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Large magnetoresistance and quantum oscillations of a ternary boride MoAIB single crystal
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We report transport properties in a ternary compound MoAIB single crystal. It shows a metallic behavior with
a residual resistivity ratio of p(300 K)/p(2 K)=40. After applied magnetic fields, the resistivity shows a quick
upturn and saturates to a plateau as the temperature decreasing. At 2 K, the magnetoresistance (MR) increases
quadratically with the magnetic field and reaches up to 1650% (B = 14 T) without saturation. The two-band
fitting of the Hall conductivity suggests that the unsaturated large quadratic MR in MoAIB was originated
from the carriers’ compensation with high mobility (u;, = 7104 cm? V~'s™! and ., = 1432 cm? V~!s7!),
The angle dependence of the p,, shows significant anisotropy. Furthermore, pronounced Shubnikov-de Haas
(SdH) oscillations are observed in both magnetoresistivity and Hall resistivity. We analyzed these quantum
oscillations carefully and revealed several small Fermi surfaces with the light cyclotron masses in MoAIB. The
angle dependence of SdH oscillations reveals quasi-two-dimensional Fermi surface structure in MoAIB.

DOLI: 10.1103/PhysRevB.102.075139

I. INTRODUCTION

Since the discovery of the extremely large magnetoresis-
tance (XMR) property in the nonmagnetic material WTe,
[1], researching materials with large magnetoresistance has
attracted tremendous attention. Until now, a series of XMR
materials have been discovered and three main convincing
mechanisms have been suggested to explain the XMR effect
in those nonmagnetic semimetals. The first one is the electron-
hole compensation mechanism. In semimetals with similar
densities of electrons and holes, the magnetoresistance (MR)
can be written as MR = pu.u,B%, where i, and p; is the
mobility of the electrons and holes, respectively. In these
materials, the MR increases quadratically with the strength
of magnetic field B. The XMR materials such as WTe,, a-As,
PtBi,, TaAs,, NbSb,, and YSb [1-8] were found to be good
compensated semimetals with MR over 10°%. The second
explanation is the topological protection. In topological ma-
terials, the backscattering is suppressed by the topological
protection without magnetic field. The lifting of this protec-
tion by the applied magnetic field leads to the XMR, which
is highly dependent on mobility in the topological materials
[9]. Some of the XMR materials were also confirmed to be
the topological semimetals, including Cd;As,, TaAs family,
PtSny, and ZrSiS etc. [10-14]. The third is the open orbit
condition [15,16]. In PACoO,, the motion of carriers along the
open orbits was considered to be the explanation of its XMR
property (MR ~ 10°%, T = 2 K, B = 14 T) according to the
experimental and theoretical work by Takatsu and co-workers
[17]. Besides, the open Fermi surface has also been observed
in other XMR materials such as ZrSiS, MoAs,, SiP,, y-PtBi,,
and WP, [18-23]. In these materials, the MR will rise in
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square with B remarkably when the magnetic field turns to the
vertical direction of the Fermi surface with open orbits and the
direction of the current is in the open orbits [15,16].

Transition-metal borides (TMBs) are prized refractory
materials which have attracted a lot of attention for their
high melting points, high hardness, and excellent electrical
and thermal conductivities [24-31]. Besides these mechan-
ical properties, fruitful electrical properties have also been
found in the borides. A serious superconductors were found
in the borides such as MgB,, RgNi;B,C (Rg= rare earth
elements), RgPd,B,C, RgPt;B,C, La3;Ni,B,N3; and so on
[31-37]. Lately, the binary borides TiB,, ZrB,, and HfB,
were reported as the nodal-lines semimetals theoretically and
experimentally. Extremely large magnetoresistance property
were found in these materials [29,30,38,39].

Recently, a new family of ternary transition-metal borides,
MAB phase was synthesized and characterized [27,28,40—
43]. These compounds are structured with hard boride layers
interleaved with Al layers. Among them, MoAIB is the only
transition-metal boride that forms alumina over its surface to
prevent further oxidation when heated in air up to 1400 °C
and is thus potentially useful for high-temperature applica-
tions, which have attracted a lot of attention [27,28,41-43].
Besides, MoAIB possess good thermal conductivity (k = 35
Wm~!'K~! at 26 °C), which makes it easer to transfer the
heat out [27]. Additionally, election transport experimental
results show a metallic behavior in the MoAIB polycrystal
with the resistivity ranged from 0.36 to 0.49 uQ2 m at room
temperature [27], a typical value of a semimetal. However, ex-
perimental research on the electrical properties of the MoAIB
single crystal is still scarce.

Here, we grew MoAIB single crystals and studied the
electrical properties in it. We found that MoAIB single crystal
shows a typical metallic behavior that the resistivity de-
creases as the temperature cooling down. In the magnetic
field, MoAIB shows large quadratical magnetoresistance up
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to 1650% (B = 14 T) without trend of saturation. In order to
further understand the large magnetoresistance and carriers
property in MoAIB, we studied the Hall effect at 2 K and
found the coexistence of electrons and holes with similar car-
rier densities and high carrier mobilities in MoAIB. Moreover,
clear Shubnikov-de Haas (SdH) oscillations were observed in
both magnetoresistivity and Hall resistivity. Through analyz-
ing the quantum oscillations, we revealed that several rela-
tively small Fermi pockets occupied in the Brillouin zone and
small cyclotron masses in MoAIB. Furthermore, we measured
the angle dependence of SdH oscillations and mapped out the
topology of the Fermi surfaces. We discovered that the Fermi
surfaces exhibit quasi-two-dimensional property in MoAIB.
We found that the axis of the open orbits is along the b
axis. So the open orbital does not contribute to the large MR
because the magnetic field is not perpendicular to the plane
containing the axis of the open orbits and the direction of the
current is not in the open orbit either. We conclude that the
large magnetoresistance property in MoAIB is attributed to
the scenarios of the carriers compensation when the magnetic
field parallel to b axis, where MR reached 1650% at T =2 K
andB=14T.

II. EXPERIMENT

MoAIB single crystals were grown by the flux method.
Firstly, high purity powder of Mo (99.9%), Al (99.9999%),
and B (99.9%) were weighed with the molar ratio Mo :
B:Al=1:1:50. The reactants were placed in an alumina
crucible with a cap. The crucible was transferred into a tube
furnace with the shielding gas Ar flow through. Then, the
temperature was increased to 1500 °C, held for 10 hours, and
cooled down to 800 °C with 1 °C per hour and the furnace
was turned off. Subsequently, the alumina crucible was sealed
in a evacuated quartz ampoule and reheated to 800 °C. After
a quick centrifugation, the rodlike single crystals were sepa-
rated from the flux. The obtained crystals were characterized
by x-ray diffraction (XRD) recorded by a PANalytical diffrac-
tometer with Cu k, radiation (A = 1.5406 A). The atomic
proportion was determined by energy dispersive x-ray (EDX)
spectroscopy. The transport measurements were performed on
a physical property measurement system (Quantum Design
PPMS-16) and a TeslatronPT (Oxford Instruments) equipped
with a homemade rotator whose angle can be controlled by a
data-collecting computer. The electrical current was applied
by a Keithley 6221 and the voltage was measured by a
Keithley 2182A.

II1. RESULTS

The crystal structure of MoAIB was reported to be an
orthorhombic system with the space group of Cmcm. The
refined lattice parameters are a = 3.2162 A, b=14.062 A,
c=3.1030 A, o = B =y = 90° [43]. Figure 1(a) shows the
crystal structure of MoAIB, MoB sublattice, and Al bilayer
stack along the b axis. Figure 1(b) shows the image of as-
grown MoAIB single crystal with the size of 3.5 x 0.8 x
0.2 mm?. Figure 1(c) is the XRD pattern of the MoAIB single
crystal. Only the set of (0 k 0) is observed, indicating the facet
of the sample shown in the inset of Fig. 1(b) is the ac plane.
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FIG. 1. (a) Crystal structure of MoAIB. (b) A photo of a MoAIB
single crystal with the typical size of 3.5 x 0.8 x 0.2 mm?. (c) X-ray
diffraction pattern of MoAIB single crystal, showing only the (0 k 0)
reflection.

The lattice parameter b = 13.94 A was calculated from our
experiment, which is in agreement with the reported result.
Additionally, we confirmed that the long edge of the sample
is along the c¢ axis, which was labeled with the blue arrow
in the inset of Fig. 1(b). During all of our measurements, the
current was kept along the ¢ axis.

Figure 2(a) shows the temperature dependence of resistiv-
ity under various magnetic fields. At B = 0 T, MoAIB sample
shows a typical metallic behavior with the residual resistivity
ratio RRR = p(300 K)/p(1.8 K) = 40. When the magnetic
field beyond 9 T is applied, the resistivity shows a quick
upturn behavior and saturates to a plateau as the temperature is
cooling down. Similar behaviors have been observed in topo-
logical semimetals and compensated semimetals [1,4,11,13],
which exhibit high carrier mobility at low temperatures. In
order to further understand the carriers property in MoAIB,
we measured magnetoresistivity and the Hall resistivity at
2 K [shown in Fig. 2(b)]. The MR increases quadratically
with the magnetic field and finally approaches 1650 % at
T = 2 K under the magnetic field of 14 T without any sign of
saturation. Besides, the value of magnetoresistance in MoAIB
is significantly larger than that in the typical metal such as
Au, Ag, and Cu, although it cannot be comparable to those in
the representative large magnetoresistance materials: WTe,,
TaAs,, or TaAs [1,6,11]. The slope of the Hall resistivity
changes with the magnetic field indicating a multiband prop-
erty is dominated in the transport measurement. We found
that the in-plane anisotropy in MoAIB is so small that the
resistivity along a axis and c axis are nearly the same. (Shown
in the Fig. S1 in the “Supplemental Material” [44].) So we
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FIG. 2. (a) Temperature dependence of the resistivity under dif-
ferent magnetic fields (B=0T, 1 T, 3T, 5T, 7T, 9T, 12 T,
and 14 T). (b) Magnetic field dependence of magnetoresistivity
and Hall resistivity at 2 K as the magnetic field is perpendicular
to the current. (c) The magnetic field dependence of MR (MR
= [(p(B)-p(0))/p(0)]x100%) at 2 K, which can be fitted by a
quadratic function. The fit result was plotted with a red dashed line.
(d) Magnetic field dependence of o, at 2 K. The open cycles and the
dashed line represent the measured data and the fitted result with the
two-carrier model, respectively.

fitted the carrier densities and mobilities by using the two-
carrier model below.

Pyx(B)
B)= —
7o) =5 B+ 02(B)
2 2
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- [1 B 1+ (mB)z}eB W

Here, n;, (n.) denotes the carrier density of holes (electrons)
and wu;, (u.) denotes the mobility of holes (electrons), re-
spectively. The fitted result is shown in Fig. 2(d), which
yields carrier densities of n;, = 2.13 x 10?° cm ™ (hole) and
ne=2.12x 10?° cm™3 (electron) with corresponding car-
rier mobilities of w, = 7104 cm? V~'s~! (hole) and p, =
1432 cm? V™! s7! (electron). The scale of the carriers density
indicates that MoAIB is a typical semimetal and the carriers
compensation with high mobility in MoAIB should be one of
the reasons which cause the large unsaturated quadratic MR.
To investigate the anisotropy of MoAIB, we measured the
angle dependence of the p,, by rotating the sample around its
¢ axis (0) and a axis (¢) separately shown in Figs. 3(a) and
3(b). During the measurements, the current was applied along
the ¢ axis [the blue arrow in Fig. 1(b)]. The measurement
configurations are shown in the inset of Figs. 3(a) and 3(b).
The MR raises quadratically with the magnetic field increas-
ing but decreases gradually when tilting the magnetic field
from 6 = 0° to & = 90° at the same fields. Figure 3(c) shows
MR at 2 K and under magnetic fields of 2 T, 4 T, 6 T, 8 T,
10 T, 12 T, and 14 T, with tilting the magnetic field around
the ¢ axis. Results were also plotted with a polar plot shown
in Fig. 3(e). Under 14 T, the amplitude of MR decreases from
1650% to 80% as the angle 0 is increased from 0° to 90° when
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FIG. 3. (a), (b) MR of MoAIB at 2 K under magnetic fields
applied at different angles 6 and ¢, respectively. The insets show the
measurement configurations. (c), (d) The angle dependence of the
MR under 2 K at different magnetic fields. (e), (f) The polar plot for
the angle dependence of MR under 2 K at different magnetic fields,
corresponding to (c) and (d), respectively.

the current is applied along the ¢ axis. The anisotropy of the
magnetoresistance (MR (6=0°)/MR(6=90°)) is up to 2060%
under this circumstance, which reflect the anisotropy of the
carrier mobility on the Fermi surface. We also carried out the
similar MR measurements by tilting the magnetic field around
the a axis, shown in Fig. 3(b), Fig. 3(d), and Fig. 3(f). The
MR decreases from 1650% to 36% as the angle ¢ is increased
from 0° to 90°, and the anisotropy of the magnetoresistance
(MR (¢=0°)/MR(¢=90°)) is up to 4600%. Under this cir-
cumstance, the component of the magnetic field perpendicular
to the current decreases when the angle ¢ is increasing, which
further enlarge the anisotropy of the magnetoresistance in the
bc plane.

During our measurements, evident SAH oscillations were
observed under low temperatures. We studied the quantum
oscillations carefully. Figure 4 shows the SdH oscillations
extracted from the p,, when the magnetic field is paral-
lel to the b axis. Figure 4(a) presents the oscillatory parts
against the reciprocal of the magnetic field 1/B. Figure 4(b)
presents the fast Fourier transformation (FFT) spectrum of
A py, at different temperatures. Four fundamental frequencies
can be identified clearly which are labeled as F, (134.4 T),
Fg (2295 T), F, (946.2 T), and Fs (1080.5 T). Accord-
ing to the Onsager relation, F' = (fic/2me)A;, the oscillation
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FIG. 4. SdH oscillations of MoAIB. (a) The oscillatory part of
Py of MoAIB with B || b axis at different temperatures. (b) The
FFT spectrum of Ap,, at different temperatures. Four frequencies
are extracted. (c) Temperature dependence of the amplitude for the
four frequencies, and the dashed curves are theoretical fittings to the
Lifshitz-Kosevich formula. (d) Dingle temperatures of the different
pockets.

frequency is proportional to the extreme cross section. We
calculated the extremal Fermi surface area, which are S§ =
0.013 A2, §# =0.022 A2, §7.=0.090 A2, and S} =
0.103 A2 occupying 0.32%, 0.55%, 2.3%, and 2.6% of the
kak. plane of the Brillouin zone, respectively. As temperature
increased, the oscillatory amplitude damps out gradually with
the temperature increasing. The amplitude can be expressed

by the Lifshitz-Kosevich formula [5]: Ry = ﬁ and im-
purity scattering Rp = exp(—%) where X = 2”1@#, *

is the cyclotron mass, and Tp is the Dingle temperature.
We plot the temperature dependence of the amplitude and
the fitted curves for these frequencies in Fig. 4(c). The fit-
ted cyclotron mass are m;, = (0.15 & 0.03)m,, mE = (0.16
0.02)m,, mj, = (0.15 £ 0.01)m,, and mj = (0.26 £ 0.07)m,,
which are much lighter than the mass of the free electron. The
obtained Dingle temperatures are 75 = 15 K, TDB =27 K,
TY =13 K, and 75 = 10 K for «, B, y, and § bands, re-
spectively. Quantum scattering lifetime 7 is reciprocal to the

Dingle temperature: tp = /i/2kgTp. In the current sample,
73 =8.1x 10745, ‘L'Qﬁ =45x 1045, 1) =9.4 x 10745,
and 7y =1.2x 107" 5. The quantum mobilities are esti-
mated by g = (etg/m*), yielding u =950 cm*V~'s™,
1y =494 em?> V=157 pu? =1095 em? V='s7! and pd) =
821 cm? V~!s~!, which are about one order lower than s,,.
The transport lifetime 7, = wm* /e is about 1072 5. The large
ratio of 7;,/7p and p,, /Lo suggests that the small angle scat-
tering is dominant in MoAIB [45,46]. We listed results in the
Table I. Additionally, we found several other FFT frequencies
with relatively small amplitude which were shown in Fig.
S2 in the “Supplemental Material” [44]. These frequencies
were further confirmed through the angle dependent spectrum
discussed below.

In the previous work, M. A. Ali et al. [47] calculated the
band structure of MoAIB and mapped the Fermi surface by
using the first principle calculation. They pointed out that
there exist nearly two-dimensional Fermi surface structure in
MOoAIB. However, there is no experimental study of the Fermi
surface in MoAIB before. Quantum oscillation measurement
is an effective method to calibrate the Fermi surface in metals.
We studied angle dependence of SdH on the magnetoresis-
tance as we rotated the sample around the ¢ axis and the
a axis. The schematic diagrams of experimental setups are
the same as shown in the inset of Fig. 3(a) and Fig. 3(b).
We obtain the FFT spectra evolving with the angle as the
magnetic field is titling from (010) to (100) and (010) to
(001) separately, shown in Fig. 5(a) and Fig. 5(b). As seen
in Fig. 5(a), most of the frequencies increase obviously and
the become indistinguishable as the angle 6 is increased from
0° to 90°, except the band F,,’ emerges around 60°. Besides,
the nearly indistinguishable frequency F, turns clear with the
angle 6 increasing. In order to clarify the symmetry of the
Fermi surface, we plotted the angle dependence of fundamen-
tal frequencies in a polar plot in Fig. 5(c). The drumlike,
pulvinate, and cylindrical extremal orbits exists in the k,k
plane, indicating high anisotropy in this plane. Figure 5(b)
shows the angular dependence of the extremal orbits from
(010) to (001). Similarly, we plotted it in a polar plot. In
Fig. 5(d), most of the Fermi surfaces show obvious anisotropy,
except the band F, which is in an ellipselike shape.

Open orbit is another possible reason which may cause
large MR in semimetals/metals when the direction of the
magnetic field turns to the vertical direction of the Fermi

TABLE I. Summary of the physical properties for the four pockets in the k,k. plane: frequencies (F'), external Fermi surface area (Sr),
cyclotron mass (m*), Dingle temperature (Tp), relaxation time (7p), and quantum mobilities (i) of each pockets when the magnetic field is

paralleled to the b axis.

Pockets o 1% 8

F (T) 134.4 229.5 946.2 1080.5
Sr (10\’2) 0.013 0.022 0.090 0.103
Fraction 0.32% 0.55% 2.3% 2.6%
m* (m,) 0.154+0.03 0.16 +0.02 0.154+0.01 0.26 +0.07
Tp (K) 15 13 10

79 (s) 8.1 x 1074 4.5 % 10~ 9.5 x 107 1.2 x 10713
o (cm?/Vs) 950 495 1095 822

075139-4



LARGE MAGNETORESISTANCE AND QUANTUM OSCILLATIONS

PHYSICAL REVIEW B 102, 075139 (2020)

(@) [* F, Fl ® |® u Fe
a0 € F,
2000}° Fp ' ° F| 2000} By
F. v Fy
T F, F; .
—~ F [~ X
e b R|E F, o F
=3 ) Lo = o F
1000 L N d 1000 .r
_—— |-
0 DRSS I 0 m——
90 -60 30 0 30 60 90 90 60 30 0 30 60 90
(©) O (degrees) (@ ¢ (degrees)
90 90
120 60
2000 Fa )
150 04 Fg F,
—_ Fy 1%
E :
2 0480 0 1‘6 FZH
[ FX Fx

270

FIG. 5. Angle dependence of the SAH oscillations of MoAIB.
(a),(b) FFT spectra of SdH oscillations as a function of frequencies
when the angle 0 (¢) from —90° to 90°. (c),(d) The polar plot for
the angle dependence of the SdH frequencies. The circles are for
experimental data from the peaks of the FFT spectra.

surface with open orbits and the direction of the current is
in the open orbits [15,16]. In MoAIB, we discovered the
columnar like quasi-two-dimensional Fermi surfaces with the
open axis along the b axis. In our measurement, the maximum
MR emerged when the magnetic parallel to the b axis where
the open orbit does not work on large MR. We conclude
that it’s the carrier compensation with high carrier mobility
cause the large MR (1650%) when the magnetic field is
applied along the b axis in MoAIB. Searching more XMR

materials with two-dimensional property is in need to further
understand the large MR caused by the open orbit mechanism.

IV. CONCLUSION

In summary, we grew high quality MoAIB single crystals
and observed a large magnetoresistance in it. MR approaches
1650% at 2 K, 14 T without saturation. The analysis of Hall
effect points out that the carriers compensation scenario is one
of the possible reasons which causes the large magnetoresis-
tance property in MoAIB. Clear SdH oscillations have been
observed and several fundamental frequencies can be clearly
identified. We extracted cyclotron mass, Dingle temperature,
relaxation time, and carriers mobilities through SdH oscilla-
tions, which suggest the small angle scattering is dominant
in MoAIB. Besides, we observed significant anisotropy of
MR in the k,k, and kyk. planes, indicating an anisotropic
electronic structure in MoAIB. The angle dependence of SdH
oscillations illustrate that there exists quasi-two-dimensional
Fermi surfaces which can induce significant anisotropy of
both FFT frequencies and MR in MoAIB.
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