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ABSTRACT

Strain engineering is not only a powerful tool to enhance the functional properties of quantum
materials for practical applications but also a unique technique to uncover the underlying
mechanisms dictating those properties. One of the most promising systems for strain engineering
is the two-dimensional materials, such as transition metal dichalcogenide (TMD) thin layers,
which have large mechanical strength and highly sensitive electronic and optical properties. Most
of the previous experimental studies have focused on semiconducting TMDs by tuning their
bandgap and electrical properties at room temperature. Here we report for the first time low-
temperature, strain-dependent magneto-transport studies of semimetal WTe; nanoflake devices.
By applying a uniaxial tensile strain along two crystallographic directions (a- and b- axes), we

have observed a clear anisotropic elastoresistivity, where the resistivity has opposite responses to
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the applied strain in the two directions. The electron density extracted from the magnetoresistance
and Hall measurements decreases as a function of tensile strain along the a-axis and increases
along the b-axis. The anisotropic strain-dependence of transport properties are understood based
on the density functional theory calculations of the electronic band structures and Fermi surfaces.
Our work experimentally demonstrates strain as an effective tool to tune the low-temperature

transport properties of nanostructured topological metals for straintronic applications.
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1. Introduction

The electronic band structure of a solid-state material is dictated by its crystal lattice structure.
Applying mechanical stress or pressure to a material induces strain (or deformation of the lattice
structure) which modifies its electronic structure and subsequently tunes its associated physical
properties. Such strain-electronic (or straintronic) engineering is not only a powerful technique to
enhance the functional properties of materials for electronic applications or achieve exotic states
that are not intrinsically present in a material, but can also provide important insight into the
underlying mechanisms of its fundamental properties. Indeed, strain has been widely utilized to
improve the performance of silicon-based metal oxide semiconductor field-effect transistors
(MOSFETs) in modern electronics.! It has also been demonstrated to increase the superconducting
transition temperature 7. induce new magnetic phases,’ control valley-dependent charge

transport,* and probe exotic nematic electronic order’”’ in a variety of bulk single crystals.

Compared with bulk crystals, two-dimensional (2D) van der Waals (vdW) nanomaterials, such
as graphene and transition metal dichalcogenides (TMDs), can withstand significantly higher

strains before fracturing, offering an excellent platform for strain engineering of electronic and



optical properties.®!> A variety of intriguing responses to strain have been experimentally observed
in 2D vdW semiconductors at room temperature.'®?* For example, uniaxial tensile strain realized
by a bending method has been reported to reduce the bandgap in monolayer and bilayer MoS»,'®
and to double the mobility in monolayer MoS,.?! Tensile strain, induced by either bending or
elongating, also gives rise to direct-indirect and indirect-direct bandgap transitions in monolayer
WS; and bilayer WSe», respectively.!® ! Using a piezoelectric strain cell, a reversible strain-
induced antiferromagnetic-to-ferromagnetic phase transition was realized in CrSBr flakes.” As
such, strain has great potential to enhance the performance of 2D semiconductor-based electronic,

optoelectronic and spintronic devices.

Less attention, however, has been paid to metallic or semimetallic TMDs which typically
possess intriguing electrical transport properties at low temperatures. As a prominent example, the
semimetal WTez exhibits an extremely large (~452,700%) and non-saturating magnetoresistance
(MR) at 4.5 K and 14.7 T, due to nearly compensated electron and hole pockets in its band
structure.”* This extremely large MR provides WTe> with potential applications in magnetic
sensors or magnetic memory devices.? To study how the intriguing electrical properties of WTe;
are influenced by strain, an in situ strain-transport measurement apparatus that can be operated at
low temperatures and high magnetic fields is required. Due to this technical challenge, there are
only limited transport studies on strain effects in WTe»,?® in spite of numerous theoretical
predictions based on first-principles calculations.?®! A single experimental study?® focused on
bulk single crystal samples, where a large magnetoelastoresistance (MER) was observed under a
uniaxial compressive strain along the a-axis of the WTe: lattice. The bulk crystals, however, were
only able to tolerate up to -0.16% compressive strain before fracturing. While first-principles and

analytical low-energy model calculations suggest a dominating role of the strain-tuned charge



carrier densities in its MER, direct experimental measurements are lacking. Furthermore, given

24,3238 it is also

the highly anisotropic and temperature-sensitive electronic structure of WTe,,
crucial to explore the effects of strain on electrical transport along different crystallographic axes

at various temperatures.

Here we report a study of anisotropic strain effects on the magneto-transport properties of
WTe: nanoflake devices up to +0.56% tensile strain, using a three-point bending apparatus which
allows for strain-magneto-transport measurements down to 4 K and up to 7 Tesla. We focus on
thin nanoflakes as they presumably have few stacking faults, and hence can withstand higher
strains compared to their bulk counterparts.® *° Beyond demonstrating a controllable and

reversible tuning of resistance by strain, MR and Hall resistivity (py,) were measured under the

application of a uniaxial fensile strain along both the a and b axes, enabling the determination of
strain-dependent charge carrier densities and mobilities. A large anisotropy effect is observed
between the two directions, which we understand semi-quantitatively using first-principles density
functional theory (DFT) calculations. Our work experimentally demonstrates strain as an effective
knob to tune the low-temperature magneto-transport properties of nanostructured topological

metals for straintronic applications.

2. Experimental and Calculation Details

2.1 Device Fabrication: Cr/Au (10 nm/90 nm) pads were deposited onto a pristine flexible Si0»/Si
(300 nm/50um) substrate through optical lithography and thermal evaporation processes. The
Si02/Si substrate was securely affixed to a non-magnetic beryllium copper sheet with cryogenic
epoxy. WTe: nanoflakes were exfoliated from a bulk crystal (purchased from 2D semiconductors)

and mechanically transferred to the center of the substrate using polydimethylsiloxane (PDMS).



Cr/Au (10 nm/200 nm) electrodes were fabricated through electron beam lithography and thermal
evaporation; these electrodes connect the nanoflakes to the prefabricated Cr/Au pads for
subsequent transport measurements. The large electrode thickness was to prevent any potential
slippage of the nanoflakes.!®*! Plasma cleaning and HCI etching were conducted before metal
evaporation to remove any possible organic materials and surface oxides. The total thickness ¢
measured from the top of the device chip to the bottom of the BeCu sheet was ~200 £10 um. The
thickness of each nanoflake was characterized via atomic force microscopy. A schematic picture

and a photograph of a flexible device are shown in Fig. 1 (a) and (b), respectively.

2.2 Resistivity and Magneto-transport Measurements: Resistivity and magneto-transport
measurements were conducted using a partially home-built system, which incorporated the
Quantum Design Magnetic Property Measurement System (MPMS). The measured device was
securely fixed onto the end of a long hollow sample rod and was wire-bonded to wires which were
fed through the center of the sample rod to connect to a Linear Research 700 (LR-700) AC
Resistance Bridge. The longitudinal resistance and Hall resistance of the nanoflakes were
measured in typical four-terminal and Hall configurations with the magnetic field applied
perpendicular to the nanoflake (along the ¢ axis). Antisymmetric Hall resistance signal was
subtracted from the magnetoresistance measurements, and symmetric magnetoresistance signal
was subtracted from the Hall resistance measurements. The MPMS software was used to set and
read both the temperature and magnetic field, and these values were recorded in the same data file
that captured the resistance measurements. Both longitudinal resistance and Hall resistance values
were averaged at each magnetic field point after the field stabilized at the setpoint.*>** To apply

uniaxial tensile strain via a three-point bending method (Figure 1b), a thinner rod was inserted



through the sample rod to push the flexible device and its position was measured by a built-in

micrometer screw gauge.

2.3 Computational Methods: DFT calculations were carried out using the projected augmented

d,* # as implemented in the Vienna Ab Initio Simulation Package

plane-wave (PAW) metho
(VASP),* For the exchange-correlation interactions among electrons, we employed the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation (GGA). The convergence criteria for
the atomic forces were set to be less than 0.001 eV A™! and that for the total energy to be 10° eV.
To sample the Brillouin zone, a dense 12 x 6 x 3 k-point grid was used. Spin-orbit coupling has
been included in the calculations. Additionally, the WANNIER90 code*’ was leveraged to
construct a tight-binding Hamiltonian, and the Fermi surface was determined using a 1000 x 1000
x 1 k-point grid. The electron or hole carrier density in an ellipsoidal Fermi surface was determined
by aggregating the areas of multiple slices to estimate the volume of each pocket. This volume was
then normalized by the Brillouin zone volume, directly correlating the ellipsoidal volumes with

the carrier density.*3 4’

3. Results and Discussions

As illustrated in Figure 1c, WTe: layers stack along the c-axis, and within each monolayer, one-
dimensional zigzag chains of W atoms are formed along the a-axis due to the distortion in the Tq
structure. These atomic chains are separated by a relatively large distance along the b-axis.*
Uniaxial tensile strain was applied to the nanoflakes along either a or b axis via a bending
method, % 18 20-21.51.52 a5 described in Section 2.2. The magnitude of the strain was controlled by
bending the BeCu sheet via pushing it away from its neutral position a certain distance, and is
described by the equation £ = t/(2r),%? where t is the total thickness measured from the top of

the device chip to the bottom of the BeCu sheet, and r is the radius of curvature of the bent device



(Section 1 in the Supporting Information). Since the thicknesses of the nanoflakes (tens of
nanometers) are significantly smaller than t (200 um), the variation of uniaxial in-plane tensile
strain along the out-of-plane direction (c-axis) is negligible. The nanoflakes were intentionally
oriented when they were transferred onto the SiO»/Si substrate so that a uniaxial strain can be
applied along either the a-axis or the b-axis. The two representative devices discussed in the main
paper are labeled as device A (thickness of nanoflake 26 nm) and device B (thickness of nanoflake
54 nm), with the strain being applied parallel to the a and b axes, respectively. The crystallographic
orientations of the nanoflakes were confirmed using polarized Raman spectroscopy, as described

in the Supporting Information (Section 2).
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Figure 1. (a) Schematic of the flexible nanodevice illustrating a bent Wile> nanoplate on SiO2/Si
substrate and beryllium copper sheet. (b) Photograph of a bent device. The curvature is illustrated
by the red dashed line, and the radius of curvature r (not drawn to scale) is derived by measuring
the pushed distance from its flat, neutral state. (Figure SI) (c) Upper panel: layered crystal
structure of WTez. Lower panel: top view of W1e> monolayer. The W atomic chain along the a axis
results in strong electronic anisotropy. Chemical bonds are drawn only for illustrative purpose.
(d), (e) and (), (g) are the response of the four-terminal longitudinal resistance to strain at 290 K
and elastoresistivity of device A and device B, in which strain is applied along a and b axes

respectively. We take the Poisson ratio v = (.16 to subtract the geometric effect in (e) and (g), as



detailed in the Supporting Information (Section 3). The insets in (e) and (g) are representative
false-colored SEM images of the two types of devices. Both scale bars are 5 um.

We first studied the effect of strain on the four-terminal resistance at 290 K. As shown in Figure
1d,f, a tensile strain of £,=0.28% (or 0.56%) along the a-axis results in a decrease of ~0.4% (or
0.6%) in the resistance, whereas the resistance is increased by ~0.2% (or 0.5%) when a tensile
strain of £,=0.28% (or 0.56%) is applied along the b axis. This observation highlights the
significant anisotropy of the strain effect. It is worth noting that the minor geometric change of the
nanoflake under a uniaxial strain can slightly alter its resistance, as well. As analyzed in the
Supporting Information (Section 3), however, this geometric effect results in an increase (or
decrease) of the measured resistance when the strain is applied along the a (or b) axis, which is
opposite to our observations. Therefore, the observed change in resistance must predominantly
arise from strain-induced alterations in the electronic properties, rather than a geometric effect.
Furthermore, the resistance promptly returns to its original value as soon as the strain is released,

indicating the absence of residual strain.

We next studied the influence of strain on the temperature-dependent (magneto-) resistivity
down to 4 K. The temperature dependence without strain (Figure S4) shows a typical metallic
behavior, and the resistivity values are comparable with previous reports on WTez nanoflakes of

similar thicknesses.’” >* The influence of strain is characterized by the elastoresistivity (ERY)

which we define as ERY = Lxx(&=P x’; /e xx(O)’ where p,(0) and p,.(€) are the four-terminal

longitudinal resistivities at zero strain and at a strain of €, respectively. In the calculation of the
resistivities, we have taken into account the aforementioned geometric effect. Figure le,g show
the temperature dependence of the ERY along the a and b axes (ERY. and ERYy) from 290 K

down to 4 K. Both ERY. and ERY}, exhibit a non-monotonic dependence on temperature: ERY a-7



forms a concave curve, whereas ERY-7 is convex. At 290 K, ERY. and ERY}, take negative and
positive values, respectively, consistent with the observations in Figure 1d,f. The magnitudes of
ERY.and ERYy both initially increase as the temperature decreases, reaching their maxima around
170 K. Upon further cooling, their magnitudes decrease and eventually approach zero or change
signs depending on the Poisson’s ratio used in the calculation of geometry effect. The non-
monotonic temperature dependence of ERY suggests the existence of competing effects, due to
the multiple types of charge carriers with different mobilities that contribute collectively to the

charge transport.

Theoretical analysis in the case of compressive strain®® suggests that the strain has a strong
impact on the charge carrier density, which is a dominant effect for the observed elastoresistance.
To experimentally determine the charge carrier density, we performed MR and Hall measurements
at different temperatures under the application of tensile strains. Figure 2 displays the MR and
Hall resistivity at two representative temperatures of 7= 30 K and 200 K and strains of &, = 0
and 0.56%. A full set of data is provided in the Supporting Information (Section 5). The
magnetoresistance is defined as: MR = [y (B) — pxx(0)]/pxx(0), where p,,(0) and p,.(B)
are the longitudinal resistivity at zero magnetic field and B, respectively. The MR without strain
has a typical quadratic dependence on the magnetic field and its values are comparable with those
reported in WTez nanoflakes™-’ but are orders of magnitude lower than in bulk WTe; crystals**
5358 due to the imperfect compensation of electron and hole densities and smaller carrier mobility
in nanoflakes.> The Hall resistivity Pxy Without strain is not strictly linear as a function of
magnetic field especially at low temperatures, due to the presence of both electrons and holes.*

At 30 K, both &, and ¢, exhibit a small impact on MR and p,, . However, their effects become

more evident as the temperature increases, which may be due to the effect of the strain on the



phonon spectrum.?® Specifically, &, increases the magnitudes of the MR and Pxy, Whereas g,
decreases the magnitudes. Potential artifacts due to thermal cycles or structural defects induced
by strain such as cracks or interlayer slippage are ruled out by highly reproducible measurements
after multiple cycles (Figure S7). We also note that bending the device inevitably alters the angle
between the sample surface and the magnetic field, which in theory could result in a smaller
effective field and decrease the MR and p,,,. Nevertheless, a quantitative analysis presented in the
Supporting Information (Section 7) indicates that this effect is too small to cause any observable
decrease in MR or py,. Therefore, the observed change of MR and p,,, in Figure 2¢,d must be

intrinsically induced by the applied strain.
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Figure 2. Magnetoresistance (a), (c) and Hall resistivity (b), (d) of device A and device B. Data
in blue and red correspond to different temperatures: 30 K and 200 K. Solid and hollow circles
represent 0.56% and zero strain. The magnetic field was applied perpendicular to the sample
surface (i.e., along the c-axis) and was swept between -7 T and 7 T. The data at 30 K and 200 K
correspond to the y-axis labels in blue and red respectively, as indicated by the arrows of the
corresponding colors. Black dash line and solid line are the fitting curves for the data of zero

strain and 0.56% strain respectively. The outlier due to measurement artifact in (c) was not
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included for the fitting. The right panels show the strain-induced change in MR and p,,, divided

by the corresponding data point with zero strain at 7 T. The device-to-device variation between

device A and B may arise from the different thicknesses.
To extract the charge carrier densities, we have applied a classical two-band model that has

been widely used in WTey.”>%%6-63 The MR and p,,, are described as follows:

MHe + s e + + nuy)B?
MR(B)=( He + Pun)” + ekt (Mpte + ppn) (Ple + npp)B= "

(npte + ppn)? + (p — n)2p2u? B2

(pui — nu2)B + p2pi(p —n)B3
[(nue + pup)? + (p — n)2p2pi B2

ny(B) = o

where n, p are the densities of the electrons and holes, respectively, and p, and p, are their
mobilities, respectively.** * By fitting the MR and p,,, data with the above two equations (Figure
2), we have extracted the electron and hole densities and mobilities at different strains and
temperatures. Figure 3a,b depict the temperature dependence of the resulting electron and hole

densities for device A and device B under zero applied strain, which are consistent with previous

studies of thin flakes.?”- 6% 3

The electron density #» shows an anisotropic dependence on the strain, in which it increases as
tensile strain is applied along the a-axis and decreases along the h-axis. For example, as shown in
Figure 3c,d, the electron density decreases by 3% when applying €,=0.56% at 150 K and increases
by 7% when applying €,=0.56% at 150 K. The tensile strain has a qualitatively similar influence
on the hole density p at low temperatures, where the p decreases under an a-axis strain but increases
with a b-axis strain (Figure S9a,d). This strain-dependence of charge carrier density is surprising
as an ag-axis (b-axis) strain generally reduces (increases) the resistivity (Figure le,g). However, as

seen in Figure S9b,e, the influence of charge carrier density is overwhelmed by the more
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Figure 3. Electron and hole densities with zero strain as functions of temperature for (a) device A
and (b) device B. The relative change of electron density at different temperatures resulted from
the application of strain along (c) a axis and (d) b axis, where An = n(g) — n(0). The scattered
data above 150 K (dashed lines with open symbols) are attributed to the breakdown of the two-
band model. The error bars for the carrier densities are from the fitting and for the strains are
from the error propagation of the estimated measurement uncertainties. Given the nearly
monotonic strain dependence at low temperatures, only zero and 0.56% strain were applied for

device B to collect the magneto-transport data.

pronounced change of electron mobility u, with strain, which increases under an g-axis strain and
decreases with a b-axis strain. The increase of mobility is consistent with the recent study of bulk
WTe; crystal where a compressive strain along the a-axis increases the effective mass of electron
and possibly the scattering rate as well at low temperatures.?® Additionally, uniaxial tensile strain
has also shown to enhance the electron mobility in another 2D material Mo0S;.2! 2> Although the

strain dependence of uy, is less clear (Figure S9c,f), we note that the dominant influence is from

12



the electrons as n is about three times as large as p in our nanoflakes. The strain dependent data
become more scattered above 150 K. In addition to the reduced signal-to-noise ratio of the MR
and py,, at high temperatures, we also attribute this to the breakdown of the two-band model. As
will be presented in the band structure calculations below, a third heavy hole band coexists with
the light hole band, and the contribution to transport from the heavy holes becomes more

prominent as the temperature increases.
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(blue) and €=0.6% (red). Strains applied along (a) a-axis and (b) b-axis, with insets showing
enlarged electronic pocket structures. The h, and h; represent the heavy and light hole band,
respectively. The Fermi level is set at zero, with an additional chemical potential shift set at 0.02
eV, indicated in purple line. Fermi surfaces at k-=0 are illustrated at a chemical potential of 0.02
eVin (c) and (d), corresponding to the strain conditions described in (a) and (b), respectively. Line

colors represent identical strain levels as in (a) and (b).

DFT calculations of the electronic band structures were carried out without and with tensile
strains (0.3% and 0.6%) along the a- and b- axes. Figure 4a,b show the band structures along the
high symmetry lines (Z —I'and I' — X). In the absence of strain, a doubly degenerate electron

pocket and a pair of light hole pockets cross the intrinsic Fermi level (i.e., E = 0 meV) along the
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[' — X direction, revealing the semimetallic nature of the system. The hole bands near the I" point
are rather flat and are understood as the heavy hole bands with a large effective mass®* 3% 3337, 66-
0 It is worth noting that the chemical potential determined experimentally by angle-resolved
photoemission spectroscopy studies in real samples is typically a few tens of meV above the

1.3 This n-type doped nature is possibly due to the presence of intrinsic point

intrinsic Fermi leve
defects in the samples. Given that the electron density is about three times as high as the hole
density in our devices, we estimate the chemical potential in our case to be at ~20 meV (purple
dashed line in Figure 4a,b).

Tensile strain applied along the a-axis moves the multiple hole bands downwards and the
electron bands (below the chemical potential) slightly upwards, whereas the same tensile strain in
the b-axis shifts both the hole bands and the electron bands upwards. Following Refs.27, 28, this
anisotropic strain effect can be understood based on the orbitally decomposed band structure near
the I" point. As shown in Figure S10, both the heavy hole and light hole pockets are mainly
composed of py and d, orbitals. Taking p. as an example, antibonding states will be formed along
the x (same as the a) axis between p; orbitals of adjacent Te atoms, which tends to lift the band
energy. When tensile strain is applied along this axis, the distance along it between adjacent Te
atoms increases, the energy cost of antibonding becomes smaller, and a decrease in the band energy
results. This is consistent with the fact that the hole bands are shifted downward in Figure 4a. By
contrast, bonding states form along the y (same as the b) axis, so that the energy of the hole bands
increases when tensile strain is applied along it [Figure 4b]. A similar analysis can be applied to

the d.. orbitals and results in the same behavior. On the other hand, the electron pocket is composed

of a p- orbital and multiple & orbitals (dyy, dy2_, 2, d,2). Bonding is formed along both the x and

y axes if we only consider the p: orbital, so that the band energy will be increased when tensile

14



strain is applied along either of them, which is seen in Figures 4a and b. However, the multiple d
orbitals form both bonding and antibonding along both the a and b axes, so that the overall strain
effect involves a competition among them. This makes qualitative analysis very challenging.
Given the relatively large weight of p. in the orbital projections, and the strain effect exhibited by
the electron pocket [Figures 4a and b], we believe the p. orbital is dominant in this analysis.
Furthermore, it indeed explains why the electron pocket is less sensitive to strain than the hole
pockets, as the two orbitals within the hole pockets have the same behavior under strain, leading

to a collectively stronger response.

Although the shift of the electron bands by strain appears to be minimal along the [ — X
direction, the Fermi surface of the electron pockets is notably changed by strain. As shown in
Figure 4c, the electron pockets have clearly shrunk with no change to their topology when a tensile
strain is applied along the a-axis, corresponding to a decrease in electron density. In the case of b-
axis strain, the electron pockets have shrunk slightly in the £« direction, consistent with the upward
shift of bands in the I' — X direction, but are expanded more dramatically in the &y direction,
resulting in an overall increase of Fermi surface area and electron density. The change of Fermi
surface area is monotonic as a function of strain (Figure 4c,d) and is consistent with the
experimentally observed strain-dependence of the electron density at least at low temperatures

(Figure 3c,d).

On the other hand, the influence of strain on the hole bands/pockets is more complex due to
the coexistence of light holes and heavy holes. Although the heavy hole bands are below the
chemical potential, they could still play an essential role in the electrical transport at high
temperatures.”® When a tensile strain is applied in the a-axis, the heavy hole bands exhibit a more

pronounced downward shift than the light hole bands (Figure 4a), suggesting that the contribution
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of the heavy hole bands to the electrical transport is significantly suppressed. As the light hole
bands move downwards by strain, the Fermi surface shows a complicated evolution. In particular,
the light hole pockets undergo transitions in which small pockets are pinched off, so that the
topology of the Fermi surface becomes more complicated. Nevertheless, the total volume
enclosed by the Fermi surface decreases, corresponding to an overall decrease of hole density at
low temperatures. When strain is applied along the b-axis, the heavy hole bands are clearly moved
upwards whereas the shift of the light hole bands appears to be minimal. Therefore, it is expected
that the contribution of the heavy holes to the transport at high temperature is slightly enhanced
with the b-axis strain, which seems consistent with the breakdown of the two-band model (or the
more scattered strain dependence of carrier density and mobility) at a lower temperature than in
the case of a-axis strain. Due to the minimal change of light hole bands, the Fermi surface area of

the hole pockets increases marginally as shown in Figure 4d.

To quantify the influence of strain, we calculated the electron and hole densities with and
without strain at different chemical potentials, ranging from 0 eV to 0.05 eV. This range was
chosen to cover the experimental values that have been reported in different samples and at
different temperatures in the literature.’> As shown in Figure 5, the electron density decreases
(increases) when a tensile strain is applied along the a-axis (b-axis), and this change is nearly
independent of the chemical potential. As briefly mentioned earlier, the strain induced change in
electron density is mainly attributed to the change of Fermi surface in the Ay direction.
Quantitatively, this change is essentially the same over a range of chemical potentials. As noted
above, the change largely occurs due to a sensitivity of the Fermi surface along the 4y direction to
strain: the width decreases (increases) with tensile strain along the a (b) axis. This behavior persists

over the range of chemical potentials we examined in our calculations.
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The behavior of the hole density is again notably more complex due to the presence of multiple

hole bands/pockets. In the absence of strain, the hole density decreases with the increase of

chemical potential as expected. A notable characteristic is the abrupt decrease in hole density near

~0.03 eV, which is attributed to the disappearance of the hole pocket in the lower energy region of

the degenerated light hole band.>® When a tensile strain is applied along the a-axis, the overall

hole bands shift downwards, which not only reduces the hole density but also causes an abrupt

decrease to occur at a lower chemical potential. Conversely, applying strain along the b-axis results

in an increase of hole density in the low chemical potential region (<0.01 eV), due to the upward

shift of the heavy hole bands which eventually cross the chemical potential. The hole density,

however, is nearly independent of the strain at higher chemical potentials as the main contribution

is from the light hole bands which are almost unchanged by strain.

0
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—£,=0.3 % (n)
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Sy ——&=0(p)
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Figure 5. Calculated electron and hole densities as functions of chemical potential with a tensile

strain applied along (a) a-axis and (b) b-axis. The solid line represents electron densities, while

the dashed line indicates hole densities. Black, blue, and red colors correspond to the £=0, 0.3%,
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and 0.6%, respectively.

4. Conclusions

In summary, we report for the first-time strain dependent magneto-transport measurements on vdW
thin layers at low temperatures. By applying a uniaxial tensile strain along two in-plane
crystallographic axes, we observed a clear anisotropic effect in the semimetal WTe,, where its
resistance has opposite responses to the applied strain in the two directions, e.g., it decreases as a
tensile strain is applied along the a-axis whereas increases when the same strain is in the b-axis.
The electron density extracted from the magnetoresistance and Hall measurements decreases as a
function of tensile strain along the a-axis and increases with an b-axis strain. The anisotropic strain-
dependence of electron and hole densities is well understood by density functional theory
calculations of electronic band structures and Fermi surfaces. Our work experimentally
demonstrates strain engineering as an effective tool to tune the electronic transport properties of
vdW semimetals, thereby broadening the application scope of both strain engineering and vdW

semimetals.
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