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Heavy metal/ferromagnetic superlattices are of great interest since Néel skyrmions may be stabilized in
them due to an interfacial Dzyaloshinskii-Moriya interaction even at room temperature. Here we report on
evidence of the strong Dzyaloshinskii-Moriya interaction in symmetric epitaxial [Co/Pd(111)]y superlattices
with high perpendicular magnetic anisotropy. The structural and magnetic properties of epitaxial [Co/Pd(111)]y
superlattices were investigated dependent on the number of Co/Pd bilayers. Based on comparison of the peri-
odicity of experimentally obtained demagnetized patterns and simulated magnetic structures, a strong increase
of the effective Dzyaloshinskii-Moriya interaction constant with increase of the period N of [Co/Pd(111)]y
superlattices is established. The origin of Dzyaloshinskii-Moriya interaction and its behavior in the symmetric

[Co/Pd(111)]y system is discussed.
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I. INTRODUCTION

Antisymmetric Dzyaloshinskii-Moriya interaction (DMI)
in combination with symmetric exchange interaction and
perpendicular magnetic anisotropy (PMA) leads to various
magnetization structures in thin films like skyrmions [1,2],
skyrmion lattices [3], spin spirals [4,5], and chiral Néel do-
main walls (DWs) [6,7]. DMI can be induced in the mag-
netic medium with strong spin-orbit coupling and a lack of
inversion symmetry [8,9]. In magnetic ultrathin films and
superlattices these conditions are fulfilled at the interfaces of
ferromagnetic metal (FM) layers and heavy metal (HM) layers
with large spin-orbit coupling [10]. Strong spin-orbit coupling
at the HM/FM interfaces is believed to cause a family of spin-
orbit effects apart from DMI: PMA [11], Rashba coupling
[12], and the spin Hall effect [13]. It was observed that
chiral Néel DWs and Neel skyrmions in ultrathin HM/FM
systems could be very efficiently displaced under the action
of in-plane current pulses due to the transferring of so-called
spin-orbit torque (SOT), a generic effect including physical
mechanisms of spin momentum transfer generated by Rashba
or spin Hall effects [14]. Therefore, structures possessing high
SOT efficiency and DMI are potential candidates for future
racetrack memories based on skyrmions or chiral Néel DWs
[15,16].

The opportunity of precise control of the energy of DMI
in the racetrack medium is of high importance because DMI
has a strong influence on the skyrmion sizes [1], structure
of DWs [6], and SOT efficiency [17]. It is worth noting
that the type of magnetic structure in the ultrathin magnetic
film with DMI also strongly depends on the energies of
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the PMA and exchange interaction [3,18]. The energy of
exchange interaction is difficult to control precisely. The most
straightforward approach to controlling the energy of PMA is
through variation of the thickness of the magnetic layers in
the magnetic system [19], but in most cases DMI in ultrathin
films is of interface origin and hence depends on the thickness
of the magnetic layer in the same manner as PMA [20].

Methods of controlling the energy of DMI in ultrathin films
are reduced to the following: choosing different materials for
HM layers with opposite signed DMI of the bottom and top
interfaces in HM1/FM/HM?2 systems [1,3], modification of
the interfaces by deposition of submonolayer coverages of
different materials [21], oxidation of the interfaces [22], and
modification of the interface properties—sharpness, rough-
ness, and strains [23].

In the most recent papers concerning DMI, special atten-
tion is paid to the investigation of superlattices—systems in
which the HM1/FM/HM2 structure repeats N times [1,3,24].
An advantage of superlattices over trilayered systems is re-
lated to their high thermal stability and magnetic signal.
Moreover, dipolar interaction demagnetizes superlattices with
large effective thicknesses and stabilizes skyrmions in them,
even if the energy of the effective DMI in superlattices is
quite low. It is reasonable to consider that the effective DMI in
superlattices is nearly the same as in the structures consisting
of one period, because increasing the number of interfaces
is compensated by increasing the total magnetic volume.
However, Pollard ef al. found an increase of the energy of the
effective DMI with increase of the number of Co/Pd bilayers
in the Pt/[Co/Pd]y polycrystalline system [25]. The approach
of controlling the energy of DMI by choosing an appropriate
value of the period of superlattices seems to be promising
since the energies of PMA and exchange interaction may not
depend on the period of the superlattices. In this work we
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investigated epitaxial [Co/Pd(111)]y superlattices and found
behavior of the effective DMI constant similar to that reported
in the paper by Pollard ez al., but the estimated values of the
energies of DMI in epitaxial superlattices are larger than in
polycrystalline ones.

II. EXPERIMENT

The samples were grown in an ultrahigh-vacuum complex
Omicron, which consisted of a preparation molecular beam
epitaxy chamber and an analysis chamber interconnected
with each other. We used Si(111) substrates misoriented
towards [11-2] by 0.1°. Before loading into the chamber,
the Si(111) substrates were rinsed in isopropyl and distilled
water. Then the substrates were heated at 500 °C by indirect
heating for 12 h. Just before deposition, samples were flash
heated by direct current at 1200 °C three times for 10 s and
slowly cooled down to room temperature. All the metals
were evaporated from high-temperature effusion cells. The
rates of growth of Cu, Co, and Pd were 0.9, 0.22, and
0.2 nm/min, respectively. The rates of deposition were
monitored by a quartz crystal microbalance. Calibration of
the quartz crystal microbalance was performed by means
of reflection high-energy electron diffraction (RHEED). We
detected the oscillations of the intensity of the specular
beam reflection during the growth of Cu on Si(111), Co on
Si(111)/Cu(1 nm), and Pd on Si(111)/Cu(1 nm). Then we cal-
culated the period of the oscillations and compared it with data
obtained from the quartz crystal microbalance. The tempera-
ture of the substrates was varied from 75 °C during Cu buffer
layer deposition to 120 °C during deposition of the top Co and
Pd layers in the thickest samples. Changes in the temperature
of the samples during the deposition of different materials
were caused by different radiative heating of the samples from
the effusion cells. Epitaxial [Co(0.8 nm)/Pd(2 nm)]y super-
lattices were grown on a Si(111)/Cu(2 nm)/Pd(3 nm) surface.
A Cu(2 nm) buffer layer was formed on a Si(111) substrate
to prevent intermixing of Pd and Si and to initiate epitaxial
growth of fcc Pd(111). The thickness of the cap Pd layer was 3
nm, which is sufficient to prevent oxidization of the structure.
The investigated periods of the superlattices were 1, 2, 3,4, 5,
10, and 20. In the following text, a superlattice with a given
period N, for example, equal to 5, will be simply denoted as
NS.

Growth processes and roughness were investigated in situ
using a scanning tunneling microscope (STM) manufactured
by Omicron. STM images were obtained on the same sample
by alternation of the deposition and scanning processes. The
lattice period of the metal layers during growth and their struc-
ture were analyzed by means of reflection high-energy elec-
tron diffraction (RHEED) (Staib Instruments). RHEED mea-
surements were done simultaneously with deposition of the
samples. Magnetic characterization of the samples was car-
ried out using a vibrating sample magnetometer (VSM) with
magnetic fields up to 27 kOe, manufactured by Lakeshore.
Magnetic structure was measured by a magneto-optical Kerr
effect (MOKE) microscope (Evico-magnetics) and magnetic-
force microscope (NT-MDT). The MOKE microscope was
equipped with a handmade coil applying out-of-plane mag-
netic fields and an in-plane electromagnet. Magnetic force

microscopy (MFM) images were obtained in the switched-off
feedback loop mode using MFM-HM tips manufactured by
NT-MDT. The typical distance between the sample surface
and magnetic tip was 50 nm. Micromagnetic simulations
were carried out using MUMAX3 software [26]. To simulate
the equilibrium domain structure of the multilayered films
we used a single-layer effective model comprehensively de-
scribed in [3]. In this model, the multilayers can be effectively
treated as a single-layer film with effective thickness defr =
N X (dco + dpg), where N is the period of the superlattice;
dco = 0.8nm and dpg = 2nm are the thicknesses of the Co
and Pd layers, respectively. Magnetic constants are scaled by a
factor f = dco/(dco + dpa) = 0.286. We also tested a precise
model with a thorough simulation of all the layers of super-
lattices, but we did not find any significant differences in the
results. The size of the simulation area was 2000 nm x 2000
nm x (N2.8) nm. The cell size was 2 nm x 2 nm x (N2.8) nm.
Two-dimensional (2D) periodic boundary conditions were
used in the modeling. The total energy of the system was
minimized by the steepest conjugate gradient method with the
built-in function MINIMIZE(). The RELAX() function was used
in the case of N5 superlattices with a rectangular hysteresis
loop in which the MINIMIZE() algorithm does not converge
well. The stopping criterion MINIMIZERSTOP for energy min-
imization was set to 5 x 1073, The saturation magnetization
and energies of PMA were determined from the experiment.
The considered values of the exchange constants were 20, 25,
and 30 pJ/m.

III. RESULTS AND DISCUSSION

A. Growth processes and structure of the layers

A Cu(2 nm) buffer layer was formed on the Si(111)
substrate to prevent intermixing of Pd and Si and to initiate
epitaxial growth of fcc Pd(111). Cu(111) grows on Si(111)
in a layer-by-layer 2D growth mode starting from the thick-
ness of 0.6 nm. The epitaxial relationships defined from the
RHEED patterns are Cu(lll)HSl(lll) and CU[11_2]||Si[10_1].
The epitaxial relationships during growth of the subsequent
Pd and Co layers remain the same as in Cu. Pd(111) grows on
Cu(111) and Co(111) surfaces in fcc structure. The RHEED
streaks from the Pd surface of each layer are sharp, which
indicates relaxed and relatively smooth surfaces [Fig. 1(a)]. It
is not possible to clearly define whether Co grows by fcc or
hep structure only from the RHEED patterns [27]. However,
the absence of strong magnetocrystalline anisotropy in the
[Co/Pd(111)] superlattices in the direction perpendicular to
the plane of the films indicated that Co grows predominantly
in fcc structure. The RHEED streaks from the surface of
the Co layers are more diffuse and obscure compared to the
RHEED streaks from the Pd surface [Fig. 1(b)]. This may be
explained by the large amount of misfit dislocations and stack-
ing faults in the Co layers [28]. The evolution of the lattice
parameter of the Co layers during the growth of the superlat-
tices was measured by RHEED [Fig. 1(c)]. The large 9.6%
lattice mismatch between the Co and Pd leads to the misfit
dislocations formation from the beginning of the growth of the
Co layers. Hence, the Co lattice parameter gradually decreases
with increase of the Co coverage. The profiles of relaxation
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FIG. 1. RHEED patterns of fifth (a) Pd and (b) Co layers in the N 10 superlattice. (c) Co lattice parameter and strains in different Co layers
of N10 sample. (d) Root-mean-square roughness of Pd layers during growth of N20 superlattice.

of different Co layers in the [Co/Pd(111)]y superlattices are
similar. Hence, the Co layers are equally strained, indepen-
dently of the number of Co layers. The bottom interfaces of
the Co layers are more greatly strained (9.2%) as compared to
the top Co interfaces (3.3%).

The roughness of the bottom Pd/Co interfaces was ana-
lyzed by STM during growth of the thickest N20 superlattice
[Fig. 1(d)]. The roughness increases with increase of the
number of bilayers. This behavior may be explained by the
increasing roughness of epitaxial Pd films during their growth
in (111) crystallographic orientation [29]. The roughness of
the top Co/Pd interface of the chosen Co layer remains nearly
the same as the roughness of the bottom Pd/Co interface. The
Co layers even tend to smooth the rough surface caused by the
growth of Pd layers [30].

B. Magnetometry measurements

Out-of-plane magnetic hysteresis loops of the [Co/Pd]y
superlattices with different numbers of bilayers are shown
in Fig. 2(a). With increase of the number of bilayers, the
magnetostatic energy of the system increases, which results
in demagnetization of the sample in the absence of magnetic
fields. Hence, the magnetic structure of thicker superlattices
in the remanence is the multidomain labyrinth state with
near-zero-sum magnetic moment. The out-of-plane hysteresis
loops of superlattices with large N become sheared relative
to the M/M; axis. This behavior is well explained by the
model of periodic stripe domains in an infinite plate with
uniaxial PMA, proposed by Kittel [31] and developed by
Kooy and Enz [32]. The domains form because of a bal-
ance between the DW energy and the demagnetizing energy.
Such hysteresis loops were observed in the Co/Pd and Co/Pt
polycrystalline superlattices with increase of the number of
bilayers [33]. However, in the multilayered structures with
DMLI, the demagnetizing effect may be much larger than when
the demagnetization is only due to magnetostatic interaction.

The in-plane magnetic hysteresis loops of the [Co/Pd]y
superlattices with different numbers of bilayers are outlined in
Fig. 2(b). One can see that strong PMA persists in all samples.
To calculate the energy of the PMA, the value of the saturation
magnetization needs to be evaluated. The dependence of the

magnetic moment normalized to the unity of an area on
the number of bilayers N was measured in the [Co/Pd]y
multilayers [Fig. 2(c)]. Linear dependence of the magnetic
moment on the number of Co/Pd bilayers indicates that the
saturation magnetization does not depend on the roughness of
the interfaces, at least in the limit of the accuracy of the VSM
measurements. The value of the magnetic moment normalized
to the unity of an area of one Co/Pd period evaluated by the
slope of the m(N) curve is 1.26 x 1073 A. Using the value
of the saturation magnetization of Pd, M; py = 3.1 x 10° A/m
[34], and the bulk value of the saturation magnetization of Co,
M; co = 1.42 x 10% A /m, the sum thickness of two polarized
Pd layers in the bottom and in the top of each Co layer
was determined to be fpgpo = 0.4nm. If one neglects Pd
polarized layers with low magnetization and assumes that all
the magnetic material is concentrated in the Co layer of 0.8 nm
thickness, then the value of the saturation magnetization is
1.58 x 10% A/m. This value of magnetization was used in the
calculation of the energy of PMA.

The energy of the effective PMA calculated by an area
method as a function of the period of superlattices is shown
in Fig. 2(d). It appears that the effective energy of the PMA is
independent of the number of bilayers N and fluctuates near
the average value of (8 £ 1) x 103J/m?. This is reasonable
because PMA depends on the strains in the Co layers and
the structure of the interfaces, which remain the same in all
the layers. In our previous work, it has been shown that the
roughness of the bottom Pd/Co interface does not influence
the energy of the PMA [30]. The results of the present paper
corroborate this conclusion since the energy of PMA remains
nearly the same despite continuously increasing the roughness
of the interfaces in the upper layers.

C. DMI measurements
1. NI1—N4 series

Measurements of the effective DMI field in superlattices
with N = 1 and 2 were performed by an approach proposed
by Je et al. [35]. DMI transforms Bloch DWs to Néel DWs
with fixed chirality in the films with PMA. The growth of the
circular bubble domain in the presence of in-plane and out-
of-plane magnetic fields and DMI is asymmetrical. The DW
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FIG. 2. (a) Out-of-plane and (b) in-plane hysteresis loops of crystalline [Co/Pd]y superlattices. The dependencies of (c) magnetic moment
per unit of area and (d) energy of effective PMA on the period N in the [Co/Pd]y superlattices.

in which magnetic moments are curled in the direction of the
applied in-plane magnetic field is propagating faster than the
diametrically opposite DW, in which the magnetic moments
are curled opposite to the in-plane magnetic field. The velocity
of the oppositely curled DW decreases with increase of the
in-plane magnetic field up to a certain minimal value at a
critical magnetic field and increases in the magnetic fields that
are larger than critical. This critical field is considered as the
effective DMI field. The effective DMI energy may be derived
from the effective DMI field using the expression [36]

Deir = woHpmiM; Ao, (1)

where Ay = ,/Ki“ is a DW width.

The method of measurement was as follows. First, the area
of the sample with a stable nucleating domain was found.
Prior to measuring the velocity curves careful alignment of
the magnets relative to the sample plane was performed in the
MOKE microscope. To eliminate the z component from the
in-plane field, a maximal in-plane magnetic field of woH, =
0.25T was applied in positive and negative directions. If the
DWs began to move, the tilt of the magnets was compensated.
More careful adjustment of the magnets was performed by
comparison of the velocities of left and right DWs measured
in negative and positive in-plane magnetic fields, respectively,
under the simultaneous action of a constant out-of-plane
magnetic field. If the velocities were different, the procedure
of alignment was repeated. After the alignment procedure,
videos of expansions of the domains were recorded using a
CCD camera in the constant out-of-plane fields of —15 mT

for N1 and —12 mT for N2 samples and different
in-plane magnetic fields. The velocities of DW propagation
were calculated by choosing several frames and measuring
the distance by which the DW was displaced, divided by the
time interval between the frames. The time interval between
adjacent frames was 36 ms.

Asymmetrical domains grown in N1 and N2 superlattices
in combination of in-plane and out-of-plane magnetic fields
are shown in Figs. 3(a) and 3(c), respectively. In both cases
domains contain a net of 360° Néel DWs, which is the sign
of strong DMI in this system [37]. Net DMI from the bottom
Pd/Co and top Co/Pd interfaces induces right-handed chirality
in the Néel DWs; hence the sign of effective DMI in this
system is negative [10,36]. The velocity curves of the left
DWs in N1 and N2 samples are shown in Figs. 3(b) and 3(d),
respectively. The effective DMI fields are equal to poHpmr =
—102+£7 and —130£ 10mT in N1 and N2 superlattices,
respectively. The calculated effective DMI energies in the
N1 sample for exchange constants 20, 25, and 30 pJ/m
are —0.83 £+ 0.06, —0.93 £ 0.06, and —1.02 £+ 0.07 mJ/mz,
respectively. The calculated effective DMI energies in the
N2 sample for exchange constants 20, 25, and 30 pJ/m
are —1.03£0.08, —1.15£0.09, and —1.26 £ 0.1 mJ/m?,
respectively. All the given and derived magnetic parameters
of [Co/Pd]y superlattices are outlined in Table I for clarity.

Velocity measurements in superlattices with N larger than
2 become difficult because multiple domains are nucleated
and merge with each other during growth; the shape of the
DWs becomes wavy. We have not been able to reach minimum
in the velocity curves of the left DWs in the N3 and N4
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of the magnetization in Néel DWs.

samples because in high negative in-plane magnetic fields
velocities of the right walls become very large and sponta-
neously nucleated domains spread over the whole observable
area. However, the measurements reveal that the magnitude
of the effective DMI in N3 and N4 samples at least does not
decrease as compared with N2 superlattices and right-handed
chirality in the Néel DWs is conserved.

2. NI0—N20 series

It was shown that the energy of effective DMI may be
evaluated by comparing the periods of the experimentally
obtained and simulated demagnetized stripe domain structures
[3]. The samples with large PMA may be demagnetized close
to the ground state only if the energy of DMI is quite large

or if they self-demagnetize due to large magnetostatic energy.
The latter takes place in the thick [HM1/FM/(HM2)]y mul-
tilayered films with large interface PMA. Such samples are
characterized by a sheared out-of-plane hysteresis loop and
the M, /M ratio less than 1.

Equilibrium domain structures were experimentally ob-
tained by demagnetization of the samples in decaying alter-
nating magnetic fields oriented in and out of the plane of the
films. The domain structures of N10 and N20 superlattices
demagnetized by in-plane oriented magnetic field are shown
in Figs. 4(a) and 4(c), respectively. The labyrinth domain
structure is regular and predominantly oriented along the
direction of the applied in-plane demagnetizing magnetic field
in the N20 sample. In the N 10 superlattice, domain structure is
irregular and more isotropic. The periodicity of the magnetic

TABLE I. Parameters of the epitaxial [Co/Pd(111)]y superlattices.

Degr (mJ/m?)

A (pJ/m)
N M, (kKA/m) K.r (MJ/m) Aip expt (1) op expt (M) 20 25 30
1 0.74 —0.83 + 0.06 —0.93 + 0.06 —1.02 + 0.07
2 0.8 —1.03 + 0.08 —1.15 + 0.09 —1.26 £+ 0.1
5 1580 0.81 600 + 80 780 + 100 —1.6 £ 035 —22 £ 05 —27 £+ 06
10 0.71 330 + 40 410 + 30 —1.85 + 0.45 —2.55 + 04 —3.2 £ 0.46
20 0.91 260 + 20 315 + 20 —23 £ 0.5 —3.22 + 0.58 —4 + 0.53
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FIG. 4. MFM images of (a), (c) in-plane and (b), (d) out-of-
plane demagnetized domain structures of N 10 and N20 superlattices,
respectively.

structures was determined by statistical analysis of the 20-30
random profiles between adjacent domains. The experimen-
tally measured periods of the domain structures for N10 and
N20 superlattices demagnetized by in-plane magnetic fields,
Aip, are 330 4= 40, and 260 = 20 nm, respectively.

The demagnetized structures of N10 and N20 superlat-
tices obtained by out-of-plane alternate fields are shown in
Figs. 4(b) and 4(d), respectively. The domain structures are
isotropic in both superlattices, since the out-of-plane field
does not prefer any anisotropy of domains. The periods of
the structures are 1.2—1.25 times higher than the periods of
the domain structures obtained by in-plane magnetic fields.
The values of the periods of the domains for the N10 and
N20 superlattices demagnetized in the out-of-plane magnetic
fields, Aop, are 410 &= 30, and 315 & 20 nm, respectively. The
period of the stripe domain structure decreases with increase
of the effective thickness of the superlattices. Similar behavior
of polycrystalline [Co/Pt]y multilayers was observed in [33]
and it is in qualitative accordance with the classical model of
Kooy and Enz in the limit of ultrathin films [32].

Thorough simulation of the demagnetization procedure by
alternate magnetic fields is time consuming; hence, usually
the demagnetized state is obtained by the relaxation of the
initial random state in micromagnetic simulations [3,24].
Relaxation from a random state in zero magnetic field leads
to the presence of a large number of skyrmions in relaxed
states which does not coincide with the experimental images.
In the present paper, the stripe domain structures of the N10
and N20 superlattices were obtained by relaxation from the
initially saturated state with two skyrmions, which served
as nucleation sites, in the absence of magnetic fields. The
diameter of the skyrmions was 100 nm. In this case, periodic
stripe domain structures develop by growing of the stripes
from the skyrmions and look more like the experimentally
obtained ones. The values of the periods of the domain
structures relaxed from a random state are slightly lower than
the periods of labyrinth phases relaxed from the saturated state

with skyrmions. The periods of the simulated labyrinth struc-
tures were determined by averaging 20-30 periods between
different domains.

The use of an appropriate value of exchange constant is
needed for derivation of correct values of effective DMI ener-
gies from micromagnetic simulations. In many publications
concerning sputtered Co films, the value of the exchange
constant used in micromagnetic simulations is in the range
of values 10—16 pJ/m [1,3,24]. The experimentally mea-
sured values of the exchange constant of crystalline Co are
25—-28 pJ/m [38,39]. It was experimentally [40] and theoret-
ically [41] shown that the exchange stiffness is independent
of the Co fcc or hep structure. Reduction of the exchange
constant in polycrystalline Co may be explained by increased
intermixing during the growth of sputtered films [42]. In the
micromagnetic simulations, we used values of A = 25 pJ/m
as basic and values of 20 and 30 pJ/m for comparison.

The dependencies of the periods of the simulated labyrinth
structures on the DMI energy for N10 superlattices with dif-
ferent exchange constants are shown in Fig. 5(a). Intersection
of the fitted curves of the simulated periods with the values
of the periods obtained experimentally gives the values of
the DMI constants. Micromagnetic modeling gives identical
periods of the labyrinth structures with positive and negative
effective DMI energies. Since there are no physical reasons for
changing the sign of the effective DMI constant in [Co/Pd]y
superlattices with increase of N larger than 4, we considered
negative effective DMI energies for all investigated samples
based on the results obtained from the N1-N4 superlattices.
The derived effective DMI energies in the N10 sample for

A =20, 25,and 30 pJ/m are —1.85 £ 0.45, —2.55 £ 0.4, and

—3.2 £0.46mJ/m?, respectively (see Table I) if one com-
pares the simulated periods with the experimentally measured
periodicity of in-plane demagnetized samples. Comparison of
the periods of the simulated domain structures with the value
of the period measured in out-of-plane demagnetized samples
gives effective DMI energies of —1.3 £ 0.3, —2.1 £ 0.3, and
—2.740.27mJ/m? for A = 20,25, and 30 pJ/m, respec-
tively. The hysteresis loops of N10 multilayer samples were
simulated with Dey = —1.85, —2.55, and —3.2 rnJ/m2 and

A = 20, 25, and 30 pJ/m, respectively [Fig. 5(b)]. It appeared

that the simulated hysteresis loops practically do not depend
on the exchange energies, except for the area of high negative
fields in which chiral Néel DWs are annihilated. Nevertheless,
for both N10 and N20 superlattices a better coincidence of the
simulated and experimental hysteresis loops is achieved when
using the value of A = 25 pJ/m.

In Figs. 5(c)-5(h) simulated hysteresis loops are shown for
the exchange constant 25 pJ/m and the values of effective
DMI energies in the range of —(1.55-4.05)mJ/m?. As the
criterion of coincidence, we analyzed tilting of the hysteresis
loop in the near-zero magnetic fields in which reversible
displacement of DWs occurs. The hysteresis loop simulated
with D = —2.55 mJ/m? best coincides with the experimental
loop. Based on the analysis of the simulated hysteresis loops,
it may be concluded that superlattices must be demagnetized
by in-plane magnetic fields to achieve the ground state and for
comparison with simulated domain structures.

Dependencies of the periods of the simulated labyrinth
structures on the DMI energy for N20 superlattices with
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FIG. 5. (a) The dependencies of the periods of simulated magnetic structures of N10 superlattices on the energy of effective DMI.
(b) Comparison of hysteresis loops of N10 samples simulated with parameters A = 20, 25, and 30 pJ/m and D = —1.85, —2.55, and
—3.2mJ/m?, respectively. Hysteresis loops simulated for N 10 structures with A = 25 pJ/m and the values of effective DMI energy: (c) —1.55,

(d) —2.05, (e) —2.55, (f) —3.05, (g) —3.55, and (h) —4.05 mJ/m>.

different exchange constants are shown in Fig. 6(a). The
derived effective DMI energies in the N20 sample for A =
20, 25,and 30 pJ/m are —2.3 £ 0.5, —3.22 £ 0.58, and —4 +
0.53mJ/m?, respectively (see Table I) if one compares the
simulated periods with the experimentally measured periodic-
ity of the in-plane demagnetized samples. The hysteresis loops
of N20 multilayer samples simulated with DMI constants D =
—2.3,—-3.22, and —4 mJ/m2 and A = 20, 25, and 30 pJ/m,
respectively, are similar [Fig. 6(b)]. In Figs. 6(c)-6(h) sim-
ulated hysteresis loops are shown for A = 25pJ/m and the
values of the effective DMI energies in the range of —(2.22 —
4.72)mlJ /mz. In the case of N20 superlattices, the best co-
incidence of simulated and experimental hysteresis loops is
achieved for the value Dy = —3.72mJ/m?, which is even

larger by magnitude than the value —3.22mJ/m? obtained
by periodicity analysis and much larger than —2.4 mJ/m?,
the value obtained by comparing the periods of the simulated
magnetic structures with periodicity of out-of-plane demag-
netized samples.

The overall shape of the best simulated and experimental
loops is similar, but they do not coincide ideally. This may
be explained by several reasons. First, an experimental loop
is averaged over the entire sample including the edges of the
film, where the magnetic properties may differ slightly. Better
compliance between the experimental and modeled hysteresis
loops may be obtained if one measures the experimental hys-
teresis loop by a local method like the MOKE magnetometer.
We are not able to obtain such a local hysteresis loop due
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FIG. 6. (a) The dependencies of the periods of simulated magnetic structures of N20 superlattices on the energy of effective DMI.
(b) Comparison of hysteresis loops of N20 samples simulated with parameters A = 20, 25, and 30 pJ/m and D = —2.3, —3.22, and —4 mJ/m?,
respectively. Hysteresis loops simulated for N20 structures with A = 25 pJ/m and the values of effective DMI energy: (¢) —2.2, (d) —2.72,

(e) —3.22, (f) —=3.72, (g) —4.22, and (h) —4.72 mJ/m>.

to the limitation of the out-of-plane magnetic fields available
in our station. Second, micromagnetic modeling does not
reproduce well the processes of nucleation and annihilation,
because of ideal geometry, flat surfaces, and the absence
of defects. Various methods are applied to overcome this
problem, like including random disturbing magnetic fields and
a tilting axis of anisotropy, or including artificial centers of
nucleation. Therefore, precise evaluation of DMI energy only
by the comparison of experimental and simulated hysteresis
loops is difficult. However, comparison of the loops may be
useful in testing the results obtained by other approaches, like
the modeling of domain periodicity. If the simulated loops
completely disagree with the experimental ones, this is a
reason for changing the model or simulation parameters.

3. N5 series and overall results

N5 superlattices are stable in the monodomain state in
zero magnetic field; however, they may be demagnetized by
an alternate magnetic field with decreasing amplitude. The

domain structures of N5 samples obtained by the demagne-
tization procedure in the in-plane and out-of-plane magnetic
fields are shown in Figs. 7(a) and 7(b), respectively. The
experimentally measured periodicities of the in-plane and
out-of-plane demagnetized domain patterns are 600 £ 80 and
780 £ 100 nm. The approach to the determination of the DMI
constant used for the N10 and N20 samples is not applicable
in the case of N5 films. Artificially created skyrmions in the
initial state collapse after relaxation. To simulate the demag-
netized state of superlattices which have a ratio M, /M, = 1
in the hysteresis loop, we tried to use the approach described
in [43]. A series of artificially specified rectangular periodic
structures with different periodicities were relaxed with given
magnetic parameters and a fixed effective DMI constant. The
size of the simulation area was 10 um x 3 um x 14 nm. The
cell size was 1 nm x 1 nm x 14 nm. The dependence of the
total energy density on the domain periodicity Egens tota(A),
was fitted by the function Egens ol = Eo + A exp(—%) + BA,
where Ey, A, B, and ¢ are the fitting parameters. The domain
structure with minimal total energy found by differentiation
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FIG. 7. MFM images of (a) in-plane and (b) out-of-plane demagnetized domain structures of N5 superlattices, respectively.
(c) Dependencies of periods of simulated domain patterns with minimal total energy density on D.g in N5 samples. Experimental and simulated
hysteresis loops of N5 superlattices with A = 25pJ/m and D = (d) —0.7, (e) —1.2, (f) —1.7, (g) —2.2, (h) —2.7, and (i) —3.2mJ/m>.

Annihilation fields of chiral Néel DWs are indicated in the insets.

of the fitted function was considered as the ground state. If
the period of the ground simulated structure was not equal to
the experimental value, the effective DMI constant was varied
until coincidence was achieved. The dependencies of the
periodicities of the relaxed domain structures on the effective
DMI constants for A = 20, 25, and 30 pJ/m are shown in
Fig. 7(c). Intersection of the linearly fitted curves with the
periodicity of 600 &= 80 nm measured experimentally gives the
values of effective DMI energies. The effective DMI constants
for the N5 superlattices derived by this method with the taken
values of exchange constants A = 20, 25, and 30 pJ/m are
very high: D = —2.46, —3.17, and —3.8 mJ/m?, respectively.

Therefore, to deduce correct values of the effective DMI
energies in N5 superlattices we compared the experimentally
measured hysteresis loops to the simulated ones. A series
of hysteresis loops modeled for N5 superlattices with A =
25pJ/m and |De| = 0.7,1.2,1.7,2.2,2.7, and 3.2 mJ/m2 is
shown in Figs. 7(d)-7(i), respectively. The hysteresis loop

simulated with Deg = —2.2m)J /m2 best coincides with the
experimental one [Fig. 7(g)]. The simulated loops with lower
DMI energies are more rectangular than the experimental one
and have lower-annihilation fields of repelling chiral Néel
DWs [37], which can be seen in the insets of Figs. 7(d)-7(f).
Simulated loops with higher DMI energies are more narrow
than the experimental one and have higher-annihilation fields
of chiral DWs [Figs. 7(h) and 7(i)]. Since definition of the
DMI constant is based only on comparison of hysteresis loops,
the error +0.5mJ/m? for N5 superlattices simulated with
A = 25 pJ is quite large. Based on the approach of comparing
the experimental and simulated hysteresis loops, the derived
effective DMI energies in N5 samples for A = 20, 25, and 30
pJ/m are —1.6 £0.35, —2.2 + 0.5, and —2.7 £ 0.6 mJ/mz,
respectively (see Table I).

The dependencies of effective DMI energies on the number
of Co/Pd bilayers derived with different values of exchange
energies used in the calculations are shown in Fig. 8. The first
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important conclusion is that the magnitude of the effective
DMI constant increases with increase of the number of Co/Pd
bilayers. Growth of the effective DMI constant is rapid in
the beginning and tends to saturation with higher periods of
[Co/Pd]y superlattices. The second conclusion is that the
value of exchange energy adopted in the simulations does
not influence the trend of the D¢k (N) curve in the range
of N > 5. It influences only the quantitative results. The
dependencies of the effective DMI constants on the numbers
of bilayers normalized to the maximal values of effective
DMI energies D (N = 20) in the case of different exchange
energies are shown in the inset of Fig. 8. It is seen that all
three dependencies practically merge into a single one, except
the beginning points at N = 1 and 2, which are obtained not
by simulation but experimentally. Meanwhile, experimental
points obtained by two different methods better correlate with
each other if A = 20 or 25 pJ/m.

The values of effective DMI energy obtained by compar-
ison of the relaxed, artificially determined periodic domain
structures with the experimental ones in the case of the
N5 samples are indicated by open symbols in Fig. 8. It
seems that this approach does not work correctly, at least in
the limit of low DMI energies, when the labyrinth domain
structure does not spontaneously develop in zero magnetic
fields.

D. Discussion

Before discussing the results of this paper, some words
need to be said about the existence of DMI in this sym-
metric system. DMI has been observed in various symmet-
ric systems: Pd/Co multilayers [25] and Pt/Co/Pt trilayers
[1,35]. The reasonable explanation of this fact is related
to the sensitivity of interfacial DMI to the structure of the
interfaces, which may not be equal for the bottom and top
interfaces even if the magnetic layer is in contact with the
same material. Approval of this proposal may be found in
the following papers: Changing the polycrystalline structure

of the Pt/Co/Pt trilayers to crystalline structure leads to the
DMI vanishing in this system [36]. Changing the stack se-
quence in Pt/Co/Pd and Pd/Co/Pt trilayers results in different
effective DMI energies for these systems [44]. The net DMI in
Pt/Co/Pt polycrystalline structures increases as the difference
between the top and bottom Co interface quality increases
[23]. In this paper we experimentally found at least one
reason for the existence of strong DMI in the symmetric
system. The bottom Pd/Co and top Co/Pd interfaces are
unequally strained in all the layers of the superlattices. This
strain asymmetry may cause large DMI in this system. This
hypothesis will be experimentally checked in the forthcoming
paper. Similar considerations may be found in the works
of Pollard er al. [25] and Jamali et al. [45] to explain
nonzero DMI and SOT in symmetric [Co/Pd]y multilayers,
respectively.

It is generally agreed that DMI in multilayer
HMI1/FM/HM2 structures is of interface origin. This
was shown for different systems of materials in various
experimental investigations [20] and by ab initio calculations
[46]. However, from this point of view, the results of
the present paper are rather surprising. Since DMI is of
interfacial origin, there is no simple explanation for the
observed behavior of DMI dependent on the number of Co/Pd
bilayers. The increasing number of interfaces is compensated
by the increasing volume of Co. Hence, it is reasonable to
suppose that the effective DMI energy should remain constant
independently of the period of the superlattices. Experimental
confirmation of this hypothesis may be found in recent papers
concerning multilayers with DMI [24,47]. It is worth noting
that in multilayer systems with interface DMI, the effective
DMI constant may be expressed as

N
o Zi:l Ds,i/[CO

D.
t N

@

where D ; is the thickness-independent surface DMI constant
of the i-Co layer taking into account the contributions from
the bottom and top interfaces and given in J/m, while ¢, is
the thickness of an individual Co layer.

The effective DMI constant is thickness averaged and given
in J/m?2. Increase of the effective DMI constant with increase
of the number of bilayers may be obtained if the surface
DMI constant depends on the number of chosen bilayers and
increases from the bottom to the top Co layers. The roughness
of the interfaces increases linearly from the bottom to the
top layers of the [Co/Pd]y superlattices. It may cause the
increase of the effective DMI. In the first approximation, it
may be supposed that the surface DMI is proportional to the
roughness and increases almost linearly from the bottom to the
top Co layers. The effective DMI energy of the N10 sample
is 2.7 times higher than in the N1 sample for A = 25 pJ/m. If
one supposes that D; of the first layer of the N10 superlattice
is equal to Dy of the N1 sample, then D; of the tenth Co layer
in the N10 superlattice must be 4.5 times higher than D, of
the first Co layer, which seems to be rather improbable. It
is necessary to conduct a detailed study of the influence of
interface roughness on the effective DMI in this system in
order to test this hypothesis.
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Labyrinth patterns with a given period as in the experiment
may be obtained only when the DMI term is taken into
account. The hysteresis loops do not coincide with the experi-
mental data without inclusion of DMI in the model. Still, these
discrepancies may be explained by incorrect micromagnetic
modeling results using the effective layer model. However,
precise modeling with all the layers taken into calculation
gives similar results. Probably, the micromagnetic modeling
does not correctly calculate the demagnetizing energy of such
systems, and the decrease of the periodicity of the domains
with increase of the number of bilayers is explained only
by the balance between the magnetostatic energy and the
energy of the DWs. However, results of the micromagnetic
modeling coincide well with the analytical calculations in
multilayer systems [43]. Nevertheless, we unambiguously
detected the chiral structure of the Néel DWs in the N1-N4
samples, which is the sign of nonzero DMI. Moreover, we are
performing a Brillouin-Mandelstam scattering investigation in
single-layered Co samples and preliminary results indicate the
presence of nonreciprocal propagation of spin waves, which
is due to DMI. Results similar to those in the present paper
were obtained in polycrystalline Co/Pd multilayers by Pollard
et al. [25]; they used an experimental technique to evaluate
the effective DMI energies. The results of the present work
are rather surprising but are based on solid methods and
techniques. More experiments in various systems are needed
to show whether the dependence of the effective DMI energy
on the number of bilayers in multilayered films is inherent
only in the Co/Pd system or is more general.

IV. CONCLUSIONS

The structural and magnetic properties of epitaxial
Si/Cu/Pd/[Co/Pd(111)]y superlattices were investigated de-
pendent on the period of superlattices. Co layers are greatly
strained in the bottom and less in the top. Asymmetry of
the strains is conserved in all Co layers independently of
their number. The roughness of the interfaces increases almost
linearly from the bottom to the top of the whole structures.
PMA does not significantly depend on the period of the
superlattices. A strong negative DMI was found in N1-N4
Co/Pd samples by measuring the asymmetrical velocity of the
DWSs’ propagation in the simultaneous presence of in- and
out-of-plane magnetic fields. The effective DMI energy was
evaluated in N5, N10, and N20 superlattices by comparison
of the experimentally measured out-of-plane hysteresis loops
and the in-plane demagnetized domain patterns with results of
micromagnetic simulations. An increase of the magnitude of
effective DMI energy with increase of the number of Co/Pd
bilayers in epitaxial [Co/Pd(111)]y superlattices was estab-
lished independently of the value of the exchange constant
adopted in the simulations. The method of micromagnetic
simulations for DMI evaluation was thoroughly discussed.
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