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STABILITY OF SKYRMIONS IN THE FRUSTRATED
ANTIFERROMAGNETIC/FERROELECTRIC BILAYERS WITH
THE TRIANGULAR LATTICE

© L.F. Sharafullin, A.R. Yuldasheva, N.M. Nugaeva and H.T. Diep

The formation and conditions of stability of a skyrmions at the interface between a ferroelectric layer and an-
tiferromagnetic layer with triangilar lattice and its phase transition are studied. All interactions between spins and
polarizations are limited to nearest neighbors (NN). The antiferromagnetic exchange interaction among the spins
inside antiferromagnetic layer will compete with the perpendicular interface interaction between adjacent layers.
The ground state spin configuration at zero temperature is calculated by using the numerical high performance
steepest descent method. The resulting configuration is non-collinear. Small values of external field yields small
values of angles between spins in the xy plane so that the ground state configurations have antiferromagnetic and
non collinear domains. We observe the creation of single spin vortices. We noted that for zero applied magnetic
field the skyrmions in the antiferromagnetic/ferroelectric bilayers with triangular lattice can be created in the re-
gion of interface magnetoelectric interaction value between 0.85 and 1.95. The strong external magnetic field ap-
plied perpendicular to the interface with non-collinear Dzyaloshinskiy-Morya-like magnetoelectric interaction at
the interface leads to remove the skyrmion phase and magnetic phase transitions. With increasing the interface
magnetoelectric coupling, the skyrmion lattice disappear. We found the formation perfect skyrmion structure at
non-zero external magnetic field and moderate values of magnetoelectric interaction. The skyrmions structure is
stable in a large region of the interface magnetoelectric interaction between antiferromagnetic and ferroelectric
films. The results of Monte Carlo simulations that we carried out confirm that observed skyrmions are stable up to
a finite temperature.

Index Term: magnetoelectric interaction, skyrmions, steepest descent method, bilayers, ground state spin
configuration, triangular lattice, frustration systems.

Introduction. Surface engineering is a prom-
ising method to trigger rich spin constructions such
as spin vortexes or fascinating spin textures with
topological protection — skyrmions. Magnetic
skyrmions — nanoscale topologically protected vor-
tices of spin — have been investigated as potential
information carriers in spintronics devices [1-3].
Skyrmions usually form under the influence of an
external magnetic field in noncentrosymmetric
nanofilms or at interfaces in bilayers and interfacial
symmetry-breaking heterostructures [4-6]. We can
note, that the magnetic frustration present in this
material by nature helped stabilize the phase with
skyrmion lattice, which was detected by experi-
mental measurement.  Sufficiently  strong
Dzyaloshinskii-Moriya interaction can then lead to
the formation of isolated skyrmions and the perfect
skyrmion cristall [7—8]. The magnetic ground state

and the phase diagram investigated for systems
with antiferromagnet triangular lattice by using
first-principles density functional calculations [9].
Without external magnetic field spirals are the most
stable textures, and showed the possibility of stabi-
lizing antiferromagnetic skyrmion lattices in such
system under the influence of an external magnetic
field [9]. From a microscopic approach,
Dzyaloshinskii-Moriya (DM) interaction can
incerase when the interaction of two magnetic at-
oms is mediated by a non-magnetic atom via the
exchange interaction, and the parameter of DM
interaction is proportional to the spin-orbit interac-
tion, which can be quite large in superlattices at
interfaces between magnetic films and non-
magnetic films [10]. The superstructures naturally
lead to the interaction of skyrmions on different
interfaces, which has unique dynamics compared to
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the interaction of the same-interface skyrmions ele-
ments [11]. Note that in Ref. [12], we investigated
the effects of Dzyaloshinskii-Moriya (DM) magne-
to-ferroelectric interaction in a “unfrustrated” ferro-
magnetic/ferroelectric superlattice. In a zero external
magnetic field, we showed that the ground state spin
configuration is periodically non-collinear. Through
the use of a two-times Green’s functions, we calcu-
lated the spin wave spectrum in a ferromagnet mon-
olayer and in a bilayer sandwiched between ferroe-
lectric films. We showed that when magnetic field is
applied in the direction perpendicular to the plane of
layers, the skyrmions are arranged to form a crystal-
line structure at the interface.

In ref. [13] the effect of the frustration in a
superlattice composed of alternating frustrated
magnetic and ferroelectric films, both with simple
cubic lattice was investigated. We showed that
frustration gives rise to an enhancement of
skyrmions created by the DM interaction at the
magnetoelectric interface in applied external mag-
netic field.

Model and skyrmions. The frustrated antifer-
romagnetic/ferroelectric bilayers with the triangular
lattice that we study here is composed of magnetic
and ferroelectric films. All interactions between
spins and polarizations are limited to nearest
neighbors (NN). The full Hamiltonian is expressed
as:

H=—Z]{;lsi-5j—21[jpi-13j—
i,j i,j
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where §i is the spin on the i-th site, J7; < 0 the anti-
ferromagnetic interaction parameter between a spin
and its nearest neighbors and the sum is taken over
NN spin pairs. We suppose that J;i' = J™ for Hei-
senberg spins everywhere in the magnetic film. The
external magnetic field H is applied along the z-axis

which is perpendicular to the plane of the layers. ﬁi

is the polarization on the i —th lattice site, ]ifj the

interaction parameter between NN polarisations.
Interface coupling we consider /™ > 0.

Let us determine the ground state spin config-
urations in magnetic monolayer, sandwiched be-
tween two ferroelectric layers. The antiferromag-
netic exchange interaction among the spins will
compete with the perpendicular interface interac-

tion, namely Py - [S; x S;] term. The resulting con-
figuration is non-collinear.

To determine the ground state, we minimize
the energy of each spin by using the numerical min-
imization "steepest descent method". At each spin,
we calculate numerically its local field components
acting from nearest neighbors and we align the spin
in direction of its local field. We consider next spin
and repeat the same calculation untill all sites are
visited. This realizes one iteration procedure, to de-
termine ground state we repeat ten thousand itera-
tions to have the system energy convergence. We
use a sample size N X N X L. For most calculations,
we select N = 60 and L = L, + Ly = 2 using the
periodic boundary conditions in the xy plane. Ex-
change parameters between spins and polarizations
are takenas |J™| =]/ = 1.

Examples of ground state of the magnetic in-
terface layer are shown in Fig. 1, using small val-
ues of interface coupling J™ = 0.75 with zero
field (Fig. 1a) and H = 0.05 (Fig. 1b).
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Fig. 1. Three-dimensional (3D) view of the ground state
(GS) configuration of the interface forH =0, J™ =
=-1,J/=1,J™ = 0.75(a)and H = 0.05 (b)
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Small values of external field yields small
values of angles between spins in the xy plane so
that the ground state configurations have ferromag-
netic and non collinear domains. And we can see
the creation of single spin vortices.

Fig. 2 shows an examples with J™ = 0.85
(Fig. 2 (a)) and we observe the beginning of the
creation of the skyrmion lattice at antiferromagnet-
ic layer with triangular lattice. Fig. 2 (b) shows an
examples with J™ = 1.00 we can observe the
skyrmions for the surface antimagnetic layer. We
noted that skyrmion lattice in a antiferromagnet-
ic/ferroelectric superlattices with triangular lattice
can created in region of interface coupling /™ €
(—1.75,—-0.85) and applied field H € (0.02,0.1)
and skyrmions are not formed at any values of ap-
plied magnetic field.
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Fig. 2. Three-dimensional (3D) view of the ground
state (GS) configuration of the interface for H =
=0,J"=-1,J/ =1, ™ = 085 (a), H = 0.05,

IS a competition between ferromagnetic exchange,
magnetoelectric interaction between spins and po-
larizations at interface layer and the influence of
external magnetic field. Let us consider the critical
value of the magnetoelectric interaction parameter
J™ =1.85, at this value the skyrmion phase col-
lapses at H = 0.05 on the triangular lattice. The
ground state at J™ = 1.0, J/ = 1.0, J™ =185 is
very sensitive to the applied magnetic field - a
clear and periodic skyrmion structure is formed for
small magnitude of HZ.

Fig. 3 shows the case H = 0.05. At J™ =
-1.0, J/ = 1.0, J™ = 1.75,H = 0.05 a skyrmion
lattice is formed with perfect lattice. The skyrmion
phase for the critical value J™ = 1.75 is stable in
the region of the external magnetic field (0.01,
0.24). At H > 0.24 all the spins are parallel to the
z — axis in the case J™ = 1.75.
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Fig. 3. Three-dimensional (3D) view of the ground
state (GS) configuration of the interface for H =
=0,J"=-1,)J/ =1, J™ = 1.75 (a), H = 0.05,
J™ = 1.95 (b)
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J™ = —1.00, H = 0.05 (b)

We apply a magnetic field in z-direction,
which is perpendicular to the plane of films. There
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The ground state calculations shown that with
increasing the interface magnetoelectric coupling,
the skyrmion lattice disappear, for example in the
Figure 3b shown the example /™ = 1.95. We can
see that the number of skyrmions on the surface has
sharply decreased with comparing the case
J™ = 1.75 (See Fig. 3a).

Monte Carlo results. We used the Metropolis
algorithm to simulate the system at T # 0. We per-
formed calculations for systems with different sizes
N X N x L where N varied from 40 to 1000 and the
thickness L varied from 2 to 36. It should be noted
that changing the lateral size of N does not affect the
results on skyrmions shown in the article. We used
N =60 and L, =L =2. With this thickness,
skyrmions were observed in the surface antiferro-
magnetic layer, as seen in the previous section. We
discard 10® Monte Carlo steps (MCS) per spin in
order to equilibrate the system and average energies
and order parameters over the next 10° MCS/spin.
For order parameter of antiferromagnetic layer we
compare the actual configuration obtained by slowly
heating the selected ground state spin configuration
by projecting it on the selected ground state. In our
case of skyrmion structure, we have observed the
ground state is stable up to a finite T. The order pa-
rameter M,, (n) plays the role of the charge number,
which evolves with T and goes to zero at the phase
transition . In Figures 4-5 one can see the results of
Monte Carlo simulations. In Fig 4 we show the ener-
gy of antiferromagnetic film versus temperature for
J™ =0.5,0.85,J™ = —1, for different values of
the strength of external magnetic field. Here shown
also the case of a skyrmion lattice/™ = 0.85 — in
the presence of more enhanced magnetoelectric inter-
action at the interface between the antiferromagnetic
and ferroelectric films (See Fig. 4 blue line). One can
see from this figures that in the case of competition
between the antiferromagnetic interaction between
the nearest neighboring spins and the stronger
magnetoelectric interaction between the nearest
neighbors spins and ferroelectric polarizations at the
adjacent ferroelectric layer the phase transition occurs
at a much lower temperature. This is due to the fact
that in the presence of such competition in the exter-
nal magnetic field, topologically protected struc-
tures — skyrmions — appear in the ground state in the
antiferromagnetic film. We discussed this phenome-
non in detail in the previous chapter. And this phase
disappears at a much lower temperature than the tem-
perature at which a phase transition of the order-
disorder type occurs.
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Fig. 4: Energy of antiferromagnetic film versus tem-
perature for N = 60 and L,, = L; = 2, J™ = 0.85,
J™ = —1.00. Blue color correspond the case of pa-
rameters /™ = 0.85, H = 0.05, H = 0.07, H = 0.10
(coincide). Gold color correspond the case J™ =
= 0.50,H=10.04

In Fig. 5 we show the order parameter of anti-
ferromagnetic film versus temperature for j™ =
=—1.0,J™ = 0.5, /™ = 0.85 for different val-
ues of the strength of external magnetic field. We
emphasize that in the case J™ = 0.5 we did not
observe skyrmions without and with any values of
the external magnetic field. In the case /™ = 0.85,
we observe the formation of skyrmions at very
small value of applied field, and an interesting fact
is that they are destroyed at the same critical tem-
perature T, = 0.47 for different values of the ex-
ternal magnetic field. The case of a larger non-
collinear magnetoelectric interaction at the inter-
face of two films is shown in Fig. 6.
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Fig. 5. Order parameter of antiferromagnetic film ver-
sus temperature for N =60 and L, =Lf=2,
J™ =0.85, J™ = —1.00. Blue color correspond the
case of parameters /™ = 0.85, H = 0.05, violet col-
or correspond to J™ = 0.85, H = 0.07, green color
J™ =0.85, H=0.10. Gold color correspond the
case /™ =0.5,H = 0.5
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We note that the results of Monte-Carlo simu-
lations are shown in the dimensionless unit: energy
in the unit of ferromagnetic interaction parameter
J™ and T in the unit of J"/kg (kg — the Boltz-
mann constant). And the results of simulations can
be used for superlattices and magnetic nanofilms
with different interaction parameter J™. We can
calculate the energy in units of Joules by multiply-
ing the value of energy in Fig. 4 by the value of J™.

Conclusion. In this paper we have studied the
phase transition and ground state spin configura-
tions in bilayers formed by alternate antiferromag-
netic and ferroelectric layers by the use of Monte
Carlo simulation and high performance steepest
descent method. Antiferromagnetic films and fer-
roelectric films were modeled as frustrated magnet-
ic and “unfrustrated” ferroelectric films with trian-
gular lattice. We found the formation of a stable
skyrmions in the ground state of antiferromagnet-
ic/ferroelectric bilayers with triangular lattice in a
region of J™ € (0.85,1.95) at zero values of ap-
plied magnetic field. In the case J™ = 0.85, we
observe the formation of skyrmions at very small
value of applied field, and an interesting fact is that
they are destroyed at the same critical temperature
Tc = 0.47 for different values of the external
magnetic field. The very strong magnetoelectric
interaction at the interface leads to remove the
magnetic phase transitions. The existence of
skyrmions at the antiferromagnetic-ferroelectric
interface in ground state at very weak value of the
strength magnetic field is very interesting and may
have different applications in digital technologies
and spintronics [14, 15]. We found the formation of
perfect periodic skyrmions structure at moderate
values of interface magnetoelectric coupling.
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YCTOMYUBOCTH CKUPMUOHOB B ®PYCTPUPOBAHHBIX
AHTH®EPPOMATHUTHOM/CETHETODJEKTPHYECKOM BUCJIOAX
C TPEYI'OJIbHOM PEINETKOM

© N.®. apadpyraun’, A.P. FOazamesa’, H.M. Hyraesa', A.T. JInen’

! ®usuko-rexanueckmii HWHCTUTYT, balllkupCcKuii rocyJapCTBEHHBIM YHUBEPCUTET,
Poccus, 450076, Pecniyonuka bamkoprocTan, 1. Yda, yi. 3aku Bamumu, 32

? Laboratoire de Physique Théorique et Modélisation, Université Cergy-Paris,
France, CNRS, UMR 8089, 95302, Cergy-Pontoise

B pabote uccnenoBansl mpouecc GOpMUPOBAHUS U YCIOBHSI yCTONYNBOCTH CKUPMHOHOB Ha TPaHHULIE pa3aena
CETHETOANEKTPUIECKOTO M aHTH(EPPOMATHUTHOTO CJIOSI C TPEYTOIBHON PEMIETKONH M 0COOEHHOCTH (a30BBIX ITe-
PEXOIOB, MPOUCXOIIIIUX B CHCTeMe. Bce B3amMomeHCTBHS MEXKAY CHHHAMH W TIOJIPHU3AIMSMH OTPaHIMYCHEI
ommpkaiimmMu coceasiMu (NN). AnTH(eppoMarHuTHoe 0OMEHHOE B3aUMOAEHCTBUE MEXIY CIMHAMU BHYTPH aH-
TU(QEPPOMATHUTHOTO CJIOS KOHKYPHPYET ¢ HEPIEHANKYISPHBIM MeX(a3HBIM B3aMMOJCHCTBHEM MEXIY COCEI-
HUMH crossMi. CHHHOBAss KOH(QUTypanus B OCHOBHOM COCTOSIHUH TIPH HYIJICBOH TEMIIEpaType OIpeAessiach C
UCTIOJIb30BAHHEM BBICOKO-IIPOU3BOIUTENBHOIO YUCICHHOTO METOJa Hauckopeiuiero cmycka. IlodydeHHas koH-
(urypanusi OCHOBHOTO COCTOSHUSI HEKOJUIMHEapHa. [Ipyu MasblX 3HaYEHUSIX HAIPSXKCHHOCTH BHELIHETO MAarHWT-
HOTO TIOJISI MEKAY B3aNMOJICHCTBYIONIMMH CIMHAMH (hOPMHUPYIOTCSI MaJIble YIIIBI B INIOCKOCTH XY, TaK 94TO KOH(DH-
Typaluy OCHOBHOTO COCTOSIHUS MMEIOT aHTH(eppOMarHUTHbIE W HEKOJUTMHEapHbIE JTOMEHBL. PacdeTsl 1eMOHCT-
PUPYIOT Takxke (pOpMHpPOBAaHHE OJUHOUHBIX CHHHOBBIX Buxped. OOHApyKEHO, 4TO MPU HYJIEBOM NPUIOKEHHOM
MarHuTHOM TI0JIe CKUPMHOHEI B OMCIIOE aHTU(EPPOMATHETHK / CETHETOIEKTPUK C TPEYTOIBHON PEIIEeTKONH MOTYT
00pa30BBIBATECA B ANANa30HE 3HAUCHUI MEX(a3HOTO MarHUTOIIEKTPHIECKOTo B3anmoercTus ot 0.85 mo 1.95.
CunbHOe BHEIIHEE MAarHUTHOE II0JIe, MPHJIOKEHHOE MEPHEeHUKYISIPHO TPAHUIIE pa3fena ¢ HEKOJUIMHEApHBIM
MarHuTO3IEKTPUIECKUM B3auMoeiicTBHeM J[3s1ommHCKOro—MopHsl Ha TpaHuIle pasjesia, IPHBOAUT K UCUE3HO-
BEHUIO CKUPMHOHHOW (ha3bl ¥ MarHUTHBIX (a30BbIX NepexomoB. OOHapyxeHO (GOpMUpOBaHHE HACATBHON CKHp-
MHOHHOM CTPYKTYphl IIPU HEHYJIEBOM BHEIIHEM MAarHUTHOM IIOJI€ U YMEPEHHBIX 3HAUCHUSAX INOBEPXHOCTHOTO
MarHUTOINIEKTPUIECKOT0 B3anMoJCHCTBHA. CKUPMHUOHHAS PEIIeTKa yCTOHYMBa B OOJBIIOM IHANla30HE 3HAUCHHUN
MeX(}a3HOTO MarHUTOIIEKTPUIECKOTO B3aUMOACHCTBUS MEXKAY aHTU(PEPPOMATHUTHBIMH M CETHETORICKTpHYE-
CKUMH INIEHKaMu. Pe3ynbTaTsl IPOBEAEHHOTO HAMH MOJIEIMPOBaHUs MeTo0oM MoHTe-Kapio noaTBepxKaatoT, 4To
HaOMI0JaeMble CKUPMUOHBI CTAOMIIBHBI 10 KOHEYHOH TeMIIepaTyphl.
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