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ABSTRACT: Anisotropy in crystals usually has remarkable con-
sequences in two-dimensional (2D) materials, for example, black
phosphorus, PdSe2, and SnS, arising from different lattice
periodicities along different crystallographic directions. Electrical
anisotropy has been successfully demonstrated in 2D materials, but
anisotropic magnetoresistance in 2D materials is rarely studied.
Herein, we report anisotropic magnetoresistance in layered non-
magnetic semiconducting PdSe2 flakes. Anisotropic magnetoresist-
ance along the two crystalline axes under a perpendicular magnetic
field is demonstrated, and the magnetoresistance along the a-axis is
apparently different from the magnetoresistance along the b-axis. The
magnetoresistance can also be flexibly tuned by applying a gate
voltage, leveraging the semiconductor properties of PdSe2. The
computed anisotropic electronic density of states and electronic
mobility with ab initio density functional calculations support the anisotropic and measured magnetoresistance. Our findings
advance the understanding of magnetoresistance in anisotropic transition-metal dichalcogenides and pave the way for potential
applications in anisotropic spintronic devices.

KEYWORDS: PdSe2, anisotropic magnetoresistance, anisotropic 2D materials, ab initio calculations, electronic structure,
electronic mobility

■ INTRODUCTION

Magnetoresistance (MR), manifesting as a change of electrical
resistance induced by an external magnetic field, is used to
probe the fundamental electronic properties of materials and
has advanced spintronic applications.1 Anisotropic MR (AMR)
measures the dependence of resistance on the angle between
the direction of electric current and magnetization or the angle
between the crystal axis and magnetization. AMR is mainly
observed in two kinds of materials. The first kind is
ferromagnets and antiferromagnets2−4 in which AMR arises
from their magneto-crystalline anisotropy energy. The second
kind is some topological semimetals and materials5−7 in which
AMR arises from the field-dependent current induced by the
chiral anomaly of Dirac and Weyl fermions or the Berry
curvature in topological metals. Under these conditions, the
AMR ratio is mainly dependent on the applied magnetic field
and the application of such a phenomenon is based on the
rotation of the magnetic field. Until now, the AMR
phenomenon has been successfully applied in magnetic
sensors.8 Exploring intrinsic AMR independent of the rotation
of magnetization could have important device applications.
Two-dimensional (2D) materials have been extensively

investigated due to their potential applications in next-

generation electronic and spintronic devices.9−12 The study
of in-plane anisotropic 2D materials began with black
phosphorous in 2014 followed by other anisotropic 2D
materials, which can be classified into semimetals (e.g., Td-
WTe2

13 and ZrTe5
14) and semiconductors (e.g., SnS,15

GaTe,16 and PdSe2
17). Arising from their anisotropic atomic

structure, unique physical properties have been demonstrated,
including anisotropic optical absorption, anisotropic electrical
conductance, anisotropic thermal transport, and anisotropic
mechanical properties. MR investigations of 2D materials have
been only limited to a few 2D materials, including semimetals
such as graphene,18,19 Td-WTe2,

20,21 and PtSe2
22 or semi-

conductors such as 2H-WS2
23 and 2H-MoSe2.

24 However,
there has been few reports of the MR phenomenon in
anisotropic semiconductors, such as black phosphorous.25,26
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Pentagonal PdSe2, a noble transition-metal dichalcogenide
(TMD), has been attracting increasing attention in the recent
5 years.27 The structure of PdSe2 features pentagonal bonding,
resulting in a lack of rotational symmetry.28,29 PdSe2 presents
in-plane anisotropic properties similar to black phosphorous,
thus having direction-dependent physical properties such as
mechanical flexibility, carrier mobility, thermal conductivity,
and optical responsivity. These unique physical properties and
applications based on PdSe2 have been reported by several
groups. The atomic structure and defects of pristine PdSe2
were studied by scanning tunneling microscopy.30 A high-
performance broadband photodetector based on PdSe2 has
been realized,31 demonstrating high responsivity (up to 708
AW−1) and photogain (G) (up to 82,700%) in the visible,
near-infrared, and mid-infrared range. A large tunable band gap
was achieved by varying the thickness of PdSe2, and the band
gap was reported to change from 1.15 to 0.55 eV as the
thickness was varied from 2 layers to 26 layers.30 Anisotropic
phonon responses of PdSe2 under different strains,32 oxygen
substitution of Pd atoms,33 and linear dichroism transition34

have also been investigated. Nevertheless, there have been few
reports on the MR of PdSe2 so far. Investigating the MR in
PdSe2 is important for understanding its physical properties as
well as for applications in memory and spintronic devices.
Herein, we successfully demonstrated a robust MR

phenomenon in exfoliated PdSe2 flakes. When we aligned the
magnetic field out of the sample plane, abnormal AMR was
observed along the two crystalline axes, a-axis and b-axis,
attributed to the anisotropic atomic structure of PdSe2. In

addition, a crossover from positive MR to negative MR was
observed with the increasing temperature. Moreover, benefit-
ing from the semiconducting properties, gate controllability of
the magnitude of MR is demonstrated. Finally, we performed
density functional theory (DFT) calculations to explore the
microscopic origin of this observed abnormal AMR.

■ RESULTS AND DISCUSSION

Selection and Fabrication of PdSe2 Devices. Pentag-
onal PdSe2, a noble TMD, presents in-plane anisotropic
properties as black phosphorus. The crystal structure of PdSe2
features unique pentagonal bonding as shown in Figure1a and
possesses two inequivalent major crystal axes ([100] and
[010]) along the a and b directions in the 2D plane,
respectively. Micromechanical exfoliation was used to prepare
PdSe2 flakes on SiO2/Si substrates with different thicknesses
from single-crystalline bulk PdSe2. One piece of exfoliated
PdSe2 flake is shown in Figure 1b, from which we can see it
features a distinct long strip shape, indicating the preferred
cleaving direction of bulk PdSe2. This flake is 38 nm as
measured using an atomic force microscope (Figure S1).
According to a previous study,35 the long edge corresponds to
the a-axis ([100] direction) whereas the short edge aligns with
the b-axis ([010] direction). Figure1b shows the schematic of
the PdSe2 devices, where two groups of parallel electrodes are
fabricated to obtain longitudinal resistance along the a-axis and
b-axis, respectively. Polarized Raman spectroscopy was used to
identify the in-plane anisotropy of PdSe2. As for the Raman
spectra of this PdSe2 flake shown in Figure S2, the vibrational

Figure 1. Characterization of trivial bulk PdSe2. (a) Atomic crystal structure of PdSe2. (b) Schematics of an exfoliated PdSe2 device on a SiO2/Si
substrate with parallel electrodes along the a-axis and b-axis and the corresponding optical microscope image (the long edge corresponds to the a-
axis while the short edge corresponds to the b-axis). (c) Polar plots of peak intensities of the Ag mode as a function of polarization angle under the
parallel configuration. (d) Resistivity of the exfoliated PdSe2 flakes versus their thickness determined using an AFM at 300 K. (e) Temperature
dependence of the resistance along the a-axis and b-axis under zero magnetic field. The inset shows the extracted ratio of resistance along a-axis to
b-axis as a function of temperature from 3 to 300 K.
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modes at 151, 213, and 264 cm−1 correspond to the Ag peaks
and that at 229 cm−1 can be assigned to the contribution of the
B1g mode, consistent with the previous study.32 The angle-
dependent Raman peak intensity of the Ag mode at 151 cm−1 is
plotted in Figure 1c. The dominant orientations of the maxima
differ by 90°, corresponding to the a-axis and b-axis,
respectively, verifying the inherent in-plane anisotropy of
PdSe2. The resistance of PdSe2 is highly dependent on
thickness since it shows an apparent layer-dependent band
gap.30 The resistivity of exfoliated PdSe2 flakes with different
thicknesses was measured at 300 K as shown in Figure 1d, and
it drops sharply at first and then becomes stable, parallel with
the thickness-dependent band gap.36 After carefully checking
the resistivity of ultrathin PdSe2 flakes under a different
magnetic field, no remarkable MR was found due to the giant
resistivity and low electron mobility in these flakes. Although
bulk PdSe2 exhibited a zero band gap as shown in Figure S3
based on the ab initio density functional electronic structure
calculations that agree with the previous study,17 trivial bulk
PdSe2 still exhibited a narrow band gap where the trivial bulk
has a thickness between atomically thin and bulk. Thus, we
selected trivial bulk PdSe2 flakes with thicknesses of 35−50 nm
in this study, corresponding to a 0.5 eV band gap of PdSe2.

36

Figure 1e shows the resistance along the a-axis and b-axis as a
function of temperature for this 38 nm PdSe2. The resistance
for both the a-axis and b-axis increased as the temperature
decreased, suggesting the semiconductor behavior of this
PdSe2 flake, in accordance with other semiconducting 2D
materials. The overall measured resistance was within a
relatively small value range from 300 to 3 K, facilitating the
investigation of the MR behavior. Similar to the conventional
in-plane anisotropic materials such as GaTe,16 the electronic

transport properties of trivial bulk PdSe2 were anisotropic
along different crystal axes. To observe this anisotropy
intuitively, the resistance ratio along the two axes (Ra/Rb) is
shown in the inset of Figure 1e. The resistance ratio is about
0.5 at 300 K and reaches 3 at 3 K. This value is comparable
with other reported anisotropic conductance ratios, for
example, SnS.15 However, to our knowledge, there have been
no MR investigations on these in-plane anisotropic TMDs
taking their large resistances and overall thicknesses into
consideration. Moreover, we extracted a lower bound of the
band gap of PdSe2 from the Arrhenius plot using

( )exp
R

E

kT
1

2
g∝ − , where Eg is the transport band gap and k

is the Boltzmann constant. After fitting the curve of ln
R
1 versus

T
1000 as shown in Figure S4, we extracted a band gap of 0.345 ±

0.027 eV, which is lower than the reported value of 0.5 eV
since this method omits the contribution from trap states. DFT
was used to determine the band gap of trivial bulk PdSe2. Our
calculated band gap of trivial bulk PdSe2 is in accordance with
the experimental band gap obtained from reflectance spectra,
which will be discussed later. The phonon dispersion without a
negative frequency is shown in Figure S5, indicating the
dynamical stability of our bulk PdSe2 structures and samples.

Experimental Observation of AMR in Semiconduct-
ing PdSe2. To gain insights into the MR of PdSe2, we
examined the transverse MR along the a-axis and b-axis at 3 K
as shown in Figure 2a,b, respectively, where the magnetic field
was applied perpendicular to the sample plane, and MR as a
function of the magnetic field is described by the field-

dependent resistance MR 100%R R
R

H H

H

0

0
= ×− =

=
. The MR curves

Figure 2. AMR along two axes for trivial bulk PdSe2. (a) Solid line showing MR along the a-axis as a function of the magnetic field while the dashed
line is the fitting curve. (b) Solid line representing MR along the b-axis, which is fitted by a nearly linear curve shown by the dashed line. (c) MR
along the a-axis from 40 to 200 K. (d) Comparison of MR along the a-axis and b-axis at various temperatures from 3 to 40 K. (e) Ratio of MR
along a-axis to b-axis at 9 T under different temperatures extracted from panel (d).
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can be fitted using the Kohler scaling law MR
H

R

m

H

0

0

Ä
Ç
ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑα= μ

=
. As

shown by the dashed line in Figure 2a, the MR data at 3 K fit
the MR∼αHm curve very well, with m = 1.72 ± 0.27 obtained
by the fitting. The MR can reach 7×100% at 3 K and 9 T and
does not show any sign of saturation up to the highest field 9 T
in the physical property measurement system (PPMS). While
for the b-axis, a nonsaturating linear field dependence of MR
occurs. Referring to the dashed line shown in Figure 2b, the
MR data at 3 K coincide with the MR∼αH1.23 ± 0.12 curve,
confirming that MR has a nearly linear field dependence. The
observation of nonsaturating MR in this nonmagnetic trivial
bulk PdSe2 can be explained by the Parish−Littlewood (PL)
model,37 which attributes the appearance of MR to the spatial
fluctuation of carrier mobility in a disordered crystal.
Furthermore, the relationship between the MR and magnetic
field is maintained with increasing temperature. Figure 2c
shows the transverse MR along the a-axis from 3 to 200 K. The
MR maintains a near quadratic field dependence in this
temperature range. What is surprising is that there exists a
positive MR to negative MR crossover. When the temperature
is below 80 K, the transverse MR is positive, with the
magnitude decreasing with an increase in temperature. When it
is further increased beyond 100 K, the MR becomes negative.
This crossover is ascribed to the suppression of thermal spin
fluctuations under the magnetic field in ferromagnets.38

However, trivial bulk PdSe2 is a nonmagnetic semiconductor.
This kind of crossover is also observed in WS2,

23 and the
appearance of the crossover from positive to negative MR in
PdSe2 is attributed to scattering in the highly disordered
crystal, in agreement with the PL model.37 A similar behavior is
observed for the b-axis as shown in Figure S6. Although the
angle between the a-axis and the magnetic field is the same as
the angle between the b-axis and the magnetization direction,
abnormal AMR along the a-axis and b-axis can still be

observed. To see the difference between MR along the two
axes more intuitively, we merged the MR curves along the two
axes in one figure as shown in Figure 2d (bottom panel). An
obviously different MR behavior was observed in the magnetic
field. In addition, MR curves along the two axes at other
temperatures are shown in Figure 2d, from which abnormal
AMR along the two axes can be observed from 3 to 40 K. We
extracted the ratio of MR along a-axis to b-axis (MRa‑axis/
MRb‑axis) at 9 T from Figure 2d and plotted it as shown in
Figure 2e. It can be clearly seen that the difference is sustained
and even becomes larger with increasing temperature as the
ratio varies from 2 to 10. The intrinsic mechanism of the
observed anomalous AMR in PdSe2 is attributed to the
anisotropic atomic structure, inducing anisotropic carrier
mobility along the two axes, which we will discuss in detail
later.

Gate Voltage Dependence of the MR Signals. Gate
doping is an efficient method to tune the electronic properties
of 2D materials.39 Due to the semiconductor properties of
trivial bulk PdSe2, we can continuously tune the carrier
concentration in PdSe2 by applying a gate voltage, which is a
direct method for tuning the MR magnitude. To elucidate the
relationship between gate voltage and MR, we measure another
Hall bar device based on about 40 nm PdSe2. The four-
terminal resistance along the a-axis versus the back gate voltage
measured at different temperatures for this device under a zero
magnetic field is plotted in Figure S7. The transfer curve shows
a bipolar behavior at high temperatures and an n-type
semiconductor behavior with decreasing temperature. At 300
K, the maximum resistance is observed at 0 V. Owing to its
high conductivity at 300 K, the electronic tuning of the Fermi
level is challenging, leading to an ultrasmall on-off ratio. With
the decrease of temperature, the on-off ratio increases, making
it feasible to tune the electronic properties using a gate voltage.
Here, we focus on the MR along the a-axis at 3 K due to the

Figure 3. Gate-tunable MR along the a-axis. (a) Drain current as a function of back gate voltage for a trivial bulk PdSe2 device with a 0.1 V drain
bias at 3 K. (b) Electron mobility and concentration versus back gate voltage. (c) MR as a function of magnetic field under gate voltages
corresponding to the “off-state” at 3 K. (d) MR versus magnetic field under different gate voltages from 0 to 30 V.
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relatively larger magnitude compared with that along the b-
axis. To investigate the transport properties of this trivial bulk
PdSe2, field-effect transistor devices were measured. Figure 3a
shows the plot of the drain current as a function of back gate
voltage for the trivial bulk PdSe2 device with a 0.1 V drain bias
at 3 K. The device exhibits a typical n-type semiconductor
behavior. The apparent field-effect mobility can be extracted

from this transfer curve using the equation ( )L
WC V

dI
dVgox sd

i
k
jjj

y
{
zzzμ = ,

where L and W are the channel length and width, respectively.
Cox is the capacitance per unit area between the channel and
the back gate voltage given by C

dox
0 r= ε ε
, where ε0 = 8.85 ×

10−12 Fm−1 , εr = 3.9, and d = 280 nm. The gate-tuned carrier
concentration can be obtained from the equation

n
C V V

q

( )ox g th=
−

, where Vth represents the threshold voltage.

The extracted electron mobility and concentration are plotted
in Figure 3b. The maximum electron mobility can reach 108
cm2/Vs at 17 V for the a-axis at 3 K. The same method is used
to measure the electron mobility from 3 to 300 K as shown in
Figure S8a in which the electron mobility decreases with the
temperature increase, in agreement with the calculated
mobility shown in Figure 4d. To examine the influence of
the gate voltage on the magnitude of MR, we measured MR
along the a-axis under various gate voltages. Figure 3c shows
the MR curve under gate voltages corresponding to the “off-
state” in the transfer curve. All the lines coincide in this case.
When we further increased the gate voltages, an enhanced MR
was observed as shown in Figure 3d. The maximum MR
reaches 10% under a 20 V gate voltage at 9 T. The MR
magnitude shows a positive correlation with electron mobility,
consistent with the PL model.37

DFT Considerations and Microscopic Calculations.
Figure 4a shows the plot of the calculated electronic band
structures, from which we can find that trivial bulk PdSe2
exhibits a 0.48 eV band gap, in accordance with the
experimental band gap obtained from the reflectance spectra.36

Before discussing the microscopic physics of the AMR
observed in trivial bulk PdSe2, we first recall the fundamentals
of the conventional AMR in semiconducting ferromagnets and
antiferromagnets. For a noncrystalline AMR component, the
AMR depends only on the angle between magnetization and
current. As for the pure crystalline AMR, it is determined by
the varying angle between magnetization and crystal axes.
However, the observed AMR in trivial bulk PdSe2 is solely
dependent on which crystal axes the current is applied, while
independent of the angle between magnetization and current
or crystal axes. We will explain this abnormal AMR from the
aspects of the anisotropic density of states (DOS) and
anisotropic electronic mobility.
The anisotropy of the electronic structure with respect to the

anisotropy of the DOS gives a quantitative description of the
measured transport behavior. To analyze the electronic
structure anisotropy phenomena, we performed DFT aligned
along the a-axis and b-axis crystal axes. Figure 4b shows the
plot of the calculated in-plane DOS along the two axes,
DOSa‑axis and DOSb‑axis. Large overall DOS anisotropies, a
remarkable anisotropy in the band gap, and strong energy
dependence of the DOS anisotropy can be found. Since the
PdSe2 crystal property is very sensitive to the thickness and the
number of layers, we systematically optimized the bulk PdSe2
with the accessible different functionals, as shown in Table S1.
The optimized lattice using the PBE-SCAN+rVV10 method40

(a = 5.7419 Å, b = 5.8667 Å, and c = 7.7307 Å) is almost

Figure 4. DFT calculations of PdSe2. (a) Calculated electronic band structure of trivial bulk PdSe2 with a 0.5 eV band gap at the DFT-PBE level.
The Fermi level is set at the maximum of the valence band. (b) In-plane DOS along the a-axis and b-axis. (c) Calculated electron mobility as a
function of electron concentration with the boundary effect. (d) Temperature-dependent electron mobility with various electron concentrations for
the a-axis and b-axis with the boundary effect, which means that we consider the scattering from the acoustic deformation potential phonons, polar
optical phonons, and boundary scattering.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c10500
ACS Appl. Mater. Interfaces 2021, 13, 37527−37534

37531

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c10500/suppl_file/am1c10500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c10500/suppl_file/am1c10500_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c10500?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c10500?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c10500?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c10500?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c10500?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


identical compared to the experimental data with a = 5.7457 Å,
b = 5.8679 Å, and c = 7.6946 Å.41

The MR in nonmagnetic PdSe2 originates from the spatial
fluctuation of carrier mobility. Thus, the anisotropic electron
mobility along the a-axis and b-axis is the possible origin of the
abnormal AMR. Figure 4c shows electron mobility along the a-
axis and b-axis as a function of electron concentration with the
boundary effect, and the obviously different electron mobilities
along the two axes can be seen for various electron
concentrations. The dependence of electron mobility on
electron concentrations also demonstrates the validity of gate
controllability for the magnitude of MR. Figure 4d shows the
plot of the temperature-dependent electron mobility for the a-
axis and b-axis with the boundary effect in which the variation
tendency is consistent with the experimental data although
specific values differ from the experiments since the
contribution of defects cannot be estimated at the DFT
level. For comparison, electron mobility without the boundary
effect is also shown in Figure S9. The value is larger than that
considering the boundary effect. However, in both cases,
remarkable anisotropic mobilities along the a-axis and b-axis
can be found, in agreement with our experimental measure-
ment shown in Figure S8b.

■ CONCLUSIONS
In summary, we present a comprehensive investigation of MR
in semiconducting trivial layered PdSe2 flakes. The unique
pentagonal crystal structure of PdSe2 leads to the anomalous
anisotropic in-plane MR, where the MR along the a-axis differs
notably from that along the b-axis when the magnetic field is
perpendicular to the sample plane. Furthermore, the
magnitude of the positive transverse MR can be modulated
by applying a gate voltage due to the semiconducting nature of
the exfoliated trivial bulk PdSe2 flakes. Our computed
anisotropic electronic DOS and electronic mobility with ab
initio DFT calculations further explain the AMR in the
experimental measurements. This study provides us a deeper
understanding of MR in anisotropic-layered TMDs. It also
helps us to understand the fundamental properties of PdSe2
and paves the way for potential applications in anisotropic
memory and spintronic devices.

■ METHODS
Device Fabrication and Characterization. The PdSe2 flakes

were prepared by micromechanically exfoliating PdSe2 from a bulk
crystal (2D semiconductor) onto a SiO2 (280 nm)/Si substrate. The
electrode contacts were patterned by electron beam lithography (FEI
EBL). After this, Ti/Au (5/100 nm) was deposited by electric beam
evaporation and liftoff was performed in acetone. Atomic force
microscopy (AFM) measurements under the tapping mode were
conducted with an AFM (Bruker) in an ambient environment to
determine the thickness of the exfoliated flake. Raman spectra were
collected using a commercial WITec Raman system using a 532 nm
laser. A polarizer was placed between the edge filter and a detector to
obtain a parallel polarization configuration.
Electrical Transport Measurements. The electrical transport

measurements were carried out using a PPMS interfaced with a source
meter (Model 2400, Keithley Inc.) and a multimeter (Model 2002,
Keithley Inc.). A direct current of 0.5 μA was applied through the
sample to measure the longitudinal resistance in the magnetic field
(perpendicular to the sample plane) with the magnitude varying from
−9 to 9 T.
Computational Details. The crystal structure of PdSe2 was

optimized using the projector augmented wave pseudopotentials, local
density approximation,42 and Perdew−Burke−Ernzerhof (PBE)

functionals as implemented in the VASP code.43 In addition, we
also systematically tested other different functionals including vdW
interactions as shown in Table S1. A cutoff with 550 eV energy and 15
× 15 × 15 samplings was adopted. The criterion of convergence for
electronic band structures, DOS, elastic constants, dielectric
constants, and phonon dispersions are 1 × 10−8 eV and 1 × 10−4

eV/Å. The phonon dispersion curve was calculated using the
Phonopy.44

In the framework of the Boltzmann transport theory, the electronic
conductivity can be calculated as28
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where 2 is the spin degeneracy and vi⃗(k)⃗ is the electron group velocity
with a wave vector k ⃗ and band index i. εi, μ, and τi(k)⃗ are electronic
energy, chemical potential, and electronic relaxation time. Therefore,
the only unknown parameter to obtain conductivity is the electronic
relaxation time. Using Fermi’s golden rule, the scattering rate (inverse
of relaxation time) from state |nk⟩⃗ to state |mk ⃗ + q⃗⟩ can be calculated
as
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in which gnm(k,⃗ q⃗) is the matrix element for scattering from the state |
nk⟩⃗ to state |mk ⃗ + q⃗⟩. The specific formula of the scattering matrix
element can be further written for each scattering mechanism. Here,
we consider acoustic deformation potential scattering, polar optical
phonon scattering, and boundary scattering.

The scattering rate of acoustic deformation potential scattering is
defined as45
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where D∼nk ⃗ = Dnk ⃗ + vi⃗(k)⃗ ⊗ vi⃗(k)⃗ in which Dnk ⃗ is the deformation
potential tensor. Ŝ = q̂ ⊗ û, where û is the unit vector of phonon
polarization. The subscripts l, t1, and t2 indicate properties related to
the longitudinal and transverse modes, respectively.

The scattering rate of polar optical phonon scattering is defined
as46
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where ϵs and ϵ∞ are the static and high-frequency dielectric tensors
and ωpo is the polar optical phonon frequency.

The scattering rate of boundary scattering is defined as

g k q
v k

L
mk q e nk( , )

( )

G q

ii i q G r
nm
bo ( )∑⃗ ⃗ = ⃗ ⃗

⟨ ⃗ + ⃗| | ⃗⟩
⃗≠− ⃗

⃗+ ⃗ · ⃗

where L is the grain size of the sample. Here, we use the typical
boundary size of 20 nm, which has been experimentally proved in
other systems such as MoS2 films.47 Although we cannot accurately
measure the grain size in the samples, this typical size also in layered
MoS2 can still help us to further understand the scattering mechanism
in the PdSe2 samples.

The overall scattering rate for the state |nk⟩⃗ is the sum of each
scattering mechanism according to Matthiessen’s rule
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where V is the volume of the first Brillouin zone. In addition, the
elastic constant matrix, static dielectric matrix, and high-frequency
dielectric matrix data are provided in Tables S2,S3.
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calculated electron mobility as a function of electron
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