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Significantly Enhanced Magnetoresistance in 
Monolayer WTe2 via Heterojunction Engineering: A 
First-principles Study

Lin Hua,b, Lei Kanga, Jinlong Yangc, Bing Huanga,b* and Feng Liub,d* 

The large non-saturating magnetoresistance (MR) of bulk WTe2 is known to be greatly reduced in thin 
film with decreasing thickness. In this study, based on first-principles calculations, we demonstrate that 
2D WTe2 bonded to graphene, through a WTe2/graphene van der Waals (vdW) heterojunction, can exhibit 
a significantly enhanced MR, which can be even larger than that of bulk WTe2. Moreover, the MR shows 
a strong stacking-orientation-dependent behavior, which facilitates a tunable MR effect. Our findings 
illustrate a new route to enhancing the MR of WTe2 and other 2D semimetals via heterojunction 
engineering, which is useful for a range of applications in information technology.

Introduction
Magnetoresistance (MR) is defined as the resistance of metals 
or semiconductors that varies with an applied magnetic field. 
The materials with large MRs can be used in a variety of 
electronic and magnetic device applications, e.g., magnetic 
sensors1, magnetic memories2 and hardware devices3. In 
magnetic sensor applications, the data can be read from the 
magnetic hard disk with an MR read sensor that is extremely 
sensitive to low magnetic fields4,5. There is an increasing 
demand for MR read sensors with high sensitivity, low energy 
consumption and low cost.

Semimetals, e.g., graphite, bismuth and bulk WTe2, typically 
show very large MRs at low temperatures because charge 
compensation of electrons and holes leads to an approximate 
cancellation of the Hall E field6. Recent experiments have also 
revealed an extremely large positive MR (XMR) in the bulk 
WTe2. There are also some other MR effects, e.g. giant MR 
(GMR)7,8 and colossal MR (CMR)9 effects. These two MR 
effects often occur in thin-film metals and manganese-based 
perovskites. Comparing with these very large MR effects 
(GMR and CMR), ordinary MR effect is a relatively weak 
effect, and it is found in non-magnetic compounds or 
elements10. The magnetic materials typically have negative MR 
effect. Positive MR is seen in metals, semiconductors and 

semimetals. And, the bulk WTe2 was found to be an XMR 
material6, whose MR value is even larger than that of some 
GMR and CMR materials. This XMR effect can be understood 
by classical magnetic transport theory of a two-band model11,12, 
which is widely used to study the MR of two-carrier 
conduction. The MR in a material with two kinds of carriers is 
caused by the difference between their drift velocities in an 
electric field. And the scattering of carriers should equalize the 
velocities leading to a vanishing MR. According to this model, 
the magneto-transport properties of a nearly compensated 
semimetal can be described by the following expression for the 
longitudinal resistivity : 𝜌𝑥𝑥(𝐵)
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Where n, p, , , and B are electron density, hole density, 𝜇𝑒 𝜇ℎ

electron mobility, hole mobility and magnetic field, 
respectively. Subsequently the MR of a semimetal can be 
written as:
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Under the charge compensation condition n=p, the external 
magnetic field term in the denominator can be neglected as 

for the range of B in (𝑛𝜇𝑒 + 𝑝𝜇ℎ)2 ≫ (𝑝 ― 𝑛)2𝜇𝑒
2𝜇ℎ

2𝐵2

experiments. In this case, the MR will increase indefinitely 
without saturation as B increases, i.e., .∆𝜌/𝜌 = 𝜇𝑒𝜇ℎ𝐵2

According to the two-band model11,12, the MR of a semimetal is 
mostly determined by  and . For a thin-film WTe2 with 𝜇𝑒 𝜇ℎ

reduced thickness, both  and  are expected to decrease, 𝜇𝑒 𝜇ℎ

when the crystal thickness becomes smaller than the mean free 
path and scattering at the surface becomes relevant. For 
example, and will be dramatically reduced from 𝜇𝑒 𝜇ℎ

5,000~10,000 in the bulk to ~1,000 in a six-layer film13. 
Consequently, the MR is reduced from 50000 for the bulk to 
10000 for the film (B = 15 T), and this value is expected to be 
even lower in the monolayer WTe2

13. This strong thickness-
dependent MR effect will inevitably hinder the use of 
monolayer (or multi-layers) WTe2 in nanoscale device 
applications. Therefore, it is of both fundamental interest and 
practical importance to increase the MR of a monolayer WTe2, 
or 2D semimetal in general by increasing its carrier mobility.

The van der Waals (vdW) heterojunction engineering, formed 
between two 2D monolayers, is widely applied to tune the 
electronic and optical properties of 2D materials. For example, 
a moiré structure of graphene on h-BN forming secondary 
Dirac points has attracted great scientific attentions14. In this 
study, we propose a general approach of achieving very large 
MR via the vdW heterojunction engineering. The basic concept 
is illustrated in Fig. 1. Fig. 1a shows the typical band structure 
of a semimetal, e.g. the monolayer WTe2, where the electron 
and hole pockets coexist at the Fermi surface. Fig. 1b shows the 
heterojunction made of monolayer WTe2 and graphene, i.e., 
WTe2/graphene. Because of the slightly higher work function 
of WTe2 compared to graphene, electrons will be transferred 
from graphene to WTe2, which enables a n-type doping for 
WTe2 and spontaneously a p-type doping for graphene. 
Consequently, upon forming the heterojunction,   is 𝜇ℎ

determined by graphene and  by WTe2, respectively. 𝜇𝑛

According to classical transport theory15-16, with a linear band 
dispersion, e.g. graphene, the mobility is very high, and the MR 
scales linearly with the magnetic field (~B). In contrast, with a 
parabolic band dispersion, e.g. the monolayer WTe2, the MR 
scales quadratically with the magnetic fields (~B2), but the 
mobility is relatively low. Therefore, by forming the 
WTe2/graphene heterojunction, i.e. a parabolic/linear band-
junction, one might combine the advantages of both materials 
to create a scenario for MR to scale with B2, while at the same 
time having a high carrier mobility. Here, we consider two 
extreme cases for strong and weak electron-hole resonance. For 
the former, we use ; for the latter, we use the 𝑀𝑅 = 𝜇𝑒𝜇ℎ𝐵2

average MR of WTe2(B2 for parabolic dispersion) and 
graphene(B for a linear dispersion): MR = (2𝜇ℎ𝜇2

𝑒𝐵3 + 𝜇2
𝑒𝐵2 +

 treating the two layers as two parallel 𝜇ℎ𝐵)/(𝜇2
𝑒𝐵2 + 𝜇ℎ𝐵 + 2)

transport channels [more details can be found in Supporting 

Information]. In general, a given system may behave in 
between the two limiting cases depending on the degree of 
electron-hole correlation at the heterojunction. When the 
electron-hole correlation is very strong, similar to the case of 
WTe2

6, a synergetic effect should be dominated; conversely, if 
the electron-hole correlation is very weak, it is more of a 
doping effect. Our strategy of this heterojunction engineering 
by combining the advantages of both materials can be generally 
effective to enhance the MR effect of 2D materials. 

Using first-principles calculations, we show that by forming a 
vdW heterojunction of WTe2/graphene, the MR of monolayer 
WTe2 can be significantly enhanced by several orders of 
magnitude, to be even larger than that of bulk WTe2. 
Interestingly, the MR of WTe2/graphene also shows a strong 
stacking-orientation-dependent behavior, which can be 
understood in terms of in-plane anisotropy of WTe2 and affords 
a tunable MR effect.

Figure 1. (a) The sketch of band structure of WTe2 with the coexistence of 
electron and hole pockets around the Fermi level. (b) WTe2/graphene 
heterojunction with electron pocket from the quadratic band of WTe2 and hole 
pocket from the linear Dirac band of graphene. The Fermi level is marked by 
dashed lines.

Results and discussion
For the WTe2 bulk, our calculated lattice constants, a=6.30Å, 
b=3.53Å and c=14.10Å, are in good agreement with the 
previous theoretical results17 and experimental measurements13. 
Then we used the same method to optimize the structure of 
WTe2 monolayer, as exfoliated from the WTe2 bulk. To 
simulate the vdW heterojunction, graphene and WTe2 are 
modeled using a supercell as illustrated in Fig. 2a-b. We have 
imposed a commensurability condition between graphene and 
WTe2 monolayer, where the lattice constant of a  3 3 × 3
graphene and a  WTe2 can match with each other very 2 × 2
well (the lattice mismatch between them is less than 1%).
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Figure 2. (a) Top and (b) side views of the geometric structures of the 
WTe2/graphene heterojunctions. a, b and c represent the lattice vectors. The 

brown, yellow and gray balls represent C, Te and W atoms, respectively. (c) The 
projected band structure (left panel) and density of states (right panel) of the 

WTe2/graphene heterojunction with SOC effect. The Fermi level is set to zero.

After the structural optimization, the interlayer distance of the 
WTe2/graphene heterojunction is found to be 3.63Å. The 
binding energy Eb between the two layers is calculated as:

 2 2/ , (3)b WTe G WTe GE E E E  

Where EWTe2/G, EWTe2 and EG are energies of the junction, 
isolated WTe2 monolayer and isolated graphene monolayer, 
respectively. The calculated Eb is -32.5 meV/Å2. This value is 
comparable to the recent theoretical result of 2D graphene-
based nanocomposites, such as G/h-BN18, which is the typical 
vdW interfacial bonding strength.

The calculated electronic band structure of WTe2 monolayer 
also agrees well with the previous work17. To obtain accurate 
values of the hole (p-type) and electron (n-type) carrier 
concentrations, the band-decomposed DOS are calculated. In 
particular, to calculate the p- (n-) type carrier concentration, we 
calculate the DOS of the valence (conduction) band and then 
integrate the DOS from EF to the valence band maximum 
(VBM) (conduction band minimum (CBM)). The calculated 
carrier concentrations, i.e., p ≈ n=1.57×1013 cm-2 are in 
excellent agreement with the previous work of WTe2 
monolayer17.

Next, we calculated the electronic structure of the 
WTe2/graphene heterojunction (Fig. 2c). Due to the very weak 
interaction of vdW, the band structures of both graphene and 
WTe2 are similar to the isolated cases. After the heterojunction 
is formed, fewer valence and conduction bands are found to 

cross the Fermi energy, because the overlap of valance and 
conduction bands in the heterojunction becomes smaller due to 
band repulsion. The calculated charge distributions of VBM 
and CBM (see Fig. S1 in the Supporting Information) show that 
the holes are distributed over the graphene sheets (Fig. S1a), so 
that VBM takes the shape of a Dirac cone provided by 
graphene. Meanwhile, the electrons are distributed over the 
WTe2 monolayer (Fig. S1b), so that CBM remains still 
contributed by WTe2. Due to the different work functions of 
WTe2 monolayer (4.45 eV) and graphene (4.40 eV), electrons 
tend to transfer from graphene to WTe2 monolayer based on the 
Schottky-Mott model19, resulting in weak n-type WTe2 
monolayer and p-type graphene, respectively. This means a 
strongly enhanced hole mobility in the heterojunction compared 
with the isolated WTe2. Furthermore, the charge redistribution 
may increase the carrier life-time, because the spatial separation 
of electrons from holes avoids the carrier recombination. 
Overall, the heterojunction is expected to improve the carrier 
transport efficiency, while reducing energy loss. For the 
heterojunction, carrier compensation condition, i.e., the same n- 
and p-type carrier concentration, is always guaranteed. The 
calculated carrier concentration for the WTe2/ graphene is 
p≈n=1.62×1012 cm-2. This charge compensation indicates that 
there is possibly a non-saturating MR as a function of B in the 
WTe2/graphene heterojunction6,17.

The carrier mobility can be calculated using the deformation 
potential (DP) model based on the effective mass 
approximation20-23. For a 2D system, it can be expressed as:

3

2 2
1

2 , (4)
3 ( )B

e C
k T m E

 
h

Here C is the elastic modulus that is defined as: (𝐸 ― 𝐸0)/𝑆0

. The DP constants E1 is defined as: , = 𝐶(∆𝑙/𝑙)2/2 ∆𝐸/(∆𝑙/𝑙)
is the energy shifts of the band edges (VBM for the holes ∆𝐸 

and CBM for electrons).  denotes the strain. E0, S0 and l0 ∆𝑙/𝑙
are the total energy, cell area and lattice constant (a0 or b0) 
without strain, respectively. T is the temperature and m* is the 
effective mass. The calculated m*, C and E1 and μ (at room 
temperature) are summarized in Table S1. For the WTe2 
monolayer, our results are in good agreement with the previous 
work17. For the WTe2/graphene heterojunction, the effective 
mass of hole, contributed by graphene, is almost zero, which 
cannot be directly calculated by eq. (4). Instead, we use the 
Boltzman transport theory combined with the deformation 
potential theory to estimate the hole mobility22, which have 
been successfully applied to predict intrinsic carrier mobility of 
many carbon-based and organic materials, such as graphene, 
graphene nanoribbon (GNR) and graphdiyne sheet22. For the 
electron mobility mainly contributed by WTe2, we adopt eq. 
(4). Comparing the calculated mobility of graphene part in 
WTe2/graphene heterojunction with that of isolated graphene. 
The differences mainly come from the elastic modulus and DP 
constants, which also verifies that the band structure of 
graphene dose not change too much, and our results on 
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graphene are reliable. Since the hole and electron masses are 
much smaller than those of bulk and monolayer WTe2, much 
higher carrier mobilities can be resulted in the WTe2/graphene 
heterojunction, which may in turn lead to a larger MR effect in 
the heterojunction.

Next, we calculated the MR values of WTe2 bulk, monolayer 
and WTe2/graphene heterojunction for comparison. Using Eq. 

 for strong electron-hole resonance situation, ∆𝜌/𝜌 = 𝜇𝑒𝜇ℎ𝐵2

the MR values have been obtained as a function of external 
magnetic field. The Fig. 3a-b show the MR along both the W-
W chains (a-direction) and the orthogonal direction (b-
direction). The MR of bulk is larger than that of 
WTe2/graphene heterojunction along W-W chains, whereas in 
the orthogonal direction, the MR value of the WTe2/graphene 
heterojunction is much larger than that of bulk. For both 
directions, the MR values of the heterojunction are much larger 
than that of monolayer WTe2. For weak electron-hole 
resonance, we use the average MR of WTe2(B2 for parabolic 
dispersion) and graphene(B for a linear dispersion): MR = (2𝜇ℎ

. As shown in Fig. 4a-𝜇2
𝑒𝐵3 + 𝜇2

𝑒𝐵2 + 𝜇ℎ𝐵)/(𝜇2
𝑒𝐵2 + 𝜇ℎ𝐵 + 2)

b, one can see that, in the a-direction (left panel), the average 
MR of heterojunction is much larger than that of WTe2 
monolayer in a large range of B; in the b-direction (right panel), 
at the regime of small B (B<3.78T, it is not a small magnetic 
field in reality), the average MR of heterojunction is also larger 
than that of WTe2 monolayer. The real enhancement of 
heterojunction should be between the two extreme cases we 
considered. Therefore, we can conclude that the MR effect of 
heterojunction is significantly increased.

Figure 3. Field dependence of the MR (×104) in WTe2 bulk, monolayer and 
WTe2/graphene heterojunction along the W-W chains (a) and the orthogonal 

direction (b), calculated by the equation of .∆𝜌/𝜌 = 𝜇ℎ𝜇ℎ𝐵2

Figure 4. Field dependence of the MR in WTe2 monolayer and WTe2/graphene 

heterojunction along the W-W chains (a) and the orthogonal direction (b), 
calculated by the equations of  for WTe2 monolayer and ∆𝜌/𝜌 = 𝜇𝑒𝜇ℎ𝐵2 ∆𝜌/𝜌 =

 for WTe2/graphene heterojunction.(2𝜇ℎ𝜇2
𝑒𝐵3 + 𝜇2

𝑒𝐵2 + 𝜇ℎ𝐵)/(𝜇2
𝑒𝐵2 + 𝜇ℎ𝐵 + 2)

From Fig. 3 and 4, one sees that the MR of the WTe2/graphene 
heterojunction exhibits a strong anisotropy, which results from 
the fact that electron mobilities along the b-axis are much larger 
than those along the a-axis, as shown in Table S1. To 
understand this anisotropy, we draw the Fermi surface of the 
heterostructure, as shown in Fig. 5a. One can see that the hole 
pocket (graphene part) shows an isotropic circle, while the 
electron pocket (WTe2 part) is like an American football. This 
means that the electron mobility anisotropy is indeed 
contributed by the WTe2 monolayer.

Another advantage of the vdW heterojunction is that it can form 
different stacking patterns, which is different from the 
traditional 3D bulk materials and interface14. The MR of the 
WTe2/graphene heterojunction exhibits a strong anisotropy. 
This indicates a strong stacking-orientation-dependent 
behavior. To verify this point, we define an angle  to describe 𝜃
the different patterns of stacking between graphene and WTe2 
monolayer. And  is chosen as the angle between the graphene 𝜃
armchair edge with the a axis in Fig. 2a. Fixing the WTe2 
monolayer, we rotate graphene to have different stacking angles 
of . Here, we choose two structures with  and 𝜃 𝜃 = 30°

 as examples. The structures (Fig. S2) and 𝜃 = 10.8°
computational details of the results (Table S2) are shown in the 
Supporting Information. Following the symmetry of graphene, 
the MR has a period of , and  is the symmetry 60° 𝜃 = 30°
mirror plane to rotation. Fig. 5b shows the MR as a function of 

. When  or , the MR reaches the maximum value; 𝜃 𝜃 = 0° 60°
when , MR reaches the minimum value. MR at  𝜃 = 30° 𝜃 = 60°
is about 6.3 times larger than that at  at a given external 𝜃 = 30°
magnetic field (B=14.7T). The MR changes with the angle  𝜃
linearly. Thus, we can tune MR up to a few times of difference 
by changing the stacking angle. Conversely, this provides an 
alternative method to measure the stacking angle by detecting 
different MR values.
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Figure 5. (a) The Fermi surface of WTe2/graphene. Red and blue circles represent 
hole and electron pockets, respectively. (b) Dependence of MR of the 

WTe2/graphene heterojunction on stacking angle  for B=14.7T.𝜃

Next, we would like to discuss further the condition for electron 
and hole compensation. In WTe2/graphene, the work functions 
of graphene and WTe2 monolayer are close to each other. 
Consequently, the shift ( ) of graphene’s Dirac point ( ) ∆𝐸𝐷 𝐸𝐷

relative to the Fermi level ( ) is very small ( ). 𝐸𝐹 ∆𝐸𝐷 = 𝐸𝐷 ― 𝐸𝐹

According to the charge carrier (electron or hole) concentration 
of the doped graphene equation24,25, . 𝑁ℎ/𝑒 = (∆𝐸𝐷)2/(𝜋𝑣2

𝐹)
When  is very small, the carrier concentration change little. ∆𝐸𝐷

However, for a more general case, the difference in work 
function between the two materials can be larger, so that the 
two materials have different carrier concentrations, such as in 
the silicene/graphene heterojunction26. Then, the MR effect is 
reduced and becomes saturated. To overcome this problem, we 
suggest that interlayer spacing and in-plane strain might be 
used to possibly restore the carrier compensation condition26-28.

Conclusions
In summary, we propose an effective approach to enhance the 
MR of 2D semimetals via vdW heterojunction engineering, and 
discuss its general physical conditions and applicability. Using 
density functional theory calculations, we show that charge 
compensation and non-saturating MR effect may be achieved in 
the WTe2/graphene heterojunction. Our findings indicate that 
the WTe2/graphene heterojunction may provide an 
extraordinary MR effect that is even greater than that of bulk 
WTe2. Moreover, we find that the magnetoresistance is 

sensitive to different stack configurations, which provides an 
effective method to tune the MR with a given external magnetic 
field. Therefore the WTe2/graphene heterojunction may afford 
an attractive material platform for the applications in 
nanostructured magnetic devices.

Computational method
The first-principles calculations are performed with the Vienna 
Ab-initio Simulation Package (VASP)29,30. The Perdew-Burke-
Ernzerhof (GGA-PBE)31 functional with vdW correction 
proposed by Grimme (DFT-D2)32 is used. An energy cutoff of 
600 eV is employed for the plane wave basis sets and a vacuum 
spacing of about 15 Å is used so that the interactions between 
the layers are negligible. The dipole correction is employed to 
cancel the errors of electrostatic potential. The k-point sampling 
uses the Monkhorst-Pack scheme with a 15×15×1 mesh33. The 
criterion of maximum force during optimization on each atom 
is less than 0.01 eV/Å, and the convergence for the total energy 
is 10-7 eV. The spin-orbit coupling (SOC) has also been taken 
into account in our calculations.
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