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Interfacial Dzyaloshinskii-Moriya interaction of antiferromagnetic materials
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The interface between a ferromagnet (FM) or antiferromagnet (AFM) and a heavy metal (HM) results in an
antisymmetric exchange interaction known as the interfacial Dzyaloshinskii-Moriya interaction (iDMI) which
favors noncollinear spin configurations. The iDMI is responsible for stabilizing noncollinear spin textures such
as skyrmions in materials with bulk inversion symmetry. Interfacial DMI values have been previously determined
theoretically and experimentally for FM/HM interfaces, and, in this work, they are calculated for the metallic
AFM MnPt and the insulating AFM NiO. The heavy metals considered are W, Re, and Au. Values for the iDMI,
exchange, and anisotropy constants are determined for different AFM and HM thicknesses. The iDMI values
of the MnPt heterolayers are comparable to those of the common FM materials, and those of NiO are lower. In
few-layer films of (001) MnPt, the high spin orbit coupling of the Pt layers can give rise to a small DMI in the
absence of a HM layer.
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I. INTRODUCTION

Antiferromagnetic (AFM) materials are of current interest
due to their insensitivity to external magnetic fields, ab-
sence of demagnetizing fields, scalability to small dimensions,
widespread availability in nature with high Néel temperatures,
and operation in the THz frequency range [1–8]. Antifer-
romagnetic materials exhibit various interesting phenomena
such as a large anomalous Hall effect, spin Seebeck ef-
fect, spin Hall magnetoresistance, and spin galvanic effects
[9–21]. They offer various promising spintronic applications
exploiting skyrmions or domain walls which can be used as
nonvolatile memory and racetrack memory [22–29].

Noncollinear spin configurations such as skyrmions and
chiral helices are found in noncentrosymmetric materials with
broken inversion symmetry [30–32]. Since noncentrosymmet-
ric magnetic materials are not common in nature, heterolayers
consisting of a heavy metal (HM), which offers high spin orbit
coupling (SOC), and a magnetic material can be created that
breaks inversion symmetry at the interface. At an HM/FM
or HM/AFM interface, the interfacial Dzyaloshinskii-Moriya
interaction (iDMI), which is an antisymmetric exchange in-
teraction, can stabilize Néel type domain walls and skyrmions
[33–43]. The interfacial DMI of FM materials is generally
measured using Brillouin light scattering (BLS) [44–50]. Ex-
perimentally AFM spin textures are measured using spin
polarized scanning tunneling microscopy (STM), and the bulk
DMI in noncentrosymmetric materials is measured using in-
elastic neutron scattering [51,52].

There have been prior theoretical and experimental studies
of iDMI in engineered or synthetic antiferromagnetic systems
[53–56]. In Refs. [55,56], spin-polarized scanning tunneling
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microscopy was used to study heterostructures of monolayer
Mn on W(110) and Re(0001), and the iDMI was calculated
using density functional theory (DFT). The same theoretical
approach was used to study the iDMI of Fe/Ir bilayers on
Rh(001) [53]. In Ref. [54], the two-dimensional AFM-Rashba
model was introduced to calculate the iDMI in 2D Rashba
AFMs.

This paper describes the results of ab initio calculations
of the iDMI for three different material combinations of
HMs and AFMs. Since the iDMI helps to stabilize Néel
type skyrmions in which spins rotate from out-of-plane to
in-plane, the AFM materials MnPt and NiO are chosen with
Néel vectors oriented out-of-plane [57–61]. Also, both MnPt
and NiO have high Néel temperatures (975 K and 530 K,
respectively) [62–64], which are required for on-chip appli-
cations. MnPt has a stripe-type AFM spin texture, and NiO
has a G-type AFM spin texture. Creating heterolayers for
density functional theory (DFT) calculations requires lattice
matching to create a periodic structure. This generally requires
choosing materials with lattice constants that are relatively
close to minimize strain. For this reason, the two HMs paired
with MnPt are tungsten (W) and rhenium (Re), and the HM
paired with NiO is gold (Au). MnPt-W has a lattice mismatch
of 1.49%, MnPt-Re has a mismatch of 1.25%, and NiO-Au
has a mismatch of 0.7%. The effects of thickness variation
of the AFM layer and the heavy metal layer on the iDMI
are discussed. The magnetic moments, magnetizations, ex-
change constants, and magnetic anisotropy constants are also
calculated as functions of layer thicknesses. These values pro-
vide required input parameters for micromagnetic modeling
of AFM spin textures.

II. METHOD

The interfacial DMI is evaluated using first principles cal-
culations based on the Vienna ab initio simulation package
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FIG. 1. (a) Unit cell of MnPt having stripe-type AFM spin
configurations. (b) Unit cell of NiO having G-type AFM spin config-
urations. Spin directions are shown in 3d orbital magnetic materials
(Mn or Ni) and atoms without spin are Pt (gray) and oxygen (red).

(VASP) [65]. The electron-core interactions are described by
the projected augmented wave (PAW) potentials [66], and the
exchange correlation energy is included with the generalized
gradient approximation (GGA) parameterized by Perdew-
Burke-Ernzerhof (PBE) [67]. The cutoff energy for the plane
wave basis is 550 eV in all calculations. The Monkhorst-Pack
scheme is used with �-centered 10×10×1 k-point grids to
make sure the total energy is converged within 10−5 eV per
unit cell.

For calculations of the iDMI, the unit cells in Fig. 1 are
repeated as shown in Fig. 2, so that spin orientations can
be rotated in clockwise (CW) and counterclockwise (CCW)
directions [68–70]. MnPt and W (or Re) unit cells are repeated
four times to make a supercell (4×1×1) in which spins of
the Mn atoms are rotated one period over the length of the
supercell as shown in Fig. 3(a). A vacuum layer of 15 Å
is added along the out-of-plane direction. NiO and Au unit
cells are repeated to make a supercell (2×2×1) in which the
spins of the Ni atoms are rotated once over the length of the
supercell as shown in Fig. 3(b).

Calculations are performed in three steps to find the interfa-
cial Dzyaloshinskii-Moriya interaction [68–70]. The supercell
structure is relaxed until the forces are smaller than 0.01 eV/Å
to determine the most stable interfacial geometries. Table I
shows the relaxed interlayer distances between the interfa-
cial atoms of the magnetic layer and the heavy metal layer.
Next, the Kohn-Sham equations are solved without spin orbit
coupling (SOC) to determine the charge distribution of the
system’s ground state. Finally, spin orbit coupling (SOC) is
included and the total energy of the system is determined for
the CW and CCW spin spirals having 90 degree rotation. The
total DMI strength, Dtot, is found from the energy difference
between the CW and CCW spin configurations [68].

The iDMI is calculated using the approach of Yang et al.
[68] generalized for an AFM system. The energy due to the
Dzyaloshinskii-Moriya interaction can be written as

EDMI =
∑
〈i, j〉

di j · [Si × S j], (1)

where di j is the DMI vector and Si is the unit vector of a
magnetic moment. di j is found from d (ẑ×ûi j ), where ûi j is
the unit vector between sites i and j, and ẑ is the direction
normal to the film which is oriented from the heavy metal to
the magnetic film [68].

FIG. 2. Spiral spin configurations used in the DMI calculations
for (a), (b), (e) MnPt and (c), (d) NiO. A 4×1×1 unit cell supercell
of MnPt is constructed with a spin spiral in the (a) clockwise and
(b) counterclockwise directions. A 2×2×1 unit cell supercell of NiO
is constructed with a spin spiral in the (c) clockwise and (d) counter-
clockwise directions. (e) Clockwise rotated spin configuration in one
layer of MnPt with labels used in Eq. (2).

FIG. 3. (a) MnPt on top of W. Mn atoms are purple. (b) NiO on
top of Au. Oxygen atoms are red.
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TABLE I. Interlayer distances in the system of three layers of
MnPt on top of three layers of W or Re and in the system of three
layers of NiO on top of three layers of Au.

Interlayer Distance (Å)

Mn-Pt 1.85
Mn-Re 1.84
Mn-W 1.81
Ni-Ni 2.09
Ni-Au 2.59

To numerically determine the value of d , AFM Nèel-vector
spirals are created in a supercell. Figure 2(e) illustrates such a
spiral along the x direction. The spins that form the antialigned
spin pairs of the AFM primitive cells are numbered 1,1′,
2,2′, 3,3′, and 4,4′. Each pair is successively rotated 90◦ with
respect to the pair on the left. The local magnetization of each
primitive cell remains zero. Writing out the sum in Eq. (1)
over the four nearest neighbors of atom 2, the energy of atom
2 is

E2 = 1
2 [d22′ · (S2 × S2′ ) + d22′′ · (S2 × S2′′ )

+ d23′ · (S2 × S3′ ) + d23′′ · (S2 × S3′′ )] + Eother, (2)

where Eother is the spin independent, anisotropy, and symmet-
ric exchange energy contributions. The first two terms, 2,2′
and 2,2′′, on the right side of Eq. (2) are zero due to parallel or
antiparallel magnetic moments in the cross products. The 2,2′
term is an intra primitive cell term, and atom 2′′ is equivalent
to atom 2′ but in the next primitive cell in the y direction. The
nonzero terms come from the two nearest neighbor pairs 2,3′
and 2,3′′ resulting in

E2 = 1

2

[
1√
2

Dtot + 1√
2

Dtot

]
+ Eother, (3)

where the factors of 1√
2

are due to the 45◦ angle between d23′

and S2×S3′ . Dtot is the total DMI strength which is considered
as the DMI strength concentrated in a single atomic layer [68].
The energies of atom 2 resulting from CW and CCW spirals
are

E2,CW = 1√
2

Dtot + Eother (4)

E2,CCW = − 1√
2

Dtot + Eother. (5)

A single Mn layer of a supercell that contains eight magnetic
atoms is shown in Fig. 2(e). Note that the last line of atoms
along the x and y directions are repeated and belong to the
next supercell, and are therefore not counted. For the Mn layer
of Fig. 2(e),

�EDMI = (ECW − ECCW) = 8
√

2Dtot, (6)

so that Dtot is

Dtot = (ECW − ECCW)/m, (7)

where m = 8
√

2 for both MnPt and NiO. From Dtot, we de-
termine the micromagnetic DMI, Dμ, which is the parameter

used in micromagnetic simulations. Considering four nearest
neighbors, Dμ is found from [68]

Dμ = 4Dtot

NLa2
, (8)

where a is the lattice constant, and NL is the number of
magnetic layers.

This approach for determining iDMI values has been
used in several different studies and applied to different het-
erostructure systems [68–70]. The approach assumes that the
iDMI can be described in a nearest neighbor approximation.
It results in a minimal length periodic spin spiral and minimal
size supercell as shown in Fig. 2. There are other approaches.
Longer spin spirals with smaller angles can be used, however
the supercells quickly become extremely large. For exam-
ple, with 30◦ between nearest neighbor spins, a three layer
MnPt/three layer HM structure results in a supercell contain-
ing 216 atoms. Furthermore, in this approach, several different
spin spirals with different nearest neighbor angles must be
simulated and the resulting energies fitted to a parabolic curve
to extract the iDMI [53,55,56,71,72]. Beyond the above two
methods of creating spin spirals in supercells, there are sev-
eral other approaches such as (i) the Korringa-Kohn-Rostoker
(KKR) Green function method [73], (ii) the coned full po-
tential linearized augmented plane wave generalized Bloch
theorem (FLAPW-gBT) method [74,75], (iii) the flat FLAPW-
gBT method [74,75], and (iv) the coned supercell spin spiral
method [76]. Variations of the DMI values calculated from
the different methods have been studied [76]. Compared to
the approach used in this work, the KKR method varied by
6.7%, the coned FLAPW-gBT method varied by 23%, the flat
FLAPW-gBT method varied by 21%, and the coned supercell
method varied by 6.8% for monolayer Co on Pt [76]. Several
papers containing both experimental and theoretical results
showed that the method used in this paper provides DMI val-
ues which are comparable to experimental results for different
systems [70,77].

The magnetic moment and magnetization are calculated
from the collinear AFM spin configurations of the three differ-
ent combinations of materials where the magnetization is the
magnetic moment per unit volume. The magnetic anisotropy
energy is calculated from the energy difference between the in
plane and out of plane spin configurations of MnPt [77].

The exchange energy (J) is calculated from the total en-
ergy difference between collinear antiferromagnetic (EAFM)
and ferromagnetic (EFM) configurations [76,78–80]. With four
nearest neighbors, the nearest-neighbor exchange energy is
found from VASP [79,80],

J = EAFM − EFM

8
. (9)

The micromagnetic exchange stiffness (A) is related to J by
[76,78]

A = 1

2V�

∑
j

J0 j (R0 j )
2, (10)

where V� is the volume of the primitive AFM unit cell, R0 j =
a√
2

is the distance between nearest-neighbor magnetic atoms,
and a is the lattice constant of the primitive AFM unit cell. For
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FIG. 4. (a) Dtot and (b) Dμ of MnPt-W, MnPt-Re, and NiO-Au as
a function of the thickness of the AFM. The thickness of the HM is
fixed at three layers. Positive DMI indicates that the CCW spin spiral
is the lower energy state.

four nearest neighbors, the micromagnetic parameter is [76]

A = a2J

NLV�

. (11)

III. RESULTS

Calculated values of Dtot and Dμ for MnPt-Re, MnPt-W,
and NiO-Au as a function of AFM layer number are shown in
Fig. 4. The structures consist of the AFM layers on top of three
layers of HM. The trends and quantitative values are similar
to those in HM/FM interfaces [81]. For a monolayer of MnPt,
the strength of the iDMI, in terms of Dtot, is larger with W
than with Re, and this is consistent with the fact that the SOC
of W is larger than that of Re. Both MnPt-W and MnPt-Re
show larger iDMI compared to that of NiO-Au, and this is
consistent with the fact that the magnetic moment of Mn is
larger than that of Ni. The trend that higher magnetic moments
provide larger interfacial DMI following Hund’s rule [81] is
also observed in HM/FM interfaces.

The magnitude of the volume averaged interfacial DMI
(Dμ), shown in Fig. 4(b), decreases with increasing thickness
of the AFM material, and it will eventually approach zero
for thick magnetic material [68,82]. However, this does not
necessarily hold true for the first two to three layers in terms
of the total DMI strength Dtot, as shown in Fig. 4(a). In MnPt,
each layer of magnetic atoms (Mn) is sandwiched between
layers of HM atoms (Pt). Thus, Dtot depends not only on the
spin orbit coupling (SOC) arising from the interfacial heavy
metal W (or Re), but also on the SOC from the inner heavy
metal Pt, and the resulting total DMI strength initially varies
nonmonotonically with layer number as shown in Fig. 4(a). In
contrast, NiO contains no HM atoms, and the magnitude of
Dtot decreases monotonically with thickness.

The iDMI values of antiferromagnetic materials are com-
parable to those of ferromagnetic materials. The iDMI of
monolayer MnPt on W or Re is comparable to that of mono-
layer Fe sandwiched between Pd and Ir, which is well known
for hosting nm scale skyrmions [83–85], and also to mono-
layer Co on Pt [84]. Three layers of MnPt on W has Dμ =
3.8 mJ/m2, which is comparable to that of three layers of
Co on Pt [68,69]. Three layers of Ni on graphene has Dμ ≈
0.5 mJ/m2 [70], and three layers of AFM NiO on Au has an
Dμ = 0.4 mJ/m2.

FIG. 5. iDMI of monolayer AFM for two different HM thick-
nesses: (a) Dtot with one magnetic layer and (b) Dμ.

A thicker heavy metal layer increases the iDMI, since
increasing the thickness of the heavy metal layer initially
increases the proximity SOC in the AFM. The increase in the
iDMI with thickness of the HM layer is shown in Fig. 5. Since
the HM provides proximity SOC, increasing the HM thickness
from one layer to several layers increases the iDMI before it
saturates after three or four layers [86].

Since the magnitude of the iDMI depends on the local mag-
netic moments, comparisons of the magnetic moments and
saturation magnetizations of MnPt and NiO with three layers
of heavy metal are shown in Fig. 6 as a function of the AFM
thickness. The highest magnetic moment is shown. NiO has
smaller magnetic moments than MnPt, which contributes to
its lower iDMI compared to MnPt-W and MnPt-Re. Overall,
the values are smaller than those of the bulk. The magnetic
moments increase with increasing thicknesses of the AFM
thin films, and they approach the bulk values of MnPt and
NiO [87–89].

There are two reasons for smaller magnetic moments:
(i) reduced thickness of the magnetic materials [90,91] and
(ii) orbital hybridization at the AFM-HM interface [81]. The
hybridization of the 3d orbitals of the AFM with the 5d
orbitals of the HM reduces the magnetic moments of the AFM
[92,93], and it gives rise to nonzero magnetic moments in the
HM layer. In FM/HM systems, a higher proximity induced
magnetic moment in the heavy metal reduces the iDMI [68],
and this is consistent with what we observe with the AFM/HM

FIG. 6. Magnetic moments and saturation magnetization of
(a) MnPt-W, (b) MnPt-Re, and (c) NiO-Au as a function of the
thickness of the AFM. The thickness of the HM is fixed at three
layers.
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FIG. 7. Local density of states of Mn atom in three layers of
MnPt on top of three layers of Re: (a) middle Mn atom which is
far from Re, (b) bottom Mn atom which is close to Re and is affected
by proximity induced magnetic moment.

system. One layer of MnPt on three layers of Re induces a
proximity magnetic moment of 0.211 μB on the first layer of
Re atoms, and one layer of MnPt on three layers of W induces
a proximity magnetic moment of 0.206 μB on the first layer
of W atoms. The enhanced magnetic moment in the HM is
accompanied by a reduced magnetic moment in the interfacial
magnetic atoms. For a system with three layers of MnPt on
top of three layers of Re, the magnetic moment of a Mn atom
at the HM interface is 2.18 μB, and the magnetic moment
of a Mn atom in the middle layer is 3.13 μB. This effect is
apparent in the spin-resolved local density of states (LDOS)
of the Mn atoms. Figure 7 shows the spin-resolved LDOS of
Mn atoms in the (a) middle layer and (b) interfacial layer from
the heterostructure of three layers of MnPt on three layers of
heavy metal (Re). The upper (red) and lower (blue) curves
show the spin-up D↑ and spin-down D↓ LDOS, respectively.
The magnetic moment is proportional to the integration of
D↑ − D↓ over the occupied energies E � EF . The LDOS of
the minority down spin is larger in the interfacial layer than
in the middle layer, with the result that the Mn atoms at the
interface are less polarized.

MnPt consists of alternating layers of magnetic Mn atoms
and heavy metal Pt atoms with high SOC. A finite (001)
slab of MnPt, consisting of an integer number of unit cells,
breaks inversion symmetry since one face is a Mn layer and
the opposing face is a Pt layer. The combination of high SOC
and broken inversion symmetry gives rise to a small amount
of DMI even without a proximity HM layer. For a three layer
slab of MnPt with the Mn layer on the bottom and the Pt layer
on the top, Dtot = −1.02 meV/3d atom, and Dμ = −1.37
mJ/m2. In contrast, NiO does not contain any heavy metal

FIG. 8. (a) Magnetic anisotropy constant of MnPt with three
layers of heavy metals. (b) Exchange stiffness of MnPt with three
layers of heavy metals.

atoms, three layers remain geometrically inversion symmetric,
and it exhibits zero DMI in the absence of an adjacent heavy
metal layer.

Calculated values for the magnetocrystalline anisotropy
constants and exchange stiffnesses are shown in Fig. 8 for dif-
ferent numbers of magnetic layers. The magnetic anisotropy
constant decreases with thickness, and the exchange stiffness
slightly increases with the number of layers, which is consis-
tent with a previous study [77].

IV. CONCLUSIONS

The interfacial Dzyaloshinskii-Moriya interaction of
MnPt/W, MnPt/Re, and NiO/Au are calculated for differ-
ent thicknesses of both the AFM and the HM. Values of
iDMI, magnetic moments, exchange and magnetic anisotropy
constants required for the micromagnetic simulations are
determined. The values of the iDMI of the MnPt/HM hetero-
layers are comparable to those of the common ferromagnetic
materials such as Fe, Co, or CoFeB. The iDMI of the NiO/Au
system is approximately a factor of 7 lower. In general, iDMI
is maximized by choosing AFM materials with larger mag-
netic moments, heavy metals with high spin orbit coupling,
thinner AFM layers from 1–3 monolayers, and HM thick-
nesses of at least three to four layers. Few layer (001) MnPt
which contains both HM atoms and magnetic atoms exhibits
an intrinsic DMI, albeit smaller than the iDMI induced by a
proximity HM layer. These results and the quantitative values
provided will help guide experimental realization and provide
needed parameters for micromagnetic simulations of AFM
materials with domain walls and skyrmions supported by
iDMI.
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