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Here, we report an extremely large positive magnetoresistance (XMR) in a single-crystal sample of MoSi,,
approaching almost 107 % at 2 K in a 14-T magnetic field without appreciable saturation. Hall resistivity data reveal
an uncompensated nature of MoSi, with an electron-hole compensation level sufficient enough to expect strong
saturation of magnetoresistance in the high-field regime. Magnetotransport and the complementary de Haas—van
Alphen (dHVA) oscillations results, however, suggest that strong Zeeman effect causes a magnetic field-induced
modulation of the Fermi pockets and drives the system towards perfect electron-hole compensation condition in
the high-field regime. Thus, the nonsaturating XMR of this semimetal arises under the unconventional situation of
Zeeman effect-driven electron-hole compensation, whereas its huge magnitude is decided solely by the ultralarge
value of the carrier mobility. Intrinsic ultralarge carrier mobility, strong suppression of backward scattering
of the charge carriers, and nontrivial Berry phase in dHvVA oscillations attest to the topological character of
MoSi,. Therefore, this semimetal represents another material hosting combination of topological and conventional

electronic phases.
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I. INTRODUCTION

Extremely large positive magnetoresistance (XMR) of
bismuth, a prototype elemental semimetal, has been known
for along time [1]. Recently, the interest in magnetoresistance
has been renewed due to the observation of positive XMR
in WTe,, which does not show saturation even in magnetic
fields as high as 60 T [2]. The XMR in WTe, was followed by
similar observations in several other semimetals. For example,
an XMR ~ 4 x 10°% at 2 K in a 14-T magnetic field has been
reported in PtBi; [3]. The other semimetals with comparable
XMR are NbP, LaSb, NbAs, TaP, TaAs, MoTe,, and MoP,
[4-10]. The topological protection is invoked to account for
the XMR in all these semimetals except LaSb, which exhibits
XMR in a perfect electron-hole compensation situation
[3,5,11-16]. Thus, XMR constitutes a major distinctive
feature of the topological semimetals, and is often used as
primary criteria for identifying newer material belonging
to this class. An experimental study in late 1986 reported
MoSis to have an XMR ~ 10°% at 4.2 K in a 7.4-T magnetic
field [17]. Despite having such huge MR, MoSi, has never
been studied to check whether the topological notion can
be extended to this semimetal. Moreover, the contradicting
interpretations suggested by the previous studies make
the explanation of XMR in MoSi, based on electron-hole
compensation highly controversial [18,19], and thus the
validation of the electron-hole compensation mechanism for
this semimetal still remains an open problem.

Here, we present a detailed study of the magnetotransport
properties on single-crystal samples of MoSi,. We have also
probed de Haas—van Alphen (dHvVA) oscillations and per-
formed electronic structure calculations to complement our
study. A MoSi, sample exhibits nonsaturating XMR ~ 107 %
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at 2 K in a 14-T field, which is larger than the XMR values
reported in the best known XMR semimetals of recent time.
In contrast to the previous consensus of perfect electron-hole
compensation in MoSi,, predicted to be originated from an
exact balancing of the volume of the Fermi pockets [18], we
rather find a largely uncompensated nature of this semimetal.
However, Zeeman effect causes a field-induced modulation of
the Fermi pockets in a nontrivial way and drives the system
towards a perfect electron-hole compensation condition in
the high-field regime; the unprecedented large nonsaturating
magnetoresistance in MoSi, arises due to the combined effect
of Zeeman effect-driven carrier compensation and ultralarge
carrier mobility. Additionally, strong suppression of back-
ward scattering of the charge carriers, nontrivial Berry phase
in dHvA oscillations, and paramagnetic singularity of dc
magnetic susceptibility near zero field provide compelling
evidences for the existence of topological state in MoSi,.

II. MATERIAL AND METHODS

A single-crystal of MoSi, was grown by Czochralski
method in a tetra-arc furnace. The as-grown single-crystal has
a tetragonal structure (space group, I4/mmm; number, 139)
with lattice parameters a = b = 3.2045 Aand c =7.8414 A.
The magnetotransport measurements were performed in a
14-T physical property measurement system from Quantum
Design, Inc. with sense current / parallel to the crystallographic
a axis and field applied along the ¢ axis, and vice versa.
The dHVA oscillations were probed through magnetization
measurements in a 14-T vibrating sample magnetometer from
Quantum Design. The electronic structure calculations were
performed within the density functional theory framework, as
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implemented in the QUANTUM ESPRESSO code [20]. The gener-
alized gradient approximation of Perdew et al. [21] was used
for the exchange-correlation potential. The electronic wave
functions were expanded in terms of plane-wave basis sets, and
the pseudopotential approach was adopted for the calculations.

III. RESULTS AND DISCUSSION

As shown in Fig. 1(a) the electrical resistivity p,, of MoSij,
measured in the absence of magnetic field and with current
along the a axis, exhibits metallic behavior in the temperature
range 2-300 K, with p,, decreasing steeply as temperature is
lowered from 100 to 15 K. The steep decrement in p,, implies
strong enhancement in the transport lifetime of the charge
carriers, which results in an extremely small residual resistivity
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FIG. 1. Magnetotransport property of MoSi,. (a) Temperature
dependence of resistivity p,, for I L B || ¢ under a few representative
transverse magnetic fields between zero and 14 T. (b) Corresponding
transverse MR as a function of magnetic field at few selected
temperatures between 2 and 100 K. (¢) p..(T) for I L B || a under
different representative transverse magnetic fields up to 14 T.

po = 7.1 nQ2 cm and a large residual resistivity ratio (RRR)
~ 3926. The present RRR value is more than twice the best
RRR value reported earlier for this semimetal [17], attesting to
a better quality of our MoSij, single crystal. Application of the
transverse magnetic field along the ¢ axis leads to a remarkable
enhancement in p,,, particularly at low temperatures. The MR
at 2 K reaches a value as large as 9.1 x 10°% in a 14-T
magnetic field. Comparable XMR is observed in topological
semimetals such as WTe,, PtBiy, and MoP, under a strong
magnetic field exceeding 30 T [2,3,10]. The present XMR
value also exceeds the previously reported value in MoSi;
by almost one order of magnitude [17]. The low-temperature
and low-field response of resistivity is much more appealing,
showing MR as large as 10°% at 2 K in a small magnetic
field of 0.1 T, suggesting potential application of MoSi, as
a magnetic sensor. At present, there is a high demand for
such a magnetic sensor in the low-field and low-temperature
regime [22]. As shown in Fig. 1(b) the field dependence of MR
exhibits nonsaturating behavior within the field range of our
measurements between zero and 14 T. The magnetotransport
results shows strong anisotropic behavior, as indicated by a
relatively higher value of o, = 48.8 n{2 cm, smaller RRR ~
336, and strongly suppressed XMR (~3.8 x 10°% at T =2 K
and B=14T)for I L B | a; refer to Fig. 1(c).

The field dependence of dc magnetization (M) displays
robust signature of dHVA oscillations superimposed on a
diamagnetic background. The dHvA oscillation signal was
extracted by subtracting the nonoscillatory background from
the experimental M (B) data. As shown in Fig. 2(a) the dHVA
oscillations at 2 K for B || ¢ are traceable down to a remarkably
low magnetic field ~1.7 T. The dHVA oscillation amplitude,
however, diminishes drastically at higher temperature, and
becomes hardly detectable above 15 K. Figure 2(b) shows
the expanded detail of the oscillation patterns in the high-field
regime. The dHvA oscillations at 2 K exhibit strong Zeeman
effect, which manifests itself as splitting of the oscillation
peaks. At temperatures above 3 K, the split peaks, however,
merge into a single peak, consistent with Zeeman effect, in
which thermal broadening of the Landau levels smears out
the Zeeman splitting. At 2 K, Zeeman splitting is discernible
down to almost 4 T, which is much smaller than the threshold
magnetic field value B > 17 T for peak splitting in topological
semimetal Cd3As, with the highest carrier mobility reported
so far [23-25]. Figure 2(c) shows the frequency spectra
obtained by performing the fast Fourier transform (FFT) of
the dHVA oscillations, revealing two principal frequencies
Fo =725T and Fg = 825T, which are in close agreement
with the previous dHVA result [18]. Temperature dependence
of the oscillation amplitude shown in Fig. 2(d) is fitted using
the thermal damping factor of Lifshitz-Kosevich formula [26]:
R; = X/sinh(X), where X = ATm*/B, A =2n’k,m,/eh,
m* is the cyclotron effective mass in the unit of free electron
mass m,, and other terms have their usual meanings. The
fitting parameter provides determination of m*. From the
magnetic field-induced damping of the oscillation amplitude,
R, = exp(—AT,m*/B), the Dingle temperature T, at 2 K is
estimated; and the corresponding fittings are shown in the inset
of Fig. 2(d). From the obtained values of m* and T}, the quantum
mobility , = e/2mk,T,m* is estimated to be 2.30 x 10° and
2.33 x 10° cm? V~! 57! for the & and B band, respectively.
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FIG. 2. dHvA oscillations in MoSi,. (a, b) dHVA oscillations of magnetization for B || ¢ at a few selected temperatures. The oscillation
peaks at low temperature and high-field regime demonstrate Zeeman splitting. (c) Frequency spectrum corresponding to the dHVA oscillations,
revealing two principle frequencies F, =725 T and Fg = 825 T along with their second, third, and fourth harmonics. (d) Temperature
dependence of the FFT amplitude at frequencies F, and Fj (solid symbols). Solid lines are the fitted curves using the thermal damping factor
of the Lifshitz-Kosevich formula. Inset: Dingle plots of the dHVA oscillations associated with the frequencies F;, and Fj.

The electronic band structure shown in Fig. 3(a) indicates
the presence of two bands crossing the Fermi level, consistent
with the dHvVA oscillations result. The hole-type and the
electron-type bands are centered at the high symmetric I" and
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FIG. 3. (a) Electronic band structure of MoSi,. (b) Fermi surfaces
of MoSi, in the first Brillouin zone with a central hole pocket (cylin-
drical) and an electron pocket having the shape of a four-cornered
rosette. (c) Laue diffraction pattern emphasizing the single-crystalline
nature of the as-grown MoSi, single-crystal.

Z point, respectively. As shown in Fig. 3(b) the hole-type band
has a cylindrical-shaped Fermi surface while the electron-type
band has a Fermi surface with a shape of a four-cornered
rosette.

Having established plausible evidence for the presence of
two bands participating in the charge transport mechanism in
MoSi,, we now use the classical theory of two-band transport
for analyzing the magnetotransport data. According to the
classical theory of two-band transport, the Hall resistivity p,,
and MR depend on magnetic field as [27,28]
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@

where n (p) is the electron (hole) density and . (wy) is the
corresponding mobility. As shown in Fig. 4(a) the negative
sign and sublinear behavior of p,(B) at 2 Kfor I L B | a
suggest an uncompensated nature of MoSi, with electrons
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FIG. 4. Magnetotransport properties of MoSi, and the validation of the two-band model. (a) p,,(B) at2 Kfor/ L B|cand I L B | a
(solid symbols). The black solid line represents the theoretical fit based on the two-band model Eq. (1). (b) Theoretical fitting of the MR data at
2K for ! L B | abasedonEq. (2). (c) Fitting of the p,,(B) datafor / L B || ¢ at 2 K and in the field regime below 2 T using Eq. (1). (d) p,,(B)
for I L B || c atafew selected temperatures, demonstrating the sign reversal phenomenon in the low-field regime. (e) Field dependence of MR
at2 K for I L B || ¢ (red solid symbols). The solid lines represents the MR calculated based on Eq. (2) using . = 2.7 x 10° cm®> V~!s~! and
wp = 4.5 x 10° cm? V~! s7! and for three fixed values of p/n = 0.97,0.98, and 0.99. (f) Magnetic field dependence of the compensation level
p/n obtained from Eq. (2) using the values of u, = 2.7 x 10° cm®> V~!s™" and 1), = 4.5 x 10’ cm® V~! s~!. In panel (e) the exact overlapping
between the MR data and the simulated curve (black solid line) obtained from the p/n(B) profile emphasizes the reliability of the estimation

of p/n.

being the major carrier. The p, (B) and the MR data at 2 K
for I L B || a are simultaneously fitted to Egs. (1) and (2).
Satisfactory fits to the experimental data are achieved in the
high-field regime, while in the low-field regime (1 to 5 T) the
fitted curve slightly deviates from the experimental data. The
fits shown in Figs. 4(a) and 4(b) give the compensation level
p/n =0.989, ., =1.6 x 10> cm?V~'s7!, and puj, = 9.8 x
10° cm? V~!'s~!'. However, if we perform the same exercise
covering only the low-field regime up to 2 T, a value of p/n
=0.947 (n =7.93 x 10 cm™3, p = 7.51 x 10*° cm—?) and
slightly different values of the carrier mobilities p, = 1.98 x
100 em? V—'s7!, = 1.99 x 10* cm? V! s~! are obtained.
If the fit up to 2 T is extrapolated to higher fields, it deviates
negatively from the p,,(B) data at high fields. This indicates an
increase of the hole concentration with increasing field, which
is in tune with the value of p/n = 0.989 as mentioned above.

The p,,(B)at2Kfor! L B || cisalsonegative, with similar
implications as for / L B || a. A noticeable feature of p,,(B)
measured with / L B | cis its exhibition of positive curvature
in the high-field regime; see Fig. 4(a). Equation (1) predicts a
negative curvature of p,,(B) for a fixed value of p/n (<1),
but a positive curvature may arise when the holes become
increasingly important in the charge transport mechanism with
increasing magnetic field. It is to be noted that the dHvA
oscillation peaks for B || ¢ exhibit strong Zeeman splitting,

suggesting that the magnetic field-dependent behavior of the
charge carriers is most likely due to the strong Zeeman effect. It
is worth mentioning that Zeeman effect causes energy shifting
of the Landau levels in the presence of magnetic field, and
thereby reconstructs the Fermi pocket. In such case, the carrier
density, being related to the size/shape of the Fermi pocket(s),
also becomes magnetic field sensitive. Similar magnetic field-
dependent behavior of p/n caused by Zeeman effect was also
inferred for WTe; [29,30]. We have not yet carried out the
dHvA measurement for B || a to check whether the data exhibit
Zeeman effect, though our magnetotransport data discussed
above suggest a similar behavior should occur. Figure Sl
in the Supplemental Material shows the Shubnikov-de Haas
(SdH) oscillations for B || a and B || ¢ orientations [31].
While for I L B || ¢ there is a distinct splitting of the SdH
oscillation peaks similar to that observed in dHvA oscillations,
for I L B || a there is a broadening of the SdH peaks which
suggests that Zeeman effect is present even for this field
orientation.

The two-band model equations fail to fit p,,(B) and MR data
for I L B || ¢ when the fitting field range is taken from zero to
14 T, which is apparently due to the magnetic field dependence
of the model parameters n and p. Since p,,(B) (and also MR)
depends less sensitively on the carrier density in the low-field
regime, Eq. (1) successfully reproduces the p,,(B) data in the
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low-field regime up to 2 T. The best fitting to p,,(B) data at
2 K, shown in Fig. 4(c), give pe = 2.7 x 10 em®> V=151,
wp =4.5x10° em®>V-ls™! n =175 x 10! ecm™3, p =
1.67 x 10?! cm~3, and p/n = 0.954, which is comparable to
the corresponding value for / L B || a. It is notable that the
minor-carrier holes have much higher mobility as compared
to the major-carrier electrons. In several semimetals, lower
population and higher mobility of the holes induce sign reversal
of p,,(B) in the low-field regime [30,32,33]. Thus, the ob-
tained values of the model parameters consistently explain the
observation of sign reversal of p,,(B) for I L B | ¢ shown in
Fig. 4(d). The obtained values of the fitting parameters provide
estimation of zero-field p,, = 1/e(np. + pup) = 5.101Q2 cm
at 2 K, which is in close agreement with the experimental
value of p, = 7.1n2 cm for 7 || a. On the other hand, the
zero-field p,, at 2 K is estimated to be 36.3 nQ2 cm for [ || c,
consistent with the experimental value of p, = 48.8nQ2 cm
for this current configuration. Evidently, the large difference
between the zero-field p,,(T") for currents along the ¢ and a
axis, and hence the anisotropic magnetotransport behavior of
MoSi,, arises mainly because of the huge difference in carrier
mobilities along these crystallographic directions.

However, a degree of compensation with p/n = 0.954 does
not justify the magnitude of XMR as well as its nonsaturating
behavior. Equation (2) predicts a strong saturation of MR even
with p/n = 0.97; refer to Fig. 4(e). Such saturation effect
is also observable even with p/n = 0.99, but to less extent.
Thus, the nonsaturating behavior of XMR in MoSi, can only
be understood if we consider the gradual improvement of com-
pensation level towards a resonant situation with increasing
magnetic field. The MR being an explicit function of p/n,
WUe, and py, (see Eqn. S1 and S2 in the Supplemental Material
[34]), Eq. (2) provides estimation of p/n from the experimental
MR data and the aforementioned values of 1, and w;. The
evolution of p/n with magnetic field is shown in Fig. 4(f)
for I L B || c.In zero field, p/n = 0.946, consistent with the
value obtained from the analysis of p,,(B). As magnetic field
is increased, p/n grows monotonically and becomes ~0.994
at 14 T, and such a variation of p/n consistently explains the
nonsaturating behavior of p,,(B) as well as the positive curva-
ture of p,,(B) observed in the high-field regime. Our analysis
conclusively suggests that Zeeman effect-driven electron-hole
compensation is crucial for boosting the nonsaturating XMR in
MoSi,. This unique behavior distinguishes MoSi, from other
compensated semimetals belonging to this class. Interestingly,
an uncompensated nature of this semimetal offers scope in
driving the system towards a perfect compensation situation
by increasing magnetic field. In that sense, MoSi, provides a
platform where an imbalance between the charge carriers is
found beneficial for realizing the XMR.

All the single-crystal samples of MoSi, studied so far
including the present one exhibit extremely small p, in the
range of 7-10 n2 cm when current is along the a axis
[17,35], indicating intrinsic ultralarge transport mobility of
the charge carriers. The intrinsic ultralarge transport mobility
and the accompanied XMR are characteristic of topological
semimetals. Such intrinsic ultralarge transport mobility is
originated from severe suppression of backward scattering
of the charge carrier due to the topological protection. On
the other hand, the quantum mobility p, is sensitive to all
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FIG. 5. (a—) The dHvA oscillations at 8 K for B || ¢. Solid
symbols represent the experimental data and gray solid lines represent
the theoretical fit based on Eq. (3). (d) Electronic band structure of
MoSi, after including spin-orbit coupling. The figure is enlarged
to show the absence of linear band inversion near the high sym-
metric Z point. (e) Magnetic field dependence of magnetization of
MoSi, demonstrating the paramagnetic peak in the low-field regime.
(f) Differential susceptibility x = dM/d B as a function of magnetic
field, exhibiting the paramagnetic singularity near zero field.

kinds of scattering mechanisms. Thus, the ratio R, = ../,
quantifies the degree of suppression of the backward scattering.
ForI L B | ¢, R, is estimated to be 193 for the holes, implying
strong suppression of backward scattering.

Further experimental proof for the possible topological
character of MoSi, may come from the Berry phase analysis.
The Berry phase describes an additional geometrical phase fac-
tor acquired in the adiabatic evolution along a closed trajectory
in the parameter space [36]. A nontrivial Berry phase manifests
itself in observable effects in quantum oscillations. According
to the Lifshitz-Kosevich formula for multiple frequencies,
dHvA oscillation of magnetization is given by [26,37]

AM — Z al.B%R;Rg sin[27 (F;/B — ;)] (3)
i=a,B

where R; and R; describe the damping of oscillation amplitude
due to temperature and magnetic field, respectively, and y
is related to the Berry phase factor f; as y = 1/2 — f;+4.
The parameter § is an additional phase factor determined
by the dimensionality, taking the values of zero and +1/8
for two-dimensional (2D) and three-dimensional (3D) Fermi
surfaces, respectively (plus and minus signs are, respectively,
for holes and electrons) [38]. Starting from the previously
estimated values of F, m*, and T, for - and B-frequency
branches, we perform a fully quantitative fitting of the dHVA
oscillation pattern at 8 K using Eq. (3). For the fitting we
restricted ourselves to only the high-temperature and low-field
regime, where the experimental data are less likely affected by
the Zeeman effect. As shown in Figs. 5(a)-5(c) the oscillation
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pattern can be well reproduced by Eq. (3) with the values
of F, m*, and T, that are close to their initial guess values,
giving y,=—0.05 and yg = 0.23. The « band represents an
electron-type band as indicated by the negative sign of y,.
The electron pocket shown in Fig. 3(b) has a quasi-2D nature,
limiting the value of §, in the range of —1/8 < §, < 0 [38].
For the value of §, in this predicted range, the obtained y,, can
only be explained by considering f; = 1/2. Such a value of f,
underlines the existence of topologically nontrivial electrons
in MoSi,. For the hole-type 8 band, yg deviates slightly from
the 3D limiting value of yg = 8g = £1/8 expected for the
topologically nontrivial holes, and corresponds to a Berry
phase shift of 0.87. This marginal deviation is likely due to
the cylindrical shape of the hole pocket instead of a spherical
one with perfect 7 Berry phase.

Despite several experimental evidences attesting the topo-
logical character of MoSi,, the results of our ab initio calcu-
lations are not compatible with the picture of either Dirac or
Weyl semimetal. The electronic structure does not exhibit any
linear band inversion with distinct Dirac node/Weyl nodes after
including the spin-orbit coupling; see Fig. 5(d). An alternative
mechanism that may also account for the topological behavior
of a material is the spin texture. Such spin texture may
exist in the bulk state of a material with strong spin-orbit
coupling, such as WTe, [39]. Owing to the d orbital of the
heavy Mo atoms, strong spin-orbit coupling and the related
spin texture are quite plausible in MoSi,. The spin texture
would exhibit observable effect in magnetic susceptibility
x. It was predicted theoretically that the resulting x(B)
shows a paramagnetic singularity near zero magnetic field
with a linear field dependence [40]. Indeed, magnetization

of MoSi, measured for B || ¢ exhibits a clear paramagnetic
contribution in the low-field regime; see Fig. 5(e). The cor-
responding differential susceptibility x (= d M /d B) shown in
Fig. 5(f) demonstrates paramagnetic singularity near zero field,
varying linearly with magnetic field below 0.17 T. These
observations suggest that, similar to WTe,, the topological
behavior of MoSi, is induced most likely due to the spin
texture.

In conclusion, the electrons and holes in MoSi, are found
to be largely uncompensated. Nevertheless, an extremely large
nonsaturating transverse magnetoresistance ~107% at 2 K in
a 14-T magnetic field is observed for I L B || ¢. This un-
precedented magnetoresistance without appreciable saturation
in the high-field regime can be understood from the Zeeman
effect-driven electron-hole compensation. Ultralarge mobility
of both types of charge carriers reinforces the magnitude of the
magnetoresistance. Strong suppression of backward scattering
of the charge carriers and nontrivial Berry phase in dHvA oscil-
lations attest to the topological character of MoSi,. Spin texture
possibly lends the topological character to this semimetal. In
this regard, a spin-resolved photoemission experiment may be
crucial in elucidating the origin of topological behavior of this
exotic semimetal.
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