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In addition to the ferromagnetic materials with inversion symmetry breaking, the symmetric antiferromagnetic
materials also exhibit intrinsic valley splitting due to the spin-valley coupling. Using first-principles calculations,
we investigated the manipulation of valley splitting of antiferromagnetic monolayer MnPTe; via biaxial strain.
It is shown that two MnPTe; monolayers with different structures are both stable antiferromagnetic semiconduc-
tors, and exhibit valley splitting between K and K’'. The spin-valley coupling strength can be greatly tuned
by in-plane strain, which is due to the changes of orbital composition of electronic state and the different
contribution of two sublattice atoms. The proportions of d orbitals of Mn atoms determine the orbital angular
momentum of the electronic state, and the different contribution of different sublattices results in the change of
Berry curvature at K and K’ points. The combination of two factors leads to the same changes of valley splitting
and the proportion of the d,;, d, orbitals. These results of are some significance for the design of materials with

greater valley splitting and the understanding of its mechanism.
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I. INTRODUCTION

As a degree of freedom that can be manipulated, valley
has recently received extensive attention, largely due to the
discovery and successful preparation of rich two-dimensional
materials [1]. Using valley to realize information generation,
processing, and storage has become a new research direction
of electronics, as valleytronics. Compared with traditional
electronic devices, valleytronic devices have the advantages
of low power consumption and high speed [2].

Transition-metal dichalcogenides are typical valleytronic
materials. The symmetry breaking of spatial inversion of
transition-metal dichalcogenides leads to the nonequivalent
valleys of K and K’ points in the reciprocal space [3]. They
exhibit opposite Berry curvature and selective absorption of
chiral light. With spin-orbit coupling, the Berry curvature is
equivalent to a magnetic field of the reciprocal space, and the
valleys of K and K’ points produce opposite spin splitting,
which is characterized by spin-valley locking. The nonequiv-
alent valleys exist generally in some systems with broken
symmetry [4]. However, for molybdenum- or tungsten-based
chalcogenide compounds such as intrinsic monolayer MoS;
and WTe,, spin-polarized valleys are degenerate, due to time-
inversion symmetry. In order to promote the wide application
of valleytronic devices, valley splitting or unbalanced valley
carriers are needed. Many methods have been applied, such
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as external magnetic field [5,6], proximity effect [7-9], light
excitation [10,11], etc. On the other hand, searching for two-
dimensional materials with intrinsic large valley splitting is
also the top priority in the development of valleytronics and
the application of valleytronic devices.

The first solution that comes to mind is the materials with
broken time-reversal symmetry. The researchers discovered
the existence of intrinsic valley splitting in ferromagnetic
materials with broken spatial inversion symmetry, known as
ferrovalley materials. A variety of two-dimensional ferroval-
ley materials have been predicted, including VSe; [12], LaH,
[13], GdX, (X =F, Cl, Br) [14], RuCl, [15], Cr,COF [16],
VSi,P4 [17,18], GdI, [19], etc. It has also been studied to
increase the ferrovalley splitting by other means, such as
external electric field [20], strain [21], and spin orientation
[22]. On the one hand, the valley splitting is determined
by the atomic orbital composition of the valley state, which
affects the orbital angular momentum. On the other hand,
external conditions regulate valley splitting by changing Berry
curvature.

Feng et al. found the intrinsic valley splitting in the antifer-
romagnetic material MnPSe; [23]. Although the monolayer
MnPSej; has central inversion symmetry, its Hamiltonian will
remain unchanged only when time inversion and spatial in-
version are performed simultaneously, showing spin-valley
coupling. However, only a few of the intrinsic valley
splittings in antiferromagnetic materials were studied subse-
quently [24], and more work has been performed to destroy
the spin degeneracy of valley in antiferromagnet through
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heterostructure stacking [25-28]. Previous studies have shown
that d,, and d,, orbitals play the dominant role to the strength
of spin-orbit coupling [29], but the physics in the regulation
of antiferromagnetic intrinsic spin-valley coupling is still un-
clear.

Here, we consider two crystal structures of monolayer
MnPTe; to study the mechanism of valley splitting, in which
the crystalline field will lead to different orbital splitting.
Based on first-principle studies, the structural stability and
electronic structures of MnPTe; monolayers are analyzed. The
electronic states of the top valence band (TVB) and bottom
conduction band (BCB) are mainly composed of the d»_y,
dyy, and d,, d,, orbitals of Mn atoms and the p,, p, orbitals of
Te atoms. Biaxial strain can effectively change the interaction
between p and d orbitals, thus regulating the contribution of
d orbitals. The energy valley splitting is mainly determined
by the ratio of d,, d,. orbitals, which have the same variation
law with strain. Due to the larger spin-orbit coupling of Mn
atom, by analyzing the effective Hamiltonian, we deduced the
relationship between the valley splitting and the proportion
of the dy_y, dyy, and d.., d,; orbitals, respectively, which is
consistent with the results of the first-principle calculations.

II. COMPUTATIONAL DETAILS

The calculations of electronic structures in this work are
performed through the Vienna ab initio Simulation Package
(vASP),which is based on density-functional theory (DFT)
[30], and is convenient for studying the electronic properties
of various materials. The projector augmented-wave scheme
is used and the energy cutoff of the plane-wave basis is set
to be 600 eV [31]. The exchange-correlation effect is treated
by the generalized gradient approximation of Perdew-Burke-
Ernzerhof functional [32]. The structural optimization is
stopped after the force on each atom is less than 0.001 eV/A,
and the energy criterion of electronic self-consistent iteration
is 107® eV. The I'-centered k-point grid of 11 x 11 x 1 is
adopted. A vacuum region of 25 A is applied along the z
direction, which is enough for ignoring the interaction be-
tween repeated slabs. The on-site Coulomb interaction for the
d orbital of Mn atom is added with the parameter U = 4 eV
[33]. The phonon spectrum is calculated using the density
functional perturbation theory (DFPT) method combined with
the PHONOPY tools [34]. A 3 x 3 x 1 superlattice is used
to calculate the dynamical matrix. The calculation of Berry
curvature in reciprocal space is carried out as implemented in
the WANNIER9O package [35].

III. RESULTS AND DISCUSSION

In monolayer MnPTes, there are six Te atoms nearest to
each Mn atom. In past studies, the coordination environment
was octahedral, which is similar to the 17 phase of transition-
metal dichalcogenides. Here, we constructed another structure
of monolayer MnPTes, in which the coordination environ-
ment is triangular prism. The two structures of monolayer
MnPTe; are shown in Fig. 1, which are, respectively, la-
beled as T-MnPTe; and H-MnPTe;. Monolayer 7-MnPTe;
is center-inversion symmetric with the point group of Djq,
and H-MnPTe; is mirror symmetric about the plane of Mn
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FIG. 1. (a), (b) Top and side views of monolayer MnPTe; with
octahedral structure (7-MnPTe;) and trigonal prismatic structure
(H-MnPTes). (c) Phonon spectrum of monolayer H-MnPTes;. (d)
Variation of energy per unit cell of monolayer H-MnPTe; with time
during ab initio molecular simulation at room temperature.

atoms with the point group of Ds;,. The lattice constants, bond
lengths, and ground-state energies of monolayer MnPTe; are
listed in Table I. The lattice constant of H-MnPTe; is smaller
than that of 7-MnPTej3, but the bond length between Mn and
Te is longer. As expected, the ground states of monolayer
T-MnPTe; and H-MnPTejs are both antiferromagnetic.

The dynamic and thermodynamic stability are verified for
H-MnPTe;. The phonon spectrum and result of molecular
dynamics are shown in Fig. 1. There is no imaginary fre-
quency and the average energy per atom varies in the range
of 2/3kgT, indicating that monolayer H-MnPTe; can exist
stably, although its ground-state energy is higher than that of
T-MnPTes.

The electronic structures of 7-MnPTe; and H-MnPTe;
monolayers are studied. As shown in Fig. 2, both 7-MnPTe;
and H-MnPTej; are antiferromagnetic semiconductors. With-
out spin-orbit coupling, the band gap of monolayer 7-MnPTes
is direct with the valence-band maximum and the conduction-
band minimum at K and K’ points. After considering
spin-orbit coupling, the states of K and K’ points are not
energy degenerate but the spin is still degenerate. The states
near Fermi level are hybridized by the d orbitals of Mn atoms
and the p orbitals of Te atoms. The p, and p, orbitals of
Te atoms contribute to both the top valence band and the
bottom conduction band. The TVB is mainly composed of
dy; and d,; orbitals, but the BCB is contributed by d,>_
and d,, orbitals. For T-MnPTes, there is more hybridization
between d orbitals, while the d\>_, dy, and d,., d,, orbitals
in H-MnPTej; are separated. The reason may be that the longer
bond length in H-MnPTe; leads to the weaker interaction
between d orbitals and p orbitals, since there is no direct
interaction between the d,>_y2, d,, and d,., d,, orbitals.

The valley splitting in antiferromagnet is caused by spin-
valley coupling. The system is symmetric only under the
operation of simultaneous time reversal and spatial inversion.
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TABLE I. In-plane lattice parameters (a), bond lengths, and ground-state energies (E,) of monolayer MnPTes.

Ey (eV)
a(A) hin-te (A) lp_1e (A) lo_p (A) FM AFM
T —MnPTe; 6.986 2.96 2.47 2.27 —45.693 —45.728
H—MnPTe; 6.847 2.99 2.47 2.42 —44.986 —45.033

For spin up, it corresponds to one magnetic atomic sublattice
and lacks spatial inversion symmetry, so the states at K and K’
have opposite orbital magnetic moments and Berry curvature.
As for spin down, it is occupied by another sublattice and its
Berry curvature is opposite to the spin-up state. The calculated
Berry curvatures in reciprocal space are in good agreement
with the conclusion of symmetry analysis, as shown in Fig. 3.
For monolayer T-MnPTes, the Berry curvature for the spin-up
states at the top valence band is negative near K point and
positive near K’ point, leading to the valley Hall effect of
spin up. The opposite occurs for the Berry curvature of the
spin-down states, which will give rise to the valley Hall effect
with an inverted sign. The Berry curvatures for the bottom
conduction band and the top valence band at the same spin and
K point have the same sign. A similar situation occurs for the
TVB of monolayer H-MnPTejs, but the Berry curvature for the
BCB has the opposite sign with that for the TVB. The Berry
curvature is equivalent to the magnetic field of the inverted
space. Therefore, the energy levels of spin-up and spin-down
states at the bottom conduction band of K point move upward
under the opposite equivalent magnetic field, and the energy
levels at K’ point move downward. Finally, spin-degenerate
valley splitting occurs in the antiferromagnetic material with

spatial inversion symmetry. The valley Hall effect and the spin
Hall effect in monolayer MnPTes are coupled, and the valley
Hall effect caused by Berry curvature is usually accompanied
by the orbital Hall effect, which is worth studying.

The spin-orbit coupling strength of the electronic state
depends largely on the composition of d orbitals. For MnPTes
monolayers, the compositions of d_y2, dyy and d,;, dy;
orbitals are determined by their interactions with the p or-
bitals of Te atoms, which can be greatly tuned by in-plane
strain. The regulations of band edge, band gap, valley split-
ting, and compositions of d orbitals via strain are shown
in Fig. 4. The tensile strain will reduce the energy of the
band edge. The deformation potential (DP) is calculated based
on the first derivative of band-edge energy to strain, Epp =
0Ecqge/9(Aa/ap), which is the sum of deformation potentials
in x and y directions. The DPs of the bottom conduction band
at K and K’ points are —0.735 and —1.503 eV, respectively,
which are smaller than those of the top valence band at
K(—5.648 eV) and K’ points (—4.268 eV). The difference of
deformation potential between K and K’ points reflects that
different valleys will have different electron-phonon interac-
tions. The compression strain will reduce the energy gap at K
and K’ points, because the conduction band is composed of

(a) Mn P
1.5

1.0

Energy (eV)

Te (b)

1.5

Energy (eV)
e =
W (e

I
o

Energy (eV)

MK T KMMEK T K MM

K I' KM

FIG. 2. Band structures of monolayer 7-MnPTe; without (a) and with (b) spin-orbit coupling. Band structures of monolayer H-MnPTe;

without (c) and with (d) spin-orbit coupling.
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FIG. 3. Spin-dependent Berry curvatures near K and K’ points of the top valence band and the bottom conduction band of monolayer
T-MnPTe; (a), (b) and H-MnPTe; (c), (d).

more d,>_y2, dyy orbitals and the energy of its bonding state From the perspective of orbital angular momentum, the
decreases under the stronger in-plane interaction. valley splitting is indeed proportional to the compositions of
For monolayer H-MnPTej3, the valley splittings of both the de_y, dyy, and dy, d,, orbitals, respectively. However, the
conduction band and the valence band will increase under z-direction orbital angular momentum of the d; orbital com-
the compression strain. However, for monolayer 7-MnPTej, posed of d,, and d, orbitals is half of the z-direction orbital
the valley splitting of the TVB will also decrease with the angular momentum of the dx, orbital composed of d,>_,» and
increase of the lattice, but the splitting of the BCB will first d,y orbitals. The contribution of d,»_,> and d,, orbitals to the
increase and then decrease. From Figs. 4(c) and 4(d), it is valley splitting with out-of-plane spin polarization should be
found that the regulation of valley splitting comes from the greater than that of d,, and d,, orbitals. Therefore, there are
changes of the compositions of d orbitals, and the change of  other factors that will affect the valley splitting.
valley splitting is the same as that of d,; and d,, orbitals.
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FIG. 4. Effect of strain on the band edge for extracting the deformation potentials (Epp) of monolayer 7-MnPTe; (a) and H-MnPTe; (b).
(c) Strain-regulated band gaps at K and K’ points. (d) Tuning the valley splittings of top valence band and bottom conduction band via in-plane
biaxis strain. Changes of d-orbital compositions at K point of the TVB (e) BCB (f) of monolayer MnPTe; as functions of the biaxial strain.
Solid line and dotted line represent 7-MnPTe; and H-MnPTes, respectively.
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FIG. 5. (a) Strain-regulated Berry curvature at K or K’ point of the top valence band and bottom conduction band. (b) Change of hopping
parameter ¢ as a function of the in-plane biaxial strain. Valley splitting at the TVB (c) and the BCB (d) with different spin-splitting energy and
spin-orbit coupling strength. Comparisons between the valley splitting at the TVB (e) and the BCB (f) obtained from the effective Hamiltonian
model with or without ¢ and the first-principle calculation, when the parameters are m, = 0.05 eV, m, = 0.1 eV, and A = 0.05 eV.

In order to illustrate the effect of another factor on valley
splitting, an effective Hamiltonian model is built. The basis
set is selected to be

W = uy|de) P + up|d )

@ = 01 |d—rl)(A) + 02|d—r2>(A)
B B)’

B = uy|d_1)® + wp|d_5)®

0)® = o, |dr1>(3) + 02|dr2>(3)

4

ey

u

)
)
)
)

where T = = is the valley index. |u#) and |o) represent the
wave functions of the unoccupied state and the occupied
state, respectively, and the superscripts (A) and (B) stand for
the contributions of sublattices A and B, respectively. The
changed orbital compositions (u, us, 01, 0,) reflect the influ-
ence of the p orbital of Te atom on the d orbital of Mn atom,
and they are obtained from the results of orbital compositions
calculated from DFT. The Hamiltonian without spin degree of
freedom can be written as

Au 0 3|M2|2t 0
0 A, 0 3|0s|%t
Hy = 5 ., @
3lup |t 0 A, 0
0 3|0yt 0 A,

in which

Ay = [ PA1 + [12* A0 A, = |01 P A1 + 022 Ay (3)

Ay and A; are the on-site energies of d;, d,; and d,>_,
d,, orbitals, respectively, which are expressed as
Ay = (doi|H|de )M = (de1|H ey ) 5P @

Ao = (doalH1de) Y = (dealHldea) 2

The parameter 7 is derived from hopping energies of d>_ 2,
d,, orbitals between A and B sublattices, as follows:

t = (dea(P)|A(F)|doa(F — R))), )

which represents the different contributions of A and B sublat-
tices to the electronic state caused by the interaction between
Mn atoms. The parameter ¢ can be extracted from the hopping
integral between the fitted Wannier functions, and its change
with strain is shown in Fig. 5(b). The change of hopping
parameter with the strain satisfies the empirical scaling rule
of the form [36]

t=1o(1+¢)™". 6)

After fitting, the hopping parameter 7o = —0.036 eV, and
the exponent n = 12 for monolayer 7-MnPTes. The parameter
t is a negative value, and increases with tensile strain, indicat-
ing that the interaction between A and B sublattices should be
stronger when the lattice parameter is smaller.

In the two structures of monolayer MnPTe;, the coor-
dination environment between Mn atoms is the same, so
the effective Hamiltonian model is applicable to the two
structures. The difference lies in the size of the orbital compo-
sitions (u;, u, 01, 0y) and interaction between d orbitals (7).
Since the variation of valley splitting of the top valence band
and bottom conduction band of monolayer H-MnPTe; with
strain is the same as that of the TVB of monolayer 7-MnPTes,
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we only use the effective model to discuss the regulation
mechanism of valley splitting of monolayer 7-MnPTe;.

Considering the on-site spin-orbit coupling and antiferro-
magnetic order, the Hamiltonian can be written as

. 0
H=H0®ao+[n(1) m0}®sz®oz
+ MLy ®or+ L, ®0,+ L, ®0), (7

where oy, oy, 0;, and oq are the Pauli vectors and iden-
tity matrix for spin space. m, and m, are splitting energies

of polarized spin at the unoccupied and occupied bands. A
|
T(uuy + 2unuy) 0
L — 0 —1(0101 + 20702)
< 0 0
0 0

characterizes the strength of the spin-orbit coupling. The or-
bital angular momenta in the bases of formula (1) can be
expressed as,

21411,{2 0 0 0
0 20102 0 0
L= L®
0 0 2141142 0
0 0 0 20107
L,=0,
and
0 0
0 0
ey + 2s) 0 ®
0 (0101 + 20,207)

Solving the eigenequation of the Hamiltonian of formula (6), we obtain the energies of the TVB and the BCB, as follows:

erve = Ao + \/<mo — tx(l01 2 + 210211))° + Bloa 2t + 120102) (10)

and

2 2
epcp = Ay — \/(mu + Al P 4 20ua ) + Glua Pt + 22u1u2)". (1)

So, the valley splitting at the TVB and the BCB can be expressed as

2 2 2 2
AEy = |\/(mo+x(|ol|2+2|02|2>> + (A20105 + 3|02 |*1) —\/<mo—x<|ol|2+2|oz|2>) + (A20105 + 3loa|*t)],  (12)

and

AEc = |\/<mu — A + 21w ?))’ + Glual’t + A2uyuy)° — \/(mu A 2+ 20 + Glug Pt 4 22uwp)’]. (13)

Here, only different orbital contributions to the valley
splitting are discussed, which are reflected by the tunable
parameters of the orbital compositions (u;, u,, 01, 02) and
interaction between d orbitals (¢), so the parameters m,, m,,
and A are set to be unchanged with strain. The parameter-
determined regulation laws are shown in Figs. 5(c) and 5(d).
With larger spin-splitting energy m, and m,,, the valley split-
ting is larger and the decrease with tensile strain is smaller.
The stronger spin-orbit coupling has a similar effect, but the
decrease with compression strain is larger for the bottom
conduction band. Only when the parameters are appropriate,
the variation law obtained by the effective model is similar to
that calculated by DFT.

In order to compare with the results of DFT calculation and
explain the effect of parameter ¢ on valley splitting, we choose
m, =0.05eV, m, =0.1eV, and A = 0.05eV. As shown in
Figs. 5(e) and 5(f), if the interaction between sublattices is
not considered, the valley splitting at the bottom conduction
band decreases with the tensile strain, and after considering
the parameter ¢, the valley splitting increases first and then
decreases. The parameter ¢ will lead to different contributions

(

of sublattices A and B to a state, which is equivalent to
affecting the different energies of a certain spin state in A
and B sublattices. The asymmetry of the sublattice affects
the Berry curvature of the valley, which makes the Berry
curvature of the valley at the BCB first increase and then
decrease. The Berry curvature at the TVB is opposite to that at
the BCB, which decreases first and then increases. However,
the composition of d; and d,; orbitals decreases significantly,
making the valley splitting at the TVB to decrease with
the tensile strain. The valley splitting at the TVB described
by the effective Hamiltonian model has little change, which is
due to the improper parameters and their change with strain.
The effect of parameter ¢ does make the change of valley
splitting closer to the result calculated by DFT.

IV. CONCLUSIONS

In summary, using first-principles research based on
DFT, we investigated the valley splitting of antiferromag-
netic monolayer MnPTe;. MnPTe; monolayers with two
different structures which are both stable antiferromagnetic
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semiconductors, and exhibit valley splitting energy of
45.8 ~ 123 meV between K and K’. Only the valley splitting
at the BCB of monolayer T-MnPTes increases first and then
decreases with the tensile strain. The regulation of valley
splitting can be understood through the changes of orbital
composition of electronic state and the contribution of two
sublattice atoms. The proportions of d orbitals of Mn atoms
determine the orbital angular momentum of the electronic
state, and its change comes from the interaction between the d
orbitals of Mn atoms and in-plane p orbitals of Te atoms. The
interaction between d orbitals of two Mn atomic sublattices
dominates the potential difference of spin up or spin down at
different sublattices, resulting in the change of Berry curva-
ture at K and K’ points. The combination of two factors leads

to the same changes of valley splitting and the proportion of
the d., and d,, orbitals.
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