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Magnetotransport properties of MoP,
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We report magnetotransport and de Haas—van Alphen (dHvA) effect studies on MoP, single crystals, predicted
to be a type-II Weyl semimetal with four pairs of robust Weyl points located below the Fermi level and long

Fermi arcs. The temperature dependence of resistivity shows a peak before saturation, which does not move
with magnetic field. Large nonsaturating magnetoresistance (MR) was observed, and the field dependence of
MR exhibits a crossover from semiclassical weak-field B> dependence to the high-field linear-field dependence,
indicating the presence of Dirac linear energy dispersion. In addition, a systematic violation of Kohler’s rule
was observed, consistent with multiband electronic transport. Strong spin-orbit coupling splitting has an effect
on dHVA measurements whereas the angular-dependent dHvA orbit frequencies agree well with the calculated
Fermi surface. The cyclotron effective mass ~1.6m, indicates the bands might be trivial, possibly since the Weyl

points are located below the Fermi level.
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I. INTRODUCTION

Weyl fermions in condensed-matter systems have attracted
considerable interest and are intensively studied [1-3]. Two
types of Weyl fermions were found in solid materials. Type-I
Weyl semimetal (WSM) has an ideal Weyl cone in the
electronic structure and a closed pointlike Fermi surface
with Lorentz symmetry, while type-Il WSM has a strongly
tilted Weyl cone where the Fermi surface consists of an
electron and a hole pocket that touch at the Weyl node in
a topologically protected manner [4,5]. Thus, type-II WSM
could have some exotic properties, such as anisotropic chiral
anomaly, anomalous Hall effect, and Klein tunneling [4,6,7].

The two originally proposed type-II WSM materials are
WTe, and MoTe, [4,8]. However, the arrangement of Weyl
points (WPs) is very sensitive to crystal structure. The
proximity of WPs with opposite Chern numbers, and the
WPs’ location above the Fermi level makes WPs in WTe,
and MoTe, unstable and difficult to probe [8]. WSM can
be obtained by either breaking time-reversal symmetry or
space-inversion symmetry in a Dirac semimetal [9]. MoP,,
with a similar chemical formula and nonsymmorphic space
group Cmc2(36), serves as a good candidate for a type-II
WSM. Recently, MoP, was predicted to be a type-Il WSM
with stable WPs located below the Fermi level and long Fermi
arcs, which can be studied by angle-resolved photoemission
spectroscopy (ARPES) measurements [10].

In this paper, we have successfully grown single crystals
of MoP,, and performed magnetotransport and de Haas—
van Alphen (dHvA) measurements. We found that a peak
appears in the temperature dependence of resistivity at 45
K that does not change in magnetic fields up to 9 T. With
increasing magnetic field, magnetoresistance (MR) exhibits a
crossover from semiclassical B dependence to the linear-field
dependence at critical field B*; the B* can be described
by quadratic behavior for quantum limit with linear energy
dispersion. Moreover, a systematic violation of Kohler’s rule
was observed. The effective mass detected by dHVA is m =

2469-9950/2017/96(19)/195107(6)
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1.6m,, indicating that the band probed by dHvVA is relatively
trivial, possibly since WPs are located below the Fermi level.
Though the crystal structure of MoP, is three-dimensional
(3D) without obvious stacks of layered two-dimensional build-
ing blocks, angular-dependent dHVA measurements reveal a
quasi-2D Fermi surface in MoP, whereas the results of the
dHVA measurements agree well with the calculated Fermi
surface.

II. EXPERIMENTAL DETAILS

Single crystals of MoP, were grown by the chemical iodine
vapor transport method. Polycrystal of MoP, was synthesized
by heating stoichiometric amounts of Mo and P powders at
500 °C for 24 h, and then 750 °C for 48 h. 1 g MoP;
polycrystal was mixed with I, (15 mg/ml), and then sealed
in an evacuated quartz tube. Single crystals were grown in
the temperature gradient 1050 °C (source) to 950 °C (sink)
for two weeks. Small needlelike single crystals with typical
size 200 um x 50 um x 20 wm were obtained. Single-crystal
x-ray diffraction (XRD) measurements were performed using
a Bruker Apex II single-crystal x-ray diffractometer with Mo-
K, radiation (A = 0.071 073 nm) at room temperature. The
elemental analysis was performed using an energy-dispersive
x-ray spectroscopy (EDX) in a JEOL LSM 6500 scanning
electron microscope. Electrical transport was performed using
a Quantum Design PPMS-9. The dHvA effect at high magnetic
field up to 18 T was measured at the National High Magnetic
Field Laboratory (NHMFL) in Tallahassee. Resistivity was
measured using a standard four-contact configuration. For
first-principles band-structure calculations, we applied the
WIEN2K [11] implementation of the full potential linearized
augmented plane-wave method in the generalized gradient
approximation [12] of density-functional theory with spin-
orbit coupling treated in a second variational method. The basis
size was determined by R Kmna.x = 7 and the Brillouin zone
was sampled with aregular 19 x 19 x 11 mesh containing 600
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FIG. 1. (a) Crystal structure of MoP,. (b) The band structure for
MoP;. (c) Fermi surface of MoP,; a pair of bowtielike Fermi pockets
are located around Y point in the Brillouin zone (BZ), and a pair of
spaghettilike hole Fermi pockets are located at X point of BZ.
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irreducible k points to achieve energy convergence of 1 meV.
The Fermi surface was plotted in a 10 000 k-point mesh.

III. RESULTS AND DISCUSSIONS

The crystal structure of MoP; is shown in Fig. 1(a);
each Mo atom is surrounded by seven P atoms in nearly
octahedral coordination. MoP, with space group Cmc2;(36)
is composed by the stacking of the incomplete octahedra in
three directions, having a mirror plane perpendicular to the a
axis, a c-glide plane perpendicular to the b axis, and a twofold
screw axis parallel to the ¢ axis. The crystal structure without
space-inversion symmetry makes MoP, a good candidate for
Weyl semimetal. The lattice parameters a = 3.13(1) A b=
11.12(1) A, and ¢ = 4.94(1) A determined by single-crystal
XRD agree well with a previous report [13]. The average
Mo : P atomic ratio determined by EDX is close to 1 : 2,
consistent with the composition of MoP,. The calculated band
structure and Fermi surface of MoP, are shown in Figs. 1(b)
and 1(c), respectively. Band splitting induced by spin-orbit
coupling was observed. There is a pair of bowtielike closed
electron pockets at the Y point of the Brillouin zone (BZ), and
spaghettilike open hole Fermi surfaces at the X point of the
BZ, which are extended along the b axis, flat along the ¢ axis,
and warped along the a axis. The band structure and Fermi
surface are similar to WP, [10,14,15].

The temperature dependence of resistivity in different
magnetic fields was measured with B parallel to the crys-
tallographic ¢ axis and current parallel to the a axis, as
shown in Fig. 2(a). p(0T) shows a metallic behavior with
p(2K)=0.042 uQcm and residual resistivity ratio = 965,
indicating the very high quality of our single crystals. The
p(0T) curve can be well fitted by the Bloch-Griineisen (BG)
model [16]:
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FIG. 2. (a) Temperature dependence of resistivity in different
magnetic fields plotted on a log-log scale; the magnetic field is
applied along ¢ axis, and electrical current is along a axis. The grey
vertical line is a guide to eye. (b) The temperature dependence of the
MR = [p(B) — p(0 T)]/p(0 T) x 100% at different fields (left), and
the Ap = p(9T) — p(0 T) (right). Panels (a) and (b) use the same
legend. Inset shows p(0 T) fitted with Bloch-Griineisen model.

where po is the residual resistivity and ®p is the Debye
temperature. The fitting gives ®p = 591 K, similar to that
of WP, [17]. The good BG model fit suggests that the
phonon scattering dominates in the absence of magnetic field.
As shown in Fig. 2(a), a magnetic-field-induced resistivity
upturn was observed at low temperature, in contrast to other
semimetals such as TaAs, WTe,, and LaSb [2,18,19]. The
resistivity diminishes with further decrease in temperature and
saturates below ~14 K. Peak temperature position in p(T") at
45 K does not move with field and is shown by the vertical
line in Fig. 2(a). We note that a weak peak was also observed
in WP; [14]. Even though the peak can be observed in Ap, the
MR monotonously increases with decreasing temperature and
saturates at ~14 K, as shown in Fig. 2(b). In order to understand
the peak effect we measured magnetic field dependence of MR
at different temperatures.

A square to linear transition of field dependent MR was
observed, and the MR can reach as high as 6.45 x 103% at
1.9 K and 9 T [Fig. 3(a)]. This is similar to TazS, [20],
one or two orders of magnitude smaller when compared to
WTe, and LaSb [18,19]. According to semiclassical transport
theory, if there is a single type of charge carrier and scatting
in a metal, Kohler’s rule states that the relative change in
resistivity Ap/pg in a magnetic field H is a universal function
of H/py, where py is the zero-field resistivity at certain
temperature [21]. As shown in Fig. 3(b), while the data
below 45 K deviate from Kohler’s rule, the data above 45
K still fall on the same curve, suggesting that the transport
above 45 K is dominated by a single scattering process.
Multiple reasons can lead to the breakdown of Kohler’s law,
for example a multiband effect with different scattering times.
We fit the MR with a simple power law MR = A x H"; the
typical data are shown in Fig. 3(c). The MR above 45 K
can be well fitted in the whole range, but there are some
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FIG. 3. (a) The MR vs magnetic field at different temperatures
for MoP, with H || c¢. (b) A Kohler plot for MoP,. (c) Typical
magnetic-field dependence of MR curves; the solid lines are fits
using MR = A x H". (d) Temperature dependence of A (left) and n
(right) in MR = A x H". (e) The field derivative of MR [d(MR)/dB]
at different temperatures; solid lines show the criterion used to
determine the critical field B*. (f) Temperature dependence of the
critical field B* (left); the black solid line is the fitting of B* by
B* = —(Ey + kzT)?. The red circle corresponds to high-field

2ehi Ui—
MR linear coefficient A;.

deviations in the low-field range of the data below 45 K. The
obtained parameters are shown in Fig. 3(d), A monotonously
decreases with temperature increase and n increases with
increasing temperature and saturates at ~1.7. n should be
2 in a conventional metal, while linear MR is often observed
in Dirac semimetals. One of the possible explanations for the
temperature dependence of n is that the Dirac band plays a
more important role as the temperature is lowered. Assuming
similarity with WP,, the carrier density of MoP, might be
relatively high [17]. Due to the small effective mass and long
mean free path, Dirac fermions are likely to show their foot-
print in the exponent of field-dependent MR reduced from the
square.

A peak was observed in the temperature dependence of
Ap = [p(T,H) — p(T,0)] in pure metals such as copper,
aluminum, and indium, which can be explained by the two-
band model [22-24]. This mechanism is not likely to cause
the peak observed in MoP, since the peak temperature in
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FIG. 4. (a),(b) Magnetic-field dependence of MR with field at
different angles in bc plane. The current is along a axis and always
perpendicular to the field. (c) Polar plot of the angular dependence
of the MR with the field rotated in bc plane at 2 K and 18 T. (d)
Temperature dependence of A (left) and n (right) in MR = A x H".

pure metals increases with increasing field, in contrast to the
nearly magnetic-field-independent peak in MoP,. The peak
also cannot be explained by the graphitelike superconducting
correlations in the quantum limit since it also increases with
increasing field [25]. On the other hand, systematic evolution
of A and n [Fig. 3(d)] suggests that the peak might be the result
of interplay of the temperature-dependent weight of linear MR
and square MR, i.e., Dirac and normal fermions.

In order to characterize the crossover behavior from weak-
field B? dependence to the high-field linear dependence, we
present the field derivative of the MR, dMR/dB, in Fig. 3(e).
Linear field dependencies for dMR/dB in low fields agree with
the semiclassical MR ~ A, BZ. With field increasing, dMR/dB
reduces from linear behavior to a weak field dependence
saturating behavior above a characteristic field B*, indicating
that MR is dominated by a linear field dependence plus a
small quadratic term [Ap/p = A B + o(B?)] at the high-field
region [26,27]. Since the splitting between the lowest and
first Landau level (LL) for the Dirac state is described as
AL = tups/2¢ehB, where A = e:‘lf for a conventional
parabolic band, the quantum limit is easily reached for the
Dirac band [26]. As shown in Fig. 3(f), B* can be described
by a critical field for a quantum limit at a specific temperature
B* = ﬁ(Ep + kpT)?* [28], suggesting that the linear MR
likely originates from the Dirac states.

Figures 4(a) and 4(b) show the MR with field tilted from
the ¢ axis to the b axis. The MR at 2 K and 18 T is 1.6 x 10*%
along the ¢ axis, and 2.5 x 10*% along the b axis. Angular
dependence of the MR with the magnetic field perpendicular
to the electric current is shown in Fig. 4(c). In contrast to
WP, where the angular dependence of MR shows 2D behavior
[14,15,17], MoP, shows fourfold symmetry. The different bc
plane symmetry and similarity of Fermi surfaces of MoP,
and WP; indicate that the transport properties are sensitive
to the fine details of Fermi surface and/or the spin-orbital
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FIG. 5. (a) dHvA oscillatory components at different tempera-
tures obtained by subtracting smooth background. (b) FFT spectra
for the dHVA oscillations in (a). (c) Temperature dependence of

the oscillating amplitude at F, = 1261 T, solid line is fitted using
Lifshitz-Kosevich formula.

coupling. We also fit the MR at different angles with power
law MR = A x H", as shown in Fig. 4(d). Whereas A shows
similar angular dependence as MR amplitude does, n is nearly
constant with angle.

Quantum oscillation is a powerful tool in investigating
Weyl/Dirac materials. We measured de Haas—van Alphen
(dHvA) oscillations in MoP, at different temperatures, as
shown in Fig. 5(a). Beat patterns were observed, indicating
that multiple frequencies contribute to the oscillations. The
corresponding fast Fourier transform (FFT) spectra are shown
in Fig. 5(b), similar to that of WP,. Three frequencies are
observed: 1261, 1371, and 1469 T. According to the Onsager
relation, F = (®g/ 272 A p, where @y is the flux quantum and
A is the orthogonal cross-sectional area of the Fermi surface;
the Fermi surface is estimated to be 12, 13, and 14 nm~2. This
corresponds to 4.7%, 5.1%, and 5.5% of the total area of the
Brillouin zone in the ac plane. The oscillations dampen quickly
with temperature and disappear above 4.2 K, indicating a
heavy cyclotron mass in MoP,. The temperature dependence
of the amplitude of the oscillations is fitted using the Lifshitz-
Kosevich formula [29], A ~ [am™(T/B)/sinh(a m*T/B)]
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FIG. 6. FFT spectra of dHVA oscillaiton with field rotated in the
bc plane (a) and in the ab plane (b); the spectra are normalized
and shifted vertically for clarity. (c),(d) Angular dependence of the
oscillation frequency corresponding to the oscillation in (a) and (b),
respectively. Red solid lines are fits with 2D model F(0)/cos(8).

where a = 2%kg/eli ~ 14.69 T/K and m* = m/m, is the
cyclotron mass ratio (m, is the mass of free electron), as
exhibited in Fig. 5(c). The fitting gives m* = 1.6, similar
to that in WP,, possibly due to electron-phonon many-body
interactions [14]. The effective cyclotron mass suggests that
the band detected by the dHvA effect might be trivial, in
agreement with the location of the Weyl points below the Fermi
level [10]. The trivial Fermi surfaces are not consistent with the
Dirac states indicated by linear MR. A possible explanation is
that the Dirac state usually leads to a small Fermi surface and
therefore might not be easily detected by dHVA measurement.
This is similar to the case in MoP, where a triply degenerate
point with Dirac-like dispersion well below the Fermi level
has been discovered [30].

Angular-dependent dHVA oscillations provide further in-
sights into Fermi-surface properties. The FFT spectra of dHvVA
oscillations are shown in Figs. 6(a) and 6(b) for magnetic field
rotated in the bc and ab planes, respectively. The positions of
the FFT peaks are summarized in Figs. 6(c) and 6(d). The FFT
peaks can be generally divided into two groups, one group
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around 1200 T, and another group around 3000 T. According
to the calculated Fermi surface, as shown in Fig. 1(c), lower
frequencies around 1200 T should arise from the oscillation
of a spaghettilike open hole Fermi surface, while higher
frequencies around 3000 T are due to the oscillation of a
bowtielike closed electron Fermi surface. Split peaks and small
peaks around the main peaks might be due to strong spin-orbit
coupling and warped Fermi surface [14]. Even though the
crystal structure is three dimensional and quite different from
the quasi-2D structure of StMnBi, with square Bi layers [26],
all peaks show quasi-2D angle dependence [F(0)/cos(8)] at
low angles around H || b, indicating a quasi-2D Fermi surface
(FS) in MoP; [Fig. 6(c)]. The peaks show symmetry behavior
at ~50°, indicating possible fourfold symmetry in the bc
plane, consistent with the fourfold symmetry of MR in the
bc plane. When the magnetic field is rotated in the ab plane,
peaks corresponding to the hole pocket show behavior of
two elliptical FSs enlongated ~25° away from the b axis.
This is consistent with the calculated spaghettilike hole pocket
[10,14]. As shown in Fig. 1(c), the spaghettilike hole pocket is
flat along the ab plane, indicating quasi-2D-like behavior with
the magnetic field rotated in the bc plane, while it is rather
warped in the bc plane with two hole pockets bent at opposite
directions. This gives rise to the behavior in Fig. 6(d). Fg also
shows quasi-2D angle dependence with the field rotated in
the ab plane with ¢ < 30°, however, with further increase,
the angle Fg decreases quickly to 856 T at ¢ = 90° (H || a).
This can be explained by the bowtielike electron pocket, when
¢ < 30°; quantum oscillations are due to the orbit crossing all
the pocket—the flat side wall gives rise to quasi-2D behavior.
When ¢ > 30° quantum oscillations are due to the orbit on the
neck of the bowtie, which decreases quickly with angle and
shows minimum value with ¢ = 90° (H || a), even smaller
than hole pocket [10,14]. The Fermi surface measured by
dHvA agrees well with the theoretical calculation, giving
indirect support for the band structure and predicted type-II
Weyl points [10].

In addition to charge compensation, spin-orbital coupling
and the related spin and orbital angular momentum texture
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also play an important role in large MR in WTe, [31]. The
spin textures can reduce the resistivity by suppressing the
backscattering channel of the quasiparticles, and large MR
is observed when the external magnetic field changes the spin
structure and lifts the scattering protection. The carrier density
in WP; is relatively high [15,17], and the spin texture might
be important for the large MR in WP,. Moreover, WP, crystal
structure lacks weakly van der Waals bonded layers, yet still
features a Fermi surface with 2D angular dependence of MR.
This might be attributed to the spin textures, which show large
anisotropy [31]. Assuming the circular cross section of the hole
Fermi pockets, the spin-orbital coupling induced band split-
ting in MoP; is estimated to be k, — ky = 6.0 x 1073 A~
similar to that in MoP and smaller than 3.2 x 1072 A~! in
WP, [17,32]. As a result, the different values of MR and
the angular dependence of MR can be explained by the
strength of spin-orbital coupling. Our measurements indicate
that strong spin-orbital coupling plays an important role in
the transport properties of MoP,, which requires additional
studies.

IV. CONCLUSIONS

In conclusion, our MR studies are consistent with the pres-
ence of both Dirac states and the parabolic band with enhanced
quasiparticle mass in MoP,. The dHvA measurements reveal
quasi-2D multiband transport and are in agreement with the
calculated Fermi surface. Strong spin-orbital coupling is rather
important in the electronic transport of MoP;.
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