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Abstract
Manipulating the valley degree of freedom as an information carrier has been a focused topic for both
fundamental and applied research.Here, using first-principles calculations, we report the identifica-
tion ofmonolayer CrX2 (X=S, Se) as a novel two-dimensional valleytronic crystal. It shows large
valley spin splitting in the valence band, attractive for the integration of valleytronics and spintronics.
More importantly, through proximity couplingwithmonolayer CrCl3, the valley polarization in
monolayer CrX2 is achieved, which can be further engineered by stacking patterns. Also, the valley
polarization inmonolayer CrX2 can be obtained viamagnetically dopingV andMn. Specially for
V-dopedmonolayer CrSe2, there are no impurity states in the band gap, beneficial for its practical
applications. Ourworks thus provide not only exceptional two-dimensional valleytronic crystals but
also promisingways for realizing valley polarizations in them.

Introduction

Two-dimensional (2D) valleytronicmaterials have recently attracted considerable attention [1, 2]with the
development of 2Dmaterials [3–8]. In 2D valleytronicmaterials, the valley characterizes the localmaximum in
the valence band or the localminimum in the conduction band at theK andK′ points. Therefore, carriers are
endowedwith an extra degree of freedom, namely the valley index, which is robust against lattice scatting as it
has large separation inmomentum space [9]. Also, the valley index is associatedwith the valley-contrasting
physical quantities [2]. Analogous to exploiting charge for electronics or spin for spintronics [10, 11], the valley
index constitutes the binary states, forming themain context of valleytronics. This results in a large amount of
intriguing phenomena and potential applications, especially in information storage and processing [12–15].
Although 2D valleytronicmaterials are highly desirable, up to now, only a few candidates are proposed,
including graphene, VSSe, Tl2O, and 2D transitionmetal dichalcogenides (TMDs)MX2 (M=V, Ta,Mo,W;
X=S, Se, Te) [16–22]. Therefore, new 2D valleytronicmaterials remain to be discovered and are still urgently
needed.

On the other hand, tomake a valleytronic device, it is necessary to break the balance of carriers in theK and
K′ valleys, thereby achieving the valley polarization [9, 23]. To that end, currently, several avenues are proposed.
One is to use the circularly polarized optical pumping [14, 15] since the orbitalmagneticmoments are opposite
in theK andK′ valleys. This approach has beenwell demonstrated in experiments to be able to realize valley
polarization [13–15, 24–27]. However, optical pumping is a dynamical process, which simply changes the
chemical potential in the valleys and is not applicable for robustmanipulation [18]. Another avenue is to use
magnetic field to induce spin polarization, which is accompanied by a valley polarization [28, 29]. That is
because the spin and valley indexes in 2D valleytronicmaterials are locked to each other. Although valley
polarization is indeed achieved by applying externalmagnetic field experimentally, the effect is rathermodest as
1 Tmagnetic field can only lead to a splitting of 0.1–0.3meV [30–32]. Comparedwith these two approaches,
recently utilizing atomdoping [20, 33–37] andmagnetic semiconductor substrate [38–44] are shown to bemore
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effective ways to achieve valley polarization. Nevertheless, as the interaction between hostmaterial and the
substrate/dopingmay deform the valley feature, themagnetic substrate or transitionmetalmust be selected
carefully.

In this work, we systematically investigate the electronic and valleytronic properties ofmonolayer CrX2

(X=S, Se) on the basis offirst-principles calculations.Monolayer CrX2 is a direct-gap semiconductor and
harbors two inequivalent valleys at theK andK′ points. Also, it exhibits a very large valley spin splitting in the
valence band, providing a highly attractive candidate for research on valleytronics and spintronics.Moreover,
we propose two effective strategies to produce valley polarization inmonolayer CrX2, where the valley features
arewell preserved. One is through proximity couplingwithmonolayer CrCl3, which leads to valley polarization.
And the induced valley polarization exhibits a stacking pattern-dependent behavior. Another is utilizingV and
Mndoping. Particularly for the case of V-dopedmonolayer CrSe2, no impurity state appears in the band gap,
which is favorable for practical applications. These compelling properties rendermonolayer CrX2 an attractive
platform for developing valleytronic devices.

Methods

First-principles calculations are performedwithin density functional theory (DFT) as implemented inVienna
ab initio Simulation Package (VASP) [45]. To describe the electron-ion interaction, the projected augmented
wave (PAW) approach is adopted [46]. The generalized gradient approximation (GGA) in formof Perdew–
Burke–Ernzerhof (PBE) functional is used to describe the exchange-correlation interaction [47]. The cutoff
energy is set to 500 eV. The vacuum space is set to be about 18Å. The van derWaals interaction is treated by the
DFT-D3method [48]. Structures are fully relaxedwith the force tolerance of 0.01 eV Å−1. The convergence
criterion for electronic iteration is set to be 10−6 eV. A 7×7×1 and 9×9×1 k-point grid is used to sample
the Brillouin zone for geometry optimization and static electronic calculations, respectively. The strong-
correlated correction is consideredwithGGA+Umethod to deal with theCr’s 3d electrons [49]. The effective
onsite Coulomb interaction parameter (U) and exchange interaction parameter (J) are set to be 3.5 and 0.5 eV,
respectively [20, 50–52]. The spin–orbit coupling (SOC) effect is taken into account in electronic structure
calculations. Berry curvatures are calculated using theWANNIER90 package [53]. The phonon spectra is
obtained using the PHONOPY code [54].

Results and discussion

It is known that CrX2 can exist in 2H phase and 1T phase [55, 56]. Previous works investigated the electronic
andmagnetic properties of 1T-CrX2 and found that a strain can induce a state switch between ferromagnetic
and antiferromagnetic [56]. However, the inversion symmetry limits its valleytronic applications. Here, we
focus on 2H-CrX2 to investigate the valleytronic properties. Figure 1(a) shows the crystal structures of
monolayer CrX2. It exhibits a hexagonal lattice, with a Cr atom layer sandwiched between twoX atom layers.
The lattice constants are found to be a=b=3.041 Å for CrS2 and a=b=3.173 Å for CrSe2, which agree
well with previous works [55, 57, 58]. To confirm the stability of CrX2, we calculate its phonon spectra. As
shown in figure S1, no imaginary frequency is observed in the whole Brillouin zone, indicating that CrX2 is
dynamically stable. The crystal symmetry ofmonolayer CrX2 is D3h, and hence its inversion symmetry is
explicitly broken. The band structures ofmonolayer CrX2 are shown in figures 1(d) and (e).We can see that
monolayer CrS2 (CrSe2) is a semiconductor with a direct band gap of 0.93 (0.75) eV. The valence band
maximum (VBM) and conduction bandminimum (CBM) both locate at the at theK andK′ points, forming
two energy-degenerate valleys. By comparing the band structures with andwithout considering SOC, we can
see an interesting point. Namely, upon including SOC, both VBMandCBM experience a valley spin
splitting, and thus the spin degeneracy of both VBMand CBMare lifted (see figure 2(b)). And as shown in
figures 1(d) and (e), the ordering of the spin-up and spin-down states atK andK′ valleys are opposite, which
can be attributed to the time-reversal symmetry [E↑(k)=E↓(−k)]. Accordingly, spin can be selectively
excited through the optical selection rule.

It should be noted that the valley spin splitting in the valence band [68.5 (90.6)meV] ofmonolayer CrS2
(CrSe2) is significantly large, although these values are smaller than that of transitionmetal dichalcogenides
(0.1–0.5 eV) [9, 35, 59]. In contrast, the valley spin splitting in the conduction band is extremely small [4.1
(15.4)meV]. Such a difference is sought into the different orbital contributions of the VBM and CBMof
monolayer CrX2. As shown in figure S2, the VBMofmonolayer CrX2 ismainly from the -dx y xy,2 2 orbitals of
Cr and px,y orbitals of X. As Cs symmetry guarantees the out-of-plane potential gradient symmetry, the valley
spin splitting inmonolayer CrX2mainly results from the in-plane potential gradient asymmetries. The in-
plane character of these states combined with the strong SOC strength within the Cr atom results in the
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sizeable valley spin splitting in the valence band.While for the CBM, it is dominated by dz
2 orbital of Cr. The

out-of-plane orientation of dz
2 orbital has slight impact on the valley spin splitting, resulting in the negligible

value in the conduction band.

Figure 1. (a)Top and side views of the crystal structures ofmonolayer CrCl3 andCrX2. Right part in (a) shows the coordination
environment of Cr atom inmonolayer CrX2. (b) 2DBrillouin zone formonolayer CrX2withmarking the high-symmetry points.
Band structures ofmonolayer (c)CrCl3, (d)CrS2 and (e)CrSe2. The blue and orange lines denote spin-up and spin-down states,
respectively. The Fermi level is set to 0 eV.

Figure 2. (a)Crystal structures of CrX2/CrCl3 heterostructure under different stacking configurations from top and side views.
Schematic diagrams of the bandswith SOCat theK andK′ valleys for (b)monolayer CrX2 and (c)CrX2/CrCl3 heterostructure. The
blue and orange lines in (b) and (c) denote spin-up and spin-down states, respectively. Band structures of (d) I-CrS2/CrCl3 and (e) I-
CrSe2/CrCl3 without (left) andwith (right) SOC. The blue and orange lines denote spin-up and spin-down states, respectively. The
Fermi level is set to 0 eV.
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Having estimated theK andK′ valleys ofmonolayer CrX2, we then explore how to generate andmanipulate
its valley polarization, which is indispensable for developing valleytronic devices.Wefirst utilizemagnetic
proximity coupling in heterostructures composed ofmonolayer CrX2 and amagnetic substrate to lift the valley
degeneracy.Here,monolayer CrCl3 is selected as the substrate due to two considerations. First,monolayer CrCl3
has beenwell identified to be amagnetic semiconductor. And as shown infigure 1(c), it has a large direct band
gap of 1.51 eV. Second, the latticemismatch between them is small. TheCrX2/CrCl3 heterostructure is
constructed using a 2×2 supercell of CrX2 and a 1× 1 unit cell of CrCl3, which results in a latticemismatch of
0.24% forCrS2/CrCl3 and 2.37% forCrSe2/CrCl3. To reveal influences of latticemismatch on themagnetic
coupling, we also investigate the band structures of I-CrX2/CrCl3 under strain of±1%. As shown infigure S3,
the latticemismatch has little effect on themagnetic coupling betweenCrX2 andCrCl3. Such tinymismatches
arewell desirable for experimental explorations.Moreover, bulkCrCl3 has been successfully exfoliated down to
themonolayer limit [60, 61], offering the possibility for creating van derWaals heterostructures.

For CrX2/CrCl3 heterostructure, we consider three typical configurations, including I-CrX2/CrCl3 (twoX
atoms are above oneCr atomofCrCl3), II-CrX2/CrCl3 (oneCr atomofCrX2 is on top of theCr atomofCrCl3)
and III-CrX2/CrCl3 (twoX atoms and oneCr atomofCrX2 are above two different Cr atoms of CrCl3); see
figure 2(a). To estimate the relative stability among these configurations, we calculate their binding energies,
which are defined as = - -E E E E .b total CrX CrCl2 3

Here E E,total CrX2
and ECrCl3 represent the energy of

CrX2/CrCl3 heterostructure,monolayer CrX2 andmonolayer CrCl3, respectively. As listed in table S1 is
available online at stacks.iop.org/NJP/22/033002/mmedia, these configurations all have negative binding
energies, revealing their energetical stability. Formore information about these configurations, please see table
S1. As listed in table S2, the energy barrier for a physisorbedO2molecule to dissociate or chemisorb on the
surface of CrX2/CrCl3 heterostructure is high, indicating the systems’ robust oxidation resistance at ambient
conditions.

The band structures of CrX2/CrCl3 heterostructure under different stacking configurations are shown in
figures 2(d), (e) and S4.Wenote thatK andK′ points of the primitive cell are folded to theK′ andK points of the
2×2 supercell of CrX2, respectively. Clearly, the three configurations share similar band features. In the
absence of SOC, the spin-up and spin-down channels are asymmetric due to the broken time-reversal symmetry
induced by themagnetic substrate CrCl3.However, theK andK′ valleys are still degenerate in energy.When
including SOC, large valley spin splitting is observed at bothK andK′ valleys. Andmore importantly, as
illustrated infigure 2(c), the degeneracy between theK andK′ valleys is lifted, producing the long-sought valley
polarization. To quantify the valley polarization, we defineΔKK′=EK−EK′ as the energy difference between the
VBMat theK andK′ points. The corresponding results are summarized in table 1, fromwhichwe can see that
the values of valley polarizations inCrX2/CrCl3 are comparable to that ofWSe2/CrI3 [39]. Concerning table 1,
there is another interesting point wewish to address: as the valley spin splitting of VB ismuch larger than that of
CB, the valley energy shift of CB andVB are similar. This discrepancy is sought into the combined effect of SOC
andmagnetic field. For themagnetic field, it induces similar spin splitting inVB andCB, and thus has little
contribution to their difference. In this case, SOCplays a dominate role. And similar to free-standingmonolayer
CrX2, SOCwould induce a large (small) valley spin splitting in VB (CB) due to the orbital contribution.While for
ΔVB (ΔCB), it is the energy difference between the valleys at theK andK′ points. Clearly, the SOChas similar
contribution to the spin splitting at the two valleys inVB (CB) due to the similar oribital contribution, and thus
themagneticfield plays a dominate role. That is why the absolute values ofΔVB andΔCB are comparable. And
althrough SOChas similar contribution to the absoluate values of spin splitting at the two valleys in VB (CB), it
induces opposite spin signs at two valleys.With these results in hand, we can understandwhyΔVB andΔCB have
opposite signs.

Additionally, wefind that the valley polarization is dependent on the stacking pattern. And I-CrX2/CrCl3
shows the largest valley polarizations among the three configurations. Therefore, the valley polarization in

Table 1.The valley spin splittings of VB (D D ¢v K v K
spin

,
spin

,/ ) (inmeV) andCB (D D ¢c K c K
spin
,

spin
,/ ) (in

meV) at theK/K′ point for CrX2/CrCl3 heterostructures. The valley polarizations of VB
(ΔVB) (inmeV) andCB (ΔCB) (inmeV) for CrX2/CrCl3 heterostructures.

Dv K
spin

, D ¢v K
spin

, Dc K
spin
, D ¢c K

spin
,

Δ
VB

Δ
CB

CrCl3/CrS2 I 66.1 71.4 6.7 0.6 −2.7 3.1

II 69.2 68.4 3.4 3.7 0.4 −0.2

III 68.5 68.3 4.2 3.4 0.1 −0.4

CrCl3/CrSe2 I 88.4 94.8 22.8 13.5 −3.1 4.6

II 91.2 91.9 18.5 17.7 0.3 −0.4

III 90.6 90.3 20.9 15.2 1.5 −2.9
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CrX2/CrCl3 can be engineered bymodulating the stacking pattern, which holds promise for practical
applications. The stacking dependent valley polarization results from the variation of the layer and atom
distances. Aswementioned above, theVBMandCBMofCrX2/CrCl3 aremainly fromCr atoms of CrX2 (Cr1),
while the localmagnetic field ismainly provided byCr atoms of CrCl3 (Cr2). The coupling betweenCr1 andCr2
would influence the valley polarization. In detail, a short distance would cause a large valley polarization. And as
expected, the distances of Cr1-Cr2 [dCr1-Cr2(I)<dCr1-Cr2(III)<dCr1-Cr2(II)] show consistent trendwith the
values of valley polarization (see tables 1 and S1).

We then investigate the effect ofmagnetic doping on the valleytronic properties ofmonolayer CrX2.Here, V
andMn atoms are selected as the doping atoms as their radius and electronegativity are similar to that of Cr, thus
inducing no significant structural deformation to the hostmaterial. To verify the stability of doped systems at
ambient conditions, we calculate the energy barrier for a physisorbedO2molecule to dissociate or chemisorb on
the surface of V/Mn-dopedCrX2. As listed in table S3, the energy barrier is high, indicating that both systems are
stable at ambient conditions. To simulate the doping effect, we use oneV/Mnatom to replace oneCr atom from
a 4×4 supercell ofmonolayer CrX2. After dopingwithV/Mn,monolayer CrX2 is spin-polarized. The total
magneticmoment is found to be 1.0μB for V/Mn-dopedCrX2. The rise of spin-polarization can be attributed to
the fact that eachV (Mn) atomhas one less (more) valence electron than theCr atom. And based on this fact, we
can also understandwhy the introducedmagneticmoments for both cases are 1.0μB. To gain further insight
into themagnetic properties, the spin density distributions of V/Mn-dopedCrX2 are depicted in figure 3. It can
be seen that the inducedmagneticmoments aremainly localized around the dopants, and the contribution from
the nearby host atoms are relatively small.

The band structures of V/Mn-dopedCrX2 are shown infigure 3. Since the time-reversal symmetry is
broken, the energy degeneracy between two valleys of V/Mn-dopedCrX2 is expected to be lifted, i.e. E↓ (K )≠ E↑
(K′). As shown infigure 3, for all cases, the top valence band at theK point is higher than that at theK′ point.
Therefore, the valley polarization is also achieved inmonolayer CrX2 bymagnetic doping of V/Mn.The valley
polarizations for V/Mn-dopedCrS2 (CrSe2) are as large as 40.4/65.8 (82.4/83.3)meV, significantly larger than
that of tiny value generated by application of an externalmagnetic field (∼0.10 to 0.24 meV T−1) [29–32].

As shown infigure 3(f), there is a defect state locating closely to valence bands of V-dopedCrS2, whichwould
deform the valleys in the valence bands. But fortunately, the valleys in the conduction bands lie far away from the
defect state.While forMn-dopedCrS2, although several defect states exist in the band gap, they lie far away from
both the valance and conduction bands (see figure 3(g)). Considering the fact that the Fermi level crosses the
bottomof the defect states, the valleys in the valance bands ofMn-dopedCrS2 aremore favorable. A similar case
is also observed inMn-dopedCrSe2, inwhich the valleys in the conduction bands are deformed and the valleys

Figure 3. (a)Crystal structure of V/Mn-dopedmonolayer CrX2. Spin-density distributions of (b)V- and (c)Mn-dopedmonolayer
CrS2. Spin density distributions of (d)V- and (e)Mn-dopedmonolayer CrSe2. The yellow and green isosurfaces in (b)–(e) correspond
to the spin-up and spin-down states, respectively. Band structures of (f)V- and (g)Mn-dopedmonolayer CrS2. Band structures of (h)
V- and (i)Mn-dopedmonolayer CrSe2. The blue and orange lines denote spin-up and spin-down states, respectively. The Fermi level
is set to 0 eV.
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in the valence bands are preserved; seefigure 3(i). Comparedwith these three systems, the case of V-dopedCrSe2
ismore excellent. As shown infigure 3(h), for V-dopedCrSe2, no impurity bands are introduced into band gap
and the energy valleys are preservedwell, which are ideal for practical application in valleytronic devices.

Because of the inversion symmetry breaking, the charge carriers in theK andK′ valleys ofmonolayer CrX2

get a nonzero Berry curvature along the out-of-plane direction, which is the basis for realizing the valleytronics
[2].We then take I-CrS2/CrCl3 andV-dopedCrS2 as examples to inspect the effect ofmagnetic proximity
coupling and doping on the Berry curvature ofmonolayer CrX2. The Berry curvatures are derived from the
Kudo formula [62], which can be expressed as:

åå
y y y y

W = -
á ñá ñ

- ¢¹ ¢

 ¢ ¢
k f

Im v v

E E

2
.

n n n
n

nk x n k n k y n k

n n
2

( )
∣ ∣ ∣ ∣
( )

Here, fn, y ñ,nk∣ and νx/y are the Fermi–Dirac distribution function, the Blochwave functionwith eigenvalue En,
and the velocity operator along x/y directions. The corresponding Berry curvatures as a contourmap in the 2D
Brillouin zone are displayed infigures 4(a)–(c). Formonolayer CrS2, as shown infigure 4(a),Ω(k) at theK andK′
valleys are sizeable and exhibit opposite signs.While for I-CrS2/CrCl3 andV-dopedCrS2, although the values of
Ω(k) are slightly changed, they are still sizeable and feature opposite signs at theK andK′ valleys (figures 4(b) and
(c)). This firmly confirms that the particular features of Berry curvature are preserved in I-CrS2/CrCl3 and
V-dopedCrS2. The band structures ofmonolayer CrS2, I-CrS2/CrCl3 andV-dopedCrS2fitted byWannier
functions are shown infigure S5, which are inwell agreementwithDFT results.

Owning to the sign change of Berry curvatures in different valleys, the intriguing valley-contrasting
physics is expected to be observed inmonolayer CrX2. Namely, in the presence of a longitudinal external
electric field, carriers located in opposite valleys will achieve opposite transverse velocities related to driving
force ofΩ(k) [9, 18]. For pristinemonolayer CrX2 with hole doping, the holes in theK andK′ valleysmove to
opposite directions of the sample under an in-plane electric field (see figure 4(d)), giving rise to the spin/
valleyHall effect.While for CrX2/CrCl3 andV/Mn-doped CrX2, when hole doping them to shift the Fermi
level between theK andK′ valleys, namely the spin polarization is 100%, as shown in figure 4(e), spin-down
holes from theK valley will move to the bottom of the sample under an in-plane electric field. The
accumulated holes will result in a net charge/spin/valley current in the transverse direction [18]. Therefore,
the intriguing anomalous charge/spin/valley effect is achieved inmonolayer CrX2.Wewish to emphasize
that the accompanied anomalous charge/spin effect provide ameasurable voltage for the anomalous valley
effect.Moreover, whenwe reverse themagnetization direction of CrX2/CrCl3 and V/Mn-doped CrX2 by an
external magnetic field, spin-up holes from theK′ valley will move to the top of the sample under an in-plane
electric field, leading a net charge/spin/valley current with opposite direction. It will also result in a
measurable voltage but with opposite sign.

Figure 4.Contourmaps of Berry curvatures of (a)monolayer CrS2, (b) I-CrS2/CrCl3 and (c)V-dopedCrS2. (d) Illustration of valley
Hall effect inmonolayer CrX2with hole doping. (e) Illustration of anomalous valleyHall effect in valley polarizedmonolayer CrX2

with hole doping. The red and blue ‘+’ in (d) and (e) represent the holes inK andK′ valleys, respectively. The blue and red arrows in
(d) and (e) depict the spin directions of carriers.
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Conclusion

In conclusion, usingfirst-principles calculation,we identifymonolayerCrX2 as a promising 2Dvalleytronic
material.Wefind thatmonolayerCrX2 is a direct-gap semiconductor. It exhibits two inequivalent valleys at theK
andK′points and showsa very large valley spin splitting in the valence band.We further propose proximity coupling
withmonolayerCrCl3 to realize the long-sought valley polarization inmonolayerCrX2.And the valley polarization
inCrX2/CrCl3 canbe engineeredby the stackingpattern.Moreover,we reveal utilizingV andMndoping can also
leads to valley polarization inmonolayerCrX2. Specially for the case ofV-dopedmonolayerCrSe2, no defect state
appears in the band gap,which is beneficial for practical applications.Ourworks not only highlight an exceptional
2Dvalleytronic crystals but also provide promisingways for realizing valley polarizations in them.
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