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The quantum oscillations of the magnetoresistance under ambient and high pressure have been studied
for WTe2 single crystals, in which extremely large magnetoresistance was discovered recently. By
analyzing the Shubnikov–de Haas oscillations, four Fermi surfaces are identified, and two of them are
found to persist to high pressure. The sizes of these two pockets are comparable, but show increasing
difference with pressure. At 0.3 K and in 14.5 T, the magnetoresistance decreases drastically from
1.25 × 105% under ambient pressure to 7.47 × 103% under 23.6 kbar, which is likely caused by the relative
change of Fermi surfaces. These results support the scenario that the perfect balance between the electron
and hole populations is the origin of the extremely large magnetoresistance in WTe2.
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The magnetoresistance (MR) is an important transport
property of condensed matter. For simple metals, the MR is
usually very small, showing quadratic field dependence in
low fields and saturating in high fields [1]. In contrast, giant
magnetoresistance (GMR) was discovered in magnetic
multilayers [2], and colossal magnetoresistance (CMR)
was found in manganites [3]. Interestingly, in recent years
extremely large (>105%) and nonsaturating positive MR
(XMR) was discovered in some nonmagnetic compounds
including PtSn4 [4], Cd3As2 [5], WTe2 [6], and NbSb2 [7].
The very recent discovery of XMR in WTe2 is of

particular interest [6]. WTe2 is a layered transition-metal
dichalcogenide, with the crystal structure shown in
Fig. 1(a). In the dichalcogenide layers, W chains are formed
along the a axis. An XMR of 4.5 × 105% in 14.7 T at
4.5 K was found when the current was along the a axis and
the magnetic field was applied along the c axis [6]. More
remarkably, it increases to as high as 1.3 × 107% in 60 T at
0.53 K, without any sign of saturation [6]. Such an XMR
makes WTe2 outstanding among transition-metal dichal-
cogenides, in which various interesting physics such as
charge density wave and superconductivity have been
extensively studied [8,9].
Based on electronic structure calculations, the XMR in

WTe2 was attributed to the compensation between the
electron and hole populations [6]. Actually, such a two-
band model for charge transport in semimetals was
previously used to explain the very large MR observed
in high-purity graphite and bismuth [10]. However, in both
graphite and Bi, the MR saturates beyond a few Tesla, due
to the slight deviation from perfect compensation [6,11,12].
In this sense, the nonsaturating XMR in WTe2 may pro-
vide the first example of perfectly balanced electron-hole

populations [6]. While the subsequent angle-resolved
photoemission spectroscopy (ARPES) experiments
observed one pair of hole and electron pockets of approx-
imately the same size at low temperatures [13], a very
recent ARPES work showed a complex Fermi surface
topology with two pairs of hole and electron pockets [14];
therefore, more experiments such as quantum oscillation
measurement are highly desired to clarify this important
issue. On the other hand, since the perfect balance between
electron and hole populations should be very sensitive to
some tuning parameters such as doping and pressure,
investigating the evolution of the XMR in WTe2 with
these parameters may further clarify its origin.
In this Letter, we present the quantum oscillation study

of the magnetoresistance for WTe2 single crystals under
ambient and high pressure. By analyzing the Shubnikov–de
Haas oscillations of magnetoresistance at low temperature,
four Fermi surfaces are revealed, which should correspond
to the two pairs of hole and electron pockets later probed
by ARPES experiments [14]. A drastic suppression of
the XMR with increasing pressure is observed, which is
accompanied by a change of the Fermi surface topology.
The correlation between them provides support for the
mechanism that the XMR of WTe2 originates from the
electron-hole compensation.
The WTe2 single crystals were grown by using a

chemical vapor transport method similar to that described
in Refs. [6,15]. A mixture of stoichiometric W and
Te powder was sealed into an evacuated quartz tube with
transport agent Br2. The quartz tube was then placed in a
double zone furnace with a temperature gradient of 100 °C
between 750 °C and 650 °C. Large single crystals of
centimeter size were obtained after one week. The samples
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were cut and cleaved to a typical size of 2.0 × 0.7×
0.02 mm3, in which the longest edge is along the a axis
and the thinnest dimension is along the c axis. Figure 1(b)
shows the photo of one sample. The x-ray diffraction
(XRD) measurement was performed using an x-ray dif-
fractometer (D8 Advance, Bruker). A standard four-probe
method was used for resistivity measurements, with current
along the a axis. The contacts were made with silver epoxy.
The resistivity was measured in a 4He cryostat from
300 K to 2 K, and in a 3He cryostat down to 0.3 K. For
measurements under pressure, samples were pressurized
in a piston-cylinder clamp cell made of Be-Cu alloy, with
Daphne oil as the pressure medium. The pressure inside the
cell was determined from the Tc of a tin wire. The magnetic
field was applied along the c-axis direction up to 14.5 T.
Figure 1(c) presents the XRD result of a WTe2 single

crystal. Only reflections of (0 0 2l) show up, indicating
the c-axis orientation. The lattice parameter c ¼ 14.054 Å
is determined from XRD data, which agrees well with
previous reports [16,17].
Figure 2(a) shows the temperature dependence of resis-

tivity in zero field for a WTe2 single crystal, with current

along the a axis. It has ρð295 KÞ ¼ 355 μΩ cm and
ρð2 KÞ ¼ 1.93 μΩ cm, with the residual resistivity ratio
RRR ¼ ρð295 KÞ=ρð2 KÞ ¼ 184. This RRR value is about
half of that in Ref. [6]. Figure 2(b) presents the magneto-
resistance up to 14.5 T at various temperatures. The MR is
defined by MR¼ ½ρðHÞ−ρð0 TÞ�=ρð0 TÞ×100%. At 0.3 K
and in 14.5 T, the MR reaches as high as 1.25 × 105%
(taken from the smooth background of the curve).
This value is lower than that in Ref. [6], which is attributed
to the slightly lower quality (smaller RRR) of our sample.
With increasing temperature, the MR decreases rapidly and
the oscillations disappear above 15 K, which is consistent
with Ref. [6].
The SdH oscillation is a useful technique to detect the

Fermi surface topology [18]. In Fig. 3(a), the oscillatory
MR is analyzed by employing fast Fourier transform (FFT)
for various temperatures from 0.3 to 6 K. The FFT
spectrum shows four major peaks at 94.7, 132, 148,
and 166 T oscillation frequency, labeled as γ;α; β, and δ.
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(c)

(a)

FIG. 1 (color online). (a) Crystal structure of WTe2: a three-
dimensional perspective view along the a-axis direction. W
chains are formed along the a axis. (b) The photo of one cleaved
WTe2 sample. The stripes along the a axis can be clearly seen.
(c) The x-ray diffraction pattern of a WTe2 single crystal. Only
reflections of (0 0 2l) show up, indicating the c-axis orientation.
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FIG. 2 (color online). (a) Temperature dependence of
resistivity in zero field for a WTe2 single crystal, with current
along the a axis. (b) The magnetoresistance up to 14.5 T at
various temperatures, with a magnetic field applied along the
c-axis direction. There are clear Shubnikov–de Haas oscillations
below 5 K.
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The second harmonics 2α and 2β, likely due to spin
splitting, and the sum of α and β due to magnetic break-
down are also observed [18]. The SdH oscillation fre-
quency F is proportional to the extremal cross-sectional
area of the Fermi surface normal to the field, according to
the Onsager relation F ¼ ðΦ0=2π2ÞAF. The γ; α; β, and δ
peaks seen in Fig. 3(a) clearly indicate that there exist four
Fermi pockets normal to the field.
The SdH oscillations of MR can be described by the

Lifshitz-Kosevich (LK) formula [18]. The temperature
dependence of the oscillation amplitude is determined by
the thermal damping factor RT in the LK formula, defined
as RT ¼ ½ðαTm�=BÞ= sinhðαTm�=BÞ�, where T is the
temperature, m� is the effective mass, 1=B is the average
inverse field of the Fourier window, α ¼ 2π2kB=eℏ, and kB
is the Boltzmann constant. Figure 3(b) shows the fits of the
temperature dependence of the normalized oscillation
amplitudes to the thermal damping factor RT from 0.3

to 6 K. The effective masses m� ¼ 0.387me, 0.414me, and
0.462me are obtained for α; β, and γ pockets, respectively,
where me is the bare electron mass. Since the amplitude of
the δ peak cannot be reliably extracted above 3 K, we did
not do the fitting for the δ pocket.
Next we investigate the pressure effect on the XMR of

WTe2. Figure 4(a) shows the MR of a WTe2 single crystal
under various pressures up to 23.6 kbar, measured at
T ¼ 0.3 K. With increasing pressure, the MR is strongly
suppressed and the oscillations also gradually disappear. The
pressure dependence of the MR in the highest field H ¼
14.5 T is plotted in Fig. 4(b). It decreases from 1.25 × 105%
under ambient pressure to 7.47×103% underp¼ 23.6 kbar.
To find out the cause of this strong suppression of MR in

WTe2, we examine the evolution of its Fermi surfaces with
pressure. First let us identify the four Fermi pockets
obtained at ambient pressure, by comparing with the two
ARPES results [13,14]. One ARPES group found a pair of
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FIG. 3 (color online). (a) The FFT of the oscillatory magneto-
resistance shows four major peaks, labeled as γ; α; β, and δ. The
second harmonics 2α and 2β, and the sum of α and β are also
observed. (b) The temperature dependence of FFT amplitude of
α; β, and γ peaks, normalized by their 0.3 K values. The solid
lines are the fit using the Lifshitz-Kosevich formula, giving the
effective masses m� ¼ 0.387me, 0.414me, and 0.462me, for α; β,
and γ pockets, respectively.
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FIG. 4 (color online). (a) The magnetoresistance of a WTe2
single crystal under various pressures up to 23.6 kbar, measured
at T ¼ 0.3 K. (b) The pressure dependence of the magnetoresist-
ance at T ¼ 0.3 K and in H ¼ 14.5 T. The data points are taken
from the smooth background of each curve in (a). The magneto-
resistance decreases from 1.25 × 105% under ambient pressure to
7.47 × 103% under p ¼ 23.6 kbar. For the pair of electron and
hole pockets α and β, the ratio of their area AFðαÞ=AFðβÞ
manifests similar pressure evolution (see text).
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hole and electron pockets with comparable size along the
Γ − X direction [13]; however, another ARPES group
revealed a more complex Fermi surface topology with
two pairs of hole and electron pockets [14], as sketched in
Fig. 5(a). The sizes of the pair of hole and electron pockets
in Ref. [13] are comparable with kF ≈ 0.08 Å−1, while
the sizes of the two pairs of hole and electron pockets
in Ref. [14] are smaller and show a slight difference. We
examine the sizes of the four Fermi pockets obtained from
our SdH oscillations of MR. According to the Onsager

relation F ¼ ðΦ0=2π2ÞAF, AF ¼ 0.0090, 0.0125, 0.0141,
and 0.0158 Å−2 are obtained for γ, α, β, and δ pockets,
respectively. By assuming a circular pocket, the Fermi
momentums kFðγÞ ≈ 0.054 Å−1, kFðαÞ ≈ 0.063 Å−1,
kFðβÞ ≈ 0.067 Å−1, and kFðδÞ ≈ 0.071 Å−1 are estimated.
Therefore, both the number and sizes of the Fermi pockets
obtained from our measurements are consistent with the
Fermi surface topology of WTe2 revealed in Ref. [14]. Note
that an additional hole pocket around Γ was observed in
some samples but was absent in some other samples [14];
therefore, we do not sketch it in Fig. 5(a). It is likely absent
in our samples.
Figures 5(b)–5(f) show the FFT spectrums from ambient

pressure to 18.1 kbar. Above 18.1 kbar, the oscillations are
too weak to give a reliable FFT spectrum. One can see that
both α and β peaks persist all the way to the highest
pressure. According to the scenario in Ref. [6], the nearly
perfect balance of electron and hole populations is respon-
sible for the XMR in WTe2. Since under 12.2 kbar, the MR
is still as large as 8.28 × 104% and only the α and β peaks
remain, we identify α and β as one of the two pairs of
hole and electron pockets. It will be very interesting to do
electronic structure calculation under pressure, to show
how another pair of hole and electron pockets, γ and δ,
disappears with increasing pressure. We note that a
recent theoretical calculation shows that the electronic
structure of monolayer 1T0 −WTe2 is sensitive to the
tensile strain, which may be crucial for realizing the
quantum spin Hall effect in this two-dimensional transition
metal dichalcogenide [19].
With increasing pressure, the absolute sizes of α and β

pockets increase because of the shrinking of the lattice. The
relative size of α and β pockets, defined as AFðαÞ=AFðβÞ, is
plotted in Fig. 4(b) together with the pressure dependence
of MR. The two curves are clearly correlated, suggesting
that the increasing difference between the sizes of α and β
pockets is the cause of the strong suppression of MR with
pressure in WTe2. In this sense, our result confirms the
importance of the perfect balance between the electron and
hole populations to the XMR in WTe2.
Note that the four major frequencies we observed

(γ ¼ 94.7 T, α ¼ 132 T, β ¼ 148 T, and δ ¼ 166 T) were
confirmed by a later quantum oscillation study of WTe2
[20]. According to the FFT analysis of the quantum
oscillations of the Seebeck coefficient with the field applied
along the c axis, they found four major frequencies:
F1 ¼ 92 T, F2 ¼ 125 T, F3 ¼ 142 T, and F4 ¼ 162 T
[20], which are nearly the same as ours. However, they
identified F2 and F3 (α and β in our Fig. 5) as two electron
pockets (“Russian doll” structure), based on their band
calculations [20]. In fact, the band calculations of WTe2 are
very subtle, in the number and size of electron and hole
pockets [6,14,20–22]. The calculated electronic structure
only partially reproduces the experimental bands and Fermi
surface [14]; thus, it is not appropriate to identify the four
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FIG. 5 (color online). (a) Sketch of two pairs of hole and
electron pockets along the Γ − X direction in the Brillouin zone
of WTe2, as observed by ARPES experiments [14]. (b)–(f) The
FFT spectrum of the oscillatory magnetoresistance under various
pressures up to 18.1 kbar. The α and β peaks persist to high
pressure, which are identified as the pair of electron and hole
pockets in (a). From (b) to (f), the dashed lines are guides to the
eye to show that the sizes of electron and hole pockets become
increasingly different.
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major frequencies only based on band calculations [20].
This situation highlights the importance of our pressure
study, in which the large MR ¼ 8.28 × 104% and the
remaining α and β peaks under 12.2 kbar enable us to
identify α and β (F2 and F3 in Ref. [20]) as one pair of
electron and hole pockets. Therefore, the correct Fermi
surface topology is very likely that revealed by the ARPES
experiments in Ref. [14], which is consistent with our
results. Such a Fermi surface topology is the basis for
understanding the XMR in WTe2.
In summary, we study the quantum oscillations of

magnetoresistance under ambient and high pressure for
WTe2 single crystals. Under ambient pressure, four Fermi
surfaces are identified by analyzing the SdH oscillations,
which are likely two pairs of hole and electron pockets
along the Γ − X direction. With increasing pressure, a
drastic change of Fermi surface topology and strong
suppression of the XMR are observed. While one pair of
hole and electron pockets (α and β) persists to high
pressure, the other pair of hole and electron pockets
(γ and δ) disappears with increasing pressure. The relative
size of the α and β pockets decreases with increasing
pressure, which may cause the strong suppression of the
XMR. Our results support the scenario that the perfect
balance between the electron and hole populations is the
origin of the XMR in WTe2.
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Note added.—Recently superconductivity was discovered
in WTe2 by applying higher pressure than ours [23,24],
which coincides with the suppression of the XMR.
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