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Proximity effects in graphene on monolayers of transition-metal phosphorus
trichalcogenides MPX3 (M: Mn, Fe, Ni, Co, and X : S, Se)
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We investigate the electronic band structure of graphene on a series of two-dimensional magnetic transition-
metal phosphorus trichalcogenide monolayers, MPX 3 with M = {Mn,Fe,Ni,Co} and X = {S,Se}, with
first-principles calculations. A symmetry-based model Hamiltonian is employed to extract orbital parameters
and sublattice resolved proximity-induced exchange couplings (λA

ex and λB
ex) from the low-energy Dirac bands

of the proximitized graphene. Depending on the magnetic phase of the MPX 3 layer (ferromagnetic and three
antiferromagnetic ones), completely different Dirac dispersions can be realized with exchange splittings ranging
from 0 to 10 meV. Remarkably, not only the magnitude of the exchange couplings depends on the magnetic
phase, but also the global sign and the type. Important, one can realize uniform (λA

ex ≈ λB
ex) and staggered

(λA
ex ≈ −λB

ex) exchange couplings in graphene. From selected cases we find that the interlayer distance, as well
as a transverse electric field, are efficient tuning knobs for the exchange splittings of the Dirac bands. More
specifically, decreasing the interlayer distance by only about 10%, a giant fivefold enhancement of proximity
exchange is found, while applying few V/nm of electric field, provides tunability of proximity exchange by tens
of percent. We have also studied the dependence on the Hubbard U parameter and find it to be weak. Moreover,
we find that the effect of SOC on the proximitized Dirac dispersion is negligible compared to the exchange
coupling.

DOI: 10.1103/PhysRevB.106.035137

I. INTRODUCTION

Monolayer magnets are key ingredients for novel spin-
tronics applications, such as in tunneling magnetoresistance
and spin-orbit torque device architectures [1–6]. One step
towards next generation devices is to achieve highly spin
polarized currents and long-distance transfer of spin infor-
mation in all two-dimensional (2D) van der Waals (vdW)
heterostructures without the need of conventional ferromag-
nets (FM), where, for example, conductivity mismatch occurs
at the interface [7–11]. Remarkably, recent experiments have
shown that in graphene/CrSBr heterostructures, where CrSBr
is a layered antiferromagnet, high spin polarization of the
graphene conductivity arises solely due to proximity-induced
exchange coupling [12,13]. Therefore, it is essential to study
proximity effects in graphene, since it already intrinsically
provides long-distance spin communication [14,15], but lacks
an efficient spin manipulation knob.

Proximity effects in graphene can significantly alter the
spin transport. For example, heterostructures with transition-
metal dichalcogenides (TMDCs) provide a giant enhancement
of the spin-orbit coupling (SOC) in graphene by proxim-
ity [16,17]. Moreover, the proximity SOC can be efficiently
tuned by gating and twisting in graphene/TMDC het-
erostructures [18–24], allowing us to tailor, for example, the
interconversion between spin and charge currents [23–37] or
the spin-relaxation anisotropy [21,38–43]. Placing graphene
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on a ferro- or antiferromagnet results in proximity-induced
exchange coupling. Particularly interesting are magnetic
semiconductors such as Cr2Ge2Te6 [1,44,45] or CrI3 [46–49],
providing spin splitting for Dirac electrons but without
contributing to transport. Moreover, the proximity-induced
exchange coupling can also be tailored by gating and twist-
ing [50,51], important in, for example, the realization and
engineering of topological states in graphene [46,52,53].

Unlike ferromagnets, antiferromagnetic monolayers have
not yet been systematically investigated for proximity effects
in graphene. Transition-metal phosphorus trichalcogenides
(MPX 3) are particularly interesting: they are semiconducting,
stable in air, and can offer different magnetic configura-
tions [54–75]. In general, MPX 3 monolayers are formed
by transition-metal atoms, M = {Mn,Fe,Ni,Co}, arranged
in a honeycomb lattice and surrounded by octahedrally co-
ordinated chalcogen atoms, X = {S,Se}. Each honeycomb
hexagon additionally has two vertically stacked P atoms at
the center. Remarkably, the magnetic properties of the MPX 3

crystals can be tuned by gating and straining [61]. In addi-
tion, these materials exhibit giant exciton binding energies of
several hundred meV [76,77], even larger than in TMDCs,
making them candidates for optospintronics applications. In
Ni-based transition-metal phosphorus trichalcogenides, there
is even evidence of topological superconductivity [64]. Het-
erostructures of MnPSe3 and MoS2 show a type-II band
alignment, important for optics, and a stacking dependent lift-
ing of spin and valley degeneracy in MnPSe3 [78], potentially
interesting for valleytronics applications [79,80]. Moreover,
it has been shown that antiferromagnetic FePS3 increases
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the coercive field and Curie temperature of the 2D itinerant
ferromagnet Fe3GeTe2 [81], while NiPS3 can be important to
tailor interfacial spin-orbit torques [82].

Graphene on MPX 3 monolayers is expected to exhibit
strong proximity exchange, depending on the magnetic
configuration, stacking, twisting, and gating. For example,
MnPSe3 is an Ising-type antiferromagnetic semiconductor
(out-of-plane and alternating magnetic moments on Mn
atoms), with the potential to induce staggered exchange
coupling in graphene, as recently demonstrated [52]. In
this study we consider monolayer graphene in proxim-
ity to various MPX 3 monolayers, which can be either in
the ferromagnetic, antiferromagnetic Néel, antiferromagnetic
zigzag, or antiferromagnetic stripy phase. In order to un-
veil the proximity-induced exchange coupling in graphene,
we calculate the low-energy Dirac dispersions of the het-
erostructures by density functional theory (DFT), and fit
them to a symmetry-based model Hamiltonian. The effec-
tive model can be used for investigating spin transport, spin
dynamics, and topologies of proximitized Dirac electrons in
graphene/MPX 3 structures. Such effective models are trans-
ferable due to the short-range character of the proximity
effect: if a graphene/MPX 3 interface is part of a vdW het-
erostructure, the model Hamiltonian we introduce can be
applied directly to it.

Depending on the transition metal M = {Mn,Fe,Ni,Co},
the chalcogen atom X = {S,Se}, and the magnetic phase,
the proximity-induced exchange coupling in graphene can be
markedly different. In particular, we find proximity exchange
couplings that range from about 0 to 10 meV, varying in sign
and type. Most important, one can realize uniform (ferromag-
netic) and staggered (antiferromagnetic) proximity exchange
in graphene. From the selected case of graphene/MnPS3

in the antiferromagnetic Néel phase (ground state), we find
that the interlayer distance, as well as a transverse electric
field, are efficient tuning knobs for the exchange splittings of
the Dirac bands. More specifically, decreasing the interlayer
distance by only about 10%, a giant fivefold enhancement
of proximity exchange is found, while applying just a few
V/nm of electric field can tune the proximity exchange by
tens of percent. We have also studied the dependence on
the Hubbard U parameter and find it to be weak. More-
over, we find that the effect of SOC on the proximitized
Dirac dispersion is negligible compared to the exchange
coupling. Our findings should be useful for spin trans-
port, spin relaxation, optospintronics applications, as well
as for tailoring topological phases of the Dirac electrons in
graphene [52,76,78].

The paper is organized as follows. In Sec. II we first discuss
our computational methodology and the geometry setup. In
Sec. III we then introduce the symmetry-based model Hamil-
tonian capturing the proximity-induced exchange coupling
in graphene. In Sec. IV we show and discuss the electronic
structure and fit results of the different magnetic phases on the
example of the graphene/MnPS3 heterostructure. In addition,
we report on the effect of the interlayer distance, a transverse
electric field, the Hubbard U , and SOC on the proximitized
Dirac dispersion. Finally, in Sec. V we summarize and con-
clude the paper.

II. COMPUTATIONAL DETAILS AND GEOMETRY

The electronic structure calculations and structural relax-
ation of graphene on monolayers of the layered magnets
MPX 3 are performed by density functional theory (DFT) [83]
with QUANTUM ESPRESSO [84]. Self-consistent calculations
are carried out with the k-point sampling of 24 × 24 × 1
to get converged results for the proximity exchange split-
tings. We perform open shell calculations that provide the
spin-polarized (magnetic) states of the MPX 3 monolayers.
A Hubbard parameter of U = 4.5 eV is used for M =
{Mn,Fe,Co,Ni} d orbitals, as in recent calculations [78,85].
We use an energy cutoff for charge density of 700 Ry and
the kinetic energy cutoff for wave functions is 70 Ry for
the scalar relativistic pseudopotential with the projector aug-
mented wave method [86] with the Perdew-Burke-Ernzerhof
exchange correlation functional [87]. When SOC is included,
we use the relativistic version of the pseudopotentials. For
the relaxation of the heterostructures, we add van der Waals
corrections [88–90] and use a quasi-Newton algorithm based
on the trust radius procedure. In order to simulate quasi-2D
systems, we add a vacuum of 20 Å to avoid interactions
between periodic images in our slab geometry. To determine
the interlayer distances, the atoms of graphene are allowed to
relax only along z direction (vertical to the layers) and the
atoms of MPX 3 are allowed to move in all directions, until
every component of each force is reduced below 10−4Ry/a0,
where a0 is the Bohr radius.

For some of our heterostructures, we crosscheck the results
with the WIEN2k DFT code [91], using the relaxed structures
obtained with QUANTUM ESPRESSO. We use a k-point sam-
pling of 18 × 18 × 1 with the cutoff parameter RKmax = 4.6.
The muffin-tin radii are RM = 2.5, RP = 1.87 (1.86), RX =
1.96 (2.27), and RC = 1.32 (1.34) for X = S (Se). Van der
Waals corrections and a Hubbard U = 4.5 eV are also in-
cluded [89,92].

The heterostructures of graphene/MPX 3 contain a 5 × 5
supercell of graphene on a 2 × 2 MPX 3 supercell, resulting
in 90 atoms in the unit cell. We consider cases for M =
{Mn,Fe,Ni,Co} and X = {S,Se}. In Figs. 1(a) and 1(b) we
show the exact geometry of the heterostructures. The M atoms
of the MPX 3 monolayers form a hexagonal lattice. Depending
on the M atom, the MPX 3 monolayer can have a different
magnetic ground state. We consider all of our MPX 3 sub-
strates to be either in the ferromagnetic, antiferromagnetic
Néel, antiferromagnetic zigzag, or antiferromagnetic stripy
phase, as shown in Figs. 1(c)–1(f), but with magnetizations to
be collinear with the z direction. Note that structural relaxation
was performed only for the ferromagnetic phase. The relaxed
geometries are then employed for all other magnetic phases as
well. We find that the forces in the other magnetic phases are
below 10−3 Ry/a0, justifying this approach. In addition, we
consider only geometries with 0◦ relative twist angle and the
stacking as shown in Fig. 1(a).

In Table I we summarize the experimental lattice constants
of all considered monolayers, as well as their strained lattice
constants used for the heterostructure calculations. We also
list the Néel temperature TN, the experimentally determined
magnetic ground state for each MPX 3, and the DFT-relaxed
interlayer distance dint between graphene and the MPX 3. For
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FIG. 1. (a) and (b) Top and side view of the graphene/MPX 3 heterostructure. Dashed line in (a) defines the heterostructure unit cell and in
(b) we define the interlayer distance dint . Different colors correspond to different atom types. Depending on the MPX 3 crystal, the hexagonal
M lattice can show the (c) ferromagnetic, (d) antiferromagnetic Néel, (e) antiferromagnetic zigzag, and (f) antiferromagnetic stripy phase. Red
(blue) spheres indicate magnetization of the M atom along z (−z) direction.

example, MnPSe3 is a semiconductor, with an optical gap of
about 2.3 eV [68,93]. According to experiments, the lattice
constant is a = 6.39 Å, it has a Néel temperature of TN =
74 K, and the magnetic ground state is the antiferromagnetic
Néel one [54], see Fig. 1(d). Due to lattice mismatch with
graphene, we strain the MnPSe3 layer by about −2.9% to
get the mentioned supercell with commensurate lattices. The
relaxed interlayer distance with graphene is dint = 3.457 Å.

III. LOW ENERGY MODEL HAMILTONIAN

From our first-principles calculations we obtain the low
energy Dirac band structure of the proximitized graphene
and extract realistic parameters for an effective Hamiltonian
describing the low-energy bands. The goal is to find an effec-
tive description for the low-energy physics, which is relevant
for studying transport [23,24,26,45,94], topology [52,95],
spin relaxation [38,43,96,97], or emergent long-range or-

der [98]. Due to the short-range nature of the proximity
effects in van der Waals heterostructures, the effective models
are transferable [99–101]. For example, a bilayer-graphene
encapsulated from two sides by different materials can be
described by combining the effective models for two proximi-
tized graphene sheets, coupled by bilayer-graphene interlayer
couplings [99,100].

The systems we consider have broken time-reversal sym-
metry and either C3 or no symmetry, depending on the
magnetic phase of the underlying MPX 3. The following
Hamiltonian, derived from symmetry [102–104], is able to
describe the graphene bands in the vicinity of the Dirac points
when proximity exchange is present:

H = H0 + H� + Hex + ED, (1)

H0 = −
∑

s

fs(q)|�A, s〉〈�B, s| + H.c., (2)

TABLE I. Investigated crystallographic and magnetic information collected from Refs. [54,56,58–66,105–117], for the considered mono-
layers used in the graphene/MPX 3 heterostructures. The experimental (expt) and the employed heterostructure (het) lattice constants a. The
strain for each subsystem, is calculated as (ahet − aexpt )/aexpt. We also list the Néel temperature TN, the experimentally determined magnetic
ground state for each MPX 3, as shown in Figs. 1(c)–1(e), and the DFT-relaxed interlayer distance dint between graphene and the MPX 3.

Graphene MnPSe3 MnPS3 FePSe3 FePS3 NiPSe3 NiPS3 CoPSe3 CoPS3

a (expt) (Å) 2.46 6.39 6.08 6.26 5.94 6.13 5.82 6.19 5.90
a (het) (Å) 2.48 (2.44)a 6.20 6.10 6.20 6.10 6.20 6.10 6.20 6.10
Strain (%) 0.8 (−0.8) −2.9 0.3 −1.0 2.7 1.1 4.8 0.2 3.4
TN (K) – 74 78 119 120 206 154 – 120
Ground state – Néel Néel zigzag zigzag zigzag zigzag – zigzag
dint (Å) – 3.457 3.422 3.471 3.448 3.474 3.440 3.488 3.430

aFor graphene/MPSe3 (graphene/MPS3) structures we stretch (compress) the graphene lattice constant to 2.48 Å (2.44 Å).
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H� = �σz ⊗ s0, (3)

Hex = ( − λA
exσ+ + λB

exσ−
) ⊗ sz. (4)

The orbital structural function we use is fs(q) = t1,s +
t2,seiqR2 + t3,se−iqR3 , where we denote tα,s as the spin (s = {↑
,↓}) and direction (α = {1, 2, 3}) dependent hopping param-
eters, along direction Rα = a(cos 2π (α−1)

3 , sin 2π (α−1)
3 ). The

wave vector is q = τK + k, for the valley index τ = ±1 and
τK = ±( 4π

3a , 0) with the lattice constant a.
This orbital structural function is a generalized case for the

orbital Hamiltonian as defined in Ref. [102]. Typically, the
standard linearized orbital Hamiltonian is used [97,102], but
with our definition we can describe cases where the nearest-
neighbor hoppings are spin dependent and can be different
along different spatial directions. This is necessary, because
the magnetic phase of the MPX 3 monolayer substrate de-
termines the symmetry of the system and the dependence
of hoppings on spatial directions. Additionally, because the
substrate is magnetic, hoppings can be spin dependent.

The Pauli spin matrices are s j , acting on spin space (↑,↓),
and pseudospin matrices are σ j , acting on sublattice space
(CA, CB), with j = {0, x, y, z} where j = 0 denotes the 2 × 2
unit matrix. For shorter notation we use σ± = 1

2 (σz ± σ0). The
staggered potential gap is � and the parameters λA

ex and λB
ex

represent the sublattice-resolved proximity-induced exchange
couplings. The four basis states are |�A,↑〉, |�A,↓〉, |�B,↑〉,
and |�B,↓〉. The model Hamiltonian is centered around the
Fermi level at zero energy. Since first-principles results cap-
ture charge-transfer effects, we also introduce the parameter
ED (termed Dirac point energy) which shifts the Dirac bands.

For each considered heterostructure, we calculate the prox-
imitized low energy Dirac bands in the vicinity of the K point.
To extract the fit parameters from the first-principles data, we
employ a least-squares routine [118], taking into account band
energies, splittings, and spin expectation values (spin up and
spin down).

IV. BAND STRUCTURE AND FIT RESULTS

In the following we first neglect SOC in the calculations,
since we are mainly interested in the proximity-induced ex-
change couplings. The effects of SOC are discussed at a
later point. For our analysis of proximity effects, we consider
graphene on the magnetic monolayers MPX 3, for different
magnetic phases, as shown in Figs. 1(c)–1(f). Depending on
the magnetic phase of the MPX 3, the system shows either
threefold symmetry for ferromagnetic and antiferromagnetic
Néel phases or lacks all symmetries in the antiferromagnetic
zigzag and stripy phases. In the following we explicitly show
and discuss the band structure and model calculations (with
fitted parameters) for graphene on MnPS3 as an exemplary
case. In the Supplemental Material we show the band structure
and the fitted results for the remaining MPX 3 substrates [119].
Furthermore, for graphene on MnPS3 in the antiferromagnetic
Néel phase (the ground state), we discuss the influence of the
interlayer distance, the Hubbard U , and a transverse electric
field on the fitted parameters.

FIG. 2. (a) DFT-calculated band structure of the
graphene/MnPS3 heterostructure along the high-symmetry
path M-K-	 without SOC, when the MnPS3 is in the ferromagnetic
phase. Red solid (blue dashed) lines correspond to spin up (spin
down). (b) Zoom to the DFT-calculated (symbols) low energy Dirac
bands near the K point with a fit to the model Hamiltonian (solid
line). (c) The splitting of valence and conduction band.

A. Ferromagnetic phase

First, we consider the MnPS3 monolayer to be in the ferro-
magnetic phase in which the heterostructure has a threefold
symmetry and our model can be further simplified by set-
ting t1,s = t2,s = t3,s for both spin species s, respectively. In
Fig. 2(a) we show the corresponding DFT-calculated band
structure of the graphene/MnPS3 without SOC. We find that
the graphene Dirac states are located at the Fermi level and
are well preserved. The parabolic spin down band above the
Dirac cone originates from the magnetic substrate. In Fig. 2(b)
we show a zoom to the low energy Dirac bands near the
K point. We find that the model perfectly agrees with the
DFT-calculated dispersion by using the parameters summa-
rized in Table II. In this ferromagnetic case, uniform exchange
parameters λA

ex ≈ λB
ex ≈ −0.8 meV are found. The calculated

positive and uniform spin polarization on graphene is consis-
tent with this picture, see the Supplemental Material [119].
The staggered potential � is small (≈10 μeV), indicating that
nearly no sublattice symmetry breaking is present. The orbital
hopping parameters ts are only slightly different for the two
spin species. Using these parameters, not only the dispersion
but also the band splittings, of about 1.7 meV, can be perfectly
reproduced, see Fig. 2(c).

B. Antiferromagnetic Néel phase

Second, we consider the MnPS3 monolayer to be in the
antiferromagnetic Néel phase, which is the ground state for
this material. As before, we calculate the dispersion and em-
ploy our model Hamiltonian. Again, the heterostructure has
a threefold symmetry in the antiferromagnetic Néel phase
and we can use t1,s = t2,s = t3,s for the fitting procedure. The
calculation and fitting results are summarized in Fig. 3. The
Dirac bands of graphene are again well preserved and located
at the Fermi level. Also the model agrees perfectly with the
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TABLE II. Fit parameters of Hamiltonian H for the graphene/MPX 3 heterostructures for different magnetic phases (FM = ferromagnetic,
AFM = antiferromagnetic) of the MPX 3. Calculations were performed without SOC. We list the hopping parameters tα,s, the staggered
potential �, proximity exchange parameters λA

ex and λB
ex, the Dirac point energy ED, and the total energy Etot, with respect to the ground state.

Magnetic t1,↑, t2,↑, t3,↑/t1,↓, t2,↓, t3,↓ � λA
ex λB

ex ED Etot

MPX 3 phase (eV) (μeV) (μeV) (μeV) (meV) (meV)

FM 2.5038/2.5030 19.2 −219.6 −220.1 −0.047 231.4
AFM Néel 2.5032/2.5032 42.3 −11.4 −13.0 0.029 0

MnPSe3 AFM zigzag 2.5057,2.5032,2.5008/2.4997,2.5021,2.5046 629.2 469.5 463.1 0.060 91.8
AFM stripy 2.5035,2.5034,2.5033/2.5030,2.5032,2.5035 112.3 41.3 43.8 0.007 116.4

FMa 2.5083/2.5070 68.9 −215.0 −232.9 −0.004 164.9
AFM Néela 2.5088/2.5086 67.7 20.2 −38.5 −0.001 0

FM 2.6144/2.6093 13.2 −850.9 −828.5 −0.004 238.8
AFM Néel 2.6126/2.6126 52.9 −17.0 8.2 0.007 0

MnPS3 AFM zigzag 2.6136,2.6116,2.6097/2.6100,2.6120,2.6140 496.6 362.4 383.2 0.073 103.5
AFM stripy 2.6123,2.6122,2.6122/2.6120,2.6122,2.6124 32.9 35.1 12.0 −0.041 113.7

FMa 2.6192/2.6109 24.5 −954.3 −1016.3 0.031 212.4
AFM Néela 2.6173/2.6173 35.4 14.6 −19.2 0.001 0

FM 2.5050/2.3475 3261.2 992.2 −5926.5 −8.6 1511.1
FePSe3 AFM Néelb – – – – – 1040.1

AFM zigzag 2.5054,2.5027,2.5015/2.5003,2.5026,2.5039 289.3 196.4 428.3 −0.001 0
AFM stripy 2.5028,2.5028,2.5031/2.4988,2.4997,2.5006 196.7 99.2 −94.1 0.880 275.5

FM 2.6151/2.5824 364.7 430.8 −786.4 331.5 1735.0
FePS3 AFM Néel 2.6110/2.6109 126.9 −14.7 −63.2 550.9 1451.7

AFM zigzag 2.5996,2.5936,2.5891/2.6003,2.6019,2.6051 570.7 668.5 458.4 −0.229 0
AFM stripy 2.5452,2.5343,2.5470/2.5347,2.5429,2.5446 342.1 −183.9 455.0 −0.034 134.5

FM 2.5036/1.9911 53.7 10764.4 10575.8 85.0 479.0
NiPSe3 AFM Néel 2.4797/2.4795 75.7 −36.0 −0.7 0.018 82.0

AFM zigzag 2.4851,2.4814,2.4779/2.4858,2.4883,2.4907 655.3 549.4 609.2 −0.126 0
AFM stripyb – – – – – 535.7

FM 2.6130/2.3893 860.3 1538.5 115.1 387.2 291.1
NiPS3 AFM Néel 2.5732/2.5755 114.6 53.1 −65.9 265.6 37.8

AFM zigzag 2.1102,2.1146,2.1169/2.0470,2.0545,2.0610 79.3 144.9 303.6 293.7 0
AFM stripyb – – – – – 341.6

FM 2.4221/2.5022 0.9 −3097.7 −3069.9 364.1 127.8
CoPSe3 AFM Néel 2.4786/2.4797 87.6 −91.7 39.5 363.4 1120.1

AFM zigzag 2.4506,2.4461,2.4415/2.4526,2.4509,2.4495 346.8 −12.2 37.4 370.4 1306.7
AFM stripy 2.4784,2.4781,2.4769/2.4848,2.4854,2.4847 65.2 55.9 −60.2 362.2 0

FM 2.6103/2.5989 43.7 −1337.2 −1261.7 562.7 534.0
CoPS3 AFM Néel 2.5280/2.5269 115.2 −63.8 25.3 0.103 19.2

AFM zigzag 2.4576,2.4494,2.4414/2.5166,2.5237,2.5304 1371.3 1349.9 1442.2 0.067 0
AFM stripyb – – – – – 229.9

aCalculated with WIEN2k [91].
bA reasonable fit could not be performed, as can be seen from the DFT-calculated band structure in the Supplemental Material.

DFT-calculated dispersion and band splittings, employing the
parameters from Table II. Compared to the ferromagnetic
phase, band splittings are drastically diminished in magnitude
from about 1.7 meV to 20 μeV. We can understand this by
the following argument. In the antiferromagnetic Néel phase,
the average proximity exchange on the graphene sublattices is
reduced, because Mn atoms have alternating magnetizations.
Therefore, the exchange field felt by graphene is strongly
diminished. In contrast in the ferromagnetic phase, all Mn
atoms have the same magnetization and proximity effects
are much stronger. In addition, for the ferromagnetic phase,
sublattice resolved proximity exchange parameters had the
same sign, while for the antiferromagnetic Néel phase, we

find opposite sign, λA
ex < 0 and λB

ex > 0. The calculated spin
polarization, being opposite on the graphene sublattices, sup-
ports this result of staggered exchange couplings [119]. This
is a very important finding, since the magnetic phase decides
not only about the magnitude, but also the type of proximity
exchange coupling, which can have dramatic consequences
for topological phases in proximitized graphene [52].

C. Antiferromagnetic zigzag phase

Third, we consider the MnPS3 monolayer to be in the
antiferromagnetic zigzag phase. Now, the heterostructure has
no symmetry and nearest-neighbor hopping amplitudes are
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FIG. 3. Same as Fig. 2, but for the MnPS3 in the antiferromag-
netic Néel phase.

becoming inequivalent t1,s 	= t2,s 	= t3,s. This asymmetry in
the hopping amplitudes leads to the shift of the Dirac point
in momentum space [120,121]. Because the system is addi-
tionally magnetic, spin up and spin down Dirac points do
not need to be shifted equally away from the K point. In
the Supplemental Material [119] we explicitly show a 2D
map of the low energy Dirac bands in momentum space,
corresponding to Fig. 4(b). Especially in this case we take
into account DFT-calculated bands not along a high-symmetry
path, but in a small k-space region around the K point,
to obtain accurate fitting results. In Fig. 4 we summarize
our calculation and fit results for the graphene/MnPS3 het-
erostructure when the MnPS3 is in the antiferromagnetic
zigzag phase. The global band structure of the zigzag and
the Néel phases are quite similar at first glance. How-
ever, proximity-induced exchange coupling in graphene is
completely different and the Dirac cones for spin up and
spin down are indeed shifted in momentum space, see
Fig. 4(b). As a result, band splittings are strongly direc-
tion dependent, see Fig. 4(c). However, our model is also
capable of describing this situation with parameters sum-

FIG. 4. Same as Fig. 2, but for the MnPS3 in the antiferromag-
netic zigzag phase.

FIG. 5. Same as Fig. 2, when the MnPS3 is in the antiferromag-
netic stripy phase.

marized in Table II, as can be seen in Figs. 4(b) and 4(c).
Interestingly, sublattice-resolved proximity exchange param-
eters of the antiferromagnetic zigzag phase are about 0.4 meV
in magnitude, half of the value and opposite in sign compared
to the ferromagnetic case, see Table II. Comparing the calcu-
lated spin polarizations on graphene in the ferromagnetic and
antiferromagnetic zigzag phases [119], the opposite sign of
proximity exchange is reasonable. In addition, the staggered
potential parameter � is drastically enhanced compared to the
other phases. Therefore, mainly one sublattice contributes to
the spin polarization in the antiferromagnetic zigzag phase,
while in the ferromagnetic phase, both sublattices contribute
equally.

So far we have seen all types of sublattice-resolved
proximity-induced exchange coupling in graphene, uniform
(positive and negative) and staggered, only by changing the
magnetic phase of the MnPS3 substrate.

D. Antiferromagnetic stripy phase

Finally, we consider the MnPS3 monolayer to be in the
antiferromagnetic stripy phase. The calculated band structure
and low energy fit results are shown in Fig. 5. Similar to
the zigzag phase, the heterostructure has no symmetry and
hopping amplitudes become inequivalent t1,s 	= t2,s 	= t3,s. All
relevant features of the dispersion are nearly identical to the
antiferromagnetic zigzag phase. The main difference is that
sublattice resolved proximity exchange couplings and Dirac
band splittings are much smaller in magnitude. Looking at
the calculated spin polarization in real space [119], we find
a similar picture as for the antiferromagnetic Néel phase,
with opposite polarizations on the graphene sublattices. This
scenario arises due to the small sublattice symmetry breaking
� and small but uniform exchange parameters λex in combi-
nation with slightly asymmetric hoppings.

In order to unveil specific trends on how the proximity-
induced exchange depends on the specific material and
magnetic phase, we plot in Fig. 6 the average coupling λex =
(λA

ex + λB
ex)/2 (listed in Table II). We only show the results

for the ferromagnetic, antiferromagnetic Néel, and antiferro-
magnetic zigzag phases, since in the antiferromagnetic stripy
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FIG. 6. The average proximity exchange coupling λex as a func-
tion of the substrate material and the magnetic phase (FM =
ferromagnetic, AFM = antiferromagnetic).

phase we do not have data for all material combinations. In
addition, the stripy phase is only energetically favorable in the
case of CoPSe3.

Let us first discuss the dependence in the ferromagnetic
phase (black data points). From Fig. 6 it is evident that λex

increases in magnitude in ascending order of the transition
metal (Mn, Fe, Co, Ni), for Se-based MPX 3 materials. In ad-
dition, Mn, Fe, and Co provide negative λex, while Ni provides
positive λex. The reason for the increasing magnitude can be
seen from the density of states (DOS), see the Supplemental
Material [119]. Focusing on Se-based materials, the transition
metal DOS contribution near the Dirac point continuously
increases from Mn to Ni. Since these states from the transi-
tion metals provide magnetism and can couple to the Dirac
electrons, the proximity exchange increases. In general it
also seems that Se-based materials provide stronger proximity
exchange compared to S-based ones. Focusing on the two an-
tiferromagnetic phases (red and blue data points), we find that
proximity exchange is much more suppressed compared to the
ferromagnetic phase. This can be understood from the fact that
an antiferromagnetic substrate has alternating magnetizations
and therefore the exchange field that graphene can pick-up
is diminished. In general, the antiferromagnetic Néel phase
provides the smallest proximity exchange in graphene, while
the antiferromagnetic zigzag phase can still provide moderate
exchange coupling. This may be attributed to the different
arrangements of magnetic metal ions below graphene. In the
Néel phase, magnetic ions with different magnetization ori-
entations form a regular pattern (considering one metal ion,
the three nearest neighbors have opposite magnetizations). In
contrast, in the zigzag phase, there are at least small “do-
mains” (zigzag stripes), where the magnetization is uniform
(considering one metal ion, two nearest neighbors have the
same magnetization).

E. Distance study

Proximity exchange coupling is a short range effect and can
be strongly enhanced by diminishing the interlayer distance
between materials, as experimentally demonstrated for prox-
imity SOC in graphene/TMDC heterostructures [94,122]. In
addition, in first-principles calculations, the equilibrium inter-
layer distance depends on the exchange-correlation functional

FIG. 7. Interlayer distance dependence of (a) the staggered po-
tential �, (b) the total energy Etot , (c) the spin dependent hopping
parameters t↑ and t↓, and (d) the sublattice resolved proximity
exchange parameters λA

ex and λB
ex for the graphene/MnPS3 het-

erostructure when the MnPS3 is in the antiferromagnetic Néel phase.

and the vdW corrections, as for example demonstrated for
graphite and hexagonal boron nitride [123].

How does the interlayer distance affect proximity exchange
effects in our bilayers? As an exemplary case we consider
MnPS3 in the antiferromagnetic Néel phase (ground state) and
tune the distance dint between graphene and the MnPS3 mono-
layer. Especially this structure is interesting, since sublattice
resolved proximity exchange parameters have opposite sign,
λA

ex < 0 and λB
ex > 0, see Table II, potentially important for

the realization of novel topological states [52].
In Fig. 7 we show the evolution of the fit parameters and

the total energy as a function of the interlayer distance for
the graphene/MnPS3 heterostructure. We notice that the stag-
gered potential � increases with decreasing distance, because
the sublattice-symmetry breaking in graphene gets stronger.
The total energy is minimized for the relaxed interlayer dis-
tance given in Table I. The two spin dependent hopping
parameters t↑ and t↓ have nearly the same value for this
system, as can be seen in Table II, and decrease with decreas-
ing van der Waals gap. The proximity exchange parameters
λA

ex and λB
ex increase in magnitude with decreasing interlayer

distance. We find that by decreasing dint by about 10%, one
can achieve a significant fivefold enhancement of proximity
exchange couplings. Important, the sign of both parameters
λA

ex < 0 and λB
ex > 0 is not affected.

In the Supplemental Material [119] we additionally show
the evolution of the fit parameters as a function of the inter-
layer distance for the graphene/MnPSe3 heterostructure in the
antiferromagnetic Néel phase. There we even find a crossover
from uniform to staggered exchange couplings, when decreas-
ing the interlayer distance. In conclusion, we expect similar
behavior for the other material combinations and the different
magnetic phases.

F. Hubbard U

The Hubbard U parameter is variable for the DFT calcula-
tions. How does the U affect proximity exchange splittings?
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FIG. 8. Hubbard U dependence of (a) the staggered potential �,
(b) the band offset of the Dirac point ED, with respect to the MnPS3

conduction band edge, ECBE, at the K point, (c) the spin depen-
dent hopping parameters t↑ and t↓, and (d) the sublattice resolved
proximity exchange parameters λA

ex and λB
ex for the graphene/MnPS3

heterostructure when the MnPS3 is in the antiferromagnetic Néel
phase.

Again, we consider graphene on MnPS3 in the antiferromag-
netic Néel phase and tune the U parameter between 3.5 and
5.5 eV, which is a typical range of values for d orbitals in
strongly correlated materials. The results are summarized in
Fig. 8. Overall, the fit parameters �, t↑, t↓, λA

ex, and λB
ex, barely

change because for the graphene/MnPS3 heterostructure, the
Dirac bands are located at the Fermi level and well isolated
from the substrate’s bands, see Fig. 3(a). Even though the
Hubbard U shifts the Mn d orbital levels in energy and tunes
the band offset, the graphene states are nearly unaffected.

However, the effect of the Hubbard U on the fitted pa-
rameters can be also quite strong, as we demonstrate in the
case of NiPSe3 in the antiferromagnetic zigzag phase (see the
Supplemental Material [119]). There, we find that proximity
exchange couplings can be tuned from about 400 to 700 μeV
within our considered range of the U parameter.

G. Transverse electric field

In experiment, gating is a tool to control proximity-induced
exchange coupling as well as the doping level. How does a
transverse electric field affect the Dirac bands in our scenario?
Similar to before, we consider graphene on MnPS3 in the an-
tiferromagnetic Néel phase and apply an electric field across
the heterostructure. The results are summarized in Fig. 9.
Within our calculated field range of −2 to 3 V/nm, we find
that the fitted parameters barely change. Most important, we
can strongly tune the band offset of the Dirac point ED with
respect to the MnPS3 conduction band edge ECBE at the K
point, see Fig. 9(b). For a field of 3 V/nm, we can bring the
Dirac point at about 0.25 eV below the conduction band edge
of the MnPS3. In addition, it seems that the closer the Dirac
cone gets to the conduction band edge, staggered potential and
exchange couplings increase, while the hopping amplitudes
decrease. Even though the proximity exchange couplings are

FIG. 9. Transverse electric field dependence of (a) the staggered
potential �, (b) the band offset of the Dirac point ED, with respect to
the MnPS3 conduction band edge ECBE at the K point, (c) the spin de-
pendent hopping parameters t↑ and t↓, and (d) the sublattice resolved
proximity exchange parameters λA

ex and λB
ex for the graphene/MnPS3

heterostructure when the MnPS3 is in the antiferromagnetic Néel
phase.

small in value, their relative tunability is giant, since they can
be enhanced by about 30% by tuning the field from −2 to
3 V/nm. In general, the tunability should hold also for other
magnetic phases, where proximity exchange is stronger.

H. Effects of SOC

So far we have not included SOC in the calculations. Since
the number of possible heterostructures in different magnetic
phases is too large, we limit ourselves to a few selected cases
and check how the inclusion of SOC influences the low en-
ergy graphene Dirac bands. For simplicity, we only consider
Mn-based MPX 3 monolayers in the ferromagnetic phase. This
should be enough to find out about the magnitude of the
proximity-induced SOC, which we can compare to the in-
duced exchange coupling. In addition, when SOC is included,
we employ constrained magnetization calculations (forcing
the magnetization parallel to z direction), since QUANTUM

ESPRESSO implements noncollinear magnetism. Note, that
the plane wave and pseudopotential method, implemented in
QUANTUM ESPRESSO, does not correctly reproduce the intrin-
sic SOC values of bare monolayer graphene (12 μeV), since
the relevant d orbitals are not present [124,125]. However,
proximity-induced SOC (if present) is captured.

In Fig. 10 we show the DFT-calculated low energy bands
near the K and K ′ points of the graphene/MnPS3 heterostruc-
ture, when MnPS3 is in the ferromagnetic phase and SOC
is included. We find that bands near the K and K ′ valleys
are nearly identical and fully sz polarized, indicating that
proximity-induced SOC is negligible compared to the ex-
change one. Indeed, comparing the calculated low energy
bands from Fig. 10 (with SOC) and Fig. 2 (without SOC), we
find no marked change by inclusion of SOC. This result is not
surprising, because recent calculations have shown that SOC
effects are small in bare monolayer MnPS3 in the antiferro-
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FIG. 10. (a) DFT-calculated low energy Dirac bands near the K
point for the graphene/MnPS3 heterostructure, when MnPS3 is in
the ferromagnetic phase and SOC is included. The symbols are color
coded by their sz spin expectation value. (b) Same as (a) but near the
K ′ point.

magnetic Néel phase [68]. Therefore, also proximity-induced
SOC is small, even though we consider the ferromagnetic
phase here. Similar results hold for MnPSe3 in the ferro-
magnetic phase (low-energy dispersions with SOC are not
shown).

I. Further discussion

In some cases, band hybridization (anticrossings) addi-
tionally affect the Dirac bands, leading to renormalized
proximity-induced exchange splittings, as previously shown
for graphene/hBN/Co heterostructures [104]. Similar things
can happen here, for example in the case of graphene/NiPSe3

in the ferromagnetic phase, spin down bands originating from
the NiPSe3 are located near the Dirac point energy and
hybridize with the spin down Dirac states, see the band struc-
ture in the Supplemental Material [119]. As a consequence,
the effective proximity exchange parameters are much larger
(10 meV) than for any other case we consider here. Also
the spin down hopping parameter t↓ differs by about 0.5 eV
from the spin up one t↑, see Table II. For the graphene/NiPS3

structure in the antiferromagnetic zigzag phase, the band hy-
bridization is even more pronounced, since NiPS3 bands from
both spin species are present near the Dirac point.

Whenever bands, which originate from the magnetic
MPX 3 substrate, are located near the Dirac point energy,
band hybridization can occur. As a consequence, the spin
splitting of the graphene Dirac states is affected, in addition
to the bare proximity-induced exchange coupling. By com-
paring the band structures and fitted parameters from all of
our structures, this happens only in a few cases we consider
here. However, from previous studies [104,126], we know that
band offsets can be influenced by the interlayer distance, a
transverse electric field, or the Hubbard U . In our exemplary
case of MnPS3 in the antiferromagnetic Néel phase, we have
seen that the interlayer distance strongly affects proximity
exchange, while the Hubbard U does not, since band hy-
bridization effects are absent (given the large band offset).
This behavior can be very different in other heterostructures,
especially in cases where band hybridization already occurs.

Does another DFT code give similar results? We addi-
tionally employ the full-potential linearized augmented plane
wave code WIEN2k [91] and recalculate the dispersion for
some of our structures. The fit results are also summarized
in Table II. We consider graphene on MnPS3 and MnPSe3

in the ferromagnetic and antiferromagnetic Néel phases,
respectively. Because of the broken symmetry in the antiferro-
magnetic zigzag and stripy phases, WIEN2k calculations are
computationally too demanding and thus not included in this
study. The purpose to employ two different codes is to test
the robustness of our predictions (magnitudes and signs of
proximity exchange parameters).

Both codes predict the antiferromagnetic Néel phase to
be the ground state for MnPSe3 and MnPS3, in agreement
with experimental data. For both substrates in both mag-
netic phases, WIEN2k predicts similar proximity exchange
splittings as QUANTUM ESPRESSO. For MnPSe3, results of
the antiferromagnetic Néel phase differ. The different DFT
codes predict small exchange parameters, but of different type
(WIEN2k predicts staggered ones, while QUANTUM ESPRESSO

predicts uniform ones). For MnPS3 in the antiferromagnetic
Néel phase, the sublattice resolved proximity exchange pa-
rameters are staggered for both codes, but with a global sign
change. The results for the ferromagnetic phases coincide
for both materials and both codes. Indeed, when proximity
exchange is larger than about 100 μeV, both codes essentially
agree, as we can see from the ferromagnetic phase results.
However, when the proximity effects become rather small
(few to tens of μeV), the codes reach their limits in numerical
accuracy and discrepancies may arise, as we can see from
the antiferromagnetic Néel phase results. We conclude that,
whenever exchange parameters are small (few to tens of μeV),
a precise prediction of results is computationally very chal-
lenging and the extracted parameters should be treated with
caution. However, we do not see this as a critical problem,
since the magnitudes of the proximity exchange in the differ-
ent magnetic phases are the same, independent of the DFT
code. The proximity effects depend on the hybridization of
the orbitals across the interface, and on the energies of the
orbitals that take part of the hybridizations. The energetics of
higher lying orbitals depends on the code, which is most likely
causing the discrepancies.

Finally, we want to comment on the magnetic easy axis
of the substrate MPX 3 materials. In our calculations we
have considered only out-of-plane (collinear to z direction)
magnetic configurations. Otherwise, the calculations would
be computationally very demanding since noncollinear mag-
netism needs to be treated, which is accompanied by inclusion
of SOC. However, for some MPX 3 monolayers, experiments
and theory indicate in-plane antiferromagnetism, such as for
NiPS3 [56,117]. Therefore, one should keep in mind that our
presented results of proximity exchange may be different in
real samples. With our DFT approach, we can give at most
rough predictions and indications. Nevertheless, we find that
the class of magnetic MPX 3 monolayers is highly interesting
in terms of proximity effects, as different types and magni-
tudes of exchange coupling can be induced in graphene. We
also hope that future experiments can confirm at least some of
our findings and that the potential of these materials will be
recognized for future spintronics applications.
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V. SUMMARY

In this work we have considered heterostructures of
graphene and the magnetic transition-metal phosphorus
trichalcogenides MPX 3. From first-principles calculations, we
have extracted the proximitized Dirac bands of graphene,
which we fitted to a model Hamiltonian, including orbital and
proximity exchange parameters. We found that, depending on
the magnetic phase of the MPX 3 substrate layer, the metal
atom M = {Mn,Fe,Ni,Co}, and the chalcogen atom X =
{S,Se}, very different proximity-induced exchange couplings
can be realized in graphene. Not only that the exchange
splittings range from about 0 to 10 meV, also the sign and
type of the exchange couplings differ from case to case. We
demonstrated, that the MPX 3 family of magnetic monolayers
are a platform to induce uniform (λA

ex ≈ λB
ex), as well as stag-

gered (λA
ex ≈ −λB

ex) exchange couplings in graphene, leading
to very different spin polarizations. In addition, decreasing
the interlayer distance between graphene and the substrate is

a very efficient tool to enhance proximity-induced exchange
couplings. An applied transverse electric field can potentially
result in a similar tunability, but was not observed in our
exemplary case. The Hubbard U , which is a parameter in
the DFT calculation, can have a huge impact on Dirac band
splittings, since the U determines the band alignment and
to some extent the coupling of the monolayers. Finally, we
found that for Mn-based materials in the ferromagnetic phase,
the proximity-induced SOC is negligible compared to the
exchange parameters.
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