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Zigzag domains caused by strain-induced anisotropy of the Dzyaloshinskii-Moriya interaction
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The influence of the anisotropic interfacial Dzyaloshinskii-Moriya interaction (iDMI) on the structure of
magnetic domains in thin Co/Pt films is investigated using magnetic force microscopy. The iDMI anisotropy
is induced via application of strong (0.08%) in-plane uniaxial mechanical strain. We observe transformation
of an isotropic labyrinth domain structure to oriented stripe domains and zigzag domain structures. According
to theoretical considerations, such a transformation appears due to strain-induced strong iDMI anisotropy and
change of iDMI sign along the direction perpendicular to the deformation axis.
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I. INTRODUCTION

Magnetic domains were discovered 80 years ago [1].
Later, Landau and Lifshitz [2] explained the structure of do-
mains and domain walls (DWs) taking into account exchange
coupling, magnetocrystalline anisotropy, and magnetostatic
interaction. At the present moment, DWs in ferromagnetic
thin film are still intensively studied both experimentally
[3-9] and theoretically [10-14]. The reason for this is
that DWs are considered promising information carriers in
racetrack devices for data storage [15], transfer [16], and
processing [17].

Creating such devices requires an effective way to ma-
nipulate DWs in magnetic films. Local tuning of material
parameters with irradiation was utilized to create domain
structures with arbitrary topology [24,25]. This method, how-
ever, cannot be used for dynamical manipulation of DWs. A
few approaches based on electric current were used to move
domain walls [4,10]. Nevertheless, manipulating DWs with
electric field is considered as a more attractive alternative due
to low heat dissipation. Various magnetoelectric effects were
used previously to tune thin-film magnetic structures [18-21].
Either exchange coupling [22] or magnetic anisotropy
were varied in magnetic films [23] via application of an
electric field.

The Dzyaloshinskii-Moriya interaction (DMI) [26-28]
also affects the domain structure. This interaction becomes
especially important in thin multilayer films with heavy metal
(Pt,Ir, W)—ferromagnet (Fe, Co) interfaces [27-29]. In such
systems, it is called the interfacial DMI (iDMI). A strong
enough iDMI leads to formation of the Neel DWs [28].
This had been experimentally verified by spin-polarized low-
energy electron microscopy [30] and the Lorentz transmission
electron microscopy [31]. The micromagnetic problem of the
domain width and DW structure in the film with the iDMI
was solved in [32]. It was found that the competition between
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the iDMI and magnetostatic energies caused a fluent transition
from the Bloch wall to the Neel one via a canted wall state.

Recently, it was demonstrated that the iDMI can be
controlled with a mechanical strain [33,34]. The magnitude
and the anisotropy of the iDMI can be tuned in a wide range
this way. Interestingly, even the sign of the iDMI can be
changed using mechanical deformations. Micromagnetic
simulations and analysis [35] showed that skyrmions,
antiskyrmions, and bimerons can be controlled if one can
tune the iDMI anisotropy in a thin magnetic film. Taking into
account that the strain can be induced with an electric field in
the hybrid ferroelectric-ferromagnetic systems [36,37], this
creates an additional mean to control magnetic topological
structures and domain walls in magnetic films with the electric
field.

Another recent calculation [38] predicted that the iDMI
anisotropy should lead to essential magnetic domain structure
transformation. In particular, the formation of the zigzag-
shaped domain structures can take place.

These recent simulations and experimental findings stim-
ulate the present work where we use strain to induce the
iDMI anisotropy and experimentally study the magnetic do-
main structure of thin magnetic Co/Pt multilayer films with
perpendicular magnetic anisotropy. The schematic of our ex-
periment and main findings are shown in Fig. 1. We observe
that the domain structure symmetry follows the symmetry
of iDMI [measured by the Brillouin light scattering (BLS)]
which is in agreement with the theoretical predictions made in
Ref. [38]. Our findings confirm the ability to control magnetic
film structure via strain-dependent iDMI.

II. SAMPLES AND METHODS

The magnetic multilayer films consisting of alternating lay-
ers of Co (0.7 nm) and Pt (1.1 nm, four periods) are deposited
by magnetron sputtering in an Ar atmosphere (pressure 0.5 P)

©2022 American Physical Society
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FIG. 1. (a) Geometry of the measurements. Values L and d are
the sample length and thickness (including a substrate). The gray
part of the sample is the substrate and the blue part is a multilayer
magnetic film. One end of the sample is fixed, while the other one
can be bent inducing a mechanical strain in the magnetic film. The
shift Az defines the strain magnitude. The red arrow shows the region
of interest (ROI) with the highest deformation. All the measurements
(MFM, MOKE, BLS) are performed in this region. (b) The schematic
representation of an isotropic labyrinth domain structure observed in
the undeformed sample. (c) Zigzag domains observed in the com-
pressed film.

on a glass plate (200-um thickness) with Ta (10 nm)/Pt
(10 nm) buffer sublayers. The growth rate is 0.25 nm/s for
Pt and 0.125 nm/s for Co. The Pt top layer is 3 nm to protect
the structure from oxidation. The accuracy of the deposition
of layers in thickness is ~10%.

We use magnetic force microscopy (MFM) to visualize
magnetic domain structures at zero external magnetic field. A
sample is fixed in a specially designed holder [see Fig. 1(a)].
While one edge of the sample is fixed, the opposite edge can
be bent by a screw inducing uniaxial strain in the vicinity of
the fixed side. Note that the strain appears along the sample
long side (x axis) and no strain appears along the y axis.
So, the in-plane strain is anisotropic. The x component of
the strain can be estimated as &,, = 3d Az/4L2 [39], where
d and L (typically 12 = 16 mm) are the thickness and length
of the sample (glass plate), respectively, and Az is the shift
of the plate’s free end (0 - 1 mm). The out-of-plane strain is
nonzero as well and defined by the Poisson ratio of the film.
The holder allows us to carry out MFM measurements of the
samples under application of the uniaxial strain. A phase shift
of the probe oscillations is registered as an MFM signal. The
MFM measurements are performed using both the two-pass
tapping mode and the noncontact constant-height mode. Prior
to the measurements, the MFM probes are magnetized along
the tip axis in a 1-T external magnetic field. The sample
and tip are grounded to avoid electrostatic effects [40]. The
scan size is 10x 10 um? (512 x 512 pixels) to obtain appro-
priate power Fourier transformation diagrams. Prior to each
measurement, the sample is demagnetized in a decaying alter-
nating perpendicular external field. This procedure guarantees
that the area of the domains with opposite magnetization
would be equal. The measurements are performed for the
range of applied strain &,, = +0.08% with the step of 0.02%.

Magnetization hysteresis loops [see typical loop in
Fig. 2(a)] are obtained by the magneto-optic Kerr effect
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FIG. 2. (a) The typical MOKE hysteresis loop of the sample. ¢
is the rotation angle of a light polarization plane. H; is the satura-
tion field; H, is the demagnetizing onset field. (b) Typical Stokes
component of the BLS spectrum (scattered intensity as a function of
frequency) for our samples. The red squares show the BLS intensity
for the external magnetic field H = 1 T. The blue circles correspond
to the external magnetic field H = —1 T. Solid lines are Lorentzian
fits. Af is the frequency shift cause by the iDMI.

(MOKE) measurements in polar geometry and in a field up to
300 mT. A stabilized He-Ne (A = 632 nm, 5 mW power) laser
is used as a light source. Multiple samples were examined us-
ing MOKE to select those in which perpendicular anisotropy
is combined with weak pinning of the domain walls. Such a
combination can appear when the domain wall energy is low.
In such samples, the field of the demagnetization onset (H,)
is close in magnitude to the saturation field (Hy). The samples
having smaller AH,; = H; — H; are more sensitive to iDMI
variations and have smaller domains, which is more conve-
nient for MFM measurements and further statistical analysis.

The iDMI is measured using the Brillouin light scattering
(BLS) in the Damon-Eshbach geometry [41]. The similar
holder as described above is used to apply the strain to the
samples during the BLS measurements. To measure the iDMI
constants along the x (D) and y (D,) directions we turn the
deformed sample by 90° around the out-of-plane axis. A typ-
ical BLS spectrum is presented in Fig. 2(b). Solid lines show
the Lorentzian fit, demonstrating the shift (A f) of the Stokes
and anti-Stokes peaks. Following the standard approach, we
estimate the iDMI constant as [41]

Dyy = 2MAf/(ykey). ey

Here M; is the saturation magnetization, y = 176 GHz/T
is the gyromagnetic ratio, and k, , is the wave vector along
the x or y direction. When we perform the iDMI constant cal-
culations we consider the multilayer film as a homogeneous
medium with some effective parameters. This is reasonable
since the Pt thickness is small and there is a strong exchange
interaction between Co layers [42]. So, all magnetic layers
should have a joint domain structure. The value of M, used
for our estimates is 2.3 x 10> A/m. This value looks underes-
timated comparing to the value of the bulk Co magnetization.
This is because the Co layers are interleaved with the Pt
layers reducing the effective magnetization of the whole film.
Previous experimental studies show that such a low effective
magnetization describes properties of multilayer Co/Pt struc-
tures well [43—-45]. Note that the iDMI coefficients calculated
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FIG. 3. (a)—(d) (Upper row) MFM images of domain structures for different applied strain (&,,). (a) &, = —0.08%, (b) &, = —0.04%,
(c) &xx =0, (d) &y = 0.08%. (Bottom line) (e)—(h) Spatial Fourier transforms of the domain structures. White color corresponds to the Fourier
harmonic with zero amplitude. Black color corresponds to the Fourier harmonics with high amplitude. Strain is applied along the x axis. 8 is
the average angle between the DWs orientation (n) and the strain direction. The vertical white line in the center of the diagrams is an artefact

of image processing.

in Eq. (1) are also the effective characteristics of the whole
film and not the iDMI coefficient for a single Co/Pt interface.
The value of the perpendicular anisotropy can be estimated
using the BLS measurements (Supplemental Material [33])
and is K ~ 4 x 10* J/m?3. This value is in good agreement
with the data of previous studies of similar Co/Pt multilayer
films [43,45].

As it was shown in Ref. [46] the difference in the sur-
face anisotropy of a magnetic film at the interfaces with a
vacuum and a heavy metal can lead to the appearance of
nonreciprocity in the propagation of spin waves, similar to the
one produced by DMI. For typical anisotropy difference value
of ~1 mJ/m?, this contribution to the nonreciprocity exceeds
the DMI contribution at thickness larger than 15 ~ 20 nm. In
films with several nanometers thickness (as we have), the non-
reciprocity associated with the DMI is several times or even an
order of magnitude greater than the nonreciprocity associated
with the difference in anisotropy [47]. In our multilayer films,
the surface anisotropy value also varies from layer to layer,
but this variation can be estimated as ~4 x 1072 mJ /m2 [48]
which is much lower than ~1 mJ/m?2. Therefore, we can
safely assume that the observed nonreciprocity of spin waves
in our BLS measurements is due to the DMI.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The results of the MFM studies are presented in Fig. 3.
The upper row shows typical domain structures of our sample.
The undeformed sample [Fig. 3(c)] has a labyrinth domain
structure with an isotropic orientation of domain walls. The

magnetic structure does not experience noticeable changes
when the tensile strain up to &,, = 0.08% is applied to the
sample [see Fig. 3(d)]. The situation is different when the sam-
ple is compressed. Stripe domains occur with a compressive
strain of ¢,, = —0.04% [see Fig. 3(b)]. At that, the domains
are oriented perpendicular to the deformation axis. Further
compression [g,, = —0.06%, —0.08%; see Fig. 3(a)] leads to
formation of domains oriented by the angle 8 with respect
to the strain direction. Note that there are four equivalent
DW orientations (&8 and & + 8). Here and below, B is the
angle between the normal vector (n) to a DW plane and the
deformation direction (x axis).

For a quantitative analysis of the domain structures,
a spatial Fourier transform of the MFM images is per-
formed. The corresponding spatial Fourier spectra are shown
in the bottom row in Fig. 3. For better visibility the images of
the central part of the Fourier spectra are presented, since there
are no short-wavelength harmonics in the MFM images of the
domains. In the case of an undeformed and stretched samples
[Figs. 3(g) and 3(h)], the Fourier diagram has the form of
a ring, which corresponds to an isotropic labyrinth domain
structure. The vertical white stripe observed in the diagrams
is an artefact caused by the image processing procedure. The
Fourier spectrum of the compressed sample [g,, = —0.04%;
Fig. 3(f)] shows two maxima, which correspond to formation
of the stripe domains with 8 = 0. Further compression (&, =
—0.06% and —0.08%) leads to the appearance of 4 maxima.
This means that the DWs prefer to orient along one of four
equivalent directions at a certain angle 8 with respect to the
strain axis and the zigzag domain structure appears.
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FIG. 4. (a) Average angle of the DW orientation $ and its dispersion as a function of strain. The solid red circles denote labyrinth domain
structures with no preferred orientation [see Figs. 3(g) and 3(h)]. The open circle show the cases when there is a preferred DW orientation.
The bar shows the dispersion of the angle 8. The dashed line is the guide for eyes (in all graphs). (b) The values of 8 calculated from BLS
data using Eq. (3). (c) Average domain width and its dispersion as a function of strain. (d) The iDMI contribution to the DW energy [Eq. (2)]
is calculated based on the BLS data. (e) Colored area is the theoretical dependence of the equilibrium orientation of the DW (8) on the iDMI
coefficients D, and D,. Only the sector |D,| < D, is shown. Red circles and black crosses show experimental data obtained by the BLS for the
same sample but different applied strain. Red circles correspond to the same strain values (red numbers) as in Fig. 3. The red dashed line is the

guide for eyes.

Using the Fourier spectrum one can calculate the mean
domain width and DW orientation for different applied
strain. We estimate the average width as m /k,,, where k,, =
[ IKI|F (ky, ky)dzk and F is the Fourier spectrum defined in the
reciprocal space (k,, k). To estimate the mean DW orientation
angle B we first average the Fourier spectrum over the radial
direction in the reciprocal space F(B) = [ kF (k, B)dk, where
the quantities B = atan(k,/k,) and k = |K| are cylindrical co-
ordinates in the reciprocal space. This gives us the angular
distribution of the DW orientations F(B). The angle g is
defined by searching for the peaks in the angular dependence
F (B). Dispersion of the DW width and orientation can be also
calculated.

The result of the analysis is shown in Figs. 4(a) and 4(c).
The circles show the average values of the DW orientation
(B) and domain width. The bars show the dispersion of
these quantities. In the case of the isotropic labyrinth domain
structure (no strain or positive strain), the DW orientation is
uniformly distributed over 360° (F(B) = const). In this case
we can not introduce any preferred orientation of DWs and we
just put 8 = 0 and do not introduce the dispersion. The corre-
sponding points on the graph are shown by the solid red dots.
For negative strain the distribution F (B ) shows maxima and
we introduce the preferred orientation angle 8. It grows up to
40° as we increase the compressive strain. The domain width
also depends on strain [Fig. 4(c)]. For a compression strain
a maximum of the domain width can be observed around
&xx = —0.04%.

The observed strain-induced domain structure variation
can be explained based on the model developed in Ref. [38].
It is shown there that transformation of the isotropic domain

structure into the zigzag one can be induced by varying iDMI.
To obtain such a transformation, the iDMI should change
from isotropic (Dy = D,) to the strongly anisotropic one with
opposite sign along different directions (D = —D,). To check
the hypothesis we measure iDMI coefficients of the sample as
a function of strain.

The measured dependence of the iDMI coefficients D, and
Dy on strain is shown in Fig. 5. For the tensile strain both
coefficients increase, but the iDMI stays isotropic (D, ~ D).
For the compressive strain the strong anisotropy of the iDMI
appears and D, # D,. At high enough strain D, becomes
negative while D, remains positive. Very similar anisotropic
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FIG. 5. The DMI constants (D,.,) measured along the x (red) and
v (blue) directions as a function of applied strain (¢,,). The dashed
lines are guides for eyes.
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changes of the iDMI under uniaxial deformations were pre-
viously observed in Pt/Co/Pt sandwiches [33]. Af linearly
depends on the in-plane component of the wave vector k; , of
the incident beam. The wave vector varies within the range
7 =20 um™". Thus, relation (1) gives the same values of the
iDMI constant for all wave vectors.

Following the approach in Ref. [38] the iDMI contribution
to the DW energy is given by

Wil = =D, cos(2B) — D + 1/2cQcos’(2B),  (2)

where Dy =(Dy+Dy)/2, D_=(D,—Dy))/2, Q=
poM?t =0.47 mJ/m?> (t =7.2 nm is the thickness of
the whole multilayer structure) and « = 0.44. Minimizing the
energy one defines the angle 3,

7TD+ 7TD+ 1
9 < b
cos(2) = | “% n”gz 3)
1, ==
Kk

We calculate 8 using Eq. (3) and experimental data for D, and
Dy. The result is represented in Fig. 4(b). Obviously, there is
a good agreement between the values of 8 obtained from the
analysis of the MFM images and those calculated based on the
BLS measurements. Following Ref. [38], we calculated de-
pendence of the orientation angle 8 on D, and D, [Fig. 4(e)].
Different colors in the diagram correspond to different equi-
librium values of angles 8. The line D, = D, corresponds
to isotropic iDMI and an isotropic labyrinth domain struc-
ture. The violet area (D, + D, > x2/m) corresponds to the
domain stripe structure with domains oriented perpendicular
to the x axis (8 =0). In the area 0 < D, +D, < kQ/m, a
gradual increase of 8 from 0 to 7 /2 occurs, which is demon-
strated by a smooth color change from blue to red. Note that
the energy is the same for four orientations =8 and 7 + B.
Because of the degeneracy the zigzag domain structure is
formed below in the region 0 < D, + Dy < kQ/m.

We show our experimental data at the diagram in Fig. 4(e).
The results of the BLS measurements are shown in the di-
agram by the crosses indicating error bars for D, and Dj.
Different crosses correspond to different strain values. The
points corresponding to the domain structures obtained by the
MFM measurements (those shown in Fig. 3) are indicated by
thick red circles. Here we also see good agreement between
the MFM and BLS results. One can see that the iDMI migrate
from isotropic to anisotropic as we apply compressive strain
which leads to transformation of the isotropic domain struc-
ture to the zigzag one.

The dependence of the domain width provided in Fig. 4(c)
has a maximum around &,, = —0.04%. It can be understood
by analyzing the domain and DW energies. Generally, the
domain size is defined by the competition of the DW energy
and the magnetostatic energy of domains. The higher the
magnetostatic interaction (the higher the magnetization) the
smaller the domains. The higher the DW energy the bigger
the domains. The magnetization of the film is not affected
by strain. Therefore, the magnetostatic energy does not have
any peculiarity as a function of strain. The iDMI changes
with strain leading to DW energy variation. This should lead
to change of the domain width. Based on the BLS data we

2 um

15

1/pm

FIG. 6. (a) The MOKE hysteresis loop of the sample with higher
AH,; = H; — H,. (b) The zigzag domains in the compressed sample
(&xx = —0.08%). (c) The Fourier spectrum of the domain structure.

calculate how the iDMI contribution to DW [Eq. (2)] depends
on strain [see Fig. 4(d)]. The iDMI energy has a maximum
at compressive strain of about &,, = —0.06%. As we have
discussed above the maximum of DW energy should corre-
spond to the maximum of domain width. So, the MFM data
on the domain width is in agreement with our BLS data and
the maximum of the domain width is related to the maximum
of the iDMI energy of the DWs.

As we have mentioned earlier, we chose the samples with
low AH,; to study the strain dependence. Such samples are
more sensitive to strain. However, even for samples with
higher AH,; we can still see strain-induced zigzag domain
structure. The results obtained for such a sample are demon-
strated in Fig. 6. Figure 6(a) represents the MOKE data
showing the hysteresis loop with remnant magnetization of 1.
The domain structure in the demagnetized state and its Fourier
spectrum for the sample under applied strain (¢, = —0.08%)
are shown in Figs. 6(b) and 6(c), correspondingly. The zigzag
domains (and four spots in the Fourier spectrum) are visible.

Although the strain-induced variation of the iDMI explains
the observed changes in the domain structure well, the mag-
netic anisotropy also changes under mechanical strain. Can
the anisotropy variation cause the observed effects? At first,
we would like to underline that there is an essential qualitative
difference between iDMI variation and anisotropy variation in
the case of the uniaxial strain. The influence of the mechanical
deformations on the iDMI are described by the phenomeno-
logical expression (see symmetry consideration in Ref. [35]).

D, = Do + K1 (Ut — uyy) + Ko (Uy + uyy)a 4)

Dy = Do — k1 (tx — Myy) + Ko (Ure + uyy)~ (5)

Here uy, y, are the main diagonal components of a strain
tensor. Taking into account that bending creates a uniax-
ial strain with u,, =0 and u,, # 0, the iDMI becomes
anisotropic. This means that the iDMI constants along the
x and y directions are different. They can be even of differ-
ent sign along different directions. Such an iDMI anisotropy
leads to appearance of four equivalent directions for the mag-
netization. Finally, this can lead to formation of a zig-zag
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domain structure [38]. Due to in-plane anisotropic strain the
both out-of-plain magnetic anisotropy and in-plane magnetic
anisotropy can change. These changes are described by ex-
pression

Wan ~ a(uxxmi + uyymi) + ﬁuzzmzz. 6)

Here m; are the magnetization components, and o and § are
some phenomenological constants. Variation of the out-of-
plane anisotropy cannot lead to formation of any preferred
directions in the sample plane. Therefore, neither stripe
nor zig-zag magnetic structures can appear due to the sec-
ond term. Appearance of the in-plane anisotropy due to
anisotropic in-plane strain may induce a preferred mag-
netization orientation in the sample plane. However, only
two equivalent directions may occur, and the zig-zag struc-
ture is not allowed due to this symmetry. So, only the
anisotropic DMI can be responsible for zig-zag DWs. There-
fore, we relate the DMI variation and the DW structure
variation.

We also estimate and compare the domain wall energy
Wpw variation due to the out-of-plane anisotropy variation
and DMI variation. The anisotropy-dependent part of the do-
main wall energy in the thin film can be estimated as W, ~
4/AK.s, where K = K — €2/2t. Taking into account typi-
cal value for the exchange stiffness of about 1.5 x 107! J/m,
we get for the domain wall W, is ~1073 J/m?. The 5% strain-
induced variation of the anisotropy constant [33] would lead
to 3% variation of the DW energy AW,, ~ 3 x 107> J/m?. On
the other hand the iDMI-dependent part of the domain wall
energy can be estimated as Wpyy ~ 7D ~ 5 x 107* J/m?.
This value is twice less but comparable with the W,,. This
is typical for the Co/Pt multilayers where skyrmions can

be observed. The 100% stress-induced iDMI variations lead
to an order of magnitude greater DMI contribution AWpyy
comparing to AW,,. Finally, the symmetry considerations and
the estimate of the domain wall energy variation confirm that
the observed effects are associated with strain-induced iDMI
variations in the system.

IV. CONCLUSIONS

In summary, we performed MFM and BLS studies of
strained Co/Pt multilayered films. We demonstrated that the
changes of the iDMI in the system caused by the strain leads
to the transformation of the sample’s domain structure. The
transformation of the isotropic labyrinth domain structure
into the stripe and zigzag domains under the strain appli-
cation is observed. Such a transformation corresponds well
to previous theoretical predictions. It happens due to appear-
ance of iDMI anisotropy caused by mechanical deformations.
The strain magnitude is not high and can be induced by an
electric field in hybrid ferroelectric-ferromagnetic structures.
This opens a new way to manipulate magnetic states by an
electric field.
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