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Photogenerated fully spin-polarized current has attracted considerable attention in spintronics owing to its high
efficiency for information processing but low energy consumption. However, the short spin carrier lifetime of the
primary materials significantly impedes the practical application of spin-polarized current and presents a major
challenge. Here, on the basis of density functional theory and nonadiabatic molecular dynamics simulations,
we design two prototypes of two-dimensional (2D) ferromagnetic/nonmagnetic semiconductor heterostructures
(CrI3/MoSe2 and CrBr3/MoS2) with demonstrated ultralong photogenerated spin carrier lifetime. It is shown
that the photogenerated spin holes can be effectively injected from the ferromagnetic layer to the nonmag-
netic layer, and fully spin-polarized electrons will be confined in the ferromagnetic layer due to their type-II
spin-polarized channel and large spin-flip gap. More surprisingly, the photogenerated spin carrier lifetime of
these heterostructures is up to the time scale of nanoseconds. Such an ultralong spin carrier lifetime is mainly
originated from small nonadiabatic coupling induced by weak spin electron-phonon interaction and slow nuclear
velocity. Our results provide insights into the design of 2D semiconductor spintronic devices with an ultralong
fully spin-polarized current lifetime.
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I. INTRODUCTION

The spin degree of freedom of electrons has long been
ignored in prevailing charge-based electronics. The discovery
and successful application of giant magnetoresistance [1,2]
as a high-density and high-speed data storage device is one
of the very limited well-known examples of exploiting the
spin degree of freedom. Continuous efforts have been devoted
in recent decades for developing high-efficiency spintronic
devices [3–6] due to their expected high data processing
speed, ultralow power consumption, and high integration den-
sity [7–10]. Naturally, the generation of fully spin-polarized
current has become one of the most important topics in
spintronics research. In terms of the efficiency and energy
consumption, the optical excitation has been proposed as an
ideal scheme for generating the fully spin-polarized current
[4,11–13]. On the one hand, the optical response of spin carri-
ers typically occurs in the time scale of femtoseconds, which
is much more sensitive than the optoelectronic response. On
the other hand, the photogenerated spin-polarized current
could avoid the generation of Joule heat induced by the re-
sistance of traditional ferromagnetic (FM) metal or half metal
(e.g., Co, Ni, Fe3O4, CrO2) [9,14,15]. Despite the above-
mentioned advantages, the carrier lifetime of photogenerated
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fully spin-polarized current in common ferromagnetic metal
or half-metal materials is rather short, which significantly
limits the subsequent spin injection, manipulation, and detec-
tion. In this sense, ferromagnetic semiconductor materials are
highly desirable since the spin-polarized carriers can survive
for much longer time in this type of materials [16].

Upon the coming of the post-Moore era, two-dimensional
(2D) semiconductor materials have been widely studied with
the great promise of numerous advanced electronic applica-
tions [17–20]. Unfortunately, the nonmagnetic nature of most
2D semiconductors has hampered their applications in spin-
tronics. In light of the common advantages of 2D materials,
if ferromagnetism can be induced in 2D semiconductors, they
are expected to become potential high-performance spintron-
ics materials. Several traditional methods including doping of
magnetic metal atoms (e.g., Mn, Fe, Co, and Ni), creating
vacancy, strain, and annealing under different atmospheres,
have been used to acquire ferromagnetism in 2D semicon-
ductors [21–27]. Nevertheless, these strategies either failed or
achieved very limited success in practical application. First,
doping-induced ferromagnetism is unstable and susceptible
to the environment and structural deformation [28]. Sec-
ond, the introduced spin energy states are mostly localized
near the Fermi level, which enables the rapid recombina-
tion between the photogenerated spin electrons and holes in
the time scale of picoseconds [29]. It is exciting that in-
trinsic 2D FM semiconductors have been discovered very
recently, including the CrX3 (X = Cl, Br, I) monolayer and
Cr2Ge2Te6 bilayer [30–32]. Their suitable band gap and large

2469-9950/2021/103(24)/245411(9) 245411-1 ©2021 American Physical Society

https://orcid.org/0000-0003-4747-613X
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.103.245411&domain=pdf&date_stamp=2021-06-09
https://doi.org/10.1103/PhysRevB.103.245411


ZHOU, ZHANG, GUO, ZHANG, NIU, MA, AND WANG PHYSICAL REVIEW B 103, 245411 (2021)

spin-flip gap are feasible to generate photogenerated fully
spin-polarized carriers and delay their annihilation under un-
polarized light with a specific frequency. Such a momentous
discovery provides a new playground for applications of 2D
FM semiconductors for spintronics at the nanoscale [33].
However, the photogenerated spin carriers are still localized
on FM semiconductors, suggesting their limited spin carrier
lifetime. Therefore, exploring an effective strategy to fur-
ther prolong the photogenerated spin carrier lifetime is thus
desired.

For traditional nonmagnetic (NM) 2D semiconductors,
constructing van der Waals heterostructures with type-II band
alignment has been demonstrated to be an effective method
to rapidly separate the photoexcited electrons and holes. The
formed indirect excitons in a heterostructure always show a
longer lifetime than that of direct excitons in individual layers
[34–40]. For instance, Frank et al. observed that the signal
of transient absorption measurements in the MoS2/MoSe2

heterostructure is about ten times longer than that of the
MoSe2 monolayer [34]. Using time-domain density functional
theory (DFT), Long et al. found that the electron-hole (e-h)
recombination lifetime of the MoS2/MoSe2 heterostructure
is one order of magnitude longer than that of the isolated
MoS2 or MoSe2 monolayer as well [38]. Enlightened by these
resports, a reasonable question arises in our minds. Can we
promote the spin carrier lifetime significantly by construct-
ing a 2D FM/NM semiconductor heterostructure with type-II
band alignment? In such a 2D heterostructure, the photogen-
erated spin electrons and holes are expected to be efficiently
separated by being injected from the FM layer to the NM
layer. Such a smart strategy is feasible in principle but has
rarely been explored.

To validate this idea, we design a prototype of 2D
FM/NM semiconductor heterostructures by combining DFT
calculations and nonadiabatic molecular dynamics (NAMD)
simulations. In our scheme, the photogenerated spin holes will
be rapidly injected from a 2D CrX3 (X = I, Br) FM layer to
a 2D MoY2 (Y = S, Se) NM layer while fully spin-polarized
electrons will reside in CrX3 due to their large spin-flip gap
and type-II spin-up channel. As expected, the photogenerated
spin carrier lifetime of the designed 2D FM/NM semicon-
ductor heterostructure has been significantly improved by one
to two orders of magnitude compared with the isolated 2D
FM CrX3 component. Further analysis reveals that such ultra-
long photogenerated spin carrier lifetime is closely related to
the small wave function overlap of donor-acceptor states and
unique low-frequency vibrational modes, which leads to weak
electron-phonon (e-ph) interaction and slow nuclear motion.
Importantly, by cleverly utilizing the 2D NM semiconductor
as the spin carrier trap layer, this strategy not only provides a
route for overcoming the issue of short spin-polarized current
lifetime in 2D FM semiconductors but also may enable many
advanced applications.

II. COMPUTATIONAL METHODS

All calculations of geometric relaxation and electronic
structure, as well as ab initio molecular dynamics, were
explored using VASP [41,42]. The Perdew-Burke-Ernzerhof
(PBE) was used to treat the electron exchange-correlation

functional based on the framework of generalized gradient
approximation (GGA) [43]. The projector-augmented wave
(PAW) method was utilized to describe the electron-ion inter-
action and single-particle wave functions were expanded into
a plane-wave basis up to a cutoff energy of 500 eV [44]. The
lattice constants and electronic structure were optimized using
a Monkhorst-Pack k mesh of 5×5×1 grid and a convergence
threshold was 10−5 eV for energy and 0.02 eV Å−1 for force,
respectively. The van der Waals weak interaction was induced
using the semiempirical correction scheme of Grimme, DFT-
D3 [45]. Also, HSE06 hybrid functional [46] was utilized to
obtain a more accurate band structure. A vacuum region of
at least 20 Å along the z direction was used to avoid the
interaction between two neighboring periodic units.

The photogenerated spin e-h recombination and spin hole
injection dynamics were calculated by using NAMD sim-
ulations, as implemented in the PYXAID code [47,48]. The
decoherence-induced surface hopping (DISH) method within
time-domain density functional theory was carried out [49].
After lattice optimization at 0 K, both of the models were
warmed up to 300 K during 4 ps in the canonical ensem-
ble through repeated velocity rescaling. Next, 4 ps ab initio
molecular dynamics (AIMD) was calculated in the micro-
canonical ensemble with a 1 fs nuclear time step, and
following NAC calculations were carried out along this AIMD
trajectory. The 200 initial configurations were selected ran-
domly in the first 1 ps AIMD trajectory. Then 3 ps NAMD
simulations were performed to obtain the state population of
excited spin carriers.

III. RESULTS AND DISCUSSION

A. Design strategy and modeling

To obtain photogenerated fully spin-polarized carriers and
long spin carrier lifetime, a large spin-flip gap and suitable
band gap in the FM semiconductor and type-II band alignment
are the prerequisites for the design of the targeted 2D FM/NM
heterostructure, as shown in Fig. 1(a). First, a large spin-flip
gap and suitable band gap are favored to excite carriers of a
single spin channel, which will generate fully spin-polarized
e-h pairs under photoexcitation with appropriate energy [50].
Second, type-II band alignment facilitates the injection of
photogenerated spin carriers from the FM layer to the NM
layer, which has been demonstrated in spin solar cells and
spin photodiodes [4]. Recently, CrI3 and CrBr3 monolayers
[Fig. 1(b)] have been demonstrated to be intrinsic 2D FM
semiconductor in both experiment and theory [30,31,51,52].
More importantly, their suitable band gap and large spin-flip
gap offer an opportunity to utilize them to generate fully spin-
polarized current [51,53,54]. We choose 2H-MoS2 and MoSe2

monolayers [Fig. 1(b)] as NM layers for the 2D FM/NM
heterostructure because of their high spin-to-charge conver-
sion efficiency; thus any signal from MoS2 or MoSe2 implies
that the spin carrier has been injected across the interface
[15,55]. Furthermore, their good lattice match with CrBr3

and CrI3 (see the Supplemental Material [56] for details)
and the smooth and atomically thin heterointerface ensure
their chemical and structural stability [57]. Thereby, four het-
erostructures, CrI3/MoSe2, CrBr3/MoSe2, CrI3/MoS2 and
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FIG. 1. (a) Schematic diagrams of three favorable conditions for generating and improving photogenerated fully spin-polarized carrier
lifetime: (1) large spin-flip gap, (2) suitable band gap, and (3) type-II band alignment. FM and NM represent ferromagnetic and nonmagnetic
semiconductor, respectively. (b) Top and side views of CrX3 (X = I, Br) and MoY2 (Y = S, Se) monolayers, and (c) CrX3/MoY2 heterostructures
with AB1, AB2, and AB3 stacking configurations. The pink, green, blue, and violet balls represent Mo, Y (S, Se), Cr, and X (I, Br) atoms,
respectively. The black vertical lines are marked to identify the different stacking configurations.

CrBr3/MoS2, are constructed and considered as appropriate
candidates for 2D FM/NM semiconductor heterostructures.

We consider three possible stacking patterns, labeled as
AB1, AB2, and AB3, for these four heterostructures, as
shown in Fig. 1(c). The calculated ferromagnetic and an-
tiferromagnetic (AFM) energies are listed in Table S1 of
the Supplemental Material [56] and the FM state of AB2
stacking has the lowest energy. The band structures of four
heterostructures with the lowest energy are shown in Fig. S1
of the Supplemental Material [56]. In particular, the photo-
generated spin e-h pairs cannot be separated effectively in the
CrI3/MoS2 heterostructure due to its type-I spin-up channel.
This could be attributed to the large lattice mismatch (4.6%)
between the MoS2 monolayer and the CrI3 monolayer, which
induces large lattice strain and significantly changes the band-
edge position. In addition, the smallest interlayer band gap
for CrBr3/MoSe2 is harmful to obtain a long interlayer spin
carrier lifetime [58,59]. Therefore, we take the CrI3/MoSe2

and CrBr3/MoS2 with AB2 stacking as examples for further
calculations. Note that the band gap is always underestimated
by the PBE functional. To obtain a more accurate band align-
ment of CrI3/MoSe2 and CrBr3/MoS2 heterostructures, we
also performed band-structure calculation using the HSE06

functional, as shown in Fig. S2 of the Supplemental Material
[56]. Clearly, two heterostructures still present the type-II
spin-up channel, indicating that our results are reliable with
different calculation methods.

B. Electronic structure

Before NAMD simulations, we calculate the band struc-
tures of CrI3/MoSe2 and CrBr3/MoS2 heterostructures with
a 3×3 supercell to analyze the effect of electronic structure
on spin carrier transfer dynamics, as shown in Fig. 2. Both of
them possess type-II band alignment in the spin-up channel
but type-I band alignment in the spin-down channel. Mean-
while, the observed large spin-flip gaps (0.7 eV for CrI3 and
1.29 eV for CrBr3) provide the driving force to generate
fully spin-polarized carriers. That is, under pump light irra-
diation with appropriate energy, single spin-up electrons can
be excited. After that, the photogenerated spin-up electrons
would reside in the CrI3 or CrBr3 monolayer while spin-up
holes would rapidly be injected into the MoSe2 or MoS2 layer
through the type-II spin-up channel. This is expected to cause
the effective separation of photogenerated spin e-h pairs. In
addition, the spin carrier injection efficiency depends on the
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FIG. 2. (a) Band structure of CrI3/MoSe2 (left) and CrBr3/MoS2 (right) heterostructures. The blue and red spheres represent spin-up
and spin-down channels for CrI3 and CrBr3, respectively. (b), (c) Corresponding charge density of CBM and VBM of CrI3/MoSe2 and
CrBr3/MoS2 heterostructures, respectively.

donor-acceptor states coupling between FM and NM layers
as well. The charge density distributions of the key electronic
states for CrI3/MoSe2 and CrBr3/MoS2 heterostructures are
shown in Figs. 2(b) and 2(c). Clearly, the hole acceptor
states (MoSe2@VBM and MoS2@VBM) are mainly local-
ized on the MoSe2 or MoS2 monolayer. Fortunately, the hole
donor states (CrI3@VBM and CrBr3@VBM) are delocal-
ized over the whole system. This charge density distribution
gives rise to strong donor-acceptor coupling, and highly ef-
ficient spin hole injection is expected to occur in these two
heterostructures.

When the spin hole injection occurs, the excited spin elec-
trons in the FM layer will recombine with the spin holes
in the NM layer. For the CrI3/MoSe2 heterostructure, the
charge densities of initial states (CrI3@CBM) and final states
(MoSe2@VBM) are strongly localized on CrI3 and MoSe2,
respectively, which exhibit negligible spatial overlap of the
donor-acceptor states. Accordingly, the weak donor-acceptor
interaction will lead to the recombination of electrons and
holes in the same spin-polarized channel very slowly, namely,
by slow spin e-h recombination. Note that the electron donor
state, CrBr3@CBM, is also slightly contributed by MoS2.
Such a distribution will enhance the donor-acceptor interac-
tion and accelerate spin e-h recombination. Therefore, we

infer that the spin carrier lifetime of CrI3/MoSe2 would be
longer than that of CrBr3/MoS2.

C. Photogenerated spin carrier dynamics

Based on the type-II spin-up channel of CrI3/MoSe2 and
CrBr3/MoS2 heterostructures, three significant photogener-
ated spin carrier dynamics processes should be considered
[see Fig. 3(a)]: (1) spin hole injection from FM layer to NM
layer; (2) interlayer spin e-h recombination at the interface,
and (3) intralayer spin e-h recombination in the FM layer.
These processes occur in parallel and compete with each
other, which are similar to the charge separation and e-h
recombination in traditional semiconductor heterostructures
[38,59–61]. If process 1 exhibits a much smaller time scale
than that of processes 2 and 3, the spin hole will effectively
inject from FM layer to NM layer and process 2 plays a key
role in improving spin carrier lifetime. Otherwise, process 3
determines the spin carrier lifetime.

To further characterize the spin hole injection and spin
e-h recombination dynamics processes, the state population
of excited spin carriers of CrI3/MoSe2 and CrBr3/MoS2

heterostructures are calculated using NAMD simulations and
displayed in Fig. 3. It can be seen that picosecond-scale
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FIG. 3. (a) Schematic image of photogenerated spin carrier dynamics processes: (1) spin hole injection, (2) interlayer spin e-h recombina-
tion, and (3) intralayer spin e-h recombination. (b), (d) State population of the above three dynamics processes in CrI3/MoSe2 and CrBr3/MoS2

heterostructures. All data are fitted by the exponential function f (t ) = exp(−t/τ ). (c), (e) The average nonadiabatic coupling (NAC) value
between the donor and acceptor states. The larger the NAC, the stronger the coupling.

spin hole injection occurs in both heterostructures while the
spin electron at the conduction band minimum (CBM) of
the CrI3 and CrBr3 layer recombines with the spin hole at
the valence band maximum (VBM) of the MoSe2 and MoS2

layer within a time scale of a few nanoseconds. Such a huge
time-scale difference reveals that once the spin hole injects
into the NM layer, it is time consuming for the spin elec-
tron to recombine with it. Besides, the intralayer spin e-h
recombination occurs within 111 ps for CrBr3 and 17 ps
for CrI3, also much slower than the spin hole injection by
a factor of 25.2 and 3.4, respectively. The ultraslow inter-
layer spin e-h recombination leads to an ultralong lifetime
of spin-polarized current in CrI3/MoSe2 and CrBr3/MoS2

heterostructures. Furthermore, compared with that in CrBr3,
the faster intralayer spin e-h recombination in CrI3 implies
a worse capability to form interlayer spin e-h pairs in the
CrI3/MoSe2 heterostructure since more spin electrons will
recombine with spin holes through intralayer recombination.
As a result, although the spin hole injection rate shows no
obvious discrepancy in both CrI3/MoSe2 and CrBr3/MoS2

heterostructures, the quantum yield of spin-polarized elec-
trons of the former would be less than that of the latter due
to the faster intralayer recombination. In addition, we take
the interlayer spin carrier recombination of the CrI3/MoSe2

heterostructure as an example to probe the effect of ini-
tial relaxation on the recombination dynamics, as shown in
Fig. S3 of the Supplemental Material [56]. It can be seen that
the relaxation of excited electrons at CBM+2 to the CBM (the
band edge) can occur within a few picoseconds, indicating
that the initial relaxation to the band edge is very fast com-

pared to the recombination dynamics. More importantly, the
recombination lifetime is still up to 2108 ps, which is close to
that from CBM to VBM (2588 ps), indicating that the impact
of the initial relaxation on the recombination dynamics is not
obvious.

Similar to traditional charge separation and e-h recombina-
tion [29,38,62], the spin injection and spin e-h recombination
are strongly dependent on the averaged nonadiabatic cou-
pling (NAC) element between the key states, which can be
expressed as

d jk = 〈ϕ j | ∂

∂t
|ϕk〉 = 〈ϕ j |∇RH |ϕk〉

εk − ε j
Ṙ. (1)

Here H is the Kohn-Sham Hamiltonian, ϕ and ε are
the wave function and eigenvalue, respectively, R is the
velocity of the nucleus, and k and j represent different
electronic states [63,64]. It is shown in Figs. 3(c) and 3(e)
that the NAC between CrI3@CBM (CrBr3@CBM) and
MoSe2@VBM (MoS2@VBM) is much smaller than that be-
tween CrI3@VBM and MoSe2@VBM, which is responsible
for the ultra-long spin carrier lifetime and fast spin hole in-
jection rate in both heterostructures. Also, the NAC between
CBM and VBM in CrBr3 is smaller than that of CrI3, further
demonstrating the faster spin e-h recombination in CrI3 (see
Fig. 3). All NAC analyses are consistent with the obtained
state population results. According to Eq. (1), the NAC value
is determined by the e-ph coupling term 〈ϕ j |∇RH |ϕk〉, en-
ergy difference εk − ε j , and nuclear velocity Ṙ. In general,
larger e-ph coupling, smaller energy diference, and faster
nuclear velocity lead to larger NAC, which accelerates spin
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FIG. 4. Spectral densities characterizing phonon modes involved in (a) spin hole injection and (b) interlayer spin e-h recombination of
CrI3/MoSe2 and CrBr3/MoS2 heterostructures and (c) intralayer spin e-h recombination of CrI3 and CrBr3 monolayers.

hole injection and spin e-h recombination. From Fig. 2, the
energy difference of the interlayer band gap and the spin
hole injection gap between two heterostructures is only 60–80
meV, indicating that the influence of energy difference on spin
hole injection and spin e-h recombination dynamics processes
can be ignored, and the other two terms may play a vital
role in determining the spin hole injection rate and spin e-h
recombination lifetime.

To further explore the influence of e-ph interaction and
nuclear velocity on spin hole injection and spin e-h recombi-
nation processes, we compute the Fourier transforms of the
energy gap between key states of two heterostructures, as
shown in Fig. 4. In the framework of DFT, the distribution
of electronic density as well as the electronic structure and
properties is determined by the positions of nuclei, accord-
ing to the Kohn-Sham theorem. Thus, the variation of band
gap as the function of time will be the consequence of the
motion of nuclei. Mathematically, the motion of nuclei can
be viewed as the supercomposition of harmonic vibrations
(normal modes), and the expansion coefficients represent the
contribution of the corresponding mode to the nuclei motion.
In this sense, the Fourier transform on the variation of energy
gap with respect to time will reveal the contribution of each
mode, so as to determine the dominant phonon frequency.
First, for spin hole injection and interlayer spin e-h recom-
bination dynamics processes, the dominant vibrational mode
at 261 cm−1 in CrBr3/MoS2 can be assigned to the Eg mode
of CrBr3 at ≈235 cm−1 [65], while it shows lower-frequency
modes at 39 and 121 cm−1 in the CrI3/MoSe2 heterostructure,
which can be attributed to the E1

g mode and A2 mode of
CrI3 at 48 and 128 cm−1, respectively [66,67]. These lower-
frequency phonon modes indicate smaller nuclear velocity
and result in smaller NAC, which consequently suppresses
the corresponding spin carrier dynamics processes. Moreover,
for intralayer spin e-h recombination, the situation becomes
more complex. Figure 4(c) shows that some weak vibrational
modes also participate in the recombination process of the
CrI3 and CrBr3 layer and cause stronger e-ph coupling. Es-
pecially for CrI3, the dominant vibrational mode at 121 cm−1

disappears but some higher-frequency modes participate in
e-ph interaction. That is, many high-frequency phonon modes
largely increase the e-ph coupling and nuclear velocity, thus

leading to faster intralayer spin e-h recombination comparing
with CrBr3. Note that the discrepancy of spectral density
between the CrI3/MoSe2 heterostructure and the CrI3 layer
is probably attributed to the large lattice mismatch, which in-
duces large lattice strain and markedly shifts the Raman peak
position [67].

Another factor affecting the spin e-h recombination is the
pure dephasing (decoherence), which is obtained based on the
second-order cumulant approximation of the optical response
theory [49]. Here we calculate the pure-dephasing function
of two heterostructures and the corresponding FM layer, as
shown in Fig. 5. The time constants are fitted by the Gaus-
sian function f (t ) = exp(−0.5(t/τ )2). In general, the faster
loss of coherence means a slower quantum transition rate,
as confirmed by the quantum Zeno effect [68]. Compared
with that of CrBr3/MoS2, the calculated pure-dephasing time
of CrI3/MoSe2 is 11.4 fs, in favor of acquiring long-lived
excited spin electrons [Fig. 3(a)]. Such short-lived decoher-
ence can be attributed to the dominant low-frequency acoustic
mode at 121 cm−1, which participates in the interlayer spin
e-h recombination and gives rise to elastic e-ph scattering.
In contrary, the higher-frequency optical phonon modes at
261 cm−1 couple to the spin electrons, which leads to a slower
loss of coherence (19 fs) and accelerates spin e-h recombi-
nation in CrBr3/MoS2. The pure-dephasing time is 27 fs for
CrI3 and 11.1 fs for CrBr3. This can be easily understood
since many more high-frequency modes participate in the
intralayer spin e-h recombination in CrI3 as compared with
those in CrBr3. Note that here we only focus on discussing
the decoherence effect on spin e-h recombination dynamics
process. This is because the decoherence can be ignored dur-
ing the rapid relaxation along the quasicontinuous manifold of
excited electronic states; oppositely, the decoherence effect is
very important for slow e-h recombination dynamics process
since the quantum-classical method generally overestimates
the recombination time [47].

D. Spin carrier mobility

Given the potential application in spintronic devices,
high spin carrier mobility is another essential aspect to ac-
quire superior spin transport. Based on the effective mass
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FIG. 5. Pure-dephasing functions of (a) interlayer spin e-h recombination and (b) intralayer spin e-h recombination. The time data are fitted
by the Gaussian function f (t ) = exp(−0.5(t/τ )2).

approximation, the carrier mobility is determined by the
formula

μ = 2eh̄3C

3kBT |m∗|2E2
1

, (2)

where e is the electron charge, C is the in-plane stiffness,
kB is the Boltzmann constant, T is the temperature, m* is
the carrier effective mass, and E1 is the deformation poten-
tial. The effective masses of electron (m∗

e ) and hole (m∗
h) are

calculated by h̄2[∂2Ek/∂k2]−1, where k is the wave vector,
and Ek is the energy corresponding to the wave vector. The
in-plane stiffness, C = [∂2E/∂ε2]/S0, is obtained by fitting
the energy-strain curves (see Figs. S4(a) and S4(b) of the
Supplemental Material [56]). Here E is the total energy of
the supercell, ε is the applied uniaxial strain, and S0 is the
area of supercell. The deformation potential E1 is calculated
by dEedge/dδ, where Eedge is the energy of CBM and VBM
(see Figs. S4(c) and S4(d) of the Supplemental Material [56]).
The calculated C, E1, m∗

e , and m∗
h along specific directions

(see inset in Fig. S4(a) of the Supplemental Material [56]) are
listed in Table I. The direction-dependent m∗

e and m∗
h indicate

a distinct anisotropic character of spin carrier transport for
both heterostructures. Utilizing the calculated E1, C, and m*,
the hole mobility can be obtained and it is one to two orders
of magnitude larger than electron mobility for CrI3/MoSe2

and this discrepancy is up to three orders of magnitude for
CrBr3/MoS2. Such large hole mobility and strong anisotropy

strongly facilitate the high-speed spin hole transport in these
two heterostructures.

E. Discussion

Now we will make a comparison between CrI3/MoSe2

and CrBr3/MoS2 in terms of electronic structure, spin hole
injection, spin e-h recombination, and spin carrier mobil-
ity. According to the above analyses, we infer that the
CrBr3/MoS2 heterostructure shows better performance in uti-
lizing photogenerated fully spin-polarized current than the
CrI3/MoSe2 heterostructure. This can be attributed to two
aspects: on the one hand, both of them exhibit fast spin hole
injection and an ultraslow interlayer spin e-h recombination
dynamics process, which facilitates to generate long-lived
spin-polarized current. However, for CrI3/MoSe2, the in-
tralayer spin carrier recombination is much faster than that of
CrBr3/MoS2. It means that when the spin carriers are excited,
the photogenerated spin electrons tend to recombine with spin
holes in the CrI3 layer, resulting in a lower quantum yield
of spin electrons. On the other hand, the CrBr3/MoS2 het-
erostructure shows much faster spin hole mobility compared
with the CrI3/MoSe2 heterostructure, which significantly fa-
vors its high-speed spin hole transport.

In general, the HSE06 hybrid functional can obtain a more
accurate band gap than the PBE functional. However, we ex-
pect that the impact of HSE06 correction on the photoinduced
dynamics of the heterostructures is very limited due to the

TABLE I Deformation potential E1, in-plane stiffness C, effective mass of carriers m*, and carrier mobility μ along �-X and Г-Y direction
in CrI3/MoSe2 and CrBr3/MoS2 heterostructures at 30 K.

Direction Carrier type E1 (eV) C (N/m) m∗(me) μ (cm 2V−1 s−1)

CrI3/MoSe2 Г-X e −4.77 147.78 9.66 9.89
h −5.46 147.78 1.20 489.35

Г-Y e −7.24 192.18 0.95 577.47
h −5.15 192.18 0.76 1783.26

CrBr3/MoS2 Г-X e −8.93 217.86 3.89 7.80
h −2.22 217.86 2.88 2868.76

Г-Y e −9.95 217.86 6.06 8.52
h −1.36 217.86 1.97 4314.74
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large time scale difference (one to two orders of magnitude)
between intralayer recombination and interlayer recombina-
tion. To assess the effect of HSE06 correction on the NAMD
calculation, we take the intralayer spin e-h recombination
in the CrI3/MoSe2 heterostructure as an example and use a
scissor operator to correct the energy difference between PBE
and HSE06 functionals in the NAMD calculation. As shown
in Fig. S5 of the Supplemental Material [56], the intralayer
spin e-h recombination lifetime with scissor operator correc-
tion is 190 ps, which is larger than that without correction
(17 ps). However, the corrected lifetime of the intralayer re-
combination is still much faster than that (2588 ps) of the
interlayer spin e-h recombination without correction by one
order of magnitude. Thus, it is reasonable to avoid the expen-
sive HSE06 correction in our dynamics simulation.

IV. CONCLUSIONS

In summary, we have designed two prototypes of 2D
FM/NM semiconductor heterostructures (CrI3/MoSe2 and
CrBr3/MoS2) and demonstrated them as potential high-
performance 2D semiconductor spintronic devices based on
first-principles and excited state dynamics calculations. First
of all, large spin-flip gaps presented in the band structures
of both CrI3/MoSe2 and CrBr3/MoS2 heterostructures are
in favor of generating photogenerated fully spin-polarized
carriers. Meanwhile, the spin hole can be effectively injected
from the FM layer to the NM layer due to their type-II spin-up
channel. Second, through contact with the NM MoY2 (Y = S,

Se) monolayer, the photogenerated spin carrier lifetime of
the FM CrX3 (X = I, Br) has been significantly increased
by one to two orders of magnitude. Such an ultralong spin
carrier lifetime is originated from the small wave function
overlap of donor-acceptor states and unique low-frequency
vibrational modes, which results in a much smaller NAC. Fi-
nally, CrX3/MoY2 heterostructures expose superior spin hole
mobility and the CrBr3/MoS2 heterostructure shows longer
intralayer spin e-h recombination lifetime and higher spin
hole mobility. Such superior spin transport and spin relaxation
properties favor to acquire high information processing and
storage ability, endowing its potential application prospect in
spin computers or magnetic memory devices. Overall, our
results provide valuable insights into the design of 2D FM
semiconductors for spintronics devices with ultralong fully
spin-polarized current lifetime.
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