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The two-dimensional intrinsic ferromagnet CrSCl monolayer has considerable potential for application
in the development of spintronic devices because of properties such as robust ferromagnetic ordering,
large spin polarization, high Curie temperature, and high carrier mobilities. Here, we investigate the elec-
tromagnetic properties of the CrSCl monolayer and the spin-transport properties of some conceptual
magnetic devices we construct, such as p-n-junction diodes, field-effect transistors, and phototransis-
tors, by means of first-principles calculations. The results indicate that the p-n-junction diodes of the
CrSCl monolayer exhibit full spin-polarized transport behavior, and both the p-n and p-i-n junctions
show excellent spin-filtering behavior. The phototransistor of the CrSCl monolayer exhibits spin-resolved
photoresponse characteristics for different wavelengths of light. Furthermore, it possesses the ability to
generate a fully spin-up polarized current in the visible range. Our results provide key insights into the
fundamental physical properties and the underlying transport and photoresponse mechanisms of the CrSCl
monolayer.
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I. INTRODUCTION

Two-dimensional (2D) materials have gained significant
attention in recent years, owing to their unusual physi-
cal properties in which both charge and heat transport are
confined to a plane. They have considerable prospects for
diverse applications, such as electronics [1–4], optoelec-
tronics [5,6], sensors [7], spintronics [8], and field-effect
transistors [9,10]. Constant efforts toward reducing the size
of devices include developing low-dimensional materials
with exceptional properties, such as robust ferromagnetic
(FM) ordering, large spin polarization, and high Curie
temperature for next-generation nanospintronic devices
[11]. Because traditional 2D materials, such as graphene
[12], boron nitride [13], and black phosphorus [14], are
intrinsically nonmagnetic, their applications in the field of
spintronics are trapped.
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2D intrinsic FM materials are now being extensively
used to develop magnetic nanodevices as well as for spin-
tronic applications [15–17]. Recent studies using magneto-
optical Kerr effect microscopy indicate that monolayer
chromium triiodide (CrI3) exhibits a Curie temperature
of 45 K and possesses FM properties [18]. This has
further stimulated the exploration and investigation of
2D FM materials and increased the potential of design-
ing various spintronic devices. Subsequently, 2D mag-
netic monolayers of VSe2 [19,20], Cr2Ge2Te6 [21–23],
Fe3GeTe2 [24–26], and MnBi2Te4 [27–30], which also
exhibit intrinsic FM and have various fascinating physical
properties, have been discovered, fabricated, and inves-
tigated extensively; some of them show great potential
for applications in spintronic devices [24,26,30]. Impor-
tantly, these materials have intrinsic FM ordering with a
large magnetic moment above room temperature, mak-
ing them attractive for spintronics applications and the
development of magnetic nanodevices. Strikingly, the-
oretical studies on monolayer chromium chalcogenide
halides, CrXY (X = O, S, Se, Te; Y = F, Cl, Br, I) [31–34],
show that they possess robust FM ordering with high spin
polarization and a high Curie temperature. Furthermore,
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the van der Waals (vdW) bulk compounds, which crys-
tallize in orthorhombic structures, stacked with CrXY’s
isostructural 2D monolayers have been widely studied
since the 1970s [35,36]. More recently, the stable antifer-
romagnetic vdW bulk materials CrOCl [37,38] and CrSBr
[39] were synthesized using the chemical-vapor-transport
method. Guo et al. [40] predicted that the cleavage ener-
gies of the CrSY materials were about 0.16, 0.21, and
0.25 J m−2 for CrSCl, CrSBr, and CrSI, respectively, using
density-functional theory (DFT); these values are smaller
than that of graphene [(0.32 ± 0.03) J m−2] [41], indicat-
ing that monolayer CrSX is relatively easy to obtain from
the corresponding bulk material by mechanical exfoliation.
Especially, among CrXY materials, the CrSCl monolayer
is a FM semiconductor with a high hole mobility of up
to 6.6 × 103 cm2 V−1 S−1 and a high Curie temperature
of up to 500 K [32]. Furthermore, it exhibits excellent
dynamic and thermal stability and requires a small exfolia-
tion energy from the bulk [32,33,40]. Thus, it can be poten-
tially used in next-generation spintronic and electronic
devices.

Although the CrSCl monolayer possesses excellent
features, the fundamental behavior and the underlying
mechanisms in device architectures, such as spin-polarized
transport behavior, field-effect behavior, and photore-
sponse characteristics, have not been revealed. Here, we
investigate the electromagnetic properties of the CrSCl
monolayer and the spin-transport properties of some con-
ceptual magnetic devices we construct, such as p-n-
junction diodes, field-effect transistors, and phototransis-
tors, within the spin-polarized DFT framework combined
with the nonequilibrium Green function method (NEGF)
[42–44]. The rest of this paper is organized as follows.
Section II presents the computational details. Section III
contains the results and discussion, followed by a summary
of this work in Sec. IV.

II. CALCULATION METHODS

Here, we focus on the CrSCl monolayer and the spin-
transport properties of several conceptual nanodevices,
such as p-n-junction diodes, field-effect transistors, and
phototransistors. All calculations are performed within the
spin-polarized DFT NEGF method, as implemented in the
Atomistix Toolkit code [42–44]. The spin-polarized gener-
alized gradient approximation (GGA) combined with the
Perdew-Burke-Ernzerhof (PBE) functional [45] is adopted
to describe the exchange-correlation interactions. Con-
sidering the strong correlation of the 3d electrons, spin-
polarized PBE + U calculations are applied in this work
as a correction to the PBE. The on-site Hubbard U is set
to 3.0 eV for Cr, according to previous work on related
systems [40,46–48]. The electron wave functions are
expanded using the linear combinations of atomic orbitals
(LCAO) basis sets with a real-space grid density mesh

cutoff of 160 hartree. The optimized norm-conserving
Vanderbilt pseudopotentials [49] at the level of SG15
type [50] are employed to describe the core electrons.
Electronic band structures are also evaluated using the
PBE + U and hybrid (HSE06) functional [51] for the band-
gap correction. The Brillouin zone (BZ) is sampled using
a 10 × 1 × 200 k-point mesh generated via the Monkhorst-
Pack scheme [52] for electrodes of the CrSCl monolayer
device. Structural relaxation is considered to be converged
when the residual forces on each atom are less than
0.001 eV/Å. Furthermore, the total energy-convergence
threshold is set to be 10−6 eV.

The DFT NEGF method is implemented for electron-
transport calculations in each device system. The device
system can be divided into three regions: the left and right
electrode regions and the central scattering region. Self-
consistent electronic structures of the device system are
described using the Kohn-Sham and Poisson equations.
The electrode regions are described by solving a bulk
problem for the fully periodic electrode cell. Between the
electrode and the central region, a Dirichlet boundary con-
dition is adopted. The initial density matrix is constructed
by first performing a self-consistent bulk calculation of the
central region, which can give a very good initial guess
for the density matrix. The nonequilibrium electron dis-
tribution in the central region is given by the occupied
eigenstates of the system, which can be determined by the
NEGF method. The energy integral is evaluated through a
complex contour integration that is divided into two parts:
an integral over equilibrium states and an integral over
nonequilibrium states. The former is calculated using a
semicircular complex contour with integral lower bound of
3.679 hartree and 30 circle points. The latter is performed
along the real axis with a point density of 0.001 hartree.

To calculate the excited-state properties, the Heisenberg
exchange Hamiltonian is calculated, which is given by [53]

H = −
∑

i�=j

Jij eiej , (1)

where Jij is the Heisenberg exchange-coupling constant
between two particular sites (i, j ); ei and ej are the nor-
malized local spin vectors on atoms i and j. Note that
the present work is focused on the case of the magnetic
isotropic Hamiltonian, and the contribution from magnetic
anisotropy is not included in this formula. The spin-wave
energy, E(q), is related to the exchange parameters, Jij , by
a Fourier transformation:

E(q) = 4μB

M

∑

j �=0

J0j (1 − exp[iq · R0j ]), (2)

where R0j= R0− Rj is the lattice vector in real space, q
is a vector in the corresponding Brillouin zone, M is the
magnetic moment per atom, and µB is the Bohr magneton.
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The Curie temperature of a ferromagnet can be estimated
from the Heisenberg model based on the random phase
approximation (RPA) [53]:

1
kBTC

= 6μB

M
1

Nq

∑

q

1
E(q)

, (3)

where Nq is the number of q points in the Brillouin zone.
This method is well used to reproduce the theoretical Curie
temperatures of some metals, which have good agreement
with experimental results [53].

III. RESULTS AND DISCUSSION

A. Electronic and magnetic properties

The CrSCl monolayer has an orthorhombic structure
[space group Pmmn, see Fig. 1(a)], wherein each Cr atom
is coordinated by four S and two Cl atoms. Considering
the FM ground spin state [40], we calculate the lattice
parameters for the CrSCl monolayer crystal. Furthermore,
a vacuum spacing of approximately 25 Å is added along
the perpendicular direction to avoid interactions between
adjacent layers. The current results and other previously
reported values [40,54] are listed in Table I. From this
table, it can be seen that our calculated lattice constants,
a and b, are in excellent agreement with the previously
reported values [40,54]. The calculated magnetic moment
and nearest and next-nearest exchange-coupling constants,

J 1 and J 2, respectively, along with those data previously
reported [32,40], are also given in Table I. The mag-
netism mainly stems from the Cr atoms, which possess
a large magnetic moment of 3.288µB (PBE) and 3.478µB
(PBE + U). The net magnetic moment per formula unit is
3.004µB for both PBE and PBE + U. The nearest (J 1) and
next-nearest (J 2) exchange couplings in the CrSCl struc-
ture are shown in Fig. 1(a). The values of J 1 and J 2 are
5.84 and 7.82 meV, respectively, which are obtained with
the PBE functional; these values are slightly larger than
those reported in the literature [32,40]. Note that the results
of the PBE + U calculations are closer to the references,
i.e., the values of J 1 and J 2 are 3.79 and 4.19 meV, respec-
tively. The value of J 1 is close to that reported in Ref.
[40] (3.31 meV), and the value of J 2 is between those
reported in Ref. [32] (2.58 meV) and Ref. [40] (6.85 meV).
The strong and positive spin-exchange coupling results in
robust long-range FM ordering and a high Curie tempera-
ture in the CrSCl monolayer. A Curie temperature of about
369 K (PBE) is expected according to the RPA, and this
value is in agreement with the previously reported values
of 500 K (PBE) and 340 K (GGA + U) [32]. Note that the
corresponding PBE + U result we obtain is 147 K, which
is in excellent agreement with the value (150 K) obtained
by Guo et al. [40] using Monte Carlo simulations.

The atom-resolved electronic band structures and
density of states (DOS) are calculated using the PBE
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FIG. 1. Atomic and electronic structures of the 2D CrSCl monolayer. (a) Side (upper, middle) and top (bottom) views of the CrSCl
monolayer crystal structure. J 1 and J 2 are the nearest and next-nearest exchange couplings, respectively. Element-projected electronic
band and density of states for spin-up (b) and -down (c) states. 3D views of the top of the valence band and the bottom of the conduction
band, and 2D projections in the first Brillouin zone for spin-up (d) and -down (e) states. Color map shows data for (d),(e) from low
(blue) to high (red).
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TABLE I. Optimized lattice constants (a and b), electronic band gap (Eg), magnetic moment (M ), and nearest and next-nearest
exchange-coupling constants (J 1 and J 2) for the CrSCl monolayer.

Lattice constants (Å) M (µB) J (meV)

a b Eg (eV) M Cr M tot J 1 J 2

3.460a 4.770a 0.387a 3.288a 3.004a 5.84a 7.82a

3.472b 4.834b 1.016b 3.478b 3.004b 3.79b 4.19b

3.53c 4.82c 0.61d 2.996d 1.01d 2.58d

3.49e 4.84e 0.856 (PBE + U)e 3.15e 2.90e 3.31e 6.85e

aPBE.
bPBE + U.
cRef. [54].
dRef. [32].
eRef. [40].

functional and are displayed in Figs. 1(b) and 1(c) for
spin-up and –down states, respectively. For comparison,
the electronic band structures are also calculated using
the PBE + U and HSE06 functionals, as shown in Fig.
S1 within the Supplemental Material [69]. The CrSCl
monolayer is a semiconductor with a direct band gap of
0.387 (PBE); the values calculated using PBE + U and
HSE06 functionals are 1.016 and 1.617 eV, respectively,
which is consistent with the previously reported values of
1.86 eV (HSE06) [33], 0.61 eV (PBE) [32], and 0.856 eV
(GGA + U) [40] to some extent. Note the small difference
between our results and those reported in the literature may
arise from the different methods, i.e., we use the LCAO
basis sets for the expanded of electron wave functions,
while those reported in the literature use the projected
augmented wave method. Both the valence-band maxi-
mum (VBM) and conduction-band minimum (CBM) of
the CrSCl monolayer are located at the � point, and the
VBM is predominantly contributed to by orbitals of the
S atoms, while the CBM is dominated by orbitals of the
Cr atoms. Furthermore, the band structures in Figs. 1(b)
and 1(c) demonstrate that the VBM and CBM are primar-
ily contributed to by the spin-up electrons. The band gap of
the spin-down states (2.179 eV) is significantly larger than
that of the spin-up states (0.387 eV). These values indicate
that the CrSCl monolayer can generate almost 100% spin-
polarized carriers because the VB and CB near the Fermi
level (EF ) are fully spin polarized. Therefore, this perfor-
mance is ideal for the fabrication of spintronic devices
with a strong spin-filtering effect. 3D views of the top of
the valence band and the bottom of the conduction band,
and 2D projections in the first Brillouin zone for spin-up
and -down states are shown in Figs. 1(d) and 1(e). From
Fig. 1(d), it can be seen that the band structure around the
VBM and CBM exhibits a linear dispersion along the �-
Y direction and is almost flat along the �-X direction for
the spin-up states. These result in a small effective mass
along the �-Y direction and a contrary value in the other
direction, which is in agreement with the outcomes of

a previous report by Guo et al. [40], wherein it was
shown that the effective masses along the �-Y direction
were 0.078me (holes) and 0.421me (electrons), and those
along the �-X direction were 4.017me for both holes and
electrons (me is the free electron mass). The hole mobil-
ity of the CrSCl monolayer is further predicted to be
6.6 × 103 cm2 V–1 S–1 along the �-Y direction [40].

The magnetic anisotropy energy (EMA), which primar-
ily originates from the spin-orbit coupling effects [55], is
an important parameter for the spintronic applications of
FM 2D materials, as it defines the stability of magnetiza-
tion in a specific direction, according to the crystal lattice.
Therefore, we examine the EMA of the CrSCl monolayer
using the force theorem [56], wherein the energy differ-
ence is evaluated using non-self-consistent band energies
concerning the spin-orbit coupling:

EMA =
∑

i

fi(θ1, ϕ1)εi(θ1, ϕ1)

−
∑

i

fi(θ0, ϕ0)εi(θ0, ϕ0), (4)

where fi(θ , ϕ) is the occupation factor for band i (includ-
ing both the band and k-point index) with spin orientation
(θ , ϕ), and εi(θ , ϕ) is the corresponding band energy. The
calculated results of angular dependence and orbital pro-
jection EMA for the CrSCl monolayer are shown in Fig. 2.
It is worth noting that both the in- and out-of-plane (corre-
sponding to the x-y and y-z planes, respectively) energies
are anisotropic. Furthermore, Fig. 2(a) indicates that the
EMA reaches its minimum when θ = 90° in the y-z plane
and ϕ = 0° in the x-y plane. This denotes that the easy-
magnetization axis of the CrSCl monolayer is in plane and
along the x direction, which is consistent with previous
work [54]. Meanwhile, the EMA has a strong dependency
on both polar angles θ and ϕ, indicating strong magnetic
anisotropy behavior of the CrSCl monolayer. In addition,
the orbital projections of EMA corresponding to the polar
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angles of (θ = 90°, ϕ = 90°) and (θ = 90°, ϕ = 0°) are cal-
culated as shown in Figs. 2(b) and 2(c). It is observed that
the dxy , dyz, dx2−y2 , and dz2 orbitals of Cr mainly contribute
to the EMA at polar angles of (θ = 90°, ϕ = 90°), and all
the d orbitals of Cr primarily determine the EMA at polar
angles of (θ = 90°, ϕ = 0°). Conversely, the contribution
of other atoms of S and Cl to the EMA is relatively small.

B. Transport behavior of the CrSCl monolayer in a
p-n-junction diode

The CrSCl monolayer is expected to show good trans-
port behavior along the y direction, as indicated in
Fig. 1(a), because it has a smaller effective mass and rela-
tively high carrier mobility along the �-Y direction. There-
fore, a CrSCl monolayer p-n-junction diode [see Fig. 3(a)]
is established using an electrostatic doping method with
p- and n-type atom-compensation charges [57], and the y
direction serves as the transmission direction. We inves-
tigate the transmission performance of the p-n-junction
diodes under different doping concentrations, according to
the typical doping concentration range of 1019–1021 cm–3

in the bulk [57,58]. The results show that the transmis-
sion performance of the CrSCl monolayer p-n-junction
diode varies according to the doping concentration. A dop-
ing concentration that is either too high or too low is not
conducive to improving the performance of the device.
Here, we report only the results for three levels of dop-
ing densities of p- and n-type carriers, i.e., 7.5 × 1012

(low), 1.5 × 1013 (medium), and 3 × 1013 cm–2 (high), cor-
responding to 2.5 × 1019, 5 × 1019, and 1 × 1020 cm–3 in
the bulk, respectively.

Each diode consists of the drain (D) and source (S) elec-
trodes and the central scattering region (p-n junction). In
transport calculations, a supercell of p- and n-doped CrSCl
monolayer serves as the D and S electrodes, the length of
which is semi-infinite along the direction of transmission.
A positive current is generated from the D electrode to the
S electrode when a forward D-S bias of Vb is applied and
vice versa. The spin-resolved currents of the p-n-junction
diode are calculated by [59]

Iσ (Vb) = e
h

∫ μS

μD

Tσ (E, Vb)[fD(E − μD) − fS(E − μS)]dE,

(5)

where σ represents the spin-up and -down states, and the
total current I is the sum of Iσ . e is the electron charge and
h is Planck’s constant. Tσ (E, Vb) is the spin-resolved trans-
mission coefficient. fD(S) ={1 + exp[E–µD(S)/kBTD(S)]}–1 is
the Fermi-Dirac distribution function of the D(S) elec-
trode with chemical potential µD(S) and temperature TD(S).
The Fermi-Dirac distribution-function broadening is gen-
erally selected to be between 0.01 and 0.1 eV. We use the
default value of 0.086 eV in QuantumATK throughout the

(a)

(b)

(c)

FIG. 2. EMA of the CrSCl monolayer. (a) Variations of EMA
with polar angles θ and ϕ in the y-z and x-y planes. Inset
shows polar coordinates. Orbital projections of EMA correspond-
ing to polar angles of (b) θ = 90°, ϕ = 90° (y direction) and (c)
θ = 90°, ϕ = 0° (x direction). Energy of y (θ = 90°, ϕ = 90°) and
z (θ = 0°, ϕ = 90°) directions are set as zero reference in x-y and
y-z planes.

study, corresponding to 1000 K. The I -V curves calculated
using the PBE functional for a high doping concentration
are shown in Fig. 3(b), while those for low and medium
doping concentrations are shown in Figs. S2(a) and S2(b)
within the Supplemental Material [69], respectively. The
current of the spin-up state is open at the negative-bias
side with a low threshold voltage of Von= –0.1 V (high),
–0.2 V (medium), and –0.3 V (low). The maximum cur-
rent density is about 4000 mA/mm at a bias of –0.5 V
for a high doping concentration, which is approximately
8 times as high as that of the low doping concentration. In
addition, a relatively small stationary current is generated
for a bias above 0.3 V at the positive-bias side [see Figs.
3(b) and S2 within the Supplemental Material [69] ]. The
unidirectional transport feature can be described using the
rectification ratio (R), which is given as R = |I (–Vb)/I (Vb)|.
The maximum magnitude of the R of the p-junction diode
is 104, as shown in Fig. 3(b), and this value is much larger
than that of the graphene|h-BN heterojunction [60] and
close to that of the VS2|MoS2 heterojunction [8]. Fur-
thermore, it displays an excellent spin-filtering effect, as
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FIG. 3. Transport properties of the p-n-junction diode of the 2D CrSCl monolayer for a doping concentration of 3 × 1013 cm–2. (a)
Schematic of the p-n-junction diode of the CrSCl monolayer. (b) Bias-dependent current and rectification ratio of the p-n-junction
diode, with difference conductance curves shown in the inset. Transmission spectra of spin-up (c) and -down (d) states. Spin-resolved
transmission coefficient, T(E), and projected local density of states (PLDOS) under biases of −0.5 V (e),(i), 0 V (f),(j), and 0.5 V
(g),(h). k-Dependent transmission coefficients, T(E, k), at −0.5 V of spin-up (h) and -down (l) states. Color map shows data for (c)–(l)
from 0 (white) to high (blue).

the current of the spin-down state is extremely close to
zero over the entire bias range and when the polariza-
tion ratio, defined as P = (I↑ − I↓)/ (I↑ + I↓), almost equals
100% over the entire range. Actually, this character is
also found in other materials, such as the transition-metal
dichalcogenides WS2 [61] and WSe2 [62,63], as all of them
have only one spin-state type around the Fermi level. The
differential conductance (dI/dV) density of the spin-up state
is approximately 14.5 S/mm at –0.5 V for a high-doping-
concentration p-n-junction diode, as shown in the inset of
Fig. 3(b). Furthermore, it can be seen that the dI/dV curve
of the spin-down state almost equals zero over the entire
bias range, and it also exhibits full spin-polarized behavior.
For comparison, we investigate the bias-dependent cur-
rent, rectification ratio, and difference conductance using
PBE + U, as shown in Fig. S3(a) within the Supplemental
Material [69], which shows a similar trend to that of the

results obtained using PBE. These excellent traits of the
CrSCl monolayer p-n-junction diode are ideal for use in
nanodevices.

To further analyze the reasons why the CrSCl mono-
layer p-n-junction diode possesses strong spin polarizabil-
ity and good transmission properties, the spin-resolved
transmission spectra, T(E, V); transmission coefficients,
T(E); PLDOS; and k-dependent transmission coefficients,
T(E, k), for a high doping concentration are calculated, as
shown in Figs. 3(c)–3(l). Meanwhile, those for low and
medium doping concentrations are shown in Figs. S4–S6
within the Supplemental Material [69]. These transmission
parameters indicate that the electrons of the spin-down
state can barely transport in the p-n-junction diode, and,
as a result, the diode possesses a strong spin polarizability.
The electrons in the spin-up state can be easily transmit-
ted for negative biases with large transmission coefficients
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within the bias window (BW) [see Fig. 3(c)]. A few
electrons can be transmitted under a positive bias of
0.4–0.5 V because of the smaller transmission coeffi-
cients in this bias region. From the PLDOS in Fig. 3,
it can be seen that the bands of the p- and n-doped
terminals shift up and down, respectively, when a neg-
ative bias is applied across the p-n junction and vice
versa. A relatively high number of electron states enter
the BW within the negative-bias region compared with
the PLDOS under zero bias, thus driving a strong elec-
tron transmission under a negative bias, such as −0.5 V
[see Fig. 3(e)]. Furthermore, some valence bands enter the
BW under a bias of 0.5 V [see Fig. 3(g)], thereby gen-
erating a small transmission current under this condition.
In addition, Figs. 3(h) and 3(l) show that the k-dependent
transmission coefficients, T(E, k), remain high over the
whole Brillouin zone from � to X (–X ) for the spin-
up state. In contrast, T(E, k) almost equals zero over
the entire Brillouin zone for the spin-down state. This is
the primary contributing factor to the robust spin polar-
ization. For the low- and medium-doping-concentration
p-n-junction diode, similar transition behavior can be
observed to that in the high doping concentration.
CrSCl is a primary candidate material for spin-filtering
nanodevices.

C. Field-effect behaviors of the CrSCl monolayer
p-i-n-junction transistor

The vertical electric field can also improve the
transmission performance of a device. Therefore, we con-
struct the p-i-n-junction field-effect transistors [FETs, see
Fig. 4(a)] using the CrSCl monolayer and study their
spin-dependent field-effect properties. The p- and n-doped
CrSCl monolayer (3 × 1013 cm–2) is used as electrodes on
both sides of the FET, and the intrinsic CrSCl monolayer
is used in the central intrinsic region (i) as the FET channel
(∼3 nm). The top and bottom gates are placed near the cen-
tral intrinsic region, and they cover the entire region. The
spin-resolved electron current through the p-i-n-junction
FET is obtained by

Iσ (Vb, Vg) = e
h

∫ μS

μD

Tσ (E, Vb, Vg)[fD(E − μD)

− fS(E − μS)]dE. (6)

The spin-resolved I -V curves of the p-i-n-junction FET
under gate voltages of 0, 5, and 10 V are shown in
Fig. 4(b). The current density of the p-i-n-junction FET
under zero gate voltage is slightly smaller than that of
the p-n-junction diode with the same doping concentration
because of the semiconducting nature of the central intrin-
sic region. Nevertheless, the p-i-n-junction FET shows the
same spin-filtering behavior as the p-n-junction diode of
the CrSCl monolayer. Furthermore, the current density is

dramatically increased at the negative-bias side as the gate
voltage is applied, while a contrasting trend is observed at
the positive-bias side. The forward current can be almost
ignored under a gate voltage of 10 V, as shown in Fig. 4(b).
To further investigate the field-effect behavior of the p-i-
n-junction FET, we calculate the current density at a bias
of –0.5 V under various gate voltages in the range of –10
to 10 V, as shown in Fig. 4(c). The figure shows that the
effects of positive and negative gate voltages on the FET
are symmetric, and the current increases with the gate volt-
age. The differential conductance (dI/dV) density of the
p-i-n-junction FET under different gate voltages is calcu-
lated, as shown in the inset of Fig. 4(b). The figure shows
that the dI/dV curve of the spin-down state almost equals
zero over the entire bias range, and it exhibits full spin-
polarized behavior. dI/dV of the spin-up state is 54.2 S/mm
at a bias voltage of –0.5 V and gate voltage of 10 V, which
is significantly larger than the maximum value of the p-
n junction. At the positive-bias side, dI/dV of the spin-up
state is almost zero under a gate voltage of 10 V, which
is significantly smaller than the value under other gate
voltages. This indicates that the p-i-n-junction FET shows
excellent field-effect behavior and that the electric field
can effectively enhance its unidirectional transport feature.
The transmission performance and field-effect behavior of
the p-i-n-junction transistor obtained by using PBE + U
[see Fig. S3(b) within the Supplemental Material [69] ]
have similar characteristics to that obtained using PBE.
In addition, from the spin-resolved transmission coeffi-
cient, T(E), and PLDOSs shown in Figs. 4(d)–4(i) and the
transmission spectra, T(E, V), shown in Fig. S7 within the
Supplemental Material [69], it can be seen that the p-i-n-
junction FET has similar transport mechanisms to those of
the p-n-junction diode.

D. Optical and photoelectric properties of the CrSCl
monolayer and p-i-n-junction phototransistor

Furthermore, the optical properties and photoelectric
performance of the CrSCl monolayer are investigated.
The optical conductivity, complex refractive index, and
absorption coefficient are calculated by [64]:

σ = −iωε0χ(ω), n + iκ =
√

1 + i
σ

ε0ω
, α = 2

ω

c
κ , (7)

where ω is an electromagnetic wave frequency, ε0 is the
electric constant, χ (ω) is the susceptibility tensor, κ(ω) is
the extinction coefficient, and c is the speed of light. The
susceptibility tensor, χ (ω), is determined from the Kubo-
Greenwood formula [65]:

χij (ω) = − e2�4

m2ε0Vω2

∑

nm

f (Em) − f (En)

Emn − �ω − i�
π i

nmπ j
nm, (8)
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FIG. 4. Transport properties of the p-i-n-junction field-effect transistor of the 2D CrSCl monolayer for a doping concentration of
3 × 1013 cm–2. (a) Schematic of p-i-n-junction field-effect transistor of the CrSCl monolayer. (b) Bias-dependent current of the p-i-
n-junction field-effect transistor under gate voltages of 0, 5, and 10 V, with the difference conductance curves shown in the inset. (c)
Distribution of current at a bias of −0.5 V under different gate voltages. Spin-resolved transmission coefficient, T(E), and PLDOS at a
bias of −0.5 V under gate voltages of 0 V (d),(g), 5 V (e),(h), and 10 V (f),(i).

where V is the volume, f is the Fermi-Dirac function, �

is the broadening, π i
nm is the ith dipole matrix element

between states n and m. The � value is generally selected
to be between 0.01 and 0.1 eV. We use a default value of
0.086 eV in QuantumATK, corresponding to 1000 K. The
absorption coefficients of the CrSCl monolayer are calcu-
lated using the PBE functional, as shown in Fig. 5(a). It
can be seen that the absorption edge begins at an energy of
approximately 0.3 and 2.1 eV for the spin-up and -down
states, respectively, which correspond to the band gaps of
the spin-up and -down states, respectively. The absorption
coefficient curves show two main peaks at around 1.0 and

3.6 eV for the spin-up states, and they show three main
peaks at around 2.7, 3.6, and 4.2 eV for the spin-down
states. It should be noted that the band gap is underes-
timated with the use of the PBE functional, which will
influence the optical properties of a material. Therefore,
we also calculate the optical properties using PBE + U, as
shown in Fig. S8 within the Supplemental Material [69].
It indicates that the results obtained by the two methods
are consistent with the overall contour, to some extent,
but the position of the absorption edge and absorption
peaks move to the high-energy region when considering
the Hubbard U. The absorption regions of light for the
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FIG. 5. Photoelectric properties of the 2D CrSCl monolayer. Spin-resolved optical absorption coefficient (a) and optical conductivity
(b) of the CrSCl monolayer along the y direction. (c) Schematic of the p-i-n-junction phototransistor of the CrSCl monolayer. (d) Spin-
resolved photocurrent density of the p-i-n-junction phototransistor of the CrSCl monolayer under zero bias for a doping concentration
of 3 × 1013 cm–2. Embedded spectrum pattern in (a),(b),(d) displays visible-light region.

spin-up and -down states [see Fig. S8(a) within the Sup-
plemental Material [69] ] are completely separated in the
low-energy region (visible region), which also results in
similar behaviors of the optical conductivities and pho-
tocurrents in response to light, as shown in Figs. 5(b) and
5(d) and Figs. S8(b) and S8(c) within the Supplemental
Material [69]. Both the optical absorption spectrum and
optical conductivity of the spin-up states are in the spec-
tral region within the AM1.5 standard [66]. Therefore,
the CrSCl monolayer is ideal for developing photovoltaic
devices.

We further construct a phototransistor based on the
p-i-n junction using the CrSCl monolayer, as shown in
Fig. 5(c), and we illustrate its photoresponse character-
istics using linearly polarized light for optical excitation.
The first-order correction to the photogenerated current at
the electrode, α = D or S, due to the absorption of photons
with frequency ω is given by [67,68]

Iσ = e
h

∫ ∞

−∞

∑

β=D,S

[1 − fα(E)]fβ(E − �ω)T−
α,β(E)

− fα(E)[1 − fβ(E + �ω)]T+
α,β(E)dE. (9)

The spin-resolved photocurrent density of a p-i-n-junction
phototransistor for a doping concentration of 3 × 1013 cm–2

under zero bias (without power) is calculated using PBE
and PBE + U, as shown in Figs. 5(d) and S8(c) within
the Supplemental Material [69]. For the results of PBE,
the spin-up photocurrent has a strong sharp peak of
0.7 mA/mm2 at approximately 0.9 eV, and the spin-down
photocurrent has a strong sharp peak of 0.9 mA/mm2 at
approximatively 3.4 eV. According to the results obtained
by using PBE + U, the spin-up photocurrent peak is
located in the yellow-light region, while the spin-down
peak is located in the ultraviolet-light region. Therefore,
the phototransistor’s spin-up channel can be used for
yellow-light detection, and the spin-down channel can be
used for ultraviolet-light detection. In addition, the p-
i-n-junction phototransistor can generate a fully spin-up
polarized current in the visible range, which further indi-
cates the potential for use in photoexcited spin-polarized
electron-generation devices.

IV. SUMMARY

We investigate the electromagnetic properties of the
CrSCl monolayer and the spin-transport properties of p-
n-junction diodes, field-effect transistors, and phototran-
sistors. The results show that the CrSCl monolayer pos-
sesses robust FM ordering, with a magnetic moment up to
3.288µB (PBE) per Cr atom and a high spin polarization.
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Therefore, the p-n-junction diodes of the CrSCl monolayer
show full spin-polarized transport behavior, and the trans-
mission current can be manipulated through the doping
concentration. The p-i-n-junction FET shows similar spin-
filtering behavior to that of the p-n-junction diode, and the
current density is dramatically enhanced at the negative-
bias side as the gate voltage is applied. Furthermore, the
optical properties and photoresponse characteristics of the
phototransistor of the CrSCl monolayer indicate that the
phototransistor’s spin-up and -down channels can be used
to detect different wavelengths of light, and the photo-
transistor can generate a fully spin-up polarized current
in the visible range. The results provide a comprehensive
description of various physical properties of the CrSCl
monolayer, and they show the transition behavior and pho-
toresponse characteristics of devices based on the CrSCl
monolayer. These results demonstrate the potential appli-
cations of the CrSCl monolayer for high-performance spin-
tronic and photovoltaic devices, and they call for further
experimental verification and exploration for this material
and related 2D materials.
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