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Two-dimensional van der Waals (vdW) heterostructures have recently emerged as attractive candidates to
work as spintronic and optoelectronic devices. Here, two types of magnetic Crl;/NiCl, vdW heterostructures
are constructed to design spin caloritronic devices. The first-principles calculations uncover that the magnetic
configurations of Crl;/NiCl, vdW heterostructures can be converted easily to a ferromagnetic, an antiferromag-
netic, and even a bipolar magnetic semiconducting state by an external electric field. More interestingly, two
thermal spin-dependent currents with opposite spin orientations can be driven by a temperature gradient to flow
in opposite transport directions independently in the different layers of vdW heterostructures, demonstrating
that the Crl;/NiCl, vdW heterostructures can exhibit a nearly perfect thermal spin-filtering effect in each layer
while generating a well-defined spin-Seebeck effect in the whole system. Our work puts forward a class of
material candidates to design spin caloritronic devices characterized by multiple inspiring thermal-spin transport

behaviors.

DOI: 10.1103/PhysRevB.103.115415

I. INTRODUCTION

Spin caloritronics, combining two independent research
fields of thermoelectrics and spintronics, has attracted an
enormous amount of attention due to its promising de-
vice applications and underlying fundamental science [1-9].
One of the core topics in this field is the spin-Seebeck
effect (SSE), which focuses on how to generate a spin
current by a temperature gradient in magnetic materials.
This effect was first discovered experimentally in mag-
netic metals [1], and then observed in ferromagnetic (FM)
metals/semiconductors/insulators [10,11], antiferromagnetic
(AFM) [12], paramagnetic [13], and even nonmagnetic (NM)
materials [14]. To push spin caloritronics toward practical
device applications, a typical kind of SSE, i.e., a conduction
electron-based SSE, has been proposed in a series of real-
istic material candidates such as graphene [15-17], silicene
[18], and phosphene [19] nanoribbons [12,13,18,20-22],
in which the spin-dependent currents with opposite spin
orientations are driven to flow in opposite directions by a
temperature gradient. However, two spin-dependent transport
channels for thermal spin currents are usually localized at
the edges of the same FM nanoribbons [23]. Thus, limited
by the spatial symmetry of two spin transport channels, it
is very difficult to manipulate any one of the spin-dependent
currents independently. Meanwhile, the spatial separations of
two spin channels in FM nanoribbons reduce the overlap of
two charge currents with opposite transport directions, which
is not beneficial to generate a pure spin current by reducing
the accumulation of charge carriers [24]. These drawbacks
inspire us to explore new material structures to realize the SSE
together with the controllable thermal spin currents.
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We are well aware that two-dimensional (2D) materials
based on van der Waals (vdW) heterostructures have long
been regarded as promising candidates to design spintronic
and optoelectronic devices, due to their high carrier mobil-
ity, broad energy spectra, and tunable electronic structures
[25-30]. However, realization of the SSE and other exotic
thermal-spin effects in vdW heterostructures has been rarely
reported so far. If we push the vdW heterostructures toward
spin caloritronic device applications, one of the key features,
i.e., the FM semiconducting, should appear in them [31-34].
It is regrettable that up to now, only a very small num-
ber of FM vdW semiconducting heterostructures have been
demonstrated. For example, both a FM ground state and high
Curie temperature (7¢) have been proposed in Mg(OH),/VS;
bilayer with vdW-type interactions [35]. Moreover, a FM
semiconducting property characterized by a high T has been
observed in the 2D transition-metal dichalcogenide-based
vdW heterostructures (MoS,/VS, and WS,/VS,) [36], al-
though the FM state originates only from one layer (i.e.,
the VS, layer). It should be stressed that to obtain a well-
defined SSE with controllable spin-dependent currents in
vdW heterostructures, the FM semiconducting feature should
be required in every layer, which also drives us to explore
unique while feasible 2D vdW heterostructures.

In this work, we propose two types of Crl3/NiCl, vdW
heterostructures with stable magnetic configurations. The
first-principles calculations show that both of their layers
display the FM semiconducting feature, while the whole
system shows an AFM ground state. More interestingly, by
applying an external electric field, the magnetic Crls/NiCl,
vdW heterostructures exhibit a bipolar magnetic semicon-
ducting (BMS) state. The unique spin-splitting electronic
structures determine that every layer of the vdW heterostruc-
tures provides a spin-dependent transport channel, i.e., one
layer for spin-up electrons and the other for spin-down ones.
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Then, we construct a spin caloritronic device based on the
one type of Crl3/NiCl, vdW heterostructures and thermally
driven spin-dependent currents, which are calculated from the
density-functional theory (DFT) combined with the nonequi-
librium Green’s function (NEGF) approach. We show that
the spin-up and spin-down currents flow independently in the
different layers with opposite flow directions, indicating that
every layer of the Crl3/NiCl, vdW heterostructure exhibits a
nearly perfect thermal spin-filtering effect (SFE) with the spin
polarization as high as 100%, while the whole device exhibits
a well-defined SSE, contributing to generate a pure thermal
spin current or a thermoelectric spin voltage. Our theoretical
results not only put forward realistic material structures to
realize the SSE combined with the SFE, but they also push
spin caloritronics toward practical device applications with
multiple exotic thermal-spin effects.

The remainder of this paper is organized as follows. In
Sec. II, two models of the Crl;/NiCl, vdW heterostructure
are constructed, and the theoretical methods to study their
magnetic properties and to calculate thermal spin-dependent
currents are introduced. In Sec. III, the numerical results,
including the magnetic configurations and the modifications
of spin-splitting bands by an external electric field, are dis-
cussed in detail, and then a spin caloritronic device based
on the Crl3/NiCl, vdW heterostructure is proposed. In ad-
dition, some thermal-spin effects, including SSE and SFE,
are obtained, and their underlying physical mechanisms are
analyzed in detail. The main results are summarized in the
final section.

II. STRUCTURAL MODELS AND
COMPUTATIONAL METHODS

The geometrical structures of Crl3/NiCl, vdW het-
erostructures are illustrated in Fig. 1, where two possible
stacking configurations of Crl; and NiCl, monolayers from
structural optimization calculations are drawn. For Model A,
one Cr atom sits on one Cl atom, and the other Cr atom sits
on the Ni atom in a united cell, while for Model B, two Cr
atoms sit on two Cl atoms. To get the structurally optimized
vdW heterostructures, we perform the DFT combined with
the NEGF method, which are integrated in the QUANTUM ATK
package [37,38]. In our calculations, the generalized gradi-
ent approximation (GGA) of Perdew, Burke, and Ernzerhof
(GGA-PBE) is selected for the electronic exchange and cor-
relation [39,40]. In addition, the DFT-D; method of Grimme
[41] is used to correct the vdW interactions in the heterostruc-
tures. Norm-conserving pseudopotentials are used [42], a
cutoff energy of 100 Hartree and the Monkhorst-pack 9 x 9 x
1 k grid are selected for the electronic structure calculations,
and a 1 x 1 x 100 k-point grid is used for the transport cal-
culations. Geometrical structures are relaxed until the forces
and energy converge to 0.01 eV/A and 10~° eV. Consider-
ing that the 3d states of Cr and Ni atoms have a significant
influence on the electronic structures of heterostructures, the
Coulomb correlation U is considered in these two kinds of
atoms, indicating that the GGA + U method is used in our
first-principles calculations to ensure numerical accuracy [43].
According to previous reports [44—46], the effective U value
in Cr atoms is adopted as U = 2.65 eV, and that in Ni atoms
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FIG. 1. Schematic structures of two typical models of
Crl;/NiCl, vdW heterostructures, i.e., Model A in (a) and (c),
and Model B in (b) and (d). The upper parts from the top view
and the lower parts from the side view. Ni, Cl, Cr, and I atoms are
represented by the balls with different colors.

is Uegr = 3.0 eV. Moreover, to gain comparable studies, the
numerical results of Crl3/NiCl, vdW heterostructures with-
out considering U are also presented. Additionally, a vacuum
region of 30 A along the direction perpendicular to the layers
is adopted for screening the interactions between two neigh-
boring vdW heterostructures.

The numerical results show that both the Crl; and NiCl,
monolayers host hexagonal lattice symmetry with the op-
timized lattice constant a; = 6.877 A and a, = 3.496 A,
respectively, which are in good agreement with previous ex-
perimental data on bulk structures of the values 6.867 A
[47,48] and 3.488 A [49], indicating that both calculation
methods are reliable and the optimized parameters are rea-
sonable. To decrease the mismatch, the vdW heterostructures
are built on a Crlz unit cell and a 2 x 2 x 1 NiCl, supercell.
The lattice mismatch between Crl; and NiCl, is determined
by the relation n = 2(2a, — a;)/(a; + 2a,) x 100%, which
shows that there is a slight mismatch of 1.66% occur-
ring in the vdW heterostructures, ensuring their structural
stabilities. It is noted that the strain effect induced by lat-
tice mismatch is not considered here, since some previous
works also demonstrated that as the lattice strain is as high as
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1.66% in the Crl3 and NiCl, monolayers, almost no significant
changes are observed in their electronic structures [50,51].
Then, to testify to the stability of the different patterns, we
calculated their binding energies, which are defined as E,, =
(EcyNict, — Ecny — Enicl,)/N, where Ecuynicy,, Eci,, and
Exici, are the total energies of Crl;/NiCl, vdW heterostruc-
ture, Crl3 monolayer, and NiCl, monolayer, respectively, and
N denotes the number of atoms of the Crl3/NiCl, vdW het-
erostructure. The binding energies for Model A and Model
B are —169.97 and —169.63 meV, implying that these two
Crl3/NiCl, stacking patterns are energetically stable. In ad-
dition, the binding energies for both models are nearly equal,
indicating that Model A is located in the ground state while
Model B is in the metastable state. Thus, in our studies we
focus mainly on Model A, considering Coulomb correlation
U both in Ni and Cr atoms, and we put the numerical results
of Model A without U and Model B with (without) U in
the Supplemental Material [52]. Nevertheless, we believe that
both vdW heterostructures can be prepared in experiments,
since 2H-MoTe; and 1T-MoTe; have already been fabricated
successfully, although their binding energies are also different
[53-60]. Additionally, the layer equilibrium distance, i.e., A
drawn in Fig. 1(c), is 3.636 A in Model A and 3.635 A in
Model B, supporting their same preparation possibilities.

III. RESULTS AND DISCUSSION

A. Magnetic configurations of the Crl;/NiCl, vdW
heterostructure

First, we should demonstrate the magnetic configurations
of the Crl3/NiCl, vdW heterostructure. To that end, we con-
sider the total energies of three different magnetic phases,
i.e., FM, AFM, and NM states in the system. It is noted that
some previous studies uncovered that both 1T-NiCl, and Crls
monolayers host FM ground states [61,62]. Therefore, only
the AFM configuration between the Crl; and NiCl, monolay-
ers is considered here. Numerical results show that the energy
difference AEAF = EFM — EAFM and AEAN = ENM — EAFMs
where Ery, Eapm, and Eny, standing for the total energies
of FM, AFM, and NM states, are 1.25 meV and 5.56 eV for
Model A, confirming the AFM ground state in the Crl;/NiCl,
vdW heterostructure, which is similar to the CrS, bilayers
[63]. Moreover, the total energies of the AFM and FM states
are nearly equal, indicating that the Crl;/NiCl, vdW het-
erostructure can be easily turned to the FM state under a small
magnetic field [64-66]. These unique magnetic properties
support their potential for spintronic device applications.

To understand the underlying mechanism of unique mag-
netic configurations of the Crl3/NiCl, vdW heterostructure,
we examine the band structures and spin alignments of
isolated Crl;, NiCl, monolayers, and the vdW-coupled
Crl3/NiCl, bilayer. For a Crl; monolayer, the conduction-
band minimum (CBM) lies in the I'-K line, while the
valence-band maximum (VBM) is located at the I' point,
indicating that the Crl; monolayer has an indirect band
gap of 1.17 eV with U (1.24 eV without U), as shown in
Figs. S1(a) and S1(b) in the Supplemental Material [52].
For a NiCl, monolayer, the CBM lies along the I'-M direc-
tion and the VBM is located at the I" point, indicating that
the NiCl, monolayer has an indirect band gap of 2.52 eV

with U [1.20 eV without U, as illustrated in Figs. S1(c) and
S2(d) in the Supplemental Material [52]], which is in good
agreement with the previous report [67]. For the Crl;/NiCl,
vdW heterostructure, the first-principles calculations show
that the corresponding CBM lies in the I'-M direction, and
the VBM is located at the I point, indicating an indirect
band gap of 0.91 eV, as shown in Fig. 2(a). Moreover, the
CBM and VBM are contributed mainly by the NiCl, and
Crl; layer, respectively. Therefore, type-II band alignments
are formed in the Crl3/NiCl, vdW heterostructure [68]. More
interestingly, the CBM is composed of the spin-down states,
while the VBM is composed of the spin-up ones, causing the
Crl3 /NiCl, vdW heterostructure to exhibit a typical BMS fea-
ture [69-73]. As a result, the spin-down electrons may easily
transfer from the CBM of the Crl; to the NiCl, layer, whereas
the spin-polarized holes can transfer from the NiCl, to the
Crl; layer. Additionally, the charge density (CD) difference
Ap (=pPhetero — Pcrl; — PNicl,) can be applied to understand
the interaction between Crl; and NiCl, monolayers, where
Pheteros> OCrl;» and pnicl, denote the CDs of the heterostructure
and the Crl; and NiCl, monolayer, respectively. As illustrated
in Fig. 2(b), the navy blue and aubergine represent the electron
depletion and accumulation, respectively. One can find that
tunneling electrons are depleted mainly in the NiCl, layer
while they accumulate in the Crls layer.

Furthermore, it is established that the controllable spin-
splitting band alignments are one of the key requirements
to ensure a FM semiconducting heterostructure toward re-
alistic spintronic device applications. Then, we examine the
spin-dependent band alignments in the Crl;/NiCl, vdW het-
erostructure. As illustrated in Fig. 2(c), the CBM and VBM
of the NiCl, layer are obviously lower than those of the Crl3
layer, confirming the typical characteristics of type-II band
alignments in the system [68]. Moreover, we find that the
spin-down bands have the typical characteristics of the type-
II heterostructure, while the spin-up bands tend to display
the typical characteristics of the type-I heterostructure [68].
Interestingly, the CB offsets (AE¢, 3.17 and 1.61 eV) and
the VB offsets (AEy, 1.65 and 1.91 eV) are observed for
the spin-up and spin-down channels, respectively. Therefore,
the different separation possibility of electrons and holes in
the spin-up and spin-down channels also supports that the
Crl3/NiCl, vdW heterostructures have a great potential to
serve as good-performance spintronic devices, due to effective
spin-dependent manipulations.

B. Modifications of spin-splitting bands
by an external electric field

From an experimental point of view, the gate-voltage mod-
ulation is an effective way to adjust the carriers’ energy
level relative to the Fermi level [35,36,74,75]. Now, we con-
tinue to examine the spin-splitting band engineering of the
Crl3/NiCl, vdW heterostructure by an external electric field.
For convenience, the positive direction of the electric field is
defined from the NiCl, to the Crl; layer. In Fig. 3, we plotted
the band structures of the Crl3/NiCl, vdW heterostructure
as the external electric field E is changed from —0.8 to
0.8 V/A in steps of 0.1 V/A, and in Fig. 4 we presented
the corresponding AEar and band gaps versus the strength
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FIG. 2. (a) Band structures of Crl;/NiCl, vdW heterostructure for Model A considering Coulomb correlation U both in Ni and Cr atoms,
where the black (red) lines indicate the spin-up (-down) bands, and the light green (yellow) lines represent Crl; (NiCl,). (b) Structural guidance
for Crl;/NiCl, vdW heterostructure with charge difference in an isosurface value of 0.005 e/f\3 from the inside view. (c) The energy band
offsets of the Crl;/NiCl, vdW heterostructure, where the light gray and the blue stand for the spin-down and spin-up bands, respectively. The
numbers in every column denote the band energies corresponding to the conduction-band minimum and the valence-band maximum.

of the external electric field. Obviously, the vdW heterostruc- as illustrated in Fig. 4(a), while the AFM ground state is in
ture displays the FM ground state because AEsp < O and the range [—0.1, 0.8] V/A, since AEar > 0 and AEaN > O.
AEAN > 0in the range [—0.8, —0.2] V/A of the electric field, Similar results are also found in the Crls bilayer [74]. What
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FIG. 3. Band structures of the Crl;/NiCl, vdW heterostructure for Model A considering Coulomb correlation U under different external
electric field (E) with a step of 0.1 V/A. The upper levels from left to right are —0.8 to —0.1 V/A, and the lower levels from left to right are
0.1-0.8 V/A. The black line indicates spin-up bands and the red line indicates spin-down bands. The light green lines represent the NiCl,,
while the pink lines represent Crl;.
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FIG. 4. (a) The band gap and AFEF as a function of the strength
of external electric field E in the Crl3/NiCl, vdW heterostructure
with Coulomb correlation U both in Cr and Ni atoms. (b) The band-
gap edge as a function of the strength of external electric field E in
the Crl3/NiCl, vdW heterostructure.

is more, AEar is near zero, indicating that the FM state is a
metastable state in the range [—0.1, 0.8] V/ A. Thus, the vdW
heterostructure can be easily converted to the FM state in this
range under a small magnetic field [64—66], confirming further
its potential spintronic device applications.

It is clearly seen that the band gap of the Crl3/NiCl,
vdW heterostructure is sensitive to the external electric field,
i.e., the band gap decreases monotonically with an increasing
electric field in the range [—0.3, 0.8] V/A, while it increases
in the range [—0.8, —0.3] V/A. These asymmetric variations
imply that the electronic properties in the Crl;/NiCl, vdW
heterostructure are highly dependent on the external electric
field, which is very similar to that of the Mg(OH),/VS, het-
erostructure [35]. Moreover, in the range [—0.8, —0.2] V/A,
both the CBM and the VBM are contributed by spin-up
bands, indicating that the vdW heterostructure displays a
magnetic semiconducting behavior, as shown in Fig. 4(b).
Meanwhile, both the VBM and the CBM are located at the
I' point, as shown in Fig. 3, indicating that the Crl;/NiCl,
vdW heterostructure is a typical direct-band-gap magnetic
semiconductor. Furthermore, both the CBM and the VBM
are contributed mainly by the Crl; layer, indicating that the
Crl3/NiCl, vdW heterostructure in this region of the electric
field displays unique type-I band alignments.

0.010 — Spinup
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0.008 —%
< 0.006
E
~ 0.004 I

0.002

0.000

-0.002 . . 4L . .
200 300 400 500 0 1 2 3 4
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FIG. 5. (a) Schematic illustration of the spin caloritronic device
based on the Crl;/NiCl, vdW heterostructure with Coulomb corre-
lation U both in Ni and Cr atoms. The spin-dependent currents are
induced by AT = T}, — Tk. (b) Thermally driven spin-up current /,,
and spin-down current Iy, as a function of device temperature 7; in
the device. (c) The spin-dependent transmission spectra of Model
A, where the black lines denote spin-up electrons and the red lines
denote spin-down electrons.

However, in the range [—0.1, 0.8] V/;\ of the external
electric field, the CBM is composed of spin-down bands,
while the VBM is composed of spin-up bands as illustrated in
Fig. 4(b), indicating that the vdW heterostructure can be easily
converted to BMSs in this region [69-72,76]. Meanwhile,
the VBM is located at the I" point, while the CBM lies in
the I'-M line and is close to the M point, as illustrated in
Fig. 3, suggesting that in this region the Crl3/NiCl, vdW
heterostructure is an indirect-band-gap semiconductor. More-
over, in this range of electric field, the CBM is contributed
mainly by the Crl; layer, while the VBM is contributed mainly
by the NiCl, layer, confirming further that the Crl;/NiCl,
vdW heterostructure hosts unique type-II band alignments.
Therefore, the FM semiconducting features can occur easily
in every layer of the Crl3/NiCl, vdW heterostructure.

C. Nearly perfect SSE and SFE in the CrI;/NiCl, vdW
heterostructure

From the above discussions, one can find that one of the
key conditions, i.e., the FM semiconducting feature to re-
alize the SSE, occurs in the every layer of the Crl;/NiCl,
vdW heterostructure. In Fig. 5(a), we designed the related
spin caloritronic device, which consisted of three parts, i.e.,
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the left (right) lead with temperature 7; (Tx) and the central
scattering region. As a temperature gradient AT (=T — Tg)
is produced, the spin-dependent currents (/,) are generated,
and they can be calculated in the Landauer-Biittiker formula
[77],

+o0
I, = %f {I(E)UL(E, TL) — fr(E, TRIMME, (1)
—0o0

where o stands for spin-up or spin-down, e is the elec-
tronic charge, & is the Planck constant, and the equilibrium
Fermi-Dirac distribution of the left (right) lead at temper-
ature 77, gy is given by the equation f; z)(E, Tr(r)) = {1 +
exp[(E — ;LL(R))/kBTL(R)]}’l. MLk 1s the chemical poten-
tial for the left (right) lead. The spin-resolved transmission
coefficients of the device can be calculated by using the
NEGEF in the linear-resonance regime [78-82] as T,(E) =
TI'[FLGR(E)FRGA(E)], where FL/R = i|EL/R - EL/RTl indi-
cates the interaction between the central scattering region and
the left (right) lead, whose self-energy is /. GR4(E) rep-
resents the retarded (advanced) Green’s function of the central
scattering region, I'r g = [H, — (E +in) + X + >x]~!, and
GAE) = [GR(E)]T, where H, is the Hamiltonian in the cen-
tral scattering region. Note that the temperature gradient
between two leads is adopted as small values with |AT| <«
T;. (r), and the system produces a remarkably small potential
difference Ap < i (r).

In Fig. 5(b), the thermally driven spin-up current /,;, and
spin-down current Iy, transported through the Crl;/NiCl,
vdW heterostructure are plotted as a function of 7,. One
can see that I, < 0 while Iy, > 0 characterized by the same
threshold temperature 7}, indicating that the thermal spin-up
and spin-down currents flow just in the positive directions.
This spin-dependent transport behavior is a typical feature
of the conduction electron-based SSE. Moreover, the curves
of I, are nearly symmetrical with those of Iy, about the
zero-current axis, indicating that a nearly pure thermal spin
current without any accumulation of charge currents can be
achieved in the device [14,83,84], which supports further the
occurrence of a well-defined SSE in the Crl3/NiCl, vdW
heterostructure.

To elucidate the underlying physical mechanism of the
SSE appearing here, we fall back on the Landauer-Biittiker
formula described above. One can see that the spin-dependent
currents depend mainly on the transmission coefficients and
the difference of Fermi-Dirac distributions between two leads.
Considering the fact that the difference of Fermi-Dirac dis-
tributions of the two leads is induced by their different
temperatures (7 > Tg), two kinds of carrier transport may
occur: (i) the carriers with energy higher than the Fermi level
flow from the hot lead to the cold, producing the electron
current (Z,), and (ii) the carriers with energy lower than the
Fermi level flow from the cold lead to the hot, leading to
the hole current (f;). As the transmission spectrum is inde-
pendent of energy, I, and I;, will cancel each other, leading
to a net thermal carrier current. It is interesting that the
transmission spectrum of the Crl3/NiCl, vdW heterostruc-
ture is spin splitting with a finite band gap, as illustrated
in Fig. 5(c), where a spin-up transmission peak is located
above the Fermi level, while a spin-down transmission peak is
located below the Fermi level nearly symmetrically, breaking

the electron-hole symmetry of the system. As a consequence,
the spin-dependent currents are produced, and as a tempera-
ture gradient is adopted, the spin-up current is driven to flow
from the left lead to the right, while the spin-down current
flows in the opposite direction [14,83,84].

Furthermore, by examining the atomic orbital contribu-
tions to the spin-dependent transmission channels near the
Fermi levels from the transmission spectra [see Fig. 5(c)]
and the corresponding band structures [see Fig. 2(a)], one
can conclude that the spin-up transport channel above the
Fermi level is contributed by the Ni atoms in the NiCl, layer,
while the spin-down transport channel below the Fermi level
is contributed by the Cr atoms in the Crl; layer. This prop-
erty indicates that the spin-up and spin-down currents flow
in different layers, i.e., the spin-up current transports in the
NiCl, layer while the spin-down current transports in the
Crl; layer, as illustrated in Fig. 5(a). These unique transport
features support the idea that a nearly perfect SFE with the
spin polarization as high as 100% occurs in every layer of the
Crl3 /NiCl, vdW heterostructure, and that the thermal spin-up
and spin-down currents can be manipulated independently
toward particular device applications.

IV. CONCLUSION

In summary, we constructed a typical Crl3/NiCl, vdW het-
erostructure, and we investigated its magnetic configurations
and thermally driven spin currents systematically by using the
first-principles calculations combined with the NEGF method.
The theoretical results show that the Crl;/NiCl, vdW het-
erostructure displays a stable stacking configuration, and its
magnetic state can be manipulated and adjusted by an external
electric field. In the range [—0.8, —0.2] V/A of the electric
field, the vdW heterostructure has a FM ground state, while
in the range [—0.1, 0.8] V/A it is converted to an AFM semi-
conductor. Moreover, as the electric field is increased to the
range [—0.1, 0.8] V/A, the Crl3/NiCl, vdW heterostructure
is changed to an indirect-band-gap BMS characterized by a
type-II band alignment, while in the range [—0.8, —0.2] V/A
it becomes a direct-band-gap magnetic semiconductor. These
rich magnetic configurations, especially the FM semicon-
ducting properties in every layer of the vdW heterostructure,
support its potential spintronic device applications. Further-
more, we proposed a spin caloritronic device based on the
Crl; /NiCl, vdW heterostructure, and we found that a well-
defined SSE occurs and a nearly pure thermal spin current can
be generated. In addition, every layer of the vdW heterostruc-
ture displays a nearly perfect SFE with the spin polarization
as high as 100%. Our theoretical results propose a class of
structural candidates to realize spin caloritronic devices char-
acterized by multiple inspiring thermal-spin effects.

Note added. The numerical results of Model A of the
Crl;/NiCl, vdW heterostructure without Coulomb correla-
tion both in Ni and Cr atoms are presented in Sec. II of
the Supplemental Material [52], and the numerical results of
Model B without and with U are provided, respectively, in
Secs. III and IV of the Supplemental Material [52], which
show very similar numerical results, supporting the robust-
ness of the spin caloritronic device design of the current
vdW heterostructure. Moreover, in a recent experimental work
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[85], some spin caloritronic effects have been observed suc-
cessfully in a CrBrs-based magnetic vdW heterostructure,
supporting the idea that the vdW heterostructures and the
related thermal-spin effects proposed here can be realized in
experiments.
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