exhibits only positive values for magnetic fields up
to 14 T when J || [100] and H || [001]. On the other hand,
the Hall resistivity is negative for J || [001] and H || [100].
The negative (positive) value of Hall resistivity suggests the
dominant transporting charge carrier to be electron (hole).
The presence of such anisotropic Hall coefficient is thus very
interesting and warrants further investigation of the transport
phenomena. The occurrence of such anisotropic Hall coeffi-
cient has been observed in the single crystals of MgB, in the
normal conducting state and in EuAly [32,33]. The presence
of multiple Fermi pockets arising from the multiple bands
and their associated charge carrier with transport mobility are
solely responsible for such anisotropic Hall resistivity behav-
ior [34]. This type of anisotropy in the Hall effect has recently

15 _ .
90° Wi, Hypio0) T=33 mK wsi,
85.5°
81° (a)
76.5° - e
72° ) (b)
615° ST wo g 14T
63° -
LOF s8s° h F _ H//[100]
~ < q
54° Al
= 4—-mew»m . [, 9F A ‘
£ 493 0 2 4 6 8
b 35 i Frequency (kT)
-%:; 40.5
5 360 HI/[001 WSi,
g 315
27°
051 55 .o N
18° ~ YYYY f
e ; T I 14T
. w00 ©
. 2B,y 28,
43 e HI/1001]
[TV PRI S —
-45° 0 JLR: s, *® rz
g0 3B, By
0—> ‘ - Wi N
0 5 10 15 0 2 4 6 8

Magnetic field (T) Frequency (kT)

FIG. 5. (a) dHvA quantum oscillations at different field direc-
tions from [001] direction to [100] measured at 35 mK, (b) dHVA
oscillation and corresponding FFT spectrum for H || [100], and (c)
H || [001] at 35 mK.
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FIG. 6. (a),(b) Temperature dependence of dHvVA amplitude and
mass plots for the frequencies mentioned along the two principal
crystallographic directions (solid lines are the fits, refer to text).
(c),(d) Dingle plots along the two principal crystallographic direc-
tions of WSi, (solid lines are the fits, refer to text).

been observed in single-crystalline samples of NaSn,As; and
has been termed as goniopolar effect by He er al. [35] for
single-band systems. They attribute this type of anisotropic
Hall effect due to the Fermi surface that has an open concave
single band and depending on the applied field direction the
charge carriers behave as electrons and holes. However, WSi,
is a multiband system and hence the observed anisotropy in
the Hall effect can be explained based on the semiclassical
multiband transport model of charge carriers as discussed
later. In order to envisage the multiband nature and to obtain
the number and nature of Fermi pockets present in WSi,, we
have performed the band structure calculations and the de
Haas-van Alphen quantum oscillation measurements in WSi,
which are discussed in the following sections.

C. de Haas-van Alphen quantum oscillations studies

The temperature and field dependence of magnetization of
WSi, revealed robust signature of quantum oscillations when
magnetic field was swept along the two principal crystallo-
graphic directions. The dHVA quantum oscillations measured
at 35 mK at different field directions is shown in Fig. 5(a).
The oscillation frequencies are determined by performing a
fast Fourier transformation (FFT) of the quantum oscillations
[Figs. 5(b) and 5(c)]. The frequencies of oscillations of WSi,
obtained from the FFT for H || [100] are A} = 1590 T, A, =
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TABLE I. Parameters obtained from quantum oscillation analysis m*, effective mass; Tp, Dingle temperature; A, Fermi surface cross
section area, kg, Fermi vector; vg, Fermi velocity; 7, quantum relaxation time, /, mean free path; ,, quantum mobility.

Frequency m* o A kg U T 1 g

(T) (me) (K) (nm~2) (10" cm™1) (108 cm/s) (1078 s) (nm) (cm?/V's)

1590 0.212 7.25 15.22 2.20 1.202 1.679 201.9 1390
H || [100] 1778 0.204 7.11 17.02 2.32 1.322 1.712 226.4 1470

4573

952 0.111 9.70 91.13 1.70 1.777 1.255 223.1 1990
H | [001] 1052 0.141 7.47 10.07 1.79 1.471 1.629 239.7 2030

6045

1778 T, and A3 = 4573 T in which A; and A, are for electron
pockets and A3 is for hole pocket. Subsequently, the obtained
frequencies for H || [001] are By =952 T, B, = 1052 T, and
B3 = 6045 T in which B and B, are for hole pockets and B;
is for electron pocket. It is to be mentioned here that some
other observed peaks in the FFT spectrum can be explained as
the higher harmonics of the fundamental frequencies and as
a combination of fundamental frequencies (mA; £ nA,), the
origin of which could be attributed to the different magnetic
interactions [36]. The temperature variation of FFT amplitude
of dHVA oscillations of WSi, is shown in Fig. 6 and is fitted
to the thermal damping factor of Lifshitz-Kosevich formula:
Ry = (X/sinhX), where X = (A\Tm*/H), A = 2n’kgm,/eh)
which is a constant equal to a value 14.69 T and m* corre-
sponds to the cyclotron effective mass of charge carriers in the
unit of free electron mass m, [15,22,36]. The magnetic field
induced damping of the quantum oscillation amplitude data of
WSi, have been fitted to the equation: Rg = exp(—ATpm*/H)
to determine the Dingle temperature Tp at 2 K and hence
to calculate the quantum mobility pg = (e/2mwkgTpm*) for
the different bands. The carrier effective masses and other
quantum parameters corresponding to the different frequen-
cies have been extracted and are given in Table I.

From the compilation of angular dependence of all the
fundamental frequencies obtained from the FFT spectrum of
dHvVA oscillations, the information about the Fermi surface
is obtained and is shown in Fig. 7(a). A comparison of the
Fermi surface obtained from the theoretical LDA calculation
of WSi, is also shown in Fig. 7(b). A part of the Fermi
surface of WSi, formed by frequencies B; and B, which
belongs to the two branches as shown in Fig. 7(a) follows a
(cosf)~! behavior up to # ~ 55° thereby indicating a cylin-
drical Fermi surface of WSi, [26,37]. If one compares the
angular dependence of the dHVA frequencies and the corre-
sponding LDA calculations of WSi, as shown in Fig. 7, a
dumbbell shaped hole pockets at around the I' point arise
wherein the orbits B; and B, correspond to the minimum
and maximum cross-sectional areas following the Onsager
relation for Fermi surface where the frequency of oscillations
is directly proportional to the extremal cross-sectional area (A)
of the Fermi surface: F = (hA/2me), where /i represents the
reduced Planck constant and e is the electronic charge [22,38—
40]. The electronic band structure calculations of WSi, sug-
gests the electron-type and hole-type bands are centered at the
high symmetric Z point and I" point, respectively. While the
hole-type bands form the dumbbell shaped cylindrical Fermi

surface, the electron-type bands form the four-cornered rosette
shaped Fermi surface.

The calculated dHvA frequencies based on the density
functional theory using LDA approximation reveals three dis-
tinct frequencies at 1430 T, 1583 T, and 4356 T for H ||
[100] with band masses 0.445m,, 0.451m,, and 0.783m, and
809 T, 894 T, and 5901 T for H || [001] with band masses
0.217m,, 0.249m,, and 1.306m, for H || [100]. The calculated
band masses are slightly heavier than the experimental re-
sults. This discrepancy may be attributed to the shortcomings
of the LDA for semimetals. In the band structure calcu-
lations, the self-consistent one electron wave function is a
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FIG. 7. (a) Angular dependence of the dHVA frequency from
[001] to [100] to [110] direction, (b) the corresponding theoretical
calculation, (c) the band structure calculations, and (d) the corre-
sponding hole and electron Fermi surfaces.
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FIG. 8. Heat capacity of WSi,. The inset shows the low temper-
ature part in the form of C/T vs T.

combination of the kinetic energy, the external potential,
and the classical Coulomb potential, which includes self-
interaction. The last term represents exchange-correlation
potential which is typically a complicated functional of the
local charge density p(r), and its exact form is unknown [41].
The theoretical Sommerfeld coefficient y,, and the correspond-
ing density of states at the Fermi level were calculated to be
0.473 mJ/K? mol and 2.733 states/Ry. In order to estimate
the experimental Sommerfeld coefficient we measured the
heat capacity of WSi, in the temperature 2—-300 K as shown
in Fig. 8. The heat capacity did not show any anomaly in
the measured temperature range and attains a value of about
63 J/K mol, which is close to the Dulong and Petit lim-
iting value of 3nR(= 74.84 J/K mol). The inset of Fig. 8
shows the low temperature plot of C/T vs T. The solid line
is fit to the expression C/T =y + BT? where yT is the
electronic contribution and BT? is the phononic contribution.
The gamma value thus estimated is 0.454 mJ/K?mol and
B value is 0.019 mJ/K*mol. The experimentally observed
y value matches well with the band structure calculation.
Furthermore, we estimated the density of states at the Fermi
level from the expression: D, (Ef) = 7;2—)]:%, substituting the
experimental value of y in the above equation, we get the den-
sity of states as 0.192 states/eV f.u, which when converted to
units of Rydberg, we obtain D, (Ep) = 2.62 states/Ry which
matches well with the theoretical estimation as mentioned
above.

To investigate the topological semimetallic signature (if
any) in WSi,, we have analyzed the field and tempera-
ture dependence of the dHvA data in the framework of
Lifshitz-Kosevich formalism in which the field dependence of
magnetization can be expressed as:

Lo i in i F;
AM = Z A;H?R;'Rp'Rg'sin| 27 gort8) M
i=a,p

where, Ry, Rp, and Rg are components representing the damp-
ing of oscillations due to the temperature, magnetic field, and
spin, respectively [22,36]. The y in Eq. (1) assumes a value 0
for a linear band and 1/2 for parabolic band. The phase shift in
Eq. (1), represented by § is estimated from the dimensionality

FIG. 9. (a),(b) LK formula fitting to the magnetic quantum
oscillation data measured at 35 mK along the two principal crystal-
lographic directions.

of the Fermi surface. The phase shift § assumes a value 0
and £1/8 for two-dimensional (2D) and three-dimensional
(3D) Fermi surface, respectively. The positive and negative
values of § are for the minimum and maximum cross-sectional
areas in 3D Fermi surface, respectively. The total phase of the
magnetic oscillations in the above Eq. (1) is ¥ = (—y + §).
In case of parabolic band, y = (1/2 — ¢p/27m) where ¢p
represents the Berry phase. The Berry phase is accounted
for an additional geometrical phase acquired along a closed
trajectory in the parameter space during an adiabatic evolution
[38—40,42]. For a material with topologically trivial 3D band,
one would expect ¢p to be 0, hence the total phase i assumes
a value (—1/2+1/8) = —-3/8 or —5/8 for minimum and
maximum cross-sectional areas, respectively. On the other
hand, for a topologically nontrivial 3D band, ¢p = 7, hence
one would expect the total phase Y to be equal to +1/8
and —1/8 for minimum and maximum cross-sectional areas,
respectively. It is to be noted that the value of  is affected
by the sign of the spin damping factor Ry [38—40]. We have
fitted the magnetic oscillations data of WSi, to the Lifshitz-
Kosevich (LK) formula in order to extract the Berry phase
as shown in Fig. 9. From the fit to the LK formula, the total
phase, ¢ for WSi, assumes value ~ — 0.125 and +0.006, re-
spectively, for By = 952 T and B, = 1052 T when H || [001].
Similarly when H || [100], the same phase takes the value
~+0.070 and —0.130 for A; = 1590 T, A, = 1778 T, re-
spectively. The obtained values of the total phase factors for
different frequency branches thereby indicate the Berry phase
corresponding to the topologically nontrivial features that is
present in WSi,.

More precise and accurate value of the Berry phase can
also be estimated from the Landau level (LL) fan diagram
as described in Fig. S1 in the Supplemental Material [43].
Although the LK analysis of the dHVA oscillations gives
some hint about the nontrivial Berry phase, the electronic
band structure calculation does not provide any evidence
of linear band inversion having distinct Dirac/Weyl nodes.
Hence the electronic structure of WSi, is not in line with
the experimentally observed nontrivial features, such as metal
to semiconductor and XMR behavior in applied magnetic
fields, as observed in other topological systems. The observed
nontrivial features in WSi, may also originate from the spin
texture which was evident in the sister compound MoSi, [26].
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FIG. 10. Longitudinal and Hall conductivity as a function of
magnetic field of WSi, at 7 = 2K, the solid lines depict the fit to
the multiband model (refer to text).

The d orbitals of heavy atoms like Mo, W may attribute to the
strong spin-orbit coupling leading to such spin texture which
in turn gives rise to such topological features as observed in
other topological systems [13].

D. Multiband model: Magnetotransport data

From the analyses of dHVA quantum oscillations data and
the electronic band structure calculations of WSi,, the pres-
ence of multibands and the multiple Fermi pockets has been
evidenced. Hence, we analyzed the magnetotransport data
based on a multiband transport model [13,30,44,45]. We have
estimated the charge carrier density and carrier mobility from
the field dependence of transverse linear resistivity (oy,) and
Hall resistivity (p,y) using the multiband transport model. Ac-
cording to the semiclassical Drude model, the conductivities
of individual Fermi pockets (either electron or hole pockets)
are summed up to get the total conductivity of the longitudinal
and transverse counterpart of the conductivity tensor as given
in the following expressions:

B en;Li
o= ) (1 T (M,H)2> @

i=1,2,3..

2
enju;H

7o == 2 <1+(M,H)2)’

i=1,2,3..

3

where the index i stands for the contributions from different
Fermi pockets. n; is the charge carrier concentration and u;
represents the carrier transport mobility for the corresponding
charge carriers. The component of conductivity tensor can be
deduced from the transverse magnetoresistivity (o,,) and Hall
resistivity (py,) data with the help of tensorial inversion of the
total resistivity matrix as follows [31,45]:

Oxx = pxx/(pxxz + ;Oxyz) 4)

Oyx = pxy/(pxxz + ,Oxyz)- %)

The plots of field variation of magnetoconductivity of
WSi, along the two principal crystallographic directions are
shown in Fig. 10, calculated as per Egs. (4) and (5). There is a
large anisotropy in the Hall conductivity data. In order to de-

termine the transport carrier densities and the corresponding
carrier mobilities, we have fitted the field variation of linear
magnetoconductivity (ox,) and the Hall conductivity (oy,) data
to the above expressions Egs. (2) and (3), respectively. It is to
be noted here that in WSi,, there exists two electron pockets
and one hole pocket when field is applied along the [100]
direction. On the other hand, there are two hole pockets and
one electron pocket when field is applied along [001] direction
as has been evidenced from the dHvA analyses of WSi,. In
line with the dHvA analyses, we have considered a similar
number of Fermi pockets (electrons and holes) while fitting
the magnetoconductivity data. Hence, the magnetoconductiv-
ity based on Eq. (3) for H || [001] and [100] can be written
as:

10011 _ enpi iy H enppipH  enapy, H ©
. L+ (umH? 1+ (uppH)? 1+ (e H)?
and
Y VR PV,
- 1+ (unH? 1+ (naH)? 14+ (ueaH)?

The obtained fitting parameters are listed in Table II. From
these extracted fitting parameters it is obvious that for J ||
[100] and H || [001] as per Eq. (6), the total hole contribu-
tion is larger than total electron contribution so that oy, > 0
or py, > 0 in the field range O to 14 T. On the other hand
for J || [001] and H || [100] as per Eq. (7) the total electron
contribution is larger than the total hole contribution so that
oy <0 or py, <0 in the field range 0 to 14 T thus ex-
plaining the observed anisotropy in the Hall effect. It is to
be mentioned here that an anisotropic Hall effect was also
observed in the isostructural MoSi, compound, however only
up to 0.25 T at T = 2K while for higher magnetic fields an
electron dominated transport phenomena was observed along
both directions unlike in the present case [26].

From the analysis of Hall effect of WSiy, it is clear that
there is nearly a compensation of the charge carriers in WSi,
and the mobility also assumes a very large value and is com-
parable to that of the recently reported topological semimetals
[4,7,11-14,16—-18,21-23,26,31,44]. The value of carrier den-
sity in WSi, is well within the similar order as expected for
a semimetal, thereby ascribing WSi, to be a semimetal. The
extremely large magnetoresistance accompanied by the ultra-
large transport carrier mobility is reminiscent for a topological
semimetal. The origin of such an ultra-large carrier mobility
in WSi, could be due to the strong suppression of back-
ward scattering which is quite often observed in topological
semimetals. The indirect way to elucidate the suppression of
backscattering is often reported in the literature as the ratio
(r) of classical transport lifetime (t;,) of scattering to the
quantum lifetime (zy) of the scattering. The 7;, is determined
from the carrier transport mobility (u,,) which is obtained
from the Hall conductivity data by using the relationship:
7 = (rm*)/e. Similarly, 7y is obtained from the quantum
mobility (), estimated from the quantum oscillations data
[18]. The ratio, r estimated from the ratio of quantum mobility
to the classical transport mobility reads a value of only a few
tens (~30) for different Fermi pockets, suggesting a weak
topological protection.
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TABLE II. Carrier concentration and mobility extracted from the multiband model fit of the oy, and o, data.

Np1 Np2 ey %) Mni 19%] Hel ez
Pry (10°cm™3) (10 cm™3) (10®cm™3) (10 cm™3) (10*cm?/Vs) (10*cm?/Vs) (10*cm?/Vs) (10* cm?/Vs)
J 11 1001] 6.19 5.72 091 1.85 3.1 2.1
H || [100]
J 11 1100] 7.52 1.86 8.46 3.9 3.25 3.4
H || [001]

Usually, the observation of XMR can be understood from
the topological protection mechanism, which necessitates a
nontrivial topological state that suppresses the backscattering
mechanism. The band structure analysis along with ARPES
studies of electronic structure are the direct ways of envisag-
ing the nontrivial topological states. Since no such evidence
of nontrivial topological states like band inversion or linear
dispersion in the bulk bands, or Weyl nodes are observed from
our band structure calculations, although the magnetotrans-
port properties are reminiscent of other topological material
systems, the novel topological protection mechanism may not
be the reason for the observed XMR in WSi,. However, the
perfect carrier compensation along with large carrier mobility
are the reasons for the observed XMR in WSi,.

IV. SUMMARY AND CONCLUSIONS

A detailed anisotropic magnetotransport and Fermi surface
studies have been performed on a high quality single-
crystalline WSi, sample grown by Czochralski method in
a tetra-arc furnace. Three main fundamental frequencies
were observed from our dHvA studies and all these three
frequencies were also determined from the band structure
calculations. The angular dependence of the dHVA frequen-
cies agrees well with the calculations. The magnetoresistance
shows an unprecedentedly large value of 103% without show-
ing any sign of saturation in a field of 14 T at 2 K. The
anisotropic Hall coefficient in WSi, ascertains the presence

of multiple Fermi pockets from multiple bands having low
carrier densities and very large transport mobilities. The near
compensation of charge carriers and the large carrier mobility
in WSi, are solely responsible for such a XMR behavior.
The observed features like large RRR, low carrier density,
near compensation of charge carriers, high transport mobil-
ity, and suppression of backward scattering revealed that this
compound is a compensated semimetal hosting XMR behav-
ior which is reminiscent to other topological semimetals. A
nontrivial Berry phase was revealed from the dHvVA quantum
oscillation studies. Further experiments like angle resolved
photo emission spectroscopy and a detailed band structure
analysis will shed more light on the topological features of
WSi, single crystal, if any.
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