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We report the extremely large magnetoresistance (XMR) property and Shubnikov—de Haas (SdH) oscillations
in a quasi-one-dimensional material W,As; single crystal, which shows good metallic behavior with a typical
residual resistivity ratio p(300 K)/p(1.8 K) = 1240. In a magnetic field, the resistivity shows a quick upturn
behavior and saturates with a plateau as the temperature cools down. At T = 1.8 K, the magnetoresistance
of W,As; increases quadratically with the magnitude of the magnetic field and reaches up to 32000% (B =
9 T) without any trend of saturation, which suggests the semiclassical nature during the transport process. The
result of Hall resistivity measurements further points out that the XMR property in W,As; originates from the
compensation of electrons and holes with high mobility (i, = 4.9 x 10* cm? V=!s7! at 1.8 K). Furthermore,
SdH oscillations can be distinguished clearly from both magnetoresistivity and Hall resistivity. The quantum

mobility calculated from the SdH oscillations is about 1-2 orders lower than that calculated from the transport

mobility, which suggests that the small angle scattering is dominant in W,As;. The angle dependence of SdH
oscillations implies the complex Fermi surface structure with obvious anisotropy in W, As;.

DOI: 10.1103/PhysRevB.99.205116

I. INTRODUCTION

Searching for new materials with large magnetoresistance
(MR) is an interesting research topic since the discovery of
the giant-magnetoresistance (GMR) property in the magnetic
system, which is later widely used as information storage
material. Recently, the discovery of the extremely large mag-
netoresistance (XMR) phenomenon in WTe, [1] has renewed
the research interest on searching for materials with large
MR especially in the nonmagnetic semimetals. From then
on, researchers have studied and discovered a series of non-
magnetic materials with XMR property [2—16]. Till now, two
main mechanisms have arguably obtained attention to explain
the XMR effect in those nonmagnetic semimetals. One is the
topological protection. In topological materials, the backscat-
tering is suppressed by the topological protection without
magnetic field [17,18]. The lifting of this protection by an
external magnetic field leads to the XMR [2]. Topologically
nontrivial electronic structure with linear band dispersion is
the key factor in this condition. Several materials have been
confirmed to be the topological semimetals, such as Cd;As;
[19], TaAs family [20,21], PtSny [22], ZrSiS [23], etc. The
other one is the electron-hole compensation scenario. Un-
der the perfect e-h “resonance” condition, the MR increases
quadratically with the strength of magnetic field B without any
sign of saturation. For example, o-As [7], PtBi, [8], TaAs, [9],
YSb [10], and NbSb, [11] were found to be the good compen-
sated semimetals with MR over 10°%. Recently, W,As; was
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reported as a new compensated semimetal with XMR property
by Li et al. [24]. Topological features and multiband features
were proposed by them via the first-principles calculations
and the quantum oscillations analysis.

At the same time, we successfully grew high quality
W, As; single crystals and studied the transport properties
independently. We found the XMR property in it and ana-
lyzed the SdH oscillations in detail. Especially, we discovered
obvious anisotropy from both magnetoresistance and FFT fre-
quencies of the SdH oscillations in this quasi-one-dimensional
material. The MR (MR(B) = [p(B) — p(0)]/0(0)) of our
sample reaches 32 000% in 1.8 K and 9 T without any sign of
saturation. The result of Hall resistivity measurements further
points out that the XMR property in W, As; is attributed to the
compensation of electrons and holes with high mobility. Anal-
ysis of the SdH oscillations observed in W;Asj indicates the
existence of several relatively small Fermi pockets occupied in
the first Brillouin zone. The extremely low Dingle temperature
supports the high quality of our sample. Furthermore, we
found that the quantum mobilities calculated from the SdH
oscillations are about 1-2 orders lower than that calculated
from the transport mobility, which suggests that the small an-
gle scattering is dominant in W, Ass. The angle dependence of
SdH oscillations implies the complex Fermi surface structure
with obvious anisotropy in W, Asj3.

II. EXPERIMENT

High quality single crystals of W;As3; were grown by the
chemical vapor transport (CVT) method using Br, as the
transport agent. First, W,Ass predecessors were pre-sintered
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by solid state reaction using high purity powder of W (99.9%)
and As (99.9999%) in an evacuated quartz tube. Then the
products were reground and sealed in an evacuated quartz
tube with Br, and were transformed into a two-zone fur-
nace. A temperature gradient from 950 °C (source) to 800 °C
(sink) was used during the crystal growth. After one month,
needlelike single crystals were obtained at the hot end of
the tube. The obtained crystals were characterized by x-ray
diffraction (XRD) recorded by a PANalytical diffractometer
with Cu k, radiation (A = 1.5406 10\). The atomic proportion
examined by energy dispersive x-ray (EDX) spectroscopy
was consistent with 2:3 for W:As (not shown here). The
magnetoresistivity and Hall effect measurements were per-
formed in a physical property measurement system (Quantum
Design PPMS-9) with a temperature range from 1.8 to 300 K.
The SdH oscillations in W,As; was carefully measured on 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.
The magnetic field was perpendicular to the current during
the rotation.

III. RESULTS

The crystal structure of W,As; [25] was reported to be a
monoclinic structure with the space group of C12/ml. The
refined lattice parameters are a = 13.372 A, b=23.279 A, c=
9.599 A, a =90° B =124.592°, and y = 90°. Figure 1(a)
shows the crystal structure of W;As;, where the b axis is
perpendicular to the ac plane. The inset of Fig. 1(b) shows
the image of an as-grown W,Asj single crystal with the size
of 4.5 x 0.2 x 0.05 mm?>. Figure 1(b) is the XRD pattern of
the W,Ass single crystal. Only the set of (h 0 0) showed
up, indicating the facet of the sample shown in the inset of
Fig. 1(b) is the bc plane. Additionally, we confirmed that
the long edge of the sample is along the b axis, which was
labeled with the blue arrow in the inset of Fig. 1(b). (For the
method see Ref. [26], the result is not shown here.) During all
of our measurements, the current was kept along the b axis.
Figure 1(c) shows the temperature dependence of resistivity
under various magnetic fields. At B =0 T, W,As3 sample
exhibits a perfect metallic behavior with the residual resis-
tivity ratio RRR = p(300 K)/p(1.8 K) = 1240. The quite
high RRR indicates the high sample quality which can better
reflect the inherent property of W,As;. When the magnetic
field is applied, the resistivity shows a quick upturn behavior
and saturates with a plateau as the temperature cools down.
In other words, with temperature decreasing, the resistivity
reduces to the minimum at 7,,, then increases rapidly with an
inflection at 7; and finally saturates with a resistivity plateau.
Similar behaviors have been observed in many semimetals, in-
cluding the recently discovered topological semimetals, such
as WTe, [1], TaAs [3], PtSny [5], PtBi, [8], ZrSiS [27], as
well as traditional semimetal like graphite [28] and bismuth
[29]. These materials share a commonality that their carrier
mobilities are always very high (10*-10% cm? V~!s!) at
low temperatures. However, the origin of the field-induced
resistivity upturn is still under debate. To get a more clear
view of the exotic transport behavior, we plot several d o, /0T
curves under different temperatures shown in Fig. 1(d), where
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FIG. 1. (a) Crystal structure of W,As;. (b) X-ray diffraction
pattern of W,As; single crystal, showing only the (4 0 0) reflection.
Inset: Picture of a W,As; single crystal with the typical size of
4.5 x 0.2 x 0.05 mm?>. (c) Temperature dependence of the resistivity
under different magnetic field (B =0, 0.5, 1, 3, 5, 7, and 9 T)
on log-log scale. (d) The derivative curves taken under different
magnetic fields. Inset shows the crossover temperature (7;,) and
plateau temperature (7;) for B = 9 T. (e) T,, and T; vs magnetic field.
(f) Magnetic field dependence of MR at various temperatures when
the magnetic field is perpendicular to the current.

the 7,, and T; are denoted by the temperatures at which
00./0T curves change sign and take a minimum, as plotted
in the inset of Fig. 1(d). Then we plot the phase diagram of
T; and T,, as a function of B in Fig. 1(e), showing that T,
changes slowly but 7; increases rapidly with the magnetic field
increasing. Figure 1(f) shows the magnetic field dependence
of MR at various temperatures for the field perpendicular to
the current. The MR increases quadratically with the magnetic
field rising and finally approaches 3.2 x 10*% at T = 1.8 K
under the magnetic field of 9 T without any sign of saturation.
Furthermore, we measured the MR under the magnetic field
up to 14 T and T = 1.5 K, the MR keeps the quasisquared
behavior and reaches 6.9 x 10%% (see the Supplemental Ma-
terial [30]). According to the semiclassical theory, the MR can
be expressed as the following equation [7]:

(nupen — nepte)* (1 + papeB?)

MR = )
(i — Mefte)* + le"ﬁﬂg(nh +n,)?

ey

where n, (n;,) is the carrier density of the electron (hole), and
e (up) is the mobility of the electron (hole), respectively.
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FIG. 2. (a) Hall resistivity of W;As; measured at various temper-
atures from 1.8 to 100 K. Inset: Magnetic field dependence of o, at
various temperatures. The open circles and the dotted lines represent
the measured data and the fitting result with the two-carrier mode,
respectively. (b) Temperature dependence of carrier densities n, and
n,. (c) Temperature dependence of carrier mobility u;, and u, for
different carriers deduced by the two-carrier model.

In the case of the perfect compensation condition where
n. = ny, the formula can be simplified as MR = j,u,B2,
where the MR increases quadratically with the magnetic field
without saturation. Using this formula, we can estimate that
the carrier mobility of W,As3 is about 10* cm? V=! s~ at low
temperature.

We measured magnetic-field-dependent Hall resistivity of
W;,As; at different temperatures to further study the car-
rier densities and mobilities and the results are presented in
Fig. 2(a). At low temperatures, the nonlinear feature of p,.
persists up to the highest applied magnetic fields. Further-
more, both the Hall resistivity and its slope change their signs,
revealing the coexistence of electrons and holes in W,As;.
At higher temperatures, the p,.-B curves tend to be linearly
dependent especially above 100 K, meaning that the holes
play a leading role at high temperature. We fitted the hole
and electron densities and mobilities with a simple two-carrier
model [3],

_ Pyx(B)
_ nhﬂ% . neﬂg
B [1 + (unB? 1+ (ueB)z]eB' @

Here ny, (n,) denotes the carrier density of holes and electrons
and u; (u.) denotes the mobility of holes and electrons,
respectively. The fitted result of the transverse conductivity is
shown in the inset of Fig. 2(a), which yields carrier densities
of n, =2.10 x 10" em—3 (hole) and n, = 1.98 x 10" cm™3
(electron) with corresponding carrier mobilities of w;, =
1.07 x 10* cm?V~'s7 " and p, =4.92 x 10* cm?V~!s7!,
respectively. The excellent agreement between the experimen-
tal data and fitted results according to the two-carrier model
at 1.8 K confirms the coexistence of electrons and holes in
W,As; at low temperature. The good carriers compensation
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FIG. 3. (a) and (c) MR of W,As; at 1.8 K versus the strength
of magnetic field applied at different angles 6 and ¢, respectively.
Inset: The measurement configurations. (b) and (d) The polar plot
for the angle dependence of the resistivity under 9 T and 1.8 K,
corresponding to (a) and (c), respectively.

with high mobility in W,As; should be the main reasons
which cause the unsaturated quadratic large MR.

In order to investigate the anisotropy of W,Ass3, we mea-
sured the angle dependence of the p,, by tilting the magnetic
field around the b axis and in the bc plane separately in the
same single crystal. The results are shown in Fig. 3, in which
we used the raw data to ensure the facticity of the result.
During the measurements, the current were applied along the
b axis, the longest direction of the crystal. The measurement
configurations are shown in the inset of Figs. 3(a) and 3(c).
In Fig. 3(a) it clearly shows that the MR rises quadratically
with the magnetic field increasing, but decreases gradually
when tilting the magnetic field from 6 = 0° to 6 = 90°.
Figure 3(b) shows a polar plot of p,, under 9 T and 1.8 K
with tilting the magnetic field around the b axis. The resis-
tivity shows a strange behavior with several extreme points
with the 6 increasing, indicating a complex Fermi surface in
W, As;. Besides, the scale of MR decreases from 32 000%
to 15 000% with the 6 increasing from 0° to 90°, indicating
a clear anisotropy around the b axis of the Fermi surface.
Additionally, we did the measurements by tilting the magnetic
field in the bc plane. The sharp angle emerges around ¢ = 0°
and decreases significantly with the angle ¢ increasing. The
anisotropic of the magnetoresistence [MR(¢ = 0°)/MR (¢ =
90°)] is about 3700% under this circumstance.

Figures 4(a)-4(d) show the SdH oscillations extracted from
the py, when the magnetic field is applied perpendicular
to the bc plane. Figure 4(a) presents the oscillation parts
against the reciprocal of the magnetic field 1/B. Figure 4(b)
presents the fast Fourier transformation (FFT) spectrum of
Apy, from 1.8 to 3 K. Five fundamental frequencies Fof’" =
313 T, Fj* =578 T, F)° = 653 T, F* = 1715 T, and F* =
2032 T can be identified clearly. According to the Onsager
relation F = (fic/2me)Ay, the oscillation frequency is propor-
tional to the extreme cross section. We calculated the extremal
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FIG. 4. SdH oscillations of W,As; when B L bc plane (a)—(d) and B || ¢ axis (e)—(h). (a) and (e) Residual resistivity extracted from the
polynomial fits vs 1/B measured at 1.8 K. (b) and (f) The FFT spectrum of A p,, at different temperatures. (c) and (g) Temperature dependence
of the amplitude for the three frequencies, and the dashed curves are theoretical fittings to the Lifshitz-Kosevitch formula. (d) and (h) Dingle

temperatures of different pockets.

Fermi surface areas, which are S% = 0.030 A’z, Sﬁ = 0.055
A2, 87 =0.062 A2, 8% =0.163 A2, and S; = 0.194 A2
occupying 2.4%, 4.4%, 5.0%, 13.1%, and 15.5% of the first
Brillouin zone, respectively.

With the temperature increasing, the oscillation amplitude
damps out gradually. The amplitude can be expressed by
the Lifshitz-Kosevitch formula [31]1 Ry = th and impurity
scattering Rp = exp(—Z2 eBrg ~), where X = W, m* is the
cyclotron mass, and 7p is the Dingle temperature. We plot
the temperature dependence of the amplitude and the fitted
curves for these three frequencies in Fig. 4(c). The fitted
cyclotron masses are m;;, = (0.71 & 0.03)m,, m} = (0.61 &+
0.02)m,, m}, = (0.62 £ 0.01)m,, mj = (1.01 £0.07)m,, and

= (0.88 £ 0.02)m,, which are lighter than or approxi-
mate to the mass of the free electron. The fitted Dingle
temperatures are T2 = 4.1 K, Tlf =22 K, T} =21 K,
and 75 =2.0 K for «, B, y, and ¢ bands, but we failed
to figure out the Dingle temperature of the § band because
of the small oscillation amplitude. These rather low Dingle
temperatures indicate small scattering rates, which further
supports the high sample quality. Quantum scattering lifetime
7o is reciprocal to the Dingle temperature 1ty = /i/2wkgTp.
In this material, rg =3.0x 1071 g, r’Qg =55x108B s

Y =58x 10 3s,andtf =6.1 x 107135, longer than that
in the topological semimetal PtBi, [8], which shows very
large XMR property (1.12 x 10’%) at 1.8 K and 33 T. The
carrier mobilities are estimated by ug = (etg/m*), giving
that 18 = 734 em? V=!s7!, pf = 1593 em? V=l's7!, pl =
1642 cm?V—'s~! and ny = 1214 cm?V~'s~!, which are
about one order lower than u,.. The transport lifetime 7, =

wm* /e are about 10~!! s. The large ratio of 7,/7p and py /1o
suggests that the small angle scattering is dominant in W, As3
[32,33].

Additionally, we rotated the crystal by 90° around the b
axis and investigated the anisotropy of the Fermi surface of
W, Ass. Results were shown from Fig. 4(e) to Fig. 4(h). Three
fundamental frequencies can be clearly identified, which are
labeled with Fg, F, and F¢ according to the angle depen-
dence of the SAH oscillations discussed below. Results are
listed in Table I.

We noticed that the frequencies of Shubnikov—de Haas
oscillations are quite different between Ref. [24] and our
results when B_Lbc plane. There are three possible reasons
in our opinion. The first reason is different sample quality
which can influence the transport property remarkably. The
second reason is related to the inner property of the carriers.
According to the Lifshitz-Kosevich formula,

Ap 27 2kgTm* /eBh
—
0 sinh(22kg T m* /eBh)

The amplitude of the oscillations relates to the cyclotron
mass (m*), Dingle temperature (7p), temperature (7'), and
the magnetic field (B). The cyclotron mass of the carriers
(mp1, my3, meo, and my;s) reported in Ref. [24] are similar to
F,; (labeled as F, in our work). If we believe these carriers
really exist, we can conjecture that the Dingle temperature
of these pockets are much larger than other pockets so that
the amplitude of these oscillations fade out fast with the field
decreasing. The last reason is the misalignment of the sample
and the magnetic field. In the sample with high anisotropy
a little misalignment may cause a significant difference in

exp(—272kgTpm* JeBh). (3)
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TABLE I. Summary of the physical properties: Frequencies (F), exterminal Fermi surface area (Sr), cyclotron mass (m*), Dingle
temperature (1), relaxation time (ty), and carrier mobilities (i) of each pocket when the magnetic field is paralleled or perpendicular
to the normal direction of the bc plane.

Pockets o B y 8 € ¢

Fb (T) 313 578 653 1715 2032

Fe (T) 482 571 11
Sf? (A2 0.030 0.055 0.062 0.163 0.194

e (A7) 0.046 0.055 0.011
Fraction® 2.4% 4.4% 5.0% 13.1% 15.5%

Fraction® 4.2% 5.0% 1.0%
my,. (m,) 0.71 £ 0.03 0.61 £0.02 0.62 £ 0.01 1.01 +£0.07 0.88 +0.02

my (m,) 0.51 +£0.02 0.49 £0.01 0.42 +£0.01
T (K) 4.1 22 2.1 2.0

TS (K) 59 6.5

5 (5) 3.0 x 10713 5.5%x 1071 5.8 x 10713 6.1 x 10713

75 (s) 2.1x 1071 1.9 x 1071
,uféc (cm?/V's) 734 1593 1642 1214

g (cm?/V's) 760 790

quantum oscillations, for the extreme orbit may emerge or
disappear over a special angle.

In order to gain a further insight into the quantum oscilla-
tions and anisotropy of W,As3, we studied angular dependent
magnetoresistance by rotating the sample around the b axis.
The current was applied along the b axis and the magnetic
field was rotated in the ac plane. The schematic diagram of
experimental setup is shown in Fig. 5(a). Figure 5(b) is the
shifted FFT spectra of SdH as a function of frequency from 0°
to 180°. We picked up the peaks of the FFT spectra and plotted

o~
o
=
—
o
=

FFT Amplitude (a. u.)

0 (degrees)

FIG. 5. Angle dependence of the SdH oscillations of W;As;.
(a) Schematic diagram of the sample geometry for measurement.
(b) Shifted FFT spectra of SdH oscillations as a function of frequency
from 0° to 180°. (c) Angular dependence of SdH frequencies. The
circles are for experimental data from the peaks of the FFT spectra.

them with the FFT spectra in Fig. 5(c). The frequencies evolve
complicatedly with the increasing of angle. The frequencies
Fg and F, varied continuously from 0° to 180°, but F,
Fs, and F, disappear quickly when the angle rotted away
from 0°. Meanwhile, new frequencies labeled as Fg/, Fg, I,
Fy, Fy, and F;» emerge. These sporadic frequencies indicate
a complex Fermi surface in W,As;. It is notable that the
frequencies Fg, F,, F;, Fy, and Fy» occur when the angle 6
just turn a little away from 0°. This result illustrates that the
high anisotropy causes significantly different FFT frequencies
in WzAS3.

In order to clarify the symmetry of the Fermi surface, we
plotted the angle dependence of fundamental frequencies in a
polar plot in Figs. 6(a) and 6(b). It is clear that the frequencies
show a twofold rotational symmetry and the y pocket looks

@ 900

F(T)

FIG. 6. (a) and (b) The angle dependence of the fundamental
frequencies in a polar plot. (c) The angle dependence of the cross
section area of the B pocket. (d) The angle dependence of MR
measured at 1.5 K.
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like a rectangle with quasifourfold symmetry. Besides, the
pocket is like a ellipse. We calculated the angle dependence
of the cross section area of the 8 pocket using the Onsager
relation. Then we plotted the angle dependence of Ag and fit
it with the formula [10]

Ap = Apov/[cos(0 — )P + [hsin(@ — )P, (4)

where we obtain Agy = 0.0807 A2, 1. = 2.1, and ¢ = 38.2°.
It should be noted that the Ar increased to the maximum value
at 0 = 38.2° when the magnetic field is around the normal
direction of the a axis where the MR exhibit an extremely
large point. We can consider that the anisotropy of the MR
is affected by the complex Fermi surface with significant
anisotropy. Figure 6(d) shows the angle dependence of MR
at 1.5 K. The shape of the MR-6 curve almost does not
change with the magnetic field up to 14 T. This suggests that
the anisotropy of the MR is independent of the value of the
magnetic field.

IV. CONCLUSION

In summary, high quality W,As; single crystals have been
grown successfully, and large magnetoresistance and field
induced resistivity upturn phenomenon are observed. MR ap-

proaches 32 000% in 1.8 K, 9 T without saturation. The large
MR significantly changes with the magnetic field rotation,
indicating an anisotropic electronic structure in W,Ass. The
analysis of Hall effect points out that the XMR property
in W;As; can be explained by the carriers compensation
scenario. Clear SdH oscillations have been observed and three
fundamental frequencies can be clearly identified. Cyclotron
mass, Dingle temperature, relaxation time, and carriers mobil-
ities are also estimated through SdH oscillations. Comparing
with the transport result, the result suggests that the small an-
gle scattering is dominant in W, As3. The angle dependence of
SdH oscillations implies the complex Fermi surface structure
with obvious anisotropy in W, Asj;.
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