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Enhanced spin Hall ratio in two-
dimensional semiconductors
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The conversion efficiency fromcharge current to spin current via the spinHall effect is evaluated by the
spin Hall ratio (SHR). Through state-of-the-art ab initio calculations involving both charge conductivity
and spinHall conductivity, we report theSHRsof the III-Vmonolayer family, revealing an ultrahigh ratio
of 0.58 in the hole-doped GaAs monolayer. In order to find more promising 2D materials, a descriptor
for high SHR is proposed and applied to a high-throughput database, which provides the fully
relativistic band structures and Wannier Hamiltonians of 216 exfoliable monolayer semiconductors
and has been released to the community. Among potential candidates for high SHR, the MXene
monolayer Sc2CCl2 is identified with the proposed descriptor and confirmed by computation,
demonstrating the descriptor validity for high SHR materials discovery.

The Hall effect encompasses a wide range of phenomena which realize the
conversion between various physical properties1,2. The strength of the Hall
effect canbedenotedbyβ ¼ tanðθHÞ ¼ EH=Ewhere θH is theHall angle,EH
is the transverse Hall field, and E is the longitudinal electric field3. Corre-
spondingly, the strength of the spinHall effect (SHE) is givenby the spinHall
ratio (SHR) as ξ ¼ tanðθSHÞ ¼ 2e

_ ∣
Js
Jc
∣ where θSH is the spin Hall angle, Js is

the transverse spin Hall current density, and Jc is the longitudinal charge
current density. SHR is often used as a proxy to indicate the charge-to-spin
conversion efficiency, which is crucial for low-power-consumption spin-
tronic applications4–6. Indeed, when θSH is small, the first-order Taylor
polynomial gives ξ ≈ θSH, which is a good approximation for the bulk
semiconductors and metals where ξ ~ 0.017–9. Recently, enhanced SHR has
been found in van der Waals materials with strong spin-orbit coupling
(SOC). Huge SHRs over 10 are reported in topological insulators10,11 while
large SHR ~ 0.5 in MoTe2 and WTe2 Weyl semimetals have also been
theoretically and experimentally identified12–15. However, the relative abun-
dance of topologicalmaterials is around 1%16,17, limitingmaterial options for
devicemanufacturing. The various two-dimensional (2D)materials enable a
preferable compatibility with the integrated circuit18 with desirable proper-
ties. For instance, the MoS2 monolayer can exhibit ξ = 0.14 induced by the
Rashba-Edelstein effect19. Note that large ξwill break the approximation ξ ≈
θSH, and therefore, the spin Hall ratio rather than the spin Hall angle should
be used to denote the ratio of spin current to charge current. 2D materials
composed of heavy atoms are promising for SHE20,21 since the strong SOC
can induce a large spin Hall conductivity (SHC), and doping is an effective
way to manipulate the transport behaviors in semiconductors. Both factors
can promote SHR enhancement in 2D semiconductors.

Although charge transport and SHC have been separately investigated in
2Dmaterials22–26, the studyof SHR remains elusive due to themultidisciplinary
complexity involving the electron-phonon interaction (EPI) for electron
motion27,28 and SOC for spin transport4,5. In the present work, we report the
spin Hall ratios in monolayer semiconductors using density functional theory
(DFT)29, density functional perturbation theory (DFPT)30, and Wannier
functions31. The family of III-V monolayer semiconductors (MX, M=Ga, In,
and X = As, Sb) are investigated. In the hole-doped regimes, the charge con-
ductivities are significantly suppressedby the strong inter-peak scattering,while
high SHCs occur due to the strong SOC, yielding an ultrahigh SHR of ξ= 0.58
in theGaAsmonolayer. Taking the transport behaviors of III-Vmonolayers as
a prototype, we propose a general descriptor for the high SHR based on the
electronic structures. To validate the generality of this descriptor, we create a
high-throughputdatabasebyperforming fully relativisticDFTcalculations and
Wannierizations on 216 monolayer semiconductors, whose electronic band
structures, effective masses, and SHCs have been calculated. The database is
screened by the descriptor and suggests two MXene candidates, Sc2CCl2 and
Y2CBr2 monolayers. The charge conductivities are investigated in both mate-
rials, confirming high SHR and validating the proposed SHR descriptor.

Results and discussions
Charge transport
The phonon-limited charge conductivity in a doped 2D semiconductor is
calculated as32

σαβ ¼
�e
Suc

X
n

Z
d2k

ΩBZ vnkα∂Eβ
f nk; ð1Þ
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where α and β areCartesian directions, Suc is the unit cell area,ΩBZ is the first
Brillouin zone area, and vnkα= ℏ

−1∂εnk/∂kα is the band velocity,n is the band
index. The linear variation of the electronic occupation function fnk in
response to E, ∂Eβ f nk , can be obtained by solving the Boltzmann transport
equation given by Supplementary Equation 1, which induces the scattering
rate given by

τ�1
nk ¼ 2π

_

P
mν

R d2q
ΩBZ jgmnνðk; qÞj2

× ðnqν þ 1� f 0mkþqÞδðεnk � εmkþq � _ωqνÞ
h

þ ðnqν þ f 0mkþqÞδðεnk � εmkþq þ _ωqνÞ
i
;

ð2Þ

where gmnν(k, q) is the electron-phonon matrix element with phonon
frequency ωqν, εnk and εmk+q are eigenvalues, fnk is the Fermi-Dirac
distribution, nqν is the Bose–Einstein distribution. The drift mobility μ is
given by

μαβ ¼ σαβ=ðencÞ ð3Þ

where we use a carrier concentration of nc = 1010 cm−2 which is the intrinsic
regimewhere μ is independent of nc. Due to crystal symmetry, μ = μxx = μyy,
σ = σxx = σyy in all the III-V monolayers. More details about mobility
calculations are given in a relatedwork33.Here, we focus on the conductivity
of doped systems. When a heavy doping such as nc = 1013 cm−2 is applied,
the EPI would be significantly modified compared with the pristine regime.
Thus, in the heavy doping cases, structural optimizations, electron and
phonon dispersions, as well as conductivities are calculated independently.
In the following, σc is used to denote the charge conductivity.

Figure 1 presents the room temperature mobilities of the pristine
monolayers and the conductivities of doped systems. All the materials
exhibit high electron mobilities, thanks to the small electron-effective mass
and the single valley in the conduction bands. More variations in the hole
mobility are observed due to the multi-peak band structures. The two
arsenides present different mobilities of 14 and 289 cm2/Vs, while two
similar values, 940 and 904, are observed in the antimonides. A detailed
analysis of mobility mechanisms is given in another work33. In this paper,
the conductivities in doped III-V monolayers are extensively explained.

Doping is a practical method to tune the transport properties of
semiconductors34. Sufficient carriers are induced by heavy doping, which
turns semiconductors into metallic systems where SHE can occur. Con-
sidering the densities of states (DOS), an electron doping of 1 × 1013 cm−2

and a hole doping of 2 × 1013 cm−2 are respectively applied to the III-V
monolayers, whose structures have been relaxed again. The main impact of
such doping is the shift of Fermi energy (EF) by a fewhundredmeV, leaving
the crystal structure and electronic bands nearly unaffected as verified by
Supplementary Fig. 3. Interestingly, an electron-hole asymmetry occurs in
the phonon dispersions of the III-V monolayers: the phonon dispersion is
weakly affected by electron doping, while the softening of longitudinal
optical (LO) modes specifically occurs in the hole doping cases as shown in
Fig. 2. The asymmetry can be explained by the difference in conduction and
valence bands. For electron doping, the Γ valley is mainly occupied, leading
to a limited change comparedwith the conductionbands in thepristine case.
In contrast, for hole doping, multiple inequivalent peaks around Γ and K
points enter into the transport window, enhancing the effective scattering
�∂f 0nk
∂εnk

τ�1
nk . Besides, attributed to the higher carrier concentration of

2 × 1013 cm−2 and consequent stronger screening effect, the hole doping
induces a stronger phonon softening effect, which also occurs in other hole-
doped III-V monolayers, see details in Supplementary Fig. 4. In a nutshell,
the asymmetry in the conduction and valence bands leads to a limited
scattering in electron-doped systems as verified by the high σec in Fig. 1a and
an enhanced scattering in hole-doped systems as verified by the low σhc in
Fig. 1b.

It is expected that the charge conductivity should beproportional to the
carriermobility.However, Fig. 1a illustrates thatGaAspresent amuch lower
μe but higher σec than GaSb with the same electron doping. In Fig. 1b, GaSb
shows a high μh but a low σhc with the hole doping. These unusual behaviors
are attributed to the heavy doping, which leads to a distinct transport from
the intrinsic case. In intrinsic semiconductors, the mobility is independent

Fig. 1 | Charge transport properties of III-V monolayers. Drift mobilities of
pristine semiconductors and charge conductivities of doped systems at 300 K are
respectively represented by the blue square and red dot markers. μe and μh denote
a electron and b holemobilities of pristine semiconductors with squaremarkers (left
axis), σec and σ

h
c indicate the charge conductivities of a 1 × 1013 cm−2 electron-doped

and b 2 × 1013cm−2 hole-doped systems with circle markers (right axis).

Fig. 2 | Phonon dispersions. For GaAs monolayer (a–c) and for GaSb monolayer
(d–f). The first, second, and third rows show the results of pristine semiconductors,
1 × 1013 cm−2 electron-doped systems, and 2 × 1013 cm−2 hole-doped systems,
respectively.
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of nc. However, in heavy doping cases, semiconductors acquire a metallic
character, and themobility in doped systems depends on the band structure
as well as EF location determined by doping concentration. As a result, the
linearly proportional relation between undopedmobility and heavily doped
conductivity is no longer valid. The effect on transport induced by doping
will be interpreted within the self-energy relaxation time approximation32,
where the conductivity is inversely proportional to the scattering rate and
directly proportional to carrier velocity. Considering the Fermi-Dirac dis-
tribution at equilibrium and 300 K, we define the k-resolved scattering rates

as τ�1
k ¼ P

n
�∂f 0nk
∂εnk

τ�1
nk , and k-resolved velocities as vk =∑nvnk, where n

denotes the number of bands involved in the transport. Figure 3 compares
the electronic structures, τ�1

k , and vk of dopedGaAs andGaSb. The broken-
inversion symmetry in pristine GaAs and GaSb monolayers results in a
Rashba splitting35 in the conduction band minimum (CBM) which can be
regarded as a single valley. After electron doping, Fig. 3a shows that for
GaAs, the single valley is preserved in the Fermi surface window [EF − 0.3
eV, EF+ 0.3 eV], while Fig. 3d shows that for GaSb, more states around M
and K points enter into the window, leading to enhanced scatterings with
states that possess low velocities. As a result, σec inGaSb is reduced, as shown
in Fig. 1a. The surprising behaviors of μh and σhc of GaSb in Fig. 1b can be
attributed to the doping-induced EF shift. The valence band maximum
(VBM) of pristine GaAs locates at K points, leading to a multi-peak band
structure and a high DOS around VBM, thus the hole doping can only
induce a small EF shift, as shown inFig. 3g. Besides, the spin-orbit splitting at
K in the electronic band is 12meV, which matches well with the phonon
energy at K in the phonon dispersion [see Fig. 2c]. Consideringmomentum
and energy conservations, the strong inter-peak scatterings between the K
and K’ peaks are allowed in hole-doped GaAs. Differently, the VBM in
pristine GaSb is located at Γ, which is a single peak for the holemobility and
leads to a high μh. The single-peak band structure gives a small DOS around

VBM, thus a large EF shift of 0.21 eV is induced by the hole doping as shown
in Fig. 3j, leading the states around K to dominate the scattering. Con-
sidering the low velocities at K points, σhc is greatly reduced compared with
μh in GaSb. It should be noted that for GaSb, the spin-orbit splitting at K is
40meV, mismatching the phonon energy [see Fig. 2f], thus the inter-peak
scattering betweenK andK’ is weakened comparedwithGaAs, as shown by
the colors inFig. 3h andk.Thediscussions above demonstrate that doping is
an effective way to manipulate the electronic structure, further controlling
the EPI and charge conductivity in semiconductors. Analyses of scatterings
in other III-V monolayers are similar, as given in Supplementary Fig. 5.

Spin Hall conductivity
SHE is composed of intrinsic and extrinsic contributions. The former is
defined by theKubo formula, and the latter is due to the skew-scattering and
side-jump mechanisms, strongly dependent on disorder36–38. In this work,
we focus on the intrinsic SHC in a weak scattering limit. With spin current
along x, electric field along y, and spin orientation along z direction, the
intrinsic SHC is calculated using Kubo formula39,40:

σs ¼
_

2e
e2

_

Z
BZ

d2k

ð2πÞ2 ΩsðkÞ; ð4Þ

where Ωs(k) = ∑nfnkΩs,n(k) is the spin Berry curvature (SBC) with fnk at
300 K and the band-resolved SBC as

Ωs;nðkÞ ¼ _2
X
m≠n

�2 Im½ nkh ∣̂jz ∣mki mkh ∣v̂y∣nki�
ðεnk � εmkÞ2 þ η2

; ð5Þ

where ĵz ¼ 1
2 fσ̂zv̂x þ v̂x σ̂zg is the spin current operator, σ̂z is the Pauli

operator, v̂x and v̂y are velocity operators. Considering the SOC strength in
all the materials, a broadening of η = 2meV is used as a weak scattering
induced by extrinsic factors41, and the η value has been validated in Sup-
plementary Fig. 6.Due to the low conductivities, the hole-doped systems are
more promising for high SHRs, thus III-V monolayer with 2 × 1013 cm−2

hole doping are targeted for SHCs, and this doping level has been realized in
2D systems42,43.

Figure 4a presents the energy-dependent SHCs of hole-doped mate-
rials at room temperature. GaAs exhibits σhs ¼ 0:6 (ℏ/2e)e2/h due to the
small EF shift induced by doping. More prominently, SHCs of InAs, GaSb,
and InSb can reach up to 1.5, 2.0, and 1.8 (ℏ/2e)e2/h, respectively. For

Fig. 3 | Scattering diagnosis. Electronic structures, k-resolved scattering rates, and
k-resolved velocities for charge conductivities of a–c electron-doped GaAs,
d–f electron-doped GaSb, g–i hole-doped GaAs, and j–l hole-doped GaSb. The
vertical arrow denotes a Fermi surface window of 0.3 eV around EF.

Fig. 4 |Results of spinHall conductivities and ratios.All the systems are doped by a
2 × 1013 cm−2 hole carrier concentration. a Energy-dependent spin Hall con-
ductivities at 300 K. b Spin Hall conductivities σs at EF (unit: (ℏ/2e)e

2/h), charge
conductivities σc (unit: e

2/h), and spin Hall ratios ξ.
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comparison,MoS2monolayer only reaches σhs � 0:2 (ℏ/2e)e2/h 22. The high
SHCs in hole-doped III-V monolayers are attributed to the in-gap EF
location, as shown in Fig. 3j. The spin-orbit gap separates the positive and
negative SBC. When the EF locates inside the spin-orbit gap, SHC, as the
integration over the Fermi sea of SBC, can be maximized by the sign-
invariant SBC over all the k-points. The SBC decompositions of all the
materials are presented in Supplementary Fig. 8. For GaAs, the SBC origi-
nates from both K and Γ points, while for the others, the SBCmainly stems
from the Γ point due to the in-gap EF at Γ. The discussions above highlight
that the doping in semiconductors can yield large SHCs in III-V
monolayers.

Spin Hall ratio
With the charge conductivities σc and spin Hall conductivities σs, the spin
Hall ratio ξ ¼ 2e

_ ∣
σs
σc
∣ can be discussed in hole-doped systems. It has been

illustrated in Supplementary Table 1 that the computational and experi-
mental SHR values coincide with each other, i.e., both present ξ ~ 0.01 in
heavymetals, demonstrating the effectiveness of our calculations. Figure 4b
shows that largeσhs values are found in antimonideswhichalsopossess fairly
large σhc , as a result, GaSb and InSb exhibit ξ

h = 0.23 and 0.13, respectively.
More importantly, hole-doped arsenides are perfect candidates with high
SHCs and low charge transports, yielding exceptional ξh = 0.58 and 0.34 in
GaAs and InAs, respectively. Compared with heavy metals where ξ ~ 0.01,
the hole-dopedGaAs and other III-Vmonolayers exhibit great potential for
efficient charge-to-spin conversion.

Spin Hall ratio descriptor
Taking the transport behaviors in III-V monolayers as a prototype, a
descriptor to enhance SHR can be proposed. The idea is to decrease the
charge conductivity as well as increase SHC. Large effectivemass reduces σc
via loweringdown the carrier velocity.As shown inFig. 3, the band structure
with multiple extrema around EF can enhance scattering. Besides, the
energy-dependent SHCs demonstrate that SHC can be maximized by
locating EF in the spin-orbit gap. Overall, a band structure descriptor for
high SHR can be proposed as depicted in Fig. 5: (1) large effective massm�

K
around EF ; (2)multiple k-inequivalent extrema around EF ; (3) a EF located
inside the spin-orbit splitting ΔεmnK . It should be stressed that within a
limited doping concentration, there is a competition between the first two
conditions and the last one, since flat and multiple band extrema would
induce a largeDOS,whichhinders the tuning of EF.A small effectivemass at
Γ point,m�

Γ , is also preferred for tuning EF when εΓ > εK. In short, a delicate
balance between σc and σs is essential for SHR enhancement.

High-throughput calculations
Potential candidates forhighSHRcanbe foundby screening adatabasewith
the aforementioned descriptor. Focusing on the 2D materials, we perform
fully relativistic high-throughput calculations for exfoliable monolayers.
From the MC2D database44,45, all the rare-earth free materials with up to 6
atoms per unit cell are considered, yielding 216 semiconductors which are
employed for the fully relativistic DFT calculations and Wannierizations.
The band interpolation quality ofWannier Hamiltonian ismeasured by the
average band distance, given as46,47

ην ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
nk
~f nk εDFTnk � εWan

nk

� �2
P

nk
~f nk

vuut ð6Þ

wherek is the eigenstate along thehigh-symmetryk-path for band structure,

~f nk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f DFTnk EF þ ν; σ

� �
fWan
nk EF þ ν; σ

� �q
where f EF þ ν; σ

� �
is the

Fermi-Dirac distribution. Here EF+ ν and σ respectively represent energy
position and smearing value for the distribution, thus we can focus on the
bands below EF+ ν in energy. EF is set as the CBMof semiconductor, and σ
is fixed to be 300 K. Since the Wannier Hamiltonian describes the low-
energy valence electrons, it is expected that theWannier-interpolated band
will deviate more from the DFT results in the higher conduction band
region. Therefore, the higher ν is, the largerην is expected to be.The symbols
η1 and η2 denote the band distance for the bands below EF+ 1 eV and
EF+ 2 eV, respectively, and the band distances of 216materials are present
in Fig. 6. For the bands below EF+ 1 eV, 97% (210/216) ofmaterials show a
small band distance below 10meV, and 93% (200/216) of materials show a
very small band distance below 2meV. For the bands belowEF+ 2 eV, 90%
(195/216) ofmaterials showadistance below10meV, and 65% (141/216) of
materials show a distance below 2meV, highlighting the overall quality of
Wannier Hamiltonians in our database.

Figure 7 shows the electron and hole effective masses of all the semi-
conductors, as well as SHC values in the doped systems where a doping
concentration of 2 × 1013 cm−2 is employed for both carriers. The effective

mass is calculated by m�
αα ¼ ð 1

_2
d2ε
dk2α
Þ�1 (α = x, y) through the interpolation

aroundCBMandVBM, respectively, for electron and hole.Overall, the hole
presents a larger effective mass than the electron, and hole-dopedmaterials
exhibit larger SHC values. Nevertheless, many materials with high SHCs
present small effective masses, populated at the left lower corner in Fig. 7b.
Still, by setting the screening conditions as m�

xx � m�
yy>0:5m0, multiple

band extrema around EF, and SHC>0.4 (ℏ/2e)e2/h, twoMXenemonolayers
are selected as candidates, Sc2CCl2 and Y2CBr2. All the effective masses,
doped SHCs, energy gaps, andband structuresof all the 216 semiconductors
are reported in Supplementary Table 5 and its followings.

Fig. 5 | Diagram of the ideal band structure for high spin Hall ratio. The red and
blue dispersions denote the bands projected by positive and negative spin Berry
curvatures, respectively. The band structure shows multiple k-inequivalent extrema
which present large effective mass m�

K, and Fermi energy EF inside the spin-orbit
splitting Δεmn

K . In addition, small m�
Γ can facilitate the EF shift by doping if εΓ > εK.

Fig. 6 | Band distances of 216 monolayer semiconductors.Denoted by ην given by
Eq. (6), the band distance indicates the discrepancy between DFT and Wannier
results in the bands below CBM+ν in energy.
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Results of MXene monolayers
Sc2CCl2 and Y2CBr2 present similarities since they are composed of
homologous elements. After a full relaxation considering the hole doping,
both structures present a P-3m1 space group, as shown in Fig. 8d. Figure 8a
and e illustrate the hole-doped band structures of Sc2CCl2 and Y2CBr2,
respectively. The SOC splitting induces two peaks around Γ point, and the
top band presents an effective massm�

xx ¼ m�
yy � 0:7m0. EF locates inside

the gap, leading to high σhs = 0.5 (ℏ/2e)e
2/h. It has been verified that SHCs in

both materials are robust against broadening, and the main SBC contribu-
tions originate from the Γ point, details are given in Supplementary Fig. 12.
Compared with Y2CBr2 possessing an SOC gap of 75meV at Γ, Sc2CCl2
shows a smaller gap of 20meV due to lighter elements. Apart from the Γ
point, eigenstates around the M point also enter into the Fermi surface
window. Figure 8b, f validate the mechanical stabilities of hole-doped
Sc2CCl2 and Y2CBr2 monolayers by showing phonon dispersions without
imaginary frequency. Phonon dispersions illustrate that Sc2CCl2 presents
higher-energy modes than Y2CBr2. Figure 8c and g show the k-resolved
scattering rates of both materials. Sc2CCl2 exhibits dominant scattering as
high as 836 THz around the Γ point. This high rate is attributed to its small
SOC gap of 20meV which matches the phonon energy ωnΓ. On the other
hand, the scattering in Y2CBr2 is limited to 370 THz, since its large gap of
75meV goes beyond its phonon energy range. Compared with the Γ point,
scatterings around M points are quite weak. This is attributed to εM=−
273meV for Sc2CCl2 and −57meV for Y2CBr2, thus the scattering con-
tributions are greatly limited by the large distance from EF. Overall, Sc2CCl2
presents lower σhc = 2.2 e2/h while Y2CBr2 shows σhc = 3.9 e2/h in Fig. 8h.
Benefiting from the low charge conductivity, the SHR in Sc2CCl2 is com-
puted to be ξh = 0.22, and Y2CBr2 possesses ξ

h = 0.12. The discovery of an
MXene monolayer with high SHR validates the effectiveness of the SHR
descriptor.

Discussions of III-Vmonolayers andMXenemonolayers indicate that
compared with the materials composed of heavy elements, the light mate-
rials can be more promising for high SHR. Although the heavy elements
induce strong SOC for SHC enhancement, they also result in large band
splitting and low-energy phonon mode simultaneously. By breaking the
energy conservation rule, these two factors reduce the electron-phonon
coupling and hinder the scatterings in charge transport. As a result, the
charge conductivity is also enhanced. Since the charge-to-spin conversion is
an interrelated process, balancing charge and spin transports is critical to

Fig. 8 | Hole-doped Sc2CCl2 and Y2CBr2 monolayers results. a–c and e–g denote
electronic structures, energy-dependent spin Hall conductivities in units of (ℏ/2e)e2/h,
phonon dispersions, and scattering rates τ�1

k of Sc2CCl2 and Y2CBr2, respectively.

d presents the atomic structure, and h shows spin Hall conductivities (unit: (ℏ/2e)e2/h),
charge conductivities (unit: e2/h), and spin Hall ratios of both materials.

Fig. 7 | Effective masses of 216 monolayer semiconductors. a Electron and b hole
effective masses along x and y directions. Spin Hall conductivities (unit: (ℏ/2e)e2/h)
are given by the colorbar in electron- and hole-doped systems, respectively. Diagonal
lines denote isotropic materials where m�

xx ¼ m�
yy .
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enhance SHR rather than only maximize SHC. In addition, compared with
the SHR ξh = 0.58 in GaAs, ξh = 0.22 in Sc2CCl2 is relatively lower. Con-
sidering that the SHC values in the two materials are similar, the SHR
difference is attributed to the high σhc in Sc2CCl2. InGaAs, strong inter-peak
scatterings occur [see Fig. 3h] thanks to the K eigenstates around EF. In
contrast, Sc2CCl2 exhibits weak scatterings around theMpoint [see Fig. 8c]
due to theM eigenstates far away from EF. Besides, the inversion symmetry
keeps the band degeneracy in Sc2CCl2, further reducing the scattering
possibilities. This comparison demonstrates the importance of multi-peaks
around EF to reduce charge conductivity, further validating the SHR
descriptor. By expanding the high-throughput calculations database,
materials with more ideal electronic structures and phonon frequencies
could be found for SHR enhancement.

Experimental feasibility
Charge-to-spin conversion has been realized inMoS2 andWSe2monolayers
grown by chemical vapor deposition19. Since the first synthesis of 2D AlN
layers by metal organic deposition48, many efforts have been devoted to the
synthesis of other 2D III-V materials49,50. For example, GaSb films can be
grown via a seeded lateral epitaxy, and the free-standing crystallineGaSb can
be exfoliated from these films51. Moreover, 2D InAs flakes with high crys-
talline quality have been synthesized through van der Waals epitaxy with a
thickness down to 4.8 nm52. Due to chemical similarity in one family, we
expect similar techniques can be applied to the other III-Vmonolayers. Two
promisingmaterials, Sc2CCl2 andY2CBr2, are easily exfoliable from their van
derWaalsbulk compounds45. Finally, thedoping levelsproposed in thiswork
can be realized via the advanced technique of electron beam, which imple-
ments the doping of 1.7 × 1013 cm−2 in 2D systems42. The doped state persists
evenafter removing the electronbeamandback-gate voltage, and theprocess
is reversible and repeatable42. Moreover, the doping level over 5 × 1013 cm−2

has been realized in MoS2 monolayers via the ionic-liquid gate43.
In conclusion, 2Dmaterials with high spinHall ratios have been found

using amultidisciplinary investigation involving charge transport, spinHall
conductivity, and a high-throughput database. The hole-doped GaAs
monolayer presents an ultrahigh SHR of ξ = 0.58, attributed to the strong
scattering and the high SHC. An SHR descriptor is proposed and validated
by ahigh-throughputdatabaseof 216 exfoliablemonolayer semiconductors,
suggesting a new promisingmaterial, Sc2CCl2. Besides, this database is fully
released to the community. This work reveals potential 2D materials for
efficient charge-to-spin conversion, providing a guideline for materials
discovery in spintronics.

Methods
DFT calculations
DFT and DFPT calculations are performed by the QUANTUM ESPRESSO

package53. The fully relativistic norm-conserving pseudopotentials
PseudoDojo54 within the Perdew–Burke–Ernzerhof (PBE) parametrization
of the generalized gradient approximation (GGA)54. The cutoff energy for
wavefunctions is set to 120 Ry. We use a 2D Coulomb truncation55. Fully
relativistic computationshavebeenperformed for structural relaxation, self-
consistent, non-self-consistent, and phonon calculations. Relaxations are
performed respectively for pristine and doped materials. Variable cell
relaxation is performed with total energy convergence of 10−8 Ry, force
convergence of 10−4 Ry/Bohr, and pressure convergence of 0.1 kbar.

Charge conductivity calculations
The drift mobility and charge conductivity are calculated using the EPW
package56,57, where the electron-phonon coupling is interpolated from
coarse k/q-grids to fine k/q-grids using Wannier functions with the con-
siderations of dipole, quadrupole, and gauge-covariant contributions58,59.
A coarse 12 × 12 × 1 k/q-grid is adopted in ab initio calculations, then a fine
k/q-grid of 720 × 720 × 1 is used for electron mobility, and k/q-grid of
360 × 360 × 1 for hole mobility and charge conductivity of doped systems.
Note that in the calculation at the zone-center q = Γ, a denser k-grid of
32 × 32 × 1 is used in DFPT calculation to get convergent electrostatic

properties. A Fermi surface window of 0.3 eV has been validated for con-
vergence and employed in all calculations.An adaptive smearing60 is applied
in the energy-conserving delta functions, and a phonon frequency cutoff of
1 cm−1 is employed. The calculations are performed at room temperature.

Spin Hall conductivity calculations
The spin Hall conductivity is calculated by Wannier90 package39,61, with a
12 × 12 × 1 coarse k-grid in ab initio calculation, and a fine k-grid of
360 × 360 × 1 for the Wannier interpolation. A Fermi-Dirac distribution
function of 300 K and a broadening of 2meV have been considered.

High-throughput calculations
The fully relativistic DFT calculations and Wannierizations have been
performed using AiiDA62 and PseudoDojo54 on 216 materials from the
MC2D database44,45. The initial guess for projectors is given by the orbital
information in PseudoDojo63. The semicore orbitals corresponding to deep
bands are excluded from projections. A small trial step is used in the
minimization of the spread function to stabilize the Wannierization, and a
large number of iterations is used to converge. The maximum of the frozen
window is set as CBM+ 2 eV, which is verified to be the optimal value by
Supplementary Fig. 13. The script for the automated generation of the
Wannier90 input file is provided64. To provide a high-quality Wannier
Hamiltonian database, failed cases (23/216) have been manually corrected
by tuning the frozen window, increasing the number of Bloch wavefunc-
tions, or manually modifying initial projections.

Data availability
For the III-V andMXenemonolayers investigated in thiswork, details of the
relaxed atomic structures, effective masses, densities of states, doping levels,
and electron and phonon dispersions are given in SupplementaryMaterial,
and input and output files for computations are given on Materials Cloud
Archive64. The input and output files, pseudopotentials, as well as Wannier
Hamiltonians and band structures of 216 monolayer semiconductors, are
provided on Materials Cloud Archive64.
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