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We report the experimental results of magnetotransport on the single crystal MoGe,, which was theoretically
predicated to be a topological insulator. The resistivity of MoGe, exhibits a metallic behavior at zero field, while
with magnetic fields applied along the z axis and perpendicular to current, MoGe, presents an upturn resistivity
behavior and unsaturated quadratic large magnetoresistance (MR). The analysis of Hall effect shows that MoGe,

is a compensated semimetal with high mobilities at low temperatures, which is the origin of resistivity upturn and
unsaturated large MR. As magnetic fields parallel to current, MoGe, shows a weak antilocalization effect at low
fields and a pronounced negative MR at higher fields, which is analogous to the picture of the Adler-Bell-Jackiw
axial anomaly. Our results indicate that MoGe; is a topological semimetal rather than a topological insulator,
and will encourage further theoretical and experimental investigations on this compound.
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I. INTRODUCTION

The discovery of topological insulators (TIs) [1-4] sparked
intense research interests in condensed matter physics and
material science, because of the nontrivial band structures
characterized by insulating bulk states and two-dimensional
gapless surface states. Moreover, the realization of new topo-
logical states in the materials other than insulators, such as
topological semimetals (TSMs) [5-7], which host a linear
dispersion at the crossing of the valence and conduction bands
near the Fermi energy, has become one of the most fasci-
nating and challenging topics. According to the degeneracy
and dimensionality of the nodal points near the Fermi en-
ergy, TSMs can be classified into several categories, such
as Dirac semimetals [8—11], Weyl semimetals [12—15], and
nodal-line semimetals [16,17], as well as those from three-
fold (or higher) band degeneracies [18,19]. These nontrivial
topological-protected band structures usually can allow topo-
logical materials to present novel physical properties and
potential applications.

Recently, molybdenum binary compounds (MBCs) MoX»,
such as MoTe, and MoSi,, have attracted substantial atten-
tion because of the discovery of novel quantum phenomena
[20-24]. For instance, Weyl semimetal MoTe, exhibits a
bulk superconductivity with 7, ~ 0.1 K [25] and a nontriv-
ial surface superconductivity state [26]. These results may
introduce a new pathway for the exploration of topological
superconductivity. In addition, MoSi, displays a unsaturated
large magnetoresistance (LMR) driven by Zeeman effect at
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high magnetic fields, which is different from that caused by
the electron-hole compensation in the reported work [22]. Al-
though the underlying physics of intriguing features in these
materials is still not confirmed completely, these reported
MBCs provide the platform for the investigation of ex-
otic physical properties. Therefore, more MBCs are strongly
desired to search for new physics and realize potential
application.

Currently, MoGe,, crystallizing in an orthorhombic struc-
ture with Pnma space group, has been predicted to be a
new candidate of TIs [27,28], which is expected to host
novel phenomena and shed more light on the physical prop-
erties observed in MBCs. However, the previous research
on MoGe, was very limited, only focusing on the crys-
tallographic and thermal characterization [29-32]. In this
paper, we have successfully grown single crystal MoGe;
and performed the systematic magnetotransport studies with
the temperatures ranging from 2.5 K to 300 K at magnetic
fields up to 9 T. We observed a large transverse positive
MR(B) = [pxx(B) — pxx(0)] x 100%/ p,,(0), which exhibits
aunsaturated quadratic behavior. The analysis of MR and Hall
resistivity with semiclassical two-band model reveals that the
balance between holes and electrons and high mobilities in
the MoGe, could be responsible for the unsaturated quadratic
LMR at high magnetic fields. Remarkably, a weak antilocal-
ization (WAL) effect arises with the rotation of magnetic field
in the xz plane, and a pronounced negative magnetoresistance
(NMR) can only be observed when applied magnetic fields
are parallel to current, which is analogous to the picture of
the Adler-Bell-Jackiw (ABJ) chiral anomaly of Weyl nodes
[12,33-38] splitting from surface Dirac points at a certain
direction. These findings suggest that a strong signature of
three-dimensional (3D) Dirac or Weyl fermions’ characters
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FIG. 1. (a) Single crystal XRD pattern of MoGe,. The left inset
is the EDX spectroscopy of MoGe,. The right inset is typical image
of single crystal MoGe, with strip shape. (b) Powder XRD pattern
of MoGe, with refinement. Red circle and black solid line show the
data of experiment and the fitting curve, respectively. The difference
plot is in blue. The pink lines denote the positions of Bragg peaks
of MoGe,. The inset shows crystal structure of MoGe,, in which red
and yellow balls represent Ge and Mo, respectively.

exists in the MoGe, as detected in other TSMs [12,34,36],
although first-principles calculations indicate that MoGe, is
a TI. Our work will stimulate further theoretical and experi-
mental investigations on the nontrivial band topology in the
MoGe,.

II. EXPERIMENTAL METHODS
AND CRYSTAL STRUCTURE

Single crystals of MoGe, were grown from Ge fluxes.
The mixture of Mo and Ge was placed into an alumina cru-
cible with a molar ratio of 1:30 and sealed in a quartz tube.
The quartz tube was heated to 1150°C, held for 20 h, and
then slowly cooled to 1000°C at a rate of 1°C/h. Finally,
the excess Ge flux was removed with a centrifuge. The ob-
tained single crystals are of strip shape with about 1 mm
length, as shown in the right inset of Fig. 1(a). The average
Mo:Ge atomic ratio determined using the energy dispersive
x-ray (EDX) spectroscopy is very close to 1:2 and no foreign
elements were detected within the limitation of instrument
resolution, as shown in the left inset of Fig. 1(a). The crystal
structure was characterized by x-ray diffraction (XRD) using
a PANalytical Diffractometer with Cu K, radiation at room
temperature. Electrical transport measurements were carried
out by a Quantum Design PPMS-9 T.
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FIG. 2. Magnetotransport property of MoGe,. (a) Temperature
dependence of resistivity p for magnetic fields perpendicular to
current under different magnetic fields. The upper inset shows the
fitting resistivity at zero field using the formula p = py + AT". The
lower inset shows an optical image of the standard four-probe trans-
port measurements on the single crystal MoGe,. (b) Magnetic field
dependence of MR for magnetic fields perpendicular to current at
different temperatures. The inset shows the fitting result of zero-field
resistivity with the formula MR = aB" at 2.5 K.

MoGe; crystallizes in an orthorhombic structure [inset of
Fig. 1(b)] with a space group Pnma (No. 62). Figure 1(a)
shows the single crystal XRD pattern of a sample. All of the
peaks can be identified as the (0 0 /) reflections of MoGe;.
Figure 1(b) shows the room-temperature powder XRD pattern
of the obtained MoGe,;, in which all the powder diffraction
peaks can be well indexed in the Pnma space group. The
determined lattice parameters a = 6.344 A, b =3.450 A, and
¢ =8.586 A are in good agreement with the previously re-
ported data [29].

III. RESULTS AND DISCUSSION

The temperature-dependent dc resistivity of MoGe, under
selected magnetic fields with B parallel to z axis and per-
pendicular to current (/ = 1 mA) is shown in Fig. 2(a). The
lower inset of Fig. 2(a) shows the photograph of a transport-
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measurement single crystal MoGe, with the dimensions of
0.71 x 0.18 x 0.14 mm?, in which four Pt wires were adhered
to the sample with the silver paste. At zero field, the resistivity
presents a metallic behavior with a residual-resistivity-ratio
(RRR = R3pk/R25x) up to 40. The upper inset of Fig. 2(a)
shows a simulation of the zero-field resistivity from 2.5 K to
50 K with the formula p = py + AT", where pg = 1.4 £2 cm,
A=21x10"% uQcmK™3*, and n = 3.4. The value of n
is neither 2 for electron-electron scattering nor 5 for con-
ventional electron-phonon scattering by the Bloch-Griineisen
theory [39], almost close to that in LaBi and ZrSb, [40,41],
in which the interband electron-phonon scattering was con-
sidered to result in the temperature-dependent resistivity at
low temperatures. With the application of magnetic fields, the
metallic behavior is weakening and a definite upturn is ob-
served at low temperatures, as shown in Fig. 2(a). The upturn
resistivity behavior can be enhanced with increasing mag-
netic fields, which has been observed in many compensated
semimetals, including recently discovered compounds like
NbAs; and WC [19,42,43]. Figure 2(b) shows the magnetic
field-dependent MR at different temperatures with B along
z axis and perpendicular to current, where the MR increases
with increasing magnetic fields and decreasing temperatures.
Until 2.5 K and 9 T, the MR reaches to the maximum 3400%
and has no any sign of saturation. The fitting curve for MR at
T = 2.5 K by the expression MR = aB" is shown in the inset
of Fig. 2(b), in which the obtained index n = 1.87, close to 2.
The deviation from the quadratic behavior implies that there
may be a slight imbalance between electrons and holes in the
MoGe;. The resistivity upturn and unsaturated quadratic LMR
at low temperatures can be attributed to the balance between
electrons and holes and high mobilities [40,44,45]. According
to the semiclassical two-band model [39,40,44], the resis-
tivity with multiband system under magnetic fields can be
described as

1 (nh:uh + neMe) + (neﬂh + nh//Le)//LhMeBz

Pux(B) = , (D
e (npup + neﬂe)z + (n, — nh)z(Uhﬂe)sz
then the MR is
e e e 2B2
MR(B) = Refkelpfn(fn + he) @

(atin + Mepte)? + (e — mp)*(pee ) B>
If the electron density and hole density keep balance
(n. = n, = ny), the MR presents a quadratic dependence
on the magnetic fields, MR(B) = u,u.B?, which indicates
that the compensation of electrons and holes densities and
high mobilities are related to unsaturated quadratic LMR.
Moreover, based on the Kohler’s rule [39,44], MR(B) =
a(B/pex(T,0))", in which m = 2. Considering p.(T, 0) =
po +AT", we can obtain

pu(T, B) = po +AT" + aB*/(py + AT"), A3

where o = k[n.e(1 +«)]172 and k = uy/p. [44]. Tt is appar-
ent that there is a minimum in the p,, curve, resulting in
the resistivity upturn. Therefore, the resistivity upturn and
unsaturated quadratic LMR at low temperatures can originate
from the compensation of electrons and holes densities and
high mobilities.

To shed more light on the mechanism of unsaturated
quadratic LMR and the upturn resistivity behavior, we have

performed a Hall-effect measurement on the single crystal of
MoGe,; at various temperatures with magnetic fields along
the z axis. Figures 3(a) and 3(b) show the field-dependent
Hall resistivity p,, and longitudinal conductivity oy, [0y =
,oxx/(pxxz + pxyz)] at temperatures ranging from 2.5 K to
300 K. At low temperatures, the negative slope of p., suggests
that electron-type carriers dominate the transport process.
While at higher temperatures, p,, has a negative slope at
low fields and a positive slope at high fields, which shows
the coexistence of hole-type and electron-type carriers in
the MoGe;. The nonlinear field dependence of py, indicates
MoGe, is a multiband system. Herein, we fitted the Hall
conductivity oy, and longitudinal conductivity oy, using a
semiclassical two-band model:

2 2
mﬂ:( Ml melts )eB, @
’ 1+ (usB)?* 1+ (u.B)?
__ CMeHhe 0xx(0) — ene i, 5)
T4 (1eB)? 1+ (unB)?

where n, (n,) and wu, (u.) are the hole (electron) carrier
density and hole (electron) mobility, respectively. We find that
oy, and o, can be well fitted from 2.5 K to 300 K using the
two-band model, and typical fitting curves for T = 2.5 K are
shown in the insets of Figs. 3(a) and 3(b), respectively. The
temperature dependence of carriers densities and mobilities
obtained by fitting oy, and oy, are depicted in Figs. 3(c)-
3(f). One can see that the carrier densities and mobilities
have similar temperature-dependent tendencies and the same
order of magnitude, which indicates that the semiclassical
two-band model has captured the main physics. At 2.5 K,
ne=2.67x 10 cm™3, n, =248 x 10 ecm ™3, u, = 1.2 x
10* cm? (Vs)™!, and wj, = 0.95 x 10* cm? (Vs)~!. The den-
sities of holes and electrons, up to 10?° cm™3, are typical
concentration of semimetals. The ratio nj,/n, = 0.93 implies
that the hole density is almost equal to the electron density at
low temperatures, which indicates the balance between holes
and electrons in the MoGe,. Furthermore, the mobilities of
holes and electrons reaches to 10* cm? (Vs)~!, a relatively
large order of magnitude, which reinforces the magnitude
of the MR. The good agreement between the experimental
result and the analysis of Hall resistivity p,, and longitudi-
nal conductivity o, with the semiclassical two-band model
confirms that the compensation of carriers and high mobilities
at low temperatures are the origin of unsaturated quadratic
LMR phenomenon and the upturn resistivity behavior in the
MoGe,;. The consistency of two fitting results indicate the
semiclassical two-band model is reliable to confirm the com-
pensation of electrons and holes densities and to ensure the
accuracy of the fitting results, which is commonly used in
other TSMs, such as TasS, [46]. As temperatures increase,
the hole density keeps rising up, while the electron density is
becoming smaller. Both hole mobility and electron mobility
drop down with increasing temperatures. The abrupt changes
for carriers densities and mobilities have also been observed
in other TSMs, such as W,As3 [47], WTe, [48], and ZrTes
[49], in which the Lifshitz transition can induce the shift of
Fermi level with temperature increasing, resulting in the loss
of the electron-hole compensation.
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FIG. 3. (a) Magnetic field dependence of Hall resistivity oy, at various temperatures. The inset presents the good fitting result at 2.5 K
by semiclassical two-band model, where the black dots and red line are experimental data and fitting curve, respectively. (b) Magnetic field
dependence of longitudinal conductivity o,, at different temperatures, inset of which is the good fitting result at 2.5 K by conductivity fitting
formula. (c), (d), (e), and (f) show temperature dependence of carriers densities and mobilities of electrons and holes obtained by fitting Hall

conductivity oy, and longitudinal conductivity oy, respectively.

The isothermal magnetic field dependence of MR at 2.5 K
with rotating B in the xz plane from B L1 (8 =90°) to
B || I (6 =0°) is shown Fig. 4(a). We find that the MR has
a maximum for B L I (8 = 90°) and considerably decreases
with 6 decreasing. When B L I (8 = 0°) at 2.5 K, as shown
in Fig. 4(b), the MR presents two opposite regions, which
reveals that there is a competition between two origins, one
with positive response and the other with negative response
to higher magnetic fields in the MoGe,. At the weak-field
regime (region I: B < 1.4 T), the positive response for MR can
increase up to maximum 10% and a sharp MR dip is observed
around zero field. This observation can be attributed to the
WAL effect that has been commonly reported in TSMs, such
as TaAs and PtSe, [12,50], in which Dirac fermions dominate
the magnetoelectric transport process. While at higher-field
regime (region II: B 2 1.4 T), the negative response for MR
drops with oscillation-like behavior, which is due to mea-
surement deviation, and reach a minimum of —30% without
saturation at 9 T, similar to that reported in the TSM TaSb,

[51]. Figure 4(c) shows that the WAL effect and longitudinal
NMR are rapidly suppressed with temperatures increasing,
and ultimately disappear until around 100 K. In addition, the
longitudinal NMR, sensitive to the angle 6 between magnetic
fields and current, sharply decreases when 6 is deviated from
0°, as presented in Fig. 4(d). Once 6 is above 6°, the NMR
becomes positive, which mainly results from components of
positive LMR for & = 90°. In general, the NMR can be related
to several mechanisms, including current jetting effect [52],
weak localization (WL) effect [53,54], magnetic scattering
[55,56], and ABIJ chiral anomaly of Weyl nodes [12,36].
We consider here that ABJ anomaly is the most probable
cause in the MoGe,. Firstly, different from the temperature
insensitivity of NMR in the current jetting effect, the NMR
in the MoGe; is sensitive to temperature. Besides, current
jetting effect is highly sensitive to the contact configuration.
We have tried to use another contact configuration on the
same sample and discovered the similar NMR phenomenon,
which proves that current jetting effect may not play a leading
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FIG. 4. (a) Magnetic field dependence of MR at 2.5 K with magnetic field varied from perpendicular to the current (6 = 90°), to parallel
to the current (0 = 0°). (b) Magnetic field dependence of MR at 2.5 K with magnetic field parallel to the current, which can be divided into
two regions, region I and region II. The solid curve is the ABJ theoretical fitting result. (c) Magnetic field dependence of MR at various
temperatures for 6 = 0°. (d) Magnetic field dependence of MR at 2.5 K with 6 close to 6 = 0°. (e) and (f) show the fitting curves of NMR at
various temperatures and at different angles 6, respectively. The inset of (f) shows the strong angle 6 sensitivity of Cy .

role in the NMR. Secondly, in regard to WL effect, strong
NMR signal should be observed at & = 90° and commonly
exists at low-magnetic fields. However, unsaturated positive
LMR is presented at & = 90° and NMR can still exist at
high-magnetic fields, which are inconsistent with WL ef-
fect evidently. Thirdly, because of the nonmagnetic nature of
MoGe;, magnetic scattering mechanism is naturally impossi-
ble to lead to NMR. Therefore, we hold that the longitudinal
NMR of MoGe; is most likely attributed to ABJ anomaly in
the presence of WAL corrections.

To further investigate the observed longitudinal NMR in
the MoGe,, we analyzed the NMR at different temperatures
and different angles with magnetic field ranging from —4 T to
4 T using the semiclassical formula [12,36]:

o (B) = (1 + CywB*)owar + o, ©6)
OwaAL = Op + a\/ﬁ, @)
oy ' = po +AB%, (8)

where Cy is a positive chiral coefficient originating from the
topological term of E - B. owar and oy are the conductivity
from the contribution of quantum interference corrections
associated with spin-orbit scattering and conventional bands
other than topological-protected nodes, respectively. oy and
po are the conductivity and resistivity, respectively, at zero
field. Figures 4(e) and 4(f) show the experimental data (solid

lines) and the fitting curves (black dashed lines) at various
temperatures and different angles, respectively. We can see
that the semiclassical magnetoconductance formula perfectly
describes the MR data with magnetic field up to 4 T, which
seems to suggest that MoGe; is of 3D Dirac or Weyl fermions’
characters as observed in other TSMs [12,34,57]. What is
more, the chiral anomaly coefficient Gy is strongly sensitive
to the angle 6, as shown in the inset of Fig. 4(f), further
confirming the presence of the ABJ chiral anomaly, which
results in the observation of longitudinal NMR in the MoGe;.
For a 3D topological material, the surface Dirac point can
be separated into two Weyl nodes with opposite chirality in
momentum space by breaking the spatial inversion symmetry
or the time-reversal symmetry [12,57]. Herein, the emergence
of longitudinal NMR observed in the MoGe; can be associ-
ated with the chiral anomaly of Weyl nodes, which may be
split from the surface Dirac nodes with the application of
high magnetic fields. Further band-structure calculations and
experimental research are necessary to clarify this issue.

IV. SUMMARY

In summary, we have performed the magnetotransport
measurements on the single crystal MoGe,, which was pro-
posed to be a new TI candidate. MoGe, exhibits a metallic
behavior and an upturn resistivity behavior with magnetic
fields ranging from O T to 9 T. Based on the semiclassical
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two-band model, we find that MoGe, is an electron-hole com-
pensation system with high mobilities, which is responsible
for the unsaturated quadratic LMR and resistivity upturn at
low temperatures. Remarkably, we observe the emergence of
WAL effect at low fields, and a pronounced longitudinal NMR
at higher fields, sensitive to temperatures and angles between
B and E. By excluding other physical mechanisms, we spec-
ulate that the observed longitudinal NMR in the MoGe, is
attributed to the ABJ chiral anomaly of Weyl nodes split-
ting from surface Dirac points. Our results clearly indicate
that MoGe, is a typical TSM, rather than the theoretically

predicated TI, which will encourage further theoretical and
experimental investigations on this material.
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