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Linear magnetoresistance induced by mobility fluctuations
in iodine-intercalated tungsten ditelluride
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We report a systematic study of the magnetoresistance, Hall effect, and the electronic structure in an iodine-
intercalated tungsten ditelluride (WTe2I) single crystal, which crystallizes in a centrosymmetric structure. WTe2I
presents significant anisotropic magnetotransport behavior with the magnetic field rotated in the xz and yz planes
and violation of the Kohler’s rule. Unexpectedly, nonsaturating linear magnetoresistance (LMR) was observed
under the magnetic field parallel to the z axis and the current along the x axis. The analysis of the Hall effect
reveals that the carrier mobility in WTe2I is notably lower than that of WTe2 and meets the picture of the Parrish
and Littlewood model, suggesting that the LMR is likely caused by disorder effects. First-principles calculations
show that the electronic structure undergoes a topological phase transition from a Weyl state to a Dirac state due
to iodine intercalation. This finding provides a platform to search for physical phenomena related to WTe2 and
study the topological phase transition.
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I. INTRODUCTION

Materials with a nontrivial band structure sparked intense
research interests in condensed matter physics and mate-
rial science due to exotic physical properties and potential
applications [1–5]. Their topologically protected band struc-
tures are featured with a degeneracy and momentum space
distribution of the nodal points, which not only themselves
present fascinating electronic states, but also provide the
possibility to realize some novel quantum states by var-
ious methods, such as doping, gating, point contact, and
high pressure [6–8]. Among the emergent phenomena, lin-
ear magnetoresistance (LMR) is of particular interest. LMR,
an unusual behavior beyond classical quadratic magnetore-
sistance (QMR), has also been observed in limited narrow
gap semiconductors and several common metals such as sil-
ver chalcogenides [9–11], Sb-rich InSb [12], polycrystalline
potassium [13], and BaZnBi2 [14], and in these materials has
usually been interpreted by either the charge-inhomogeneity
theory [15] or Abrikosov’s quantum theory [16]. However,
LMR in topological materials (TMs) can be more intrigu-
ing due to the involvement of nontrivial electronic states, as
an external magnetic field could lift the protection against
backscattering, while the Landau level diagram with the mag-
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netic field aligned in a high-symmetry direction could be
gapless [17]. The pindown of the LMR mechanism is fur-
ther hindered since there exist nontrivial electronic states
and disorder-induced or carrier-compensation-induced mag-
netoresistance (MR) [17–24]. Thus, a further exploration of a
TM with a tunable electronic structure while hosting LMR is
of interest.

The semimetal WTe2, a typical TM, has been studied inten-
sively due to the discovery of the unexpected property of large
unsaturated transverse QMR and longitudinal LMR [24,25].
WTe2 crystallizes in a layered structure with the metal layer
sandwiched by adjacent chalcogenide layers. The coupling
between the Te-W-Te sandwich layer is weak van der Waals
bonding, which allows for the realization of atom or ion inter-
calation for carrier doping and cleavage for device fabrication.
On the other hand, the band structure in WTe2 characterized
by small electron and hole pockets is very sensitive to the
position of the Fermi level and is easy to modulate in some
ways. These unique crystal and band structures result in many
interesting properties including gate- and pressure-induced
superconductivity [26,27], Landau quantization and highly
mobile fermions in a monolayer WTe2 [28], gate-tunable
negative longitudinal MR [29], and vacancy- and pressure-
induced transverse LMR [30,31]. Such findings suggest that
a different way to study the LMR in TMs is by tuning the
electronic structure based on WTe2.

The intercalation of van der Waals materials may allow
one to effectively adjust the electronic structure and physical
properties. Recently, Schmidt synthesized iodine-intercalated
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tungsten ditelluride (WTe2I) and found that its band structures
have some differences from that of WTe2 [32], which are
highly significant to further understand the MR behavior in
WTe2. However, magnetotransport studies on WTe2I are still
absent. In this paper, we have grown single crystals of WTe2I
and systematically investigated its magnetotransport proper-
ties with temperatures ranging from 2 to 300 K at magnetic
fields up to 9 T. We observed anisotropic magnetotransport
behavior in different magnetic field directions. Remarkably,
when the applied magnetic fields are along the z axis, the
positive MR(B) = [ρxx(B) − ρxx(0)]/ρxx(0) × 100% exhibits
an unsaturated linear behavior at 2 K. The analysis of Hall
resistivity and longitudinal conductivity with a semiclassical
two-band model indicates that iodine intercalation leads to
a decrease of the carrier mobility. The values of the ob-
served LMR, mobility, and the reciprocal of the crossover
field show a similar temperature-dependent tendency. This
suggests that the unsaturated LMR in WTe2I probably orig-
inates from mobility fluctuations caused by the disorder. In
addition, the electronic structure of WTe2I has been studied
by first-principles calculations. The band structure shows that
WTe2I is a metal and the band at the high-symmetry Z point
is a fourfold-degenerate Dirac point.

II. EXPERIMENTAL METHODS
AND CRYSTAL STRUCTURE

Single crystals of WTe2I were obtained by intercalating
iodine into WTe2 crystals, which were grown from Te flux.
A 1:30 mixture of W and Te was put into an alumina crucible
and sealed in an evacuated quartz tube. The quartz tube was
heated to 850 ◦C and then cooled at a speed of 1 ◦C/h to
550 ◦C, at which point the excess Te was decanted by cen-
trifugation. Subsequently, the obtained WTe2 single crystals
were filled in a quartz tube with an iodine concentration of
3 mg/cm3. After evacuating and sealing, the tube was heated
to 120 ◦C for 20 days, and then cooled down to room tem-
perature. The resulting crystals of WTe2I are thin strips with
a length ∼1.6 mm and thickness ∼0.12 mm, as shown in the
right inset of Fig. 1(c). The crystal structure was character-
ized by x-ray diffraction (XRD) on a Bruker diffractometer
with Cu Kα radiation at room temperature. The elemental
composition was determined by an Oxford X-Max energy
dispersive x-ray (EDX) spectroscopy analysis on a Hitachi
S-4800 scanning electron microscope. Electrical transport
measurements on oriented single crystals were performed us-
ing a Quantum Design physical property measurement system
(PPMS).

First-principles calculations were performed with the pro-
jector augmented-wave method [33,34] as implemented in the
Vienna ab initio simulation package [35–37]. The general-
ized gradient approximation of Perdew-Burke-Ernzerhof type
[38] was adopted for the exchange-correlation potential. The
optB86b functional [39] was used to treat the van der Waals
interactions in layered materials. The kinetic energy cutoff of
the plane-wave basis was set to be 400 eV. For the Brillouin
zone sampling, a 20 × 12 × 4 k-point mesh was employed.
The Gaussian smearing with a width of 0.01 eV was used
around the Fermi surface. In the structural optimization, both
cell parameters and internal atomic positions were allowed

FIG. 1. (a) and (b) The crystal structure of WTe2 and WTe2I at
room temperature, respectively. (c) The single-crystal XRD pattern
of WTe2I at room temperature. The left inset is the EDX spec-
troscopy of WTe2I. The right inset is an optical image of a grown
single crystal with respect to the crystalline axes on a millimeter
grid. (d) Powder XRD spectrum of WTe2I at room temperature and
refinement.

to relax until all forces on the atoms were smaller than 0.01
eV/Å. The relaxed structure parameters a, b, and c are 21.587,
3.475, and 6.270 Å, respectively, which well agree with exper-
imental results. The spin-orbital-coupling effect was included
in the calculations of the electronic properties.

Figure 1(b) shows the crystal structure of WTe2I crystalliz-
ing in a layer orthorhombic structure with a centrosymmetric
space group Pmmn (No. 59). The layer structure is closely
similar to that of WTe2 [Fig. 1(a)] but contains iodine atoms
in interlayers. The single-crystal XRD pattern of a WTe2I
sample is presented in Fig. 1(c). All of the peaks can be iden-
tified as the (h00) reflections of WTe2I. Figure 1(d) shows the
room-temperature powder XRD pattern of the ground WTe2I
single crystals, in which all the powder diffraction peaks can
be well indexed in a Pmmn space group. The determined lat-
tice parameters a = 21.897 Å, b = 3.476 Å, and c = 6.327 Å
are in good agreement with the previously reported data [32].
The average W:Te:I atomic ratio determined using the EDX
is very close to 1:2:1 and no foreign elements were detected

125116-2



LINEAR MAGNETORESISTANCE INDUCED BY MOBILITY … PHYSICAL REVIEW B 105, 125116 (2022)

FIG. 2. (a) Temperature dependence of ρxx under magnetic fields
with B ‖ z axis. The inset illustrates measurement configuration.
(b) Bloch-Grüneisen fit of zero field ρ(T ) (see text). (c) and (d) Mag-
netic field dependence of MR at 2 K with B rotated in the yz and xz
planes, respectively. Insets show the B dependence of the normal-
ized derivative of MR at selected angles for the yz and xz planes,
respectively.

within the limitation of instrument resolution, as shown in the
left inset of Fig. 1(c).

III. RESULTS AND DISCUSSION

The temperature-dependent resistivity ρxx(T ) of the WTe2I
single crystal measured by the standard four-probe method
under selected magnetic fields with B parallel to the z
axis and perpendicular to the current (along x axis) is
shown in Fig. 2(a). At zero field, ρxx(T ) displays a metal-
lic behavior with a moderately small residual resistivity
of ∼73 μ� cm, and the residual resistivity ratio [RRR =
ρxx(300 K)/ρxx(2 K)] is about 5, which is much smaller than
that of WTe2. With the application of magnetic fields, ρxx(T )
is enhanced in the whole temperature range. However, differ-
ent from WTe2, WTe2I does not exhibit a low-temperature
upturn at least when the magnetic field is up to 9 T, which
in WTe2 was interpreted as an indication of a high-quality and
low-charge carrier density sample [40]. Figure 2(b) presents
a simulation of the zero-field resistivity with the Bloch-
Grüneisen formula [41],

ρ(T ) = ρ(0) + ρel-ph(T ), (1)

ρel-ph(T ) = αel-ph

( T

�R

)n

, (2)

where ρ(0) is the residual resistivity due to defect scattering
and is essentially temperature independent. ρel-ph(T ) is the
temperature-dependent part of the resistivity, arising from
an electron-phonon interaction. αel-ph is a constant. �R is a

characteristic temperature usually close to the Debye tem-
perature �D. n takes an integer depending on the nature of
the interaction. As shown in Fig. 2(b), neither n fixed at 2
for an electron-electron interaction and 5 for electron-phonon
scattering nor an independent variable n = 3.4 could follow
the temperature dependence in the whole measured range.
Therefore, the resistivity ρxx(T ) behavior of WTe2I cannot
be described by simple electron-electron and electron-phonon
scattering mechanisms. Moreover, with consideration of the
low RRR, it seems to suggest that there are some defects in
WTe2I.

Figures 2(c) and 2(d) show the magnetic field dependence
of MRs at 2 K with rotating B in both the yz plane and the xz
plane, respectively. Surprisingly, we observed an unsaturated
LMR. With an increase of angle θ from 0◦ to 90◦, MR gradu-
ally decreases, reaching a maximum at θ = 0◦ and a minimum
at θ = 90◦, and in the xz plane MR decreases faster towards
90◦ and has a maximum anisotropy of ∼1.5. Remarkably,
when θ = 0◦, the LMR does not show any saturation with
magnetic fields up to 9 T, while at θ = 90◦ the MR displays
an obviously quadratic dependence at low fields and deviation
from linear behavior at high fields. To get a clearer view of the
exotic MR behavior, we plotted the B-dependent derivative
of MR (dMR/dB) curves of several typical angles in the
insets of Figs. 2(c) and 2(d), respectively, and obtained BQ

and BL determined as the intersection points of two tangent
lines and a maximum in the dMR/dB-B curves, respectively.
The emergence of BQ and BL clearly indicates that MR at
90◦ is of the conventional MR behavior. These observations
of the linear and conventional MR behaviors imply that the
dominant scattering process is strongly anisotropic.

In order to shed more light on the anisotropic MR, we per-
formed the temperature dependence of MR measurements on
a WTe2I single crystal. Figures 3(a)–3(c) show temperature-
dependent MR with the applied magnetic fields along the x, y,
and z axis, respectively. MR in all three directions gradually
decreases with an increase of temperature from 2 to 300 K,
and presents a quadratic dependence in high temperatures,
which is the behavior of conventional MR. However, at low
temperature, MR shown in Figs. 3(a) and 3(b) still possesses
a quadratic one, but MR with B ‖ z axis shown in Fig. 3(c)
exhibits linear behavior. Moreover, we find that the linear
behavior can be observed with the magnetic field down to
0.2 T at 2 K. These anisotropic MRs are different from that
observed in WTe2, in which MRs show a linear behavior with
the field along the x axis and parabolic behavior with the field
along the z and y axes, and the LMR were attributed to the
scattering between electronlike and holelike Landau levels.
Figure 3(d) shows the analysis of the resistivity curves at
various temperatures with Kohler’s theory [40,42],

�ρ(T, B)

ρ(T, 0)
= F

(
B

ρ(T, 0)

)
, (3)

where ρ is the resistivity, T is the temperature, and B is the
magnetic field. According to Kohler’s rule, if the carriers are
from two bands featured with the same temperature depen-
dence of the scattering rate or a single band, MR as a function
of (B/ρ0)2 merges into a single curve for all temperatures.
Here, we can see that the Kohler plots at all temperatures
shown in Fig. 3(d) did not collapse into a single curve. This
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FIG. 3. (a)–(c) Magnetic field dependence of MR at various
temperatures with I ‖ x axis and B ‖ x, y, and z axis, respectively.
(d) Kohler’s plot of MR with I ‖ x axis and B ‖ z axis at all measured
temperatures.

confirmed that a complicated scattering mechanism partic-
ipated in transport properties, which is consistent with the
analysis of the zero-field resistivity by the Bloch-Grüneisen
formula.

To further investigate the observed LMR in WTe2I, we
have performed a Hall-effect measurement on a single crys-
tal of WTe2I at various temperatures with magnetic fields
along the z axis and I ‖ x axis. Figures 4(a) and 4(b) show
the magnetic field dependence of the Hall resistivity ρxy and
the longitudinal conductivity σxx [σxx = ρxx/(ρ2

xx + ρ2
xy)] at

selected temperatures from 2 to 300 K. Over the entire tem-
perature range, ρxy has a positive slope, suggesting hole-type
carriers dominate the transport process. At high temperatures,
ρxy presents nearly linear behavior, while at low temperatures,
ρxy has a linear behavior at low fields and nonlinear behavior
at high fields. The deviation from the linear field dependence
of ρxy reveals the multiband nature of WTe2I. Thus, we an-
alyzed the Hall conductivity σxy [σxy = ρxy/(ρ2

xx + ρ2
xy)] and

longitudinal conductivity σxx using a semiclassical two-band
model [43,44],

σxy =
(

n1μ
2
1

1 + (μ1B)2
− n2μ

2
2

1 + (μ2B)2

)
eB, (4)

σxx = en2μ2

1 + (μ2B)2
+ σxx(0) − en2μ2

1 + (μ1B)2
, (5)

where n1 (or n2) and μ1 (or μ2) denote the carrier density
and mobility for two kinds of carriers, respectively. We find
that both σxy and σxx can be well fitted from 2 to 300 K
using the two-band model, which suggests that the semiclas-
sical two-band model has captured the main physics. The
insets of Figs. 4(a) and 4(b) show typical fitting curves of
σxy and σxx at T = 2 and 300 K, respectively. As shown in

FIG. 4. (a) Magnetic field dependence of Hall resistivity ρxy at
selected temperatures. The inset shows the fitting of Hall conductiv-
ity at 2 and 300 K with a semiclassical two-band model, where the
black and blue dots and red lines are experimental data and fitting
curves, respectively. (b) Magnetic field dependence of longitudinal
conductivity σxx at selected temperatures. The inset shows the fitting
of longitudinal conductivity at 2 and 300 K by conductivity fitting
formula. (c)–(f) show the temperature dependence of carrier densities
and mobilities extracted by fitting Hall conductivity σxy and longitu-
dinal conductivity σxx , respectively.

Figs. 4(c)–4(f), the carrier densities and mobilities extracted
by fitting σxy and σxx present a similar temperature-dependent
tendency and the same order of magnitude. The consistency of
two fitting results ensures the accuracy of the fitting results. At
2 K, μ2 = 0.62 × 103 cm2 V−1 s−1 (0.73 × 103 cm2 V−1 s−1)
and μ1 = 1.04 × 105 cm2 V−1 s−1 (1.04 × 105 cm2 V−1 s−1)
obtained by fitting σxy (σxx), are obviously lower than the aver-
age carrier mobility μavg = 1.67 × 105 cm2 V−1 s−1 in WTe2

[45]. The decrease of mobility probably originates from an
increase of scattering due to the disorder induced by iodine
intercalation.

The LMR at a high magnetic field can be generally re-
lated to two mechanisms: (i) LMR proposed by Abrikosov
occurs in materials having a linear dispersion relation, only
beyond the n = 1 Landau level [16,46], and (ii) in classical
disorder models, LMR was observed in slightly disordered
high-mobility or heavily disordered samples [15,47], in which
the scattering of charge carriers from spatial inhomogeneities
leads to mobility fluctuations and the mobility satisfies the
Parrish and Littlewood (PL) criterion [15]. Recently, there was
another explanation that the scattering between electronlike
and holelike Landau levels also should be considered for the
LMR, which is responsible for that of WTe2 [25]. We consider
here that the mobility fluctuations are the most probable cause
in WTe2I. First, according to our calculated band structure of
WTe2I in the following, we can see that there is a Dirac point
near the Fermi level, but mainly the nonlinear bands cross
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FIG. 5. (a) Log-log plot of resistance with I ‖ x axis and B ‖ z
axis. The crossover field Bc to the linear MR is indicated by arrows.
(b) Temperature-dependent B−1

c and carrier mobility scaling. The
inset shows the B−1

c plot of carrier mobility. The blue line is a
linear fit to the data. (c) Temperature dependence of MR and carrier
mobility scaling. Inset: The MR plot of carrier mobility. The solid
line is the linear fit to the data.

the Fermi level and dominate the transport process. Second,
different from WTe2, the LMR in WTe2I was observed under
the field along the z axis other than the tungsten chains and
there is no perfect electron-hole compensation. In addition, to
emphasize the low-field behavior, we plotted the unconven-
tional LMR [presented initially in Fig. 3(c)] in Fig. 5(a) on a
log-log scale and obtained the crossover field Bc defined as the
intersection points of two tangent lines in the ρxx-B curves and
indicated by the thin arrow. Interestingly, we find that MR,
mobility, and the reciprocal of crossover field Bc display a
similar temperature-dependent tendency [Figs. 5(b) and 5(c)],
and MR and B−1

c are linearly dependent on mobility as shown
in the insets of Figs. 5(b) and 5(c). These observations satisfy
the conditions (Bc ∝ 〈μ〉−1 and MR ∝ 〈μ〉) of the weak mo-
bility fluctuation limit of the PL model, indicating the disorder
contributes to the observed LMR, which is consistent with
the above discussions. Therefore, the LMR of WTe2I is most
likely attributed to the classical origin.

Our calculated band structure of WTe2I is in well agree-
ment with the reported result [32]. As shown in Fig. 6(a),
the calculated electronic structures with spin-orbital coupling
indicate that WTe2I is a metal. The density of states shown
in Fig. 6(b) around the Fermi level is mainly contributed by
W d orbitals, Te p orbitals, and I p orbitals. Different from
layered WTe2, the layered structure of WTe2I has the nonsym-
morphic space group Pmmn symmetry and the corresponding
point group symmetry is D2h. Obviously, WTe2I cannot be a
Weyl semimetal due to the space-inversion and time-reversal
symmetry. On the other hand, due to the fractional trans-
lation, the commutation relation of C2z (1/2, 0, 1/2) and I

FIG. 6. The electronic structure of layered WTe2I. (a) The
band structure calculated with spin-orbit coupling along the high-
symmetry directions. (b) The total and partial density of states.

(1/2, 0, 1/2) changes from commutation to anticommutation
at the high-symmetry Z point. In combination with time-
reversal symmetry, any band at the high-symmetry Z point
is always fourfold degenerate, which forms a Dirac point.
Moreover, the Dirac point at the high-symmetry Z point is
very close to the Fermi level.

IV. SUMMARY

In summary, we have grown single crystals of WTe2I
and investigated the intriguing quantum transport properties
with systematic magnetotransport measurements. WTe2I ex-
hibits a metallic behavior with the magnetic field ranging
from 0 to 9 T and significantly anisotropic MR properties.
Interestingly, an exotic nonsaturating LMR was observed
when B ‖ z axis and I ‖ x axis. The measurements of the
Hall effect and first-principles calculations demonstrate that
the carrier mobility conforms to the PL criterion and ex-
clude other possible physical mechanisms. Therefore, we
speculate that the observed LMR in WTe2I is most likely
attributed to the mobility fluctuations caused by the disorder.
Furthermore, the band-structure calculation suggests a topo-
logical phase transition from a Weyl semimetal to Dirac metal
induced by iodine intercalation.
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