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We present a Greens function approach to calculate the Dzyaloshinskii-Moriya interactions (DMI)
from first principles electronic structure calculations, that is computationally more efficient and
accurate than the most-commonly employed supercell and generalized Bloch-based approaches. The
method is applied to the (111) Co/Pt bilayer where the Co- and/or Pt-thickness dependence of the
DMI coefficients are calculated. Overall, the calculated DMI are in relatively good agreement with
the corresponding values reported experimentally. Furthermore, we investigate the effect of strain
in the DMI tensor elements and show that the isotropic Néel DMI can be significantly modulated
by the normal strains, €;z, €yy and is relatively insensitive to the shear strain, e;,. Moreover, we
show that anisotropic strains, (€z« — €yy) and €gy, result in the emergence of anisotropic Néel- and

Bloch-type DMIs, respectively.

INTRODUCTION

Magnetic Skyrmions[1-5] are noncollinear spin config-
urations found in materials with strong spin-orbit cou-
pling (SOC) and non-centrosymmetric crystal structures
which lack an inversion center. Their existence were the-
oretically predicted three decades ago[4, 5] and experi-
mentally observed recently in chiral magnets and other
B20-type bulk materials, such as MnSi[6], Fe;_,Co,Si[7],
FeGe[8] and Mn;_,Fe,Ge[9]. Bilayer devices consist-
ing of ferromagnets interfaced with heavy-metals (HMs),
with their mirror symmetry broken across the inter-
face, also provide the necessary condition for the emer-
gence of skyrmions.[10-19] The noncollinearity of the
spin configuration is conventionally parameterized the by
Dzyaloshinskii-Moriya interaction[20, 21] (DMI); an anti-
symmetric exchange interaction between atomic mag-
netic moments, which is generally measured experimen-
tally using Brillouin Light Scattering (BLS) [22-28]. The
DMI energy for two spins S} and S, separated by a dis-
tance R is of the form Epyur = JR . (,S_”l X 52),[20, 21]
where the DMI vector generally consists of two terms[29],
referred to as the Bloch, dB and Néel, N components,
respectively. In metallic systems the DMI is mediated
by the conduction electrons. Conduction electrons with
spin-momentum coupling of the Rashba type are known
to lead to a Néel DMI. [30-33] This type of helicity is
often present at the interface between two different ma-
terials, where, the broken inversion symmetry normal
to the interface results in a DMI vector of the form,
dN = dNé, x R/|R|, where &, is the unit vector nor-
mal to the interface. On the other hand, systems with
Dresselhaus type SOC, which is often manifested in the
bulk region, exhibit a Bloch type DMI vector,[6, 34, 35]
of the form d? = —dBR/|R)|.

Magnetic skyrmions are promising candidates for sev-
eral applications, [36] including racetrack memory[37-39],
skyrmion based logic gates,[40] microwave devices[41],

and neuromorphic computing[42, 43]. Such devices re-
quire efficient ways of skyrmion manipulation [44—49],
including creation, annihilation, motion, and detection.
Interestingly, recent experiments have demonstrated the
electric field-[50-52] and/or strain-mediated[53] modula-
tion of the interfacial DMI which may provide a novel
function for skyrmion- or chiral domain wall-based spin-
tronic devices. However, in order for the skyrmion nucle-
ation to be energetically feasible and stable at room tem-
perature, large DMI values are required,[19, 54-56] mak-
ing it difficult to significantly modulate the sign and/or
amplitude of the DMI. To address this issue, first princi-
ples calculations provide a promising avenue in the search
for devices with large DMI that are also responsive to ex-
ternal perturbations.

Several first principles approaches have so far been
introduced to calculate the DMI. These include the
super-cell [57], the generalized Bloch theorem [58], the
Korringa-Kohn-Rostoker Green function (KKR-GF) [59]
and the Berry curvature [60] methods. Even though
the super-cell approach to evaluate the DMI from first
principles is the most common, it is computationally de-
manding and hence limits its application to systems with
small number of atoms. The generalized Bloch theo-
rem approach is computationally less demanding than
the super-cell, albeit, at the cost of taking into account
the effect of SOC perturbatively. On the other hand, the
KKR-GF and Berry curvature methods are computation-
ally the most efficient while taking into account the effect
of SOC exactly.

Developing an accurate and efficient first principles
approach to calculate the DMI and its manipulation
via current[61], electric field[62], and strain[63, 64] is of
paramount importance in the spintronics community. In
this paper, we employ Greens function method to calcu-
late the atomistic exchange coupling from the magnon
band structure in the spin-spiral regime. The DMIs are
calculated for the Pt/Co bilayer for various Pt and/or Co
thickness and are compared with the corresponding val-



ues reported in experiments, where the overall agreement
is good. Furthermore, we have investigated the effect of
strain on the DMI tensor elements which is in relative
agreement with the recent experimental observation.[53]

THEORETICAL FORMALISM

Phenomenological Modeling

Investigations of magnetic properties of materials at
the phenomenological level based on model spin Hamil-
tonians may be formulated either in the continuum (mi-
cromagnetic) or in the discrete atomistic representation.

The Hamiltonian governing the atomic spin dynamics
can be generally written as,
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where ﬁ'zgj )
ment of the i (j)th atom within the unit cell at R (R'),
Jg’_ag, is the relativistic exchange coupling between the

two local moments, and €, is a unit vector along the
a = x,y, z direction.

The Landau-Lifshitz equation of motion is then given
by,

is a unit vector along the local magnetic mo-
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where M; is the magnetic moment of the ¢th atom. In the
linear regime the time-dependent local moment direction
can be written as

+ 0 (1)E + 0 (1)e, 3)

where, for simplicity we choose €, as the direction around
which the magnetization is precessing. A generalization
of the approach to any given equilibrium magnetization
direction is straightforward.

In the “spin spiral” regime we ignore the indepen-
dent dynamics of magnetic moments within the unit cell,
where the equations of motion in momentum space are
given by,
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Here, M;,; = Zl M; is the total magnetic moment per
unit cell and
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We can in turn make a connection between the pa-
rameters of the continuum model and the micromagnetic
energy defined as
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where Ang, Kop and D,g are the exchange stiffness,

MCA and DMI tensor elements, respectively. In this case
the dynamical equations of motion are given by
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Comparison of the linearized Eqgs. (7) with the system
of Egs. (4) yields
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Here, the Levi-Civita symbol, €,g~ , is introduced to
convert the third-order DMI tensor in Lifshitz invariant
presentation [65] to a second-order tensor and Vs is the
volume of the unit cell of the ferromagnetic film. Eq. (8b)
can be used to calculate the DMI tensor elements, D,g.
However, consistent with the BLS method employed in
experiments, in our first principles calculations we use
the magnon dispersion method to evaluate the different
DMI components.

In the following we provide a phenomenological treat-
ment of the DMI. This can be achieved by extending the
Néel, dn , and Bloch, dB , components of the DMI vector
for a pair of magnetic moments to a lattice of magnetic
ions, the DMI tensor elements for a ferromagnetic/heavy
metal bilayer with broken mirror symmetry along the
Cartesian z-axis, are given by,
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For an isotropic system, where the interatomic DMI
coupling depends only on \ﬁ|, the Néel and Bloch com-
ponents of the DMI tensor result in the off-diagonal and
diagonal matrix elements, respectively,

~€uRp.  (9)
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where, DV = Y N,R,dY/4Vy and DP =
>on N.R,d2/4Vy;, and N, denotes the number of
nearest-neighbors of the nth shell. For example for a
film with in-plane hexagonal crystal structure we have,
(R,/a)? = (1,3,4,7,9,...) and N,, = (6,6,6,12,6,...).

On the other hand, for an anisotropic system, the di-
agonal elements, D, of the DMI matrix are not nec-
essarily identical and the off-diagonal elements (apart
from the antisymmetric Néel component) can addition-
ally acquire symmetric components. In this case, in line
with Eq. (10) the average value of the diagonal elements
denotes the isotropic Bloch DMI, while the additional
terms responsible for the difference in the diagonal ele-
ments denote the anisotropic Bloch DMI. Similarly, we
refer to the symmetric off-diagonal components of the
DMI matrix as the anisotropic Néel components. For
a bilayer system with broken mirror symmetry along
the z-axis and two-fold (Cy,) in-plane rotational sym-
metry, the nonzero DMI tensor elements include, D,
Dyy, Dys, and D,,. In this case, the four DMI compo-
nents are, DY = (Dy, — Dyz)/2, DB, = (Dyx+ Dyy) /2,
Dy, = (Duy + Dyi)/2, and DF, = (Dyw — Dyy)/2,
which in turn give rise to different types of skyrmions.
In Figs. 1(a) and (b) we show the Néel and Bloch type
skyrmions, respectively, corresponding to the isotropic
Néel and Bloch DMIs. On the other hand, as dispayed
in Figs. 1(c) and (d), the anisotropic and Néel Bloch
DMIs,[66] which originate from the anisotropy in the pla-
nar crystal structure give rise to anti-skyrmions[67] that
are related to each other by a 45° in-plane rotation.

Magnon Dispersion

Solving the linearized LLG equations of motion,
Egs. (4), for equilibrium magnetization along z leads to
the magnon dispersion,

wg= L Im(JY — JET) £ 02, (11)
tot

where the first term represents the DMI contribution to

the magnonic energy which is an odd function of ¢, while

the second term is an even function of ¢ and is given by,
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Similarly, using the equations of motion, Eq. (7), of
the micromagnetic model in the continuum limit, the
magnon dispersion for a given equilibrium magnetization
direction, meq is given by

4
wg = Warps Z Daﬁqaqu + wg, (13)
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FIG. 1. Schematic spin texture for skyrmions resulting from
isotropic (a) Néel and (b) Bloch DMI tensor components, and
anti-skyrmions originating from anisotropic (¢)Néel and (d)
Bloch DMI tensor components. The red (blue) color of the
arrows denotes the direction of the local magnetic moment
along +¢€. (—¢-) direction.

where, the first term corresponds to the DMI contribu-
tion of the magnon energy and the second term is given

af
HI ey Y (KT =" K me,mb). (14)
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The equilibrium magnetization orientation, e, is
found by the minimizing the magnetic energy of the
collinear ferromagnet.

Therefore, the DMI contribution to the magnon energy
for any given equilibrium magnetization direction in a
system with isotropic crystal structure in the x-y plane
is given by,
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First Principles Calculations of the Exchange
Coupling

We employ the Green’s function method to calculate
the exchange coupling elements. Within the linear com-
bination of atomic orbitals (LCAO) basis, the multi-
orbital Hamiltonian, H > describing the hopping of elec-

trons between two unit-cells separated by ﬁ, is given by,
Hg=H)+ HY + Ago. (18)

Here, I:I% is the paramagnetic (spin-independent) term,
H %"C is the SOC term and A 5 is the exchange split-
ting matrix responsible for magnetism in the ferromag-
net. Note that the SOC and exchange splitting terms are
even and odd with respect to time reversal symmetry, re-
spectively.

The effective magnetic field acting on the spin moment
of the ith ion within a unit cell located at R is given by

OH >,

omt,
R
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where, (...) = [dEImTr(...G)f(E)/x, is the expecta-
tion value and the Hamiltonian matrix elements are given
by, H BR = H 7i_ - The exchange coupling elements en-
tering the magnon dispersion in Eq. (11) are calculated
from,[68-73]

Jo = _Bi.¢, (20a)
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Here, [AAG}E =2 Aége_ik'R/Nk, Ny is the number
of k-points, 1; is the atomic position operator within
the unit cell (diagonal matrix elements equal to one for
atomic orbitals of the ith atom and zero otherwise), f(FE)
is the Fermi-Dirac distribution function and
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Gy = (EO; — Hp)™, (21)
is the Green’s function, where the Fourier transformed
Harni}tonian7 Hp =35 H};ze““‘R7 and similarly the over-
lap, O, matrices are calculated using the Linear Combi-

nation of Pseudo-Atomic Orbital (LCPAO) approach as
implemented in the OpenMX package.[74-76]

COMPUTATIONAL DETAILS

The Hamiltonian, H 7> and overlap, @ﬁ matrix ele-
ments of the (111) Co/Pt slab consisting of various thick-
nesses of Co and Pt are determined from density func-
tional theory calculations employing the OpenMX|[74-76]
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FIG. 2. (a) Magnon dispersion in the spin-spiral regime

along high symmetry directions in the first Brillouin zone,
depicted in the inset, for the (111) Co(1.7 nm)/Pt(1.4 nm)
bilayer, shown in the right panel, with equilibrium magneti-
zation along the K — K direction. (b) Anti-symmetric part
of the magnon energy along high symmetry directions, where
a non-zero slope around I' gives the DMI.

ab initio package. We adopted Troullier-Martins type
norm-conserving pseudopotentials[77] with partial core
correction. We used a 24 x 24 x 1 k-point mesh for the
first Brillouin zone (BZ) integration, and an energy cutoff
of 500 Ry for numerical integrations in the real space grid.
The localized orbitals were generated with radial cutoffs
of 6.0 a.u and 7.0 a.u. for Co and Pt, respectively[74, 75].
We used the in-plane lattice parameter of a = 2.74 and
the L(S)DA[78] exchange correlation functional as pa-
rameterized by Perdew and Zunger[79].

Structural relaxations were carried using the Vienna
ab initio simulation package (VASP) [80, 81] within the
generalized gradient approximation as parameterized by
Perdew et al.[82] until the largest atomic force is smaller
than 0.01 eV A~!. The pseudopotential and wave func-
tions are treated within the projector-augmented wave
method [83, 84]. A 15 A thick vacuum region is intro-
duced to separate the periodic slabs along the stacking
direction. The plane wave cutoff energy was set to 500
eV and a 14 x 14 x 1 k-points mesh was used in the 2D
BZ sampling.

In the calculations of the exchange coupling the en-
ergy integration in Eq. (20) was carried out using the
Matsubara summation approach with the poles obtained
from Ogzaki’s continued fraction method of the Fermi-
Dirac distribution function. [85] The Fermi-Dirac distri-
bution function temperature was set at kgT = 25 meV
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FIG. 3. Ab initio Néel DMI (open blue circles) versus inverse
Co thicknesses for the (111) Pt (1.4 nm)/Co(dc.) bilayer slab
along with their linear fit (blue line). For comparison we
also show the available experimental DMI values (stars and
crosses) for various Pt(dpy nm)/Co(x) bilayers grown on dif-
ferent insulating substrates. [56, 86-91]. Inset: Ab initio Néel
DMI versus Pt thicknesses for the Pt(dpy)/Co (1.1 nm) bi-
layer.

and 60 poles were employed for the Matsubara summa-
tion.

RESULTS AND DISCUSSION

Fig. 2(a) shows the magnon dispersion, wg, calculated
from Eq. (11) along the high symmetry directions of the
2D BZ, shown in the inset, for the Pt(1.4 nm)/Co(1.7
nm) bilayer with in-plane magnetization along the K — K
direction. The crystal structure is shown at the right side
of Fig. 2. According to Eq. (17), the Bloch (Néel) DMI
coefficient is given by the slope of wlTDMI = (wg—w_g7)/2
with respect to ¢y (¢;) around the I'-point. Fig. 2(b)
shows the DMI contribution to the magnon energy along
the high symmetry directions. A finite DMI magnon en-
ergy along the M —M path ¢’ L 7., suggests the presence
of a nonzero Néel DMI, D, while the zero slope for the
DMI magnon energy around I' along the ¢]|m direction
demonstrates the absence of Bloch DMI, D® = 0.

Fig. 3 displays the variation of the ab initio calculated
Néel DMI (open blue circles) for the Pt(1.4 nm)/Co(dc,)
bilayer as a function of the inverse Co thickness. The
blue line is a linear square fit of the ab initio values.
We also show for comparison the experimentally re-
ported DMI values (stars and crosses) [56, 86-91] of
Pt/Co(x)/insulator heterostructures with different insu-
lators. The linear fit, shown with the solid line, in Fig. 3
yields an interfacial DMI value of 2.35 pJ/m which is
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FIG. 4. Layer-resolved Néel DMI for the Pt(1.4 nm)/Co(1.7
nm) bilayer versus the layer index,where the Ptin and Coint
denote the interfacial atoms while the Ptgy,f and Cogurf denote
the surface atoms. Left Inset: Total interfacial DMI versus
SOC scaling factor, where the dashed line denotes the linear
variation of the DMI with SOC. Right Inset: Néel DMI for
a pair of Co atoms, dY, on the interfacial layer versus their
inter-atomic distance R,,.

slightly smaller than the earlier ab initio value of 2.78
pJ/m[92]. The difference can be attributed to the smaller
interfacial Co magnetic moment of 1.8 pp in this work,
compared to the corresponding value of 1.95 up reported
in Ref.[92]. Overall, we find a relatively good agreement
between our results and the experimentally reported data
measured at room temperature. It should be noted that
a small enhancement of the experimental results are ex-
pected due to the oxidation of the interfacial Co atoms
with the insulating cap layer.[93] The relatively small
overestimation of the theoretical results, which is more
significant for thinner Co films may be attributed to the
effect of temperature and the diffusion of atoms near the
interface[57, 92, 94]. The inset shows the dependence
of the calculated Néel DMI on the Pt thicknesses for the
Pt(dpt)/Co (1.1 nm) bilayer which is relatively weak, due
to the fact that the interfacial Pt yields the large contrib-
utor to the DMI[57]. On the other hand, this result is
in contrast to experimental observations [95], where a
diffusion-like dependence of DMI versus Pt thickness has
been reported.

In view of the interfacial nature of the DMI in heavy
metal/ferromagnet bilayers, it is expected that the in-
terfacial Co atoms experience the dominant contribution
of the DMI. From Eq. (8) the DMI for an isotropic bi-
layer with magnetization direction along y (m¢q||€,) and
magnon propagation along x can be decomposed into its
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FIG. 5. (a) Interfacial Néel DMI, Dy, of the Pt (1.4 nm)/Co
(0.6 nm) bilayer for magnon propagation along x and magne-
tization direction along y versus €z¢, €zy and €,y strain; (b) In-
terfacial Bloch DMI, D, for magnon propagation and mag-
netization direction along x, versus €., €zy and €y, strain.

layer- and atom-resolved contribution as following

Nyij _
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(22)

In the case of the Pt/Co bilayer the atom-resolved DMI
can be determined from DV = > (DN# 4 DNii%) /2,
where DN =37, D DR,

Fig. 4 shows the layer—resolved DMI versus the layer in-
dex of the Pt(1.4 nm)/Co(1.7 nm) bilayer. As expected,
we find that the interfacial Co yields the dominant con-
tribution. One can also determine from Eq. (22) the con-
tribution of the nth nearest-neighbor atomic shell to the
layer-resolved DMI. Comparing Eq. (22) with Eq. (9) and
the corresponding discussion, we obtain,

AV DR
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(23)

The right inset in Fig. 4 shows the calculated, d+¥,
where 7,5 € Co;ne lie on the interfacial Co layer. We
find that the dominant contribution arises from the first-
and to a lesser extent the second-nearest neighbor atoms.
The left inset in Fig. 4 displays the total interfacial DMI
for Pt(1.4 nm)/Co(1.7 nm) versus the SOC scaling fac-
tor. The small enhancement of the DMI from its linear
variation (blue dashed line) for larger SOC values is due
to the contributions from higher-order terms in SOC.
Finally, we have investigated the effect of strain on the
DMI for various Pt and Co thickness. In the presence
of strain, ¢;;, the modified primitive lattice vectors, @,
are given by (@; — d;) - €5 = Y, €x;d; - €k, where the
€;’s represent the unit vectors in Cartesian coordinates.
Note that in Voigt notation the off-diagonal elements of
the strain matrix, €;2;, should be divided by 2 to avoid

the thickness of the Co film, versus €;4, €yy and €y, for
the Pt (1.4 nm)/Co (0.6 nm) bilayer. We observe that un-
der shear strain ¢,, non-vanishing anisotropic Bloch (di-
agonal) DMI components, D,, = —D,,, emerge, while
the Néel DMI, (D, Dy,) remains intact.

We have derived a general expression for the strain-
induced change of the DMI given by,

€ —€ €qa T €
0Dop = {70‘“ 5 W’D% e 5 ’BH’DZO - € X €3
— 200 ) €qa. - Ear X €5, (24)
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where the elasto-DMI coefficients are calculated from,
DN = 52 (Dyy — Dys), DY = 52-(D,y + Dy,) and

150 T Oepy 66
DB = %868 D,y. In Tabel. I, we hst the values of the

elasto-DMI coefﬁments for the Pt(1.4 nm)/Co(0.6 nm)
and Pt(1.4 nm)/Co(1.1 nm) bilayers, respectively. The
results show a larger modulation of the isotropic DMI,
DN under strain. The calculated elasto-DMI coefﬁments
are about 5 times smaller than the recently reported
experimental values which lie in the range of 200-300
pJ/m.[53] However, since the experimental data corre-
spond to a Pt/Co/Pt trilayer device which relies on the
different quality of the two Pt/Co interfaces to break
the mirror symmetry, a direct comparison with our ab-
initio results may not be appropriate. Note that in poly-
crystalline systems an averaging of the anisotropic Bloch,
DB and Néel, DN = components is expected. The op-
posite sign of the anisotropic DMI under shear strain,
€xy, compared to €, results in their cancellation in the
polycrystalline Pt/Co bilayers.

CONCLUSIONS

In summary, we have presented an accurate and com-
putationally efficient approach to calculate the DMI from
first principles calculations. The approach was applied to
the (111) Pt/Co bilayer where the DMI was calculated
for various thicknesses of the Co and Pt thin films. Over-
all, the ab initio results are in relatively good agreement
with a wide range of experiments on different insulating



substrates. The atom-resolved DMI suggests that the
nearest-neighbor interfacial Co atoms yield the largest
contribution to the DMI. The We have also investigated
the modulation of the DMI under various types of strain
which in turn gives rise to large anisotropic DMI compo-
nents. We find large changes of the isotropic DMI com-
ponent under €,, (o = z,y) strain. The strain-induced
control of DMI in multiferroic devices may pave an ef-
ficient way for skyrmion and domain wall motion-based
spintronic applications.
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