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PdFe/Ir(111) has attracted tremendous attention for next-generation spintronics devices due to
existence of magnetic skyrmions with the external magnetic field. Our density functional theoretical
calculations in combination with spin dynamics simulation suggest that the spin spiral phase in fcc
stacked PdFe/Ir(111) flips into the skyrmion lattice phase around Bez: ~ 6 T. This leads to the
microscopic understanding of the thermodynamic and kinetic behaviours affected by the intrinsic
spin-lattice couplings (SLCs) in this skyrmion material for magneto-mechanical properties. Here
we calculate fully relativistic SLC parameters from first principle computations and investigate the
effect of SLC on dynamical magnetic interactions in skyrmion multilayers PdFe/Ir(111). The ex-
change interactions arising from next nearest-neighbors (NN) in this material are highly frustrated
and responsible for enhancing skyrmion stability. We report the larger spin-lattice effect on both
dynamical Heisenberg exchanges and Dzyaloshinskii-Moriya interactions for next NN compared to
NN which is in contrast with recently observed spin-lattice effect in bulk bce Fe and Crls mono-
layer. Based on our analysis, we find that the effective measures of SLCs in fcc (hep) stacking of
PdFe/Ir(111) are ~ 2.71(~ 2.36) and ~ 14.71(~ 21.89) times stronger for NN and next NN respec-
tively, compared to bce Fe. The linear regime of displacement for SLC parameters is < 0.02 A which
is 0.72% of the lattice constant for PdFe/Ir(111). The microscopic understanding of SLCs provided
by our current study could help in designing spintronic devices based on thermodynamic properties

of skyrmion multilayers.

I. INTRODUCTION

In certain magnetic materials, magnetic skyrmions at
the nanoscale may form. Magnetic skyrmions are stable
or metastable topological magnetic textures. A magnetic
skyrmion is characterized by an integer winding number

or ‘topological charge” @, defined by Q@ = ﬁ fA - (gﬁ X

‘gﬁ)dxdy, where 7i(z,y) is the unit vector of the local

magnetization, and the integral is taken over the sur-
face area A. Metastable magnetic skyrmions can be very
long-lived and possess useful transport properties. For
example, they can be manipulated using ultra-low power
with help of for example the spin-orbit torque (SOT) [1].
This makes them suitable candidates for future ultra low-
energy and ultrahigh-density magnetic data storage and
computing applications spintronic devices like logic gates,
data storage and racetrack memories [2-8]. Skyrmions
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are typically stabilized through the interplay of various
material-specific properties such as the Heisenberg in-
teraction, the Dzyaloshinskii-Moriya interaction (DMI),
and the perpendicular magnetocrystalline anisotropy, in
combination with an external magnetic field[1, 9—13].

The nanoskyrmion lattice has been reported as the
magnetic ground state without external magnetic field
in an ultra-thin magnetic Fe film on Ir(111), where DMI
induces swirling of the spin structure [14]. Adding a
non-magnetic Pd layer to Fe/Ir(111) changes the mag-
netic properties, causing a spin spiral ground state, and
a skyrmion lattice appears only with an applied mag-
netic field of a few tesla [15]. However, a microscopic
understanding of why this non-magnetic surface should
exhibit a complex succession of skyrmion phases has been
lacking. In a recent report, it was also observed that
decorating the edge of a PdFe bilayer grown on Ir(111)
with ferromagnetic Co/Fe patches again induces zero-
field skyrmion phase [16].

Spin is always coupled to the lattice in the topologi-
cally protected chiral spin texture of skyrmions, which
leads to a local lattice distortion field [17]. The lattice
acts as an additional degree of freedom to the spin degree
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of freedom and may even affect the magnetic skyrmion
topology via the spin-lattice coupling (SLC) [17, 18].
Therefore, the proper understanding of skyrmion dynam-
ics in PdFe/Ir(111) needs the inclusion of the lattice de-
gree of freedom. Simulating coupled spin-lattice dynam-
ics of skyrmions at the atomistic level with first princi-
ples accuracy is much more challenging. Moving to one
step down, here we used a recently developed atomistic
approach of fully relativistic SLC parameters to study
the effect of lattice degree of freedom in skyrmion mul-
tilayers of PdFe/Ir(111) within first principles accuracy
[19, 20]. However, such a simplification approach, based
on the microscopic understanding of SLC parameters,
can describe the qualitative interactions between the lo-
cal lattice distortion due to thermal displacements and
skyrmion spin texture [17]. A skyrmion-based spintronic
device could be designed considering the SLC effects and
will likely be very effective in precisely controlling the
skyrmion for its technological applications.

In our present study, we are mostly interested in
investing the SLC effect for face-centered cubic (fcc)
stacking of PdFe/Ir(111) as the skyrmion phase has ap-
peared as magnetic ground state in presence of an ex-
ternal magnetic field, whereas, the skyrmion phase al-
ways appears as a meta-stable state even with an exter-
nal magnetic field in hexagonal close packed (hep) stack-
ing of PdFe/Ir(111) [21]. Here we have investigated ef-
fect of SLC on the dynamical isotropic Heisenberg ex-
changes and anti-symmetric DMI in fec-PdFe/Ir(111).
We computed the atomistic SLC parameters including
spin-orbit coupling (SOC) from ab-initio approach for
PdFe/Ir(111) considering both fcc and hep stacking of
Pd on Fe/Ir(111). The organization of the paper is as
follows: In Sec. II, we presented the necessary theoreti-
cal and computational details within the individual sub-
sections accordingly for calculating SLC in PdFe/Ir(111)
with both fcc and hep stacking of Pd layer on Fe/Ir(111).
In Sec. III, we first investigate the magnetic ground state
and its evolution with the external magnetic field in fcc-
PdFe/Ir(111) from spin dynamics simulation. Then, we
discuss our results on the effect of SLC parameters on
the isotropic and anti-symmetric part of full magnetic in-
teractions for fcc-PdFe/Ir(111). Next, we calculate SLC
parameters for both fcc and hep stacking of PdFe/Ir(111)
and compare it with those of bulk bec Fe [19] and Crlg
monolayers [20] to get an idea of how large these effects
are. Finally, in Sec. IV, we end by the conclusion and
outlook.

II. THEORETICAL AND COMPUTATIONAL
FRAMEWORK

Our computational approach consists of several steps,
and can be summarized as follows. Using density func-
tional theory, we optimize the structure and compute
the ground state electronic structure. The equilibrium
magnetic interaction parameters are then computed us-

ing the LKAG formalism [23-28] (See Appendix C). The
obtained interaction parameters are subsequently used to
construct a classical spin Hamiltonian

_ af ga B
Hs=— > J37Ses)

iy (1)
- ZKZU (Si-e.)” — ZMBM -S;

In the first term, we have written the bilinear exchange
in the form of a tensor. The greek indices (a, 8) denote
Cartesian coordinates (z,y, z), and the Latin subscripts
(4, 7) denote atomic indices. S¢ is the a-component of the
normalized spin vector S; centered on atom i. Note that
the spins S; are normalized to length unity in our formal-
ism. In the second and third terms, the spins are written
out explicitly as vectors. The second term is the magnetic
anisotropy. Here, e, is the easy axis unit vector, and K
is the local uniaxial magnetic anisotropy at site ¢. The
third term is the Zeeman term, where B®*! is the applied
external magnetic field and pu; is the magnetic moment
length at site . The first term in Eq.(1) can be divided
into terms describing the isotropic Heisenberg exchange
(with interaction parameters J;;), the antisymmetric ex-
change, i.e., the Dzyaloshinskii-Moriya interaction with
parameters D;;, and the anisotropic symmetric exchange
with parameters expressed using a symmetric matrix Cj;,
see Appendix D for details. With this spin Hamiltonian,
we perform classical atomistic spin dynamics and Monte
Carlo simulations (See Appendix A for details), to com-
pute the ground state spin texture of PdFe/Ir(111) as a
function of magnetic field.

To address spin-lattice coupling, we use a supercell ap-
proach, and move one atom (at a time) a small distance
away from its equilibrium position. Within this new ge-
ometry, we again compute the magnetic interactions us-
ing the LKAG formalism. The spin-lattice coupling pa-
rameters (see Appendix B) can then be computed from

dJP
o = 5o (2)
Ik oul,

where Jff denotes the bilinear exchange tensor and wuj
refers to the displacement of atom k from its equilibrium
position. Latin letters (ijk) represent atomic indices, and
Greek letters (afu) represent Cartesian coordinate in-
dices z,y, z. The method we use in this work to compute
F?ji“ is the same as the one in [19, 20] and in practice,
a finite-difference scheme is used. A derivation and fur-
ther discussion of Eq.(2) can be found in Appendix B,
where we also make the connection to a rotationally in-
variant formalism for spin-lattice couplings. Finally, we
present our results in the form of a number of scalar, av-
eraged quantities — J;;, |D;j|, Ik, and |I';j,| — defined
in Appendix D.
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FIG. 1. (a) fcc and (b) hcp stacking of PdFe bilayer on Ir(111). Calculated (c) isotropic magnetic exchange (J;;) and (d)
Dzyaloshinskii-Moriya interactions (|D;;|) in fcc and hep stacking of PdFe/Ir(111) with distance a is the in-plane lattice
constant). Here we used the convention of positive as ferromagnetic (FM) and negative as anti-ferromagnetic (AFM) for
isotropic exchange interactions. The isotropic exchange interaction (J;;) is FM for nearest neighbour (NN) while it is AFM
for the 2nd and 3rd NN. We compared our calculated J;; with other reports Dupe et al.[15], Matlottki et al.[21], Miranda et
al.[22]. The skyrmion lifetimes enhances due to this frustrated exchange [21].

A. Density functional calculations

Our density functional calculations for PdFe/Ir(111)
have two parts. One part is the structural relaxation
which has been done in calculations with the Vienna Ab
initio Simulation Package (VASP) [29-31]. The other
part is calculations of magnetic exchange interactions
which have been done using the magnetic force theo-
rem, as implemented in the full-potential linear muffin-
tin orbital-based code RSPt [32, 33].

Magnetic exchange interactions in PdFe/Ir(111) are
strongly dependent on the structural relaxation [34]
which in turn affect the SLC parameters. We constructed
the PdFe bilayer on a hexagonal lattice defined by five
layers of the Ir(111) substrate with fcc and hep stacking
of Pd overlayer on Fe/Ir(111). The two structures are
referred to as fcc PdFe/Ir(111) and hep PdFe/Ir(111), re-
spectively, as shown in Fig. 1(a)-(b). We put a vacuum of
20 A along the c-axis. The full structural relaxations for
both the stackings of PdFe/Ir(111) were done using local
spin density functional (LSDA) as implemented within
VASP [29-31]. The convergence with k-points has been
carefully examined and here we used 18x18x 18 k-point
mesh with plane-wave energy cutoff 380 eV in LSDA cal-
culations for both fce and hep stacking of PdFe/Ir(111).
For the relaxed structures, we calculated the magnetic
exchanges using LSDA with Perdew-Zunger exchange
correlation functional [35] as implemented within RSPt
[32, 33]. We used a 18x18x 18 k-point mesh to calculate
the magnetic exchanges for both the unit cell and for su-
percells in SLC calculations. The convergency of k-point
mesh has been carefully checked by increasing the mesh
size up to 24x24x18.

ITII. RESULTS AND DISCUSSIONS
A. Structural relaxation

To check structural relaxation, we calculated the
phonon dispersion spectrum (see Fig. 7(a)-(b) in App.
E). It demonstrates the absence of imaginary modes, i.e.,
the stabilization of the structure for both stacking. The
equilibrium in-plane lattice parameter is 2.74 A and the
values of the relaxed interatomic distances are dp._pq
=262 A, dpe_1, = 2.63 A respectively. We calculated
the total magnetic moment of PdFe/Ir(111) is 3.39 up
per formula unit of PdFe/Ir(111). For Fe, we obtained
a moment of 2.91 up/atom which induces a consider-
able moment in the Pd overlayer of 0.38 up/atom and
a negligible magnetic moment of 0.06 up/atom in the Ir
substrate respectively which are in good agreement with
the reported value [15].

B. Magnetic ground state of PdFe/Ir(111)

Figure 1(c)-(d) shows the calculated isotropic part of
Heisenberg exchange interactions J;; and DMI | D;;| re-
spectively for both fcc and hep stacking of PdFe/Ir(111).
We have also performed calculations for thicker slabs us-
ing seven and nine layers of Ir, and observed that the
magnetic exchanges does not change when further in-
creasing the number of Ir layers. Both J;; and | D;;| heav-
ily depend on the stacking sequences of the Pd layer over
Fe/Ir(111). We have checked J;; and |D;;| upto seven
lattice constant, but only first few nearest neighbor (NN)
are contributing for PdFe/Ir(111). The first and 3rd NN
of J;; have ferromagnetic (FM) and anti-ferromagnetic
(AFM) coupling respectively for both stackings, whereas
the 2nd NN has AFM and FM magnetic coupling for fcc
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FIG. 2. Data at T' = 0K from spin dynamics simulations of
fce stacking of PdFe/Ir(111). (a) Energies per Fe atom of spin-
spiral (SS), skyrmion lattice (SkL), and ferromagnetic (FM)
spin structures in external magnetic field, obtained in spin
dynamics simulation. In the Monte Carlo (MC) simulations,
the initial phase has started from a random and annealed
spin configuration. (b) Phase diagram with an external mag-
netic field. We compared our obtained phase diagram from
spin dynamics simulations with other reports Dupe et al.[15],
Matlottki et al.[21], Miranda et al.[22], Simon et al.[34].

and hcp stacking, respectively. This always leads to ex-
change frustration in the triangular geometry of the Fe
layer (see Fig. 3(a)) which is a key issue for the stability
of the skyrmion lattice phase versus the ferromagnetic
phase [36].

We have investigated the magnetic ground state of fcc
stacking PdFe/Ir(111) in simulations of the spin Hamil-
tonian Hg for varying strength of the external magnetic
field. Here we used the magnetocrystalline anisotropy en-
ergy 0.7 meV per Fe atom for fcc stacked PdFe/Ir(111)
as obtained from Dupe et al. report [15]. Two differ-
ent schemes were used for the simulations. In the first
scheme, the energies as a function of external magnetic

4

field of the particular spin structures spin spiral (SS),
skyrmion lattice (SkL) and ferromagnetic state (FM)
were investigated in spin dynamics simulation (SD) at
zero temperature and finite damping. Here we used
damping value of 0.023 as reported in the literature for
PdFe/Ir(111) [22]. The external magnetic field was ap-
plied along the out-of-plane direction (z-axis). The en-
ergies per Fe atom are shown in Fig. 2(a) where J;;
and D;; consider upto seven lattice constant. In the sec-
ond scheme the initial spin configurations were random,
and annealed with heat bath Monte Carlo (MC) down to
T = 0K [37]. Here both the SD and MC simulations gave
similar magnetic ground state as presented in Fig.2(a).
For details on the employed atomistic spin dynamics and
Monte Carlo methods, see Appendix A.

The energy of the SS, SkL, and FM configurations de-
pend in different manner on the strength of the vary-
ing external magnetic field, due to the different amount
of out-of-plane spin component of those spin structures
which enters in the spin Hamiltonian through the Zeeman
energy. The energy of the SS remains essentially constant
with the external magnetic field as, the Zeeman energy
~ 0, whereas for the FM phase the Zeeman contribution
reduces the total energy in proportion to the increase of
the external magnetic field. The SkL phase also exhibits
for increasing external field a decrease in energy which
is related to the skyrmion density. The decrease of en-
ergy for the SkL phase is smaller compared to the case
for the FM phase due to the smaller contribution of net
out-of-plane component of the spins.

Figure 2(b) displays the phase diagram obtained from
SD the T' = 0 K considering J;; and D;; upto seven lat-
tice constant. We found that the magnetic ground state
without external magnetic field is a spin-spiral. Applying
an external magnetic field, the SkL state lowers its en-
ergy due to the Zeeman energy, and isolated skyrmions
are created in the SS background. Therefore a phase
transition from SS to SKL happens at 6 T. The system un-
dergoes another phase transition into a forced FM state
for the external magnetic field 10.5 T. However, mix-
tures of two states such as either SS+SkL or isolated
skyrmions in FM background can appear in the vicinity
of the two phase boundaries in presence of an external
magnetic field when we started SD and MC simulations
with random and annealed spin configurations as shown
in Fig. 2(a).

We found magnetic phase transitions at a larger ex-
ternal magnetic field than the experimental observations
[38, 39], which is qualitatively consistent with the the-
oretical report by Dupe et al. [15]. Romming et al.
reported the experimental phase transition from SS to
SKL at Beyt ~ 1 T, and from SKL to FM phase at B,y
~ 2 T with T ~ 8 K [39]. However, Dupe et al. re-
ported SS as ground state, skyrmion above 7 T and FM
above 17 T with J; = 14.7 meV. The size of the skyrmion
lattice is very sensitive to the small structural modifica-
tion of the thin film of PdFe/Ir(111). Simon et al. [34]
reported that the diameter of skyrmions decrease with
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FIG. 3. (a) Top view of the PdFe/Ir(111) multilayers. The filled and dotted line represent the unit cell and 4x4x1 supercell
for calculating the spin-lattice coupling parameters. The atoms in different coloured circles represent the first three nearest-
neighbor (NN) mapping of Fe layer. Different displacement directions in (b)-(c) fcc and (d) hep PdFe/Ir(111). The atoms in
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the relaxation of Fe layer towards inward direction of the
slab which is correlated with the increasing of |%1| ra-

tio. Our calculated |%| ratio is 0.053 which is about
to (5~6)% inward relaxation of Fe layer in PdFe/Ir(111)
according to the report by Simon et al. [34] where the
SkL appers at about 5 T and then flips into FM phase
at about 7 T. This is consistent with our reported results
of having different phase with external magnetic field as
shown in Fig. 2(b). The diameter of a skyrmion and the
smallest inter-skyrmion distance are 4.7 nm and 5.6 nm
respectively which are also in very good agreement with
(5~6)% inward relaxation of the Fe layer in fcc stacking
of PdFe/Ir(111).

However, Miranda et al. reported the first phase tran-
sition from SS to SkL at about 1.8 T and the second phase
transition from SKL to FM at about 3 T [22] which are
4.16 and 3.5 times smaller respectively than our simu-
lated values. This shifting of the magnetic field to higher
values can be interpreted in terms of isotropic part of the
magnetic exchanges. The ratio of |§—f| and |§—i‘| are 0.009
and 0.188, whereas they are 0.054 and 0.196 respectively
from our density functional calculations. \j—ﬂ is ~ 6 times
larger compared to Miranda et al. report where the ex-
ternal magnetic field ~ 4 times lower value compared to
our simulation. However, our calculated |§—j| and |%| are
in good agreement with reported value of 0.037 and 0.21
respectively by Malottki et al. [21]. However, they re-
ported the SS below 1.9 T, skyrmion between (1.7 - 3.7)
T and FM above 3.7 T.

C. Choice of supercell and displacements for
spin-lattice effect

The choice of supercell needed for calculations of SLC
depends on the range of the magnetic interaction. As
mainly the first three NN couplings are contributing to
the skyrmion dynamics of PdFe/Ir(111) multilayers, the

calculations of the SLC parameters F?i“ were done with
a 2x2x1 supercell with one atom displaced to the pre-
ferred directions wj [19]. The convergence of magnetic
exchanges are also tested with increasing the supercell
size to 4x4x1. We have calculated the magnetic inter-
actions for both the case of fcc stacking, and for the case
of hep stacking of Pd/Fe/Ir(111).

Furthermore, to check the validity of our new approach
for the calculation, we checked the linear regime of SLC
parameters where I‘?i“ ’s are independent of size of the
displacements. We checked the change in isotropic part
of the Heisenberg magnetic exchanges (J;;) for different
displacements amplitudes (see Fig. 6 in App. B). For
displacements up to < 0.02 A, corresponding to 0.72%
of the lattice constant, the modulation of the Heisenberg
exchange is linear in displacement. We identify this is a
linear regime for calculation of SLC parameters.

The choice of the displacement directions for calcu-
lating atomistic SLC is another important aspect which
depends on the crystal symmetry of the system. The
in-plane motion of the atoms are considered along [100],
[010] and [110] directions (see Fig. 3(a)), whereas the
out-of-plane motion of atoms are along either the bare z
direction (c-axis) or along the bond length i.e Fe-Pd/Fe-Ir
directions. The in-plane displacements of Fe along [100]
(as shown in Fig.1(a)), [010] and [110] mean along z, y,
xy directions respectively. To consider a uniform dis-
placements along the bond length towards either Pd or
Ir layer, we choose the ZIr-Fe-Ir or /Pd-Fe-Pd close to
~ 44° as shown in Fig. 3(b)-(d). The displacement of Fe
along the Fe-Pd is [101] direction (towards Pd layer) and
along the Fe-Ir is [011] direction (towards Ir layers) for
fce stacking of PdFe/Ir(111) multilayer where /Pd-Fe-
Pd and ZIr-Fe-Ir are ~ 44° (see Fig. 3(b)-(c)). Whereas
they are [011] direction (towards Pd layer) and [011] di-
rection (towards Ir layers) along the Fe-Pd and Fe-Ir re-
spectively for HCP stacking of PdFe/Ir(111) multilayers
for the same bond angles (see Fig. 3(d)).
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FIG. 4. Calculated (a)-(c) Isotropic magnetic exchange and (d)-(f) Dzyaloshinskii-Moriya interactions in fcc PdFe/Ir(111) for
1st NN mapping with displacement (Disp) of an Fe atom along one in-plane (Fe-Fe along [100]) and two out-of-plane directions
(Fe-Ir along [011] and Fe-Pd along [101] directions). The triangles and circles represent the magnetic exchanges without and
with displacements respectively. The displacement amount is 0.01 A. Ji;’s decrease with displacement of Fe atoms along Ir
layers and increases with displacement of Fe atoms along Pd layer.

D. Tailoring magnetic interactions with spin-lattice
effect

Lattice vibrations always accompany magnetic exci-
tations at finite temperatures. In coupled spin-lattice
dynamics, SLC describes how lattice vibrations micro-
scopically affect the dynamical behaviour of magnetic in-
teractions. To investigate the microscopic effect of SLC
in PdFe/Ir(111), we calculated the J;; and |D;;| for NN
with the displacement (Disp) of Fe atoms along three dif-
ferent directions. One is in-plane along Fe-Fe bond direc-
tion, and other two are out-of-plane along Fe-Ir and Fe-
Pd bond directions respectively. Due to displacements,
the monolayer of Fe in PdFe/Ir(111) loses its sixfold sym-
metry (Cg). Here we estimate an effective measure of how
the dynamical Heisenberg exchanges and DMIs change
with spin-lattice effect. Figure 4 presents the J;; and
|D;;| for NN for displacements of Fe atoms along Fe-Fe,
Fe-Ir and Fe-Pd respectively (see Figs. 8 and 9 in App.
F for the 2nd and 3rd NN, respectively). When one Fe
atom in the supercell is displaced along a particular di-
rection, some atoms come close and some atoms get away,
and the magnetic exchanges change accordingly. The J;;
changes up to ~ 0.1 meV for the in-plane displacement
of Fe atoms, whereas it changes up to ~ 0.5 meV for the
out-of-plane displacement of Fe atoms.

The sensitivity of magnetic exchanges is more for in-

plane displacement rather than out-of-plane displace-
ments of Fe atoms. Effective measure of the change
in the J;; for the 1st NN is 3.46% (0.69%), where it
is 12% (8%) and 1.65%(1.1%) for 2nd and 3rd NN for
the out-of-plane (in-plane) displacements of Fe atoms.
The extended Heisenberg parameters without and with
spin-lattice effect are presented in table ITII D. This ensure
the larger spin-lattice effect on the 2nd NN compared to
1st NN and 3rd NN for PdFe/Ir(111). The ratio of |§—f|

and |§—f| are 0.054 and 0.196 respectively without spin-

lattice effect. However, the ratio of |§—f| and |§—?\ are 0.071
and 0.187 for displacement of Fe atom along Fe-Fe bond
length which means they are increase by ~ 32% and de-
crease by ~ 4.81% with the effect of SLC parameters for
in-plane displacement of Fe atoms. The ratio of \%\ and

|§—f| are 0.0704 (0.073) and 0.183 (0.191) for displacement
of Fe atom along Fe-Pd (Fe-Ir) bond length respectively.

We calculated the orbital decomposition of J;; in or-
der to get an insight into the physical origin behind
the observed changes in the dynamical exchange inter-
actions J;; with displacements of Fe atoms. J;; can
be presented as a sum of three contributions: J;; =
Jij0 7 + Ji;t07 "0 4 J;;"97% and they are presented
in table IT for fcc stacked PdFe/Ir(111) multilayers. Here
the contributions of J;;“ ™% and Jijt"‘g_tzg are large com-
pared to JithQ_eg for 1st NN.



1st : (Without 14.42 -0.28 0.67 0.28 14.42 -0.031 -0.67 -0.031 14.42
2nd : spin-lattice -0.95 -0.013 0.012 -0.013 -0.95 0.027 -0.012 -0.027 -0.95
3rd : effect) -2.72 0.065 0.43 -0.065 -2.72 -0.024 -0.43 -0.024 -2.72
1st : (With 14.94 0.22 -0.66 -0.22 14.94 -0.047 0.66 -0.047 14.94
2nd : spin-lattice -1.07 0.04 -0.14 0.04 -1.07 -0.09 0.14 0.09 -1.07
3rd : effect) -2.76 0.05 0.27 -0.05 -2.76 -0.017 -0.27 -0.017 -2.76

TABLE I. Extended Heisenberg parameters (in meV) without and with spin-lattice effect. Here the displacement of Fe atoms
are along the out-of-plane direction ([101]). Here J** = J¥¥ = J**.

NN Jijeg ~C (meV) Jijt29_t29 (meV) Jijhg_eg (meV)
1st : 5.35 8.85 0.13
2nd :  -0.41 -0.62 0.11
3rd: -0.46 -1.72 -0.60

TABLE II. Calculated orbital decomposed isotropic Heisen-
berg exchange interactions in fcc stacked PdFe/Ir(111) mul-
tilayers without displacements.

For 1st NN, all orbital contributions of magnetic ex-
change interactions are FM which increase slightly for in-
plane displacements of Fe atoms. However, they decrease
(increase) for out-of-plane displacements of Fe atoms
along Fe-Ir (Fe-Pd) directions respectively. Whereas
both to, — to, and e, — e, are AFM which increase (de-
crease) slightly due to in-plane displacements of Fe atoms
for 2nd NN (3rd NN) respectively. However, to; — e, re-
mains FM (AFM) due to displacements of Fe atom for
1st and 2nd NN (3rd NN) respectively. We also observed
similarly behaviour for hep stacking of PdFe/Ir(111) mul-
tilayers.

The J;; decreases whereas |D;;| increases for the same
NN pairs for displacements of Fe atoms along Fe-Ir (see
Figs. 4(b) and (e)), whereas the J;; increases and |D;;|
decreases for the same NN pairs for displacements of
Fe atoms along Fe-Pd (see Figs. 4(c) and (f)). The
Heisenberg exchange increases for displacements of Fe
atoms along Pd layer and decreases or displacements of
Fe atoms along Ir layer due to band filling effects [22],
whereas the DMI behaves oppositely. DMI increases for
displacements of Fe atoms along Ir layer and decreases
or displacements of Fe atoms along Pd layer. Effective
measure of the change in the |D;;| are ~ 8%, 47%, 15%
for 1st NN, 2nd NN and 3rd NN respectively for the
displacement of Fe atoms along out-of-plane directions
which are slightly lower in values for the in-plane motion
of Fe atoms. The DMI interactions are affected more
compared to Heisenberg exchanges due to spin-lattice ef-
fect. The interplay of J;; and |D;;| is an important factor
for the stability of skyrmion in PdFe/Ir(111) [34].

E. Spin-lattice coupling parameters

To analyze the microscopic SLC in PdFe/Ir(111), we
calculate the relativistic SLC parameters for both mag-
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FIG. 5. (a) Isotropic spin lattice coupling (SLC) parame-

ters and (b) their absolute values for fcc and hep stacking of
PdFe/Ir(111) multilayer at different distances with displace-
ment (Disp) of Fe, Pd, Ir atoms.

netic Fe and two non-magnetic Pd, Ir atoms as shown
in Fig. 5. Here we consider three mutually orthogonal
directions [100], [010] and [001] for displacement atoms
to calculate SLCs. The displacement amount is 0.01 A
which is within linear regime of coupled spin-lattice dy-
namics. The calculated SLC parameters as a function of
distance are shown in the figure 5 where the magnitude
of SLC parameters gradually falls with the distance. To
see the of SLC on each NN pairs, we calculated the ratio
of SLC to isotropic Heisenberg exchange |g| as shown in
the table III which is larger for 2nd NN as compared 1st
NN. The magnetic phase diagram with external magnetic
field (described above) and lifetime of skyrmion heavily
depends on the frustrated Heisenberg exchange of 2nd
NN. We observed also the effects of lattice displacements



on both J;; and D;; for 2nd NN are larger compared to
1st NN and 3rd NN which is consistent with the larger
value of SLC parameters for 2nd NN compared to others.

SyStem % avg % avg % avg
fcc PdFe/Ir(111)

Disp Fe : 1.74 6.82 0.92
Disp Pd : 0.41 241 1.21
Disp Ir : 0.16 1.15 0.59
hep PdFe/Ir(111)

Disp Fe : 1.51 10.53 1.28

TABLE III. Calculated |§|avg for first three NN of fcc and

hep stacking of PdFe/Ir(111) multilayers with displacement
(Disp) of different atoms.

To put the spin-lattice coupling in PdFe/Ir(111) in con-
text of other magnetic materials, we compare the effective
measure of SLC parameters with the exchange striction
coupling of bee Fe [19] and tne recently calculated SLC
parameters in Crlz monolayer [20]. The ratio of the ex-
change striction coupling and the Heisenberg exchange
in bee Fe are |51 = 0.641A7" and [32| = 0.481

avg 2 'avg

for the 1st NN and 2nd NN pairs respectively, whereas
the corresponding ratios are |%|m)g = 742 A= and

|5—§ = 2.31 A= in CrI3 monolayer which are 11 and 5

avg
times stronger than bee Fe respectively. The ratio of the

SLC parameters and the Heisenberg exchange (|g|avg) in

fcc PdFe/Ir(111) (hep PdFe/Ir(111)) are ~ 2.71(~ 2.36)
and ~ 14.71(~ 21.89) times stronger for 1st NN and
2nd NN respectively compared to bcec Fe. The spin-
lattice effect for 2nd NN is higher compared to 1st NN in
PdFe/Ir(111) which is in contrast with SLC paramters
in Crls monolayer. The ratio of the SLC parameter
and the Heisenberg exchange in fce PdFe/Ir(111) (hep
PdFe/Ir(111)) are ~ 2.3(~ 4.56) times stronger than
Crl3 monolayer for 2nd NN.

IV. CONCLUSION AND OUTLOOK

In conclusion, at finite temperatures, spin dynamics
must incorporate lattice degrees of freedom because of
thermal displacements. Spin and lattice degrees of free-
dom are technically coupled, resulting in an intrinsic
SLCs. This describes how lattice vibrations microscop-
ically affect magnetic interaction dynamics. In our cur-
rent study, we propose a framework for calculating the
SLCs from first principles computation within relativistic
limit for skyrmion multilayers of PdFe/Ir(111) and micro-
scopically, examine how these couplings influence dynam-
ical magnetic interactions in coupled spin-lattice dynam-

ics. We predict, from a combination of first-principles cal-
culations and atomistic spin simulations, that the mag-
netic ground state of fcc stacked PdFe/Ir(111) is a SS
that hosts SkL with an external magnetic field B.,; > 6
T and enters into a forced FM phase with Be,; > 10.5 T.
Our study suggests the existence of phase boundaries at
which SS and skyrmion mix or isolated skyrmion appears
in the FM background similar to experimental observa-
tions [39].

We have investigated the role of SLC on the dynamical
Heisenberg exchanges and Dzyaloshinskii-Moriya interac-
tions microscopically which are important factors for the
studying the thermodynamic properties and magnetome-
chanical phenomena in skyrmion materials. The sensitiv-
ity of dynamical magnetic exchanges is large for out-of-
plane motions of Fe atoms compared to in-plane motions
and the linear regime of displacements for studying SLC
parameters is ~ 0.72% of in-plane lattice constant for
PdFe/Ir(111). We have calculated an effective measure
of SLC parameters for both the magnetic Fe and other
two non-magnetic Pd, Ir atoms in PdFe/Ir(111). The
effective measures of SLCs (|§|avg) for fcc stacking of

PdFe/Ir(111) are ~ 2.71 and ~ 14.71 times stronger for
NN and next NN respectively, compared to bce Fe. How-
ever, it increases to ~ 21.89 times stronger for next NN
compared to bee Fe if fce stacking changes to hep stacking
for PdFe/Ir(111) multilayers. Our current study predicts
that SLC effects have great potential for precise control
and stabilization of isolated skyrmions in PdFe/Ir(111)
which helps in designing skyrmion-based spintronic de-
vices depending on thermodynamic properties.
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Appendix A: Atomistic spin dynamics and Monte
Carlo simulations

The (zero kelvin) ground state of the spin Hamiltonian
(Eq. (1)) as a function of magnetic field was computed

10

using atomistic spin dynamics as well as Monte Carlo
simulations, as implemented in the Uppsala Atomistic
Spin Dynamics (UppASD) simulation package [40]. Both
methods are described briefly below. We used a cell size
of 150x150x1 for both the spin dynamics and the Monte
Carlo simulations.

To compute the ground state of a spin Hamiltonian
within the atomistic spin dynamics approach, the atom-
istic Landau-Lifshitz—Gilbert (LLG) equation

ds;
dt

is evolved in time until convergence is obtained. Here,
B; = —0Hg/0(1;S;) is the effective field on site i re-
lated to the spin Hamiltonian Hg, in our case Eq.(1).
The dimensionless (and isotropic) Gilbert damping pa-
rameter is here denoted by «, while v, = v/ (1 + a2)
is the renormalized gyromagnetic ratio (as a function of
the bare one, 7). In the presnt work, we used a time
step of At = 107165 to obtain the numerical solution of
Eq. (A1).

An alternative way to find the ground state of a spin
Hamiltonian is to use a Monte Carlo (MC) approach.
All such methods aim at calculating estimators of physi-
cal observables at a finite temperature T'. Specifically, in
this work, we have used the heat bath MC algorithm [37]
to update the spin directions. The idea behind the heat
bath algorithm is to assume that each spin is in contact
with a heat bath and is therefore in a local equilibrium
with respect to the effective field from all the other spins.
Within this approach, the probability of choosing a state
with energy FE is proportional to exp (—E/kgT), normal-
ized so that the total probability summed over all possible
states is equal to one. Here, kp is the Boltzmann con-
stant, and T is the temperature of the system. The initial
spin configurations were random, and annealed down to
effectively zero kelvin.

In heat bath MC algorithm, we start from a random
spin configuration, and for a given strength of the exter-
nal magnetic field, the system was annealed in 10 steps
from T = 500 K to T = 0.0001 K. We used 5x10% MC
steps at each temperature step to thermalize the system.
In the measurement phase of the MC annealing, we also
used T = 0.0001 K and 5x10° MC steps for searching
the magnetic ground state.

= *fYLSi X Bl — "}/LOési X (Si X Bl) (Al)

Appendix B: Spin-lattice dynamics formalism:
rotationally invariant bilinear Hamiltonian

The Hamiltonian describing combined spin-lattice dy-
namics can be written in the general form

Hiot = Hs + Hr + Hsw, (B1)

where the first term, Hg, is a spin Hamiltonian describ-
ing purely magnetic interactions, and the second term,
‘Hy, is the lattice Hamiltonian accounting for the ener-
gies associated with interatomic interactions, neglecting
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spin. It is well-established how to compute these two
terms, see, e.g., [19].

For completeness and in order to explain our notation,
we here include a brief description of the bilinear part of
‘Hs before moving on to the spin-lattice term Hgy,. Since
we are in this work already using the notation Hg for a
Hamiltonian containing not only bilinear terms, we will
use 'Hg in the following to denote the bilinear part. The
spin Hamiltonian ’Hg can be expressed as

Z ZQBSQ S’B

ij,af8

(B2)

where Latin letters (ij) represent atomic indices, and
Greek letters (a3) represent Cartesian coordinate indices
x,y,%. In this notation, Si* is the a-component of the
spin vector S; centered on atom ¢. Since this is a classical
spin Hamiltonian, S; is just a three-dimensional vector
in coordinate space. J is a tensor containing the rele-
vant spin-spin 1nteract10ns, including those originating
from spin-orbit coupling, e.g., the magneto-crystalline
anisotropy and antisymmetric exchange, also called the
Dzyaloshinskii-Moriya interaction (DMI).

The third term in Eq. (B1), Hsy, i.e., the spin-lattice
term, couples the spin and lattice degrees of freedom.
Hsr, in turn consists of two ingredients — a correction
term to the spin Hamiltonian due to small distortions
of the atomic positions, and a correction term to the
lattice Hamiltonian, due to small distortions of the spin
directions. To first order we can write

aj“ﬁ
Hsp = — Z i Sa ( — u)
ijk,aBp (B3)
zJ B Iz
Z Sk — ) (uf — ).
ijk,aBp BS

Just as before, Latin letters (ijk) represent atomic in-
dices, and Greek letters (afu) represent Cartesian co-

ordinate indices x,y, 2 q)?jﬁ is a tensor describing the
lattice interactions, i.e., in essence, a force constant ten-
sor. The second term in Eq. (B3) is usually assumed to
be small compared to the first term, but for some ma-
terials, the force constants may depend significantly on
the spin configuration. The traditional explanation for
Invar alloys relies on such a coupling between the force
constants and the spin configuration [41]. Furthermore,
u; = x; — X;, where x; is the instantaneous position of
atom 7 at time ¢, and X; is the position of the same atom
i at time ¢ = 0. Here, we have taken the atomic positions
at t = 0 to be their equilibrium positions. To make the
functional form of the Hamiltonian rotationally invari-
ant, its terms are expressed using differences of atomic
positions in combination with time-dependent local co-
ordinates that follow the system. In practice, the latter
is realized by expressing the variables in the Hamiltonian
with the help of a rotational tensor R(t).

In the present work, our focus is to understand how
the isotropic Heisenberg exchange and DMI are affected
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when an atom is displaced from its equilibrium posi-
tion. To achieve this, we compute a simplified form
of 3.,71?’6 /Oul. Thus, in this work, we neglect the sec-
ond term in Eq. (B3), retain only the first displacement
in the first term, assume that the system is not rotat-

ing, and also replace J;] B Jgﬁ , where JO‘B denotes

the exchange part of J , i.e., the isotropic, symmetric
anisotropic, and antlsymmetric exchange terms. We use
the notation

aJ5’
oul;

Faﬁﬂ —

ijk (B4)

for this specific part of the spin-lattice coupling (SLC).
In practice, finite differences are used to compute I'; Ji“,
an approach that is valid if the exchange interactions
change linearly with the displacement. Fig. 6, illustrates
that this assumption is very reasonable for displacements
u up to at least 0.02 A. We have used a displacement of
0.01 A to calculate the SLC parameters presented in this
work.

0.3 T T T T
ook along Fe-Fe bond ‘:
E 1 ‘==::=.:"== ]
= opzIl” >yu|=001 A
> ==2 .
3 ®F SSIzze.
'2] -0.1—' FZZ ‘:\__:—_._“ -
s by
0.2 2 et L
-0. ® Fe ] 1 1 I
% 0.005 0.01 0.015 0.02

Disp.(A)

FIG. 6. Isotropic exchange interaction (J;;) as a function of
displacement of the Fe atoms along the Fe-Fe bond directions
for the six nearest neighbors of Fe atoms.

Appendix C: LKAG formalism for calculating
magnetic interaction parameters

For a given real material, the parameters above in
Eq. (B2) can be extracted from magnetic force theorem
which is originally formulated for the case of isotropic
Heisenberg interactions in the absence of spin-orbit cou-
pling [23, 24]. The theory is based on linear-response
theory formulated for second order perturbation in the
deviations of spins from equilibrium magnetic configu-
ration. This perturbation in the electronic Hamiltonian
is applied and the results are mapped on the classical
Heisenberg model given by Eq. (B2). The approach has
been extended to take into account relativistic effects to



allow to compute the full interaction tensor by several
research groups[25-28,

Here we present a derlvatlon of the formulae based on
Green’s functions formalism below. First we perturb the
spin system by deviating the initial moments (€p) on a
small angle 5_<)p :

. 1. -

=&+ 0¢+ 8% =¢éy + [6p x &] —56'0((5@)2 (C1)

The Hamiltonian (Eq. (B2
terms of series in the order of &p is given by:

H = HO + H! + H2. (C2)

In the collinear limit, all spins point along the same direc-
tion (Z direction here), we can write the tilting vectors
as:

)) of the perturbed system in

5 = (8¢; 69 0) (C3)
[0 x &)= (6¢Y; —d¢™;0)

Considering the second order in 5:0, we can write H® as

H2 = Z(J”égo 5l + TS T80T — TVl 60T
i#£j

x 1 2z - -
— 00700y — §Jij ((64)? + (6<pj)2)>

Considering second order perturbation limit, the elec-
tronic Hamiltonian (#) can be written as:

W= UTHD =HO RO RO, (ca)

where U = exp (i0pd/2) and G is the vector of Pauli
matrices. Then the various components of magnetic ex-
change tensor Ji‘;’g can be written as :

le]x = % Z TrL,m [7:[1, &y] Gij (an) [r)flj, ('A)'y} Gji (an)

T T 9 A . AT .
Jijy = —Z ZTI‘L,m [’Hi,ay] Gij(zwn) [Hj, g }Gji(zwn)

Similarly we get other components J;; and Jj;*. The
summation is done over the Matsubara frequencies (w,,)
where the trace is over the orbital indices denoted by m.

The other components Ji77, J7, JZZ, J;; are not of the

second order in the tilting angles (&p). Thus7 for M || z,
only Df; (D3) component can be computed, whereas Dy}
and Dé’j are extracted with the magnetization pointing
along = and y, respectively which was discussed first in

Ref. [20].

Appendix D: Definitions of the presented interaction
parameter quantities

The purpose of this Appendix is to provide definitions
of the quantities J;;, |Djj;| , T'ijk, and |T'y;,|. To define
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Jij and | D;;|, we decompose the bilinear exchange inter-
action (the first term in Eq. (1)) into three terms — an
isotropic part, an antisymmetric part, and a symmetric
part according to

> s

=> JijSi- S,

ij,af i#] (Dl)
+ Z Dij . (Sz X SJ) + Z SLCUSJ
i#£] i#£]

Here, J;; is the average of the diagonal components of
the tensor JU , Le.,

Ji; = ! i+ JY + JF D2

ij—g( ij+ij)‘ (D2)
Thus, J;; is the usual (isotropic) Heisenberg interac-
tion parameter. The second term is the Dzyaloshinskii-
Moriya interaction term, with interaction parameters
D;;, describing the antisymmetric part of ij‘ﬂ . The
components of the vector D;; are computed from the

off-diagonal components of Jgﬁ .
component is defined as

For example, the 2z-

D = (J&Y — J¥) /2. (D3)
|D;;| is simply the length of D;;, i.e.,
[Dij| = \/(D5)? + (D5)2 + (DE)>. (DA)

The third term in Eq. (D1) collects the remaining parts
of Jfﬂ . Here, Cj; is a symmetric matrix. We do not
analyze this term further in the present work — it is only
mentioned for completeness. Finally, I'; 5, and |T';;| are
derived from the tensor components F?ji“ = 0J;; B/ gult
according to

[EEH 4 PYYK 4 EEk

wo gk ijk ijk
Fz_]k: - 3 ’
p=x
Fijk 71—‘1]]6 + Fzgk + Fz]k ’
3 (D5)
I8 ] =/ (2 4+ (TU2 + (U552,

| zyk ‘J’_ |szk |+ |F7,jk7 |

|F74]k| 3

Clearly, T’ “ﬁ " contains many more components than the

ones used 111 the expressions above, which are introduced
for practical reasons to illustrate in a simple way the
main overall effects of the spin-lattice coupling.

Appendix E: Phonon dispersion in PdFe/Ir(111)

Structural relaxation was done in two steps. First,
we used selective dynamics in VASP [29-31] and did



ionic relaxation along the z axis of PdFe/Ir(111) mul-
tilayers. It restored the Cg symmetry in the plane of
Fe, Pd and Ir atoms. In the next step, we used this
ionic relaxed structure for the full structural relaxation
which included both ionic (for all x, y, z directions) and
volume relaxations . The final relaxed structure has Cg
symmetry in Fe monolayer of PdFe/Ir(111).  Figure
7(a)-(b) present the calculated phonon spectrum for fcc
and hcep stacking of PdFe/Ir(111) respectively from finite
displacement method phonon calculations with Phonopy
[45] and VASP [29-31]. Absence of negative frequencies
in phonon dispersion shows the the dynamical stability of
PdFe/Ir(111). The full set of calculated force constants
are given in table IV.
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FIG. 7. Phonon dispersion for (a) fcc and (b) hep stacking of
PdFe/Ir(111).

Appendix F: Next nearest neighbor spin-lattice
couplings

Figures 8 and 9 present calculated isotropic magnetic
exchange and Dzyaloshinskii-Moriya interactions for 2nd
NN (next NN) and 3rd NN respectively. Here the dis-
placements of Fe atom are chosen for one in-plane direc-
tion (along Fe-Fe bonds) and two out-of-plane directions
(along Fe-Ir and Fe-Pd bonds) respectively. The displace-
ment amplitude of 0.01 A is within the linear regime of
coupled spin-lattice dynamics.
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Atoms bi;"" bii™! Dis"" $ig"" $i;"Y biz"” bis~" big”" ij ="
Ir-Ir; 10.42 0.00 0.00 0.00 10.42 0.00 0.00 0.00 10.97
Irp-Irs : 17.09 0.00 0.00 0.00 17.09 0.00 0.00 0.00 13.89
Irs-Irsz : 16.39 0.00 0.00 0.00 16.39 0.00 0.00 0.00 4.05
Iry-Iry : 14.87 0.00 0.00 0.00 14.87 0.00 0.00 0.00 12.17
Irs-Irs : 13.56 0.00 0.00 0.00 13.56 0.00 0.00 0.00 13.77
Fe-Fe : 4.65 0.00 0.00 0.00 4.65 0.00 0.00 0.00 14.08
Pd-Pd : 10.28 0.00 0.00 0.00 10.28 0.00 0.00 0.00 6.14
Fe-Pd : 0.43 0.23 1.25 0.23 0.16 0.72 0.66 0.38 1.69
Ir,-Fe : 0.02 0.01 0.04 0.01 0.02 0.02 0.01 0.00 0.04
Ir;-Pd : 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.02
Iro-Fe : 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01
Ire-Pd : 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.01
Irs-Fe : 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ir3;-Pd : 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Iry-Fe : 0.01 0.04 0.05 0.04 0.06 0.03 0.12 0.07 0.31
Iry-Pd : 0.02 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00
Irs-Fe : 0.11 0.00 0.00 0.00 1.42 2.21 0.00 2.29 3.05
Irs-Pd : 0.00 0.01 0.02 0.01 0.01 0.01 0.03 0.02 0.11

TABLE IV. Force constants (97" = @ # @
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FIG. 8. Calculated (a)-(c) isotropic magnetic exchange and (d)-(f) Dzyaloshinskii-Moriya interactions in fcc PdFe/Ir(111) for
next nearest-neighbor (NNN) or 2nd NN mapping with displacement (Disp) of Fe atom along one in-plane (Fe-Fe along [100])
and two out-of-plane directions (Fe-Ir along [011] and Fe-Pd along [101] directions). The triangles and circles represent the
magnetic exchanges without and with displacements respectively. Here we used displacements of 0.01 A.
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FIG. 9. Calculated (a)-(c) isotropic magnetic exchange and (d)-(f) Dzyaloshinskii-Moriya interactions in fcc PdFe/Ir(111)
for 3rd nearest-neighbor (NN) mapping with displacement (Disp) of Fe atom along one in-plane (Fe-Fe along [100]) and two
out-of-plane directions (Fe-Ir along [011] and Fe-Pd along [101] directions). The triangles and circles represent the magnetic
exchanges without and with displacements respectively. Here we used displacements of 0.01 A.
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