PHYSICAL REVIEW LETTERS 124, 157202 (2020)

Manipulation of the Dzyaloshinskii-Moriya Interaction in Co/Pt Multilayers with Strain
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Interfacial Dzyaloshinskii—-Moriya interaction (DMI) is experimentally investigated in Pt/Co/Pt multi-

layer films under strain. A strong variation (from 0.1 to 0.8 mJ/m?) of the DMI constant is demonstrated at
£0.1% in-plane uniaxial deformation of the films. The anisotropic strain induces strong DMI anisotropy.
The DMI constant perpendicular to the strain direction changes sign, while the constant along the strain
direction does not. Estimates show that the DMI can be controlled with an electric field in hybrid
ferroelectric-ferromagnetic systems. So, the observed effect opens the way to control the DMI and
eventually skyrmions with a voltage via a strain-mediated magnetoelectric coupling.
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Skyrmions in magnetic thin films with perpendicular
anisotropy are nontrivial magnetic textures [1] promising
various applications such as memory and logics. Therefore,
manipulating (creating, annihilating, and moving) the sky-
rmions is an urgent but still challenging quest of modern
spintronics [2-5]. So far, several approaches have been
used. Electrical-current-based techniques utilizing spin
torque [6-8] and spin-orbit torque [9,10] allow one to
control the skyrmions but require a high current density and,
therefore, have low energy efficiency. A lot of groups work
on electric-field-based approaches where the heat losses are
minimized. One of the most actively studied approaches is
based on voltage controlled magnetic anisotropy [11-15].
Since a skyrmion stability is defined by the competition of
the magnetic anisotropy and the Dzyaloshinskii-Moriya
interaction (DMI), tuning of one of these contributions
opens the way to control the skyrmions. So far, the field was
focused on the variation of the magnetic anisotropy via a
strain-mediated magnetoelectric coupling [16] or a charge-
mediated magnetoelectric effect [17].

In the present Letter, we experimentally demonstrate that
the DMI can be also controlled with a strain. Strain
dependence of the DMI was previously studied in bulk
crystals [18-20]. Here, we show that in heavy metal-
ferromagnet (Co/Pt) multilayer structures the interfacial
DMI coefficient can be tuned in a wide range by applying
strain. The uniaxial strain modifies the average DMI constant
and also introduces anisotropy to the DMI. Moreover, the
DMI of different signs for different directions appears due to
the uniaxial strain.

Strains in magnetic films can be induced mechanically
(via bending for example) or with an electric field in hybrid
ferromagnetic-ferroelectric (FM-FE) systems [21]. In our
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Letter, we use mechanical means to create the strain. At
that, the magnitude of deformations achieved in our experi-
ment can be easily induced by an electric field in a
ferroelectric (such as PMN-PT). This opens the way to
control the DMI (and therefore skyrmions) in heavy metal
(HM)-FM systems with voltage.

Note that voltage-based tuning of the DMI due to a charge
accumulation was demonstrated in Pt/Co/TaO multilayers
in Ref. [22]. The DMI in this system appears at the insulator-
FM boundary rather than at the HM-FM interface. Therefore,
the DMI in this system is much weaker (on order of
0.1 mJ/m?) than in HM-FM multilayers (on order of
1 mJ/m?). This restricts the use of insulator-FM systems
in skyrmionics. Voltage-induced variation of the DMI due to
the charge accumulation is challenging in HM-FM multi-
layers since the electric field is screened in a very thin
interfacial layer. In contrast, the strain-based approach pro-
posed in the present Letter can be applied to metallic systems,
giving a promising opportunity to control skyrmions.

In the present Letter, a series of samples glass/
Ta(2.5 nm)/Pt(dp)/Co(1.2 nm)/Pt(2 nm) were fabri-
cated using dc magnetron sputtering. The thickness of the
bottom Pt layer (dp,) varies from 0.4 to 2.2 nm. Fabricating
samples with different Pt thickness allows us to identify the
range of growth parameters with the highest susceptibility to
strain. In our samples, the Co film is surrounded by two Pt
layers. One can expect that the DMI cancels in this case.
However, it is well known that nonzero DMI is observed in
such symmetric Pt/Co/Pt systems [23]. This is because Pt/
Co and Co/Pt interfaces are, in fact, not identical, since the
bottom Pt layer grows on the Ta buffer, while the upper Pt
layer grows on Co. Moreover, the DMI strongly depends on
Pt thickness [24], which also makes the contributions of the
upper and bottom interfaces different.
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FIG. 1. (a) Experimental geometry. The sample (glass/Ta/Pt/
Co/Pt) is bent and has in-plane strain &,,. BLS experiments are
performed in the Damon-Eshbach geometry. The laser beam with
the incident wave vector k. (red arrow) laying in the (y,z) plane
irradiates the sample. The multilayer film scatters the light back
into the direction k. = —k;,. (green arrow). A magnetic field H
is applied perpendicular to the incidence plane. (b) Typical BLS
spectrum of glass/Ta/Pt/Co/Pt without a strain at H=1T
(squares) and H = —1 T (circles). Solid lines are Lorentzian
fits. Af is the frequency shift between the Stokes and anti-Stokes
peaks.

Magnetic hysteresis loops of the samples were measured
at different in-plane uniaxial strain using a magneto-optical
Kerr effect (MOKE) in polar geometry. A sample was placed
inside the specially designed holder [see Fig. 1(a)]. One edge
of the sample was fixed in the holder, the opposite edge was
bent by a screw inducing a uniaxial strain. The strain is
elastic and does not produce damage to the samples (see
Supplemental Material [25]). The shift of the sample’s free
edge caused a strain of the magnetic film in the vicinity of
the fixed side, where the laser beam irradiates the film.
Introducing the x axis connecting fixed and free edges
[Fig. 1(a)], one can estimate the x component of the strain as
€. = 3dAz/(2L%)[26], where d and L are the thickness and
length of the sample (glass plate), respectively, and Az is the
shift of the plate’s free end. The in-plane deformation was
also checked using a strain gauge.

Figure 2 shows the magnetization curves of the Co/Pt
samples for different dp,. Each panel in Fig. 2 demonstrates
several hysteresis loops corresponding to a different strain
amplitude €,,. Figure 2(a) shows the case of small Pt
thickness, in which the structure has an in-plane anisotropy
and is not sensitive to the applied strain. The sample with a
thick Pt layer [Fig. 2(b)] has a rectangular magnetization
curve and no magnetostriction. The strain influences the
properties of the film only when the Pt layer is close to the
critical thickness at which the transition between in- and
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FIG. 2. Out-of-plane hysteresis loops for different strain &,,
(shown nearby each curve) applied to the samples glass/
Ta(2)/Pt(dp)/Co(1.2)/Pt(2). (a) dp, =04, (b) dp =1.1,
(¢) dp; = 2.2 nm. (d) Micromagnetic simulation results for Co/
Pt films. (a),(b) Shows magnetization hysteresis loops for films
with the different DMI: D, = 0, Dy = 0.5, and Dy = 1 mJ/m?.
The corresponding values of the hysteresis widths are 34, 44, and
86 mT. The loops are shifted with respect to each other for clarity.

out-of-plane anisotropy occurs. This case is shown in
Fig. 2(c). The curves in this plot consist of a linear slope
and a hysteresis loop. The black line in Fig. 2(c) represents
the unstrained film. Compressive strain increases the hys-
teresis loop width, while tensile strain reduces it. Two
additional samples were also studied with the thickness
of the Pt layer in the range between 1.1 and 2 nm. They have
a hysteresis loop similar to the sample with dp; = 1.1 nm.
They also demonstrate the dependence of the hysteresis loop
on the strain.

The DMI in the samples was studied by Brillouin light
scattering (BLS) in the Damon-Eshbach geometry [27]
under application of strain in a similar way as described
in the previous section [see Fig. 1(a)]. A magnetic field
was applied either along the deformation direction or
perpendicular to it, allowing us to measure the DMI
constants along the x (D,) and y (D,) directions. A typical
BLS spectrum is presented in Fig. 1(b). Solid lines show
the Lorentzian fit, demonstrating the shift of the Stokes and
anti-Stokes peaks denoted as Af.

Following the standard approach (see Supplemental
Material [25]), we estimate the DMI constant as [27,28]

D; =2MAf/(myk;), (1)

157202-2



PHYSICAL REVIEW LETTERS 124, 157202 (2020)

Glass/Ta/Pt(dp,)/Co(1.2)/Pt(2)
I M I M I M I

08 e dp;=0.4nnm
-8 dp=1.1nm
A dpy=2.2nm

0,6

04 F

D, (mJ/m2)

02 [

0,0 1 n 1 n 1 n 1 n 1
-0,10 -0,05 0,00 0,05 0,10

Exx (%)

FIG. 3. The DMI constant measured along the x direction (D)
as a function of applied strain (e,,). The origin of the error bars
are the BLS instrument frequency uncertainty and the uncertainty
occurring in the least-square fit of Af(k) dependencies (see
details in the Supplemental Material [25]). The linear fit of the
D, (&,,) obtained using the least-square method is provided in the
Supplemental Material [25].

where M, is the saturation magnetization, Af is the
difference between the Stokes and anti-Stokes frequencies,
k; is the momentum along the i direction (in our case i = x
or y), and y = 176 GHz/T is the gyromagnetic ratio. The
value of M used in our estimates is 1.1 x 10® A/m, which
is typical for Co/Pt films [29,30].

The DMI constant along the x direction for the three
samples with the Pt thickness varying from 0.4 to 2.2 nm is
shown in Fig. 3 as a function of strain ¢,,. Two samples
with dp, = 1.1 and 2.2 nm demonstrate a strong enough
experimentally noticeable change of the DMI constant D,
with strain. For the sample with dp; = 0.4 nm, the varia-
tions of the DMI is weaker.

The microscopic reason for the DMI strain dependence
can be understood using the theoretical model by Fert and
Levy [31]. According to this model, the DMI is mediated
by conducting electrons hopping between magnetic ions
through heavy metal ions. Since the interaction appears due
to the conduction electrons, it has oscillating character and
is described by the expression

Wopmr ~ sinfkp(a + 2b) + 2Z4/10]sin(20)/ (ab?),  (2)

where k. is the Fermi momentum, « is the distance between
magnetic (Co) ions (see Fig. 4), b is the distance between
magnetic and heavy metal (Pt) ions, Z, is the number of d
electrons, and @ is the angle made by vectors connecting the
heavy metal ion and two magnetic ions.

The in-plane strain produced by bending changes the
distances a and b. For example, the tensile strain along the
x axis increases a but decreases the height of Pt ion (see left
panel in Fig. 4). The height reduces according to Poisson
law. This modifies the DMI constant. Equation (2) gives

FIG. 4. Displacement of Co and Pt ions due to xx tensile strain
£,,. a is the distance between the Co ions. b is the distance
between the Pt and Co ions. (Left) The ion triangle oriented along
the x axis. (Right) The triangle oriented perpendicular to the
strain axis.

nonmonotonic behavior of the DMI constant as a function
of distances. This probably is the reason for the non-
monotonic behavior of the DMI constant at a high strain.

Note, however, that the proposed consideration does not
explain the dependence of the DMI strain variation on the
Pt layer thickness. First, the model includes only one
neighboring Pt layer, while all other layers may contribute.
Another factor is that dp, influences the lattice constant a in
the Pt layer closest to the Co film.

Since the strain induced in our samples is anisotropic,
one can expect that the DMI is also anisotropic. This is
demonstrated in Fig. 5, where the behavior of the DMI
coefficient for two different directions is shown for the
sample with dp, = 1.1 nm. The uniaxial deformation
changes the DMI coefficient for both directions. For tensile
strain D, ~ D, but for compressive strain there is a strong
anisotropy of the DMI coefficient D, # D,

The DMI anisotropy can be also understood using
Eq. (2). When the deformation is applied along the x axis,
the DMI constant along this direction is modified due to
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FIG. 5. The DMI constant measured along the x and y
directions (D,,) as a function of applied strain (g,,) for the
sample with dp, = 1.1 nm. See the linear least-square fits in the
Supplemental Material [25]. (Inset) The skyrmion with an
antivortex domain wall. It may appear due to the anisotropic
DMI with a different sign along different directions [32].
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variation of both a and b (see left panel in Fig. 4). At that,
the DMI constant in the y direction is defined by ion
triangles along the y axis. These triangles are modified in a
different way (see right panel in Fig. 4). The distance
between magnetic ions a is not changed, while the height of
the Pt ion reduces. So, variation of the DMI constant in this
direction is different.

What is even more interesting is that at strong com-
pressive strain the y component of the DMI changes the
sign, while the x component does not. In Ref. [32]the
authors simulate magnetic skyrmions in the situation with
different signs of the DMI along different directions. They
show that the skyrmion with an antivortex domain wall (see
inset in Fig. 5) can be realized in this case. So, the strained
Co/Pt films can be a good candidates for studying such
“antivortex” skyrmions.

Usually, the interface-induced DMI in the thin film is
described by the expression —D(m - [[z x V] x m]), where D
is the DMI constant, m is the normalized magnetization vector,
and z is the interface normal. This expression describes the
system isotropic in the film plane. In our Letter, we use
uniaxial strain inducing the anisotropic DMI. The interaction
energy Wpy can be described by the expression

Oom, Oom,
Wpm = Dy <mx e M W)
om om,
D, ——m,—2).
Mt (my oy "oy >

In the linear approximation, the constants D, , can be
expressed via strain as follows:

(3)

Dx.y = DOx.y + D (Sxx + 8yy) + Dan(gxx - Syy)7 (4)

@ 9

where the tensor ¢ is the strain in the film, the sign “+” (“=") is
for D, (Dy). The first term describes the anisotropic DMI in
the unstrained film, the second term shows the influence of the
isotropic strain, and the third contribution represents the effect
of the anisotropic deformation.

Using a linear least-squares fit (see Supplemental
Material [25]) of our data, we get the constants Dy,, Dy,
and D,, for our samples. The obtained results are sum-
marized in Table I. The first three lines are for samples
shown in Fig. 3. The two bottom lines are for two additional
samples mentioned above. The second column indicates the
anisotropy (Anis.) type in each sample. Two additional
samples studied here have the “mixed” type of magnetic
hysteresis loop similar to the sample with dp; = 1.1 nm.
While the uncertainty of the data is significant, all the
samples have nonzero sensitivity to strain (see D; + D,,).
The samples with the mixed anisotropy type (dp, = 1.1 and
dp, = 1.9 nm) have the highest average sensitivity. The
mixed type of the anisotropy and high average D; + D,,
appear in the samples with intermediate Pt thickness.
The samples with thin small (dp, = 0.4 nm) and high
(dp; = 2.2 nm) Pt thickness have lower strain sensitivity.

TABLE I. DMI constants for different samples. The first three
lines show the data for the sample in Figs. 3 and 5. The last two
lines show the data for two additional samples. The constants D,
and Dy, are measured in mJ/ m?, D, and D,, are measured in
mJ/[m?(%)]. The samples’ thickness is defined with the pre-
cision of 20%.

dp, nm  Anis. Dy, Do, Dy Dy Dj+ Dy

0.4 In plane 0.27 £+ 0.03 0.7£0.6

1.1 Mixed 0.43 03 34 -09 2.5
+0.08 +0.1 1.1 +0.6  =£I.1

1.9 Mixed 0.4 02 32 -1 2.5
£0.05 +0.1 +0.7 0.8 =£14

2 Mixed 0.42 04 21 -05 1.6
+0.02 +0.03 +1 £03 +0.8

2.2 Perp. 0.4240.03 1.1 £0.8

The films with the mixed anisotropy type demonstrate
strong DMI anisotropy also (see D,,).

The strain induced in our films due to the bending of
the samples is on the order of 0.1%. Such a value can be
easily achieved in ferroelectric crystals under application
of voltage. For example, in Pb(Mg, ;;Nb,,3)O3;PbTiO;
(PMN-PT) crystal, the voltage-induced strain reaches
0.3% [33], which is even higher than what we use in
our experiments. So, one can control DMI with voltage in
ferroelectric-(Co/Pt) systems. Assuming linear dependence
of the DMI coefficient on ¢, one can expect modulation of
the DMI constant from —0.8 to 1.8 mJ/m? in the electric
field range of about 600 V/mm in the PMN-PT/Ta/Pt/
Co/Pt system. Note that for certain cuts of the PMN-PT
crystal the induced strain is highly anisotropic. So, the
voltage controlled DMI anisotropy can also be realized.

Using micromagnetic simulations (the OOMMEF code [34]),
we demonstrate that the strain-induced change of the
magnetization hysteresis loop shown in Fig. 2(c) can be
explained by the strain-induced DMI variation. The results
of the micromagnetic simulations are shown in Fig. 2(d). In
the simulations, we assumed the isotropic DMI varying with
the strain similar to what we observed in our BLS experi-
ments (D, = 0, 0.5, and 1 mJ/m?). The saturation mag-
netization M; = 1.1 x 10° A/m and the exchange stiffness
A =2x 10" J/m [30] were uniform across the film. The
magnitude of the perpendicular (Perp.) uniaxial anisotropy
varies across the sample between K, = 6.3 x 10° and
Koax = 8.3 x 10° J/m>. These values are near the critical
anisotropy K = uoM?2/2 = 7.6 x 10° J/m> corresponding
to the easy-plain—easy-axis transition. The parameters used
are in agreement with what we obtained from fitting of BLS
data. The BLS data confirm also that the anisotropy varies
weakly with strain (see Supplemental Material [25]).

Increasing the DMI reduces the domain wall energy and
increases the magnetic field at which domains disappear
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(the hysteresis loop width). This is in agreement with our
experimental observations (Fig. 2). So, we conclude that
the magnetization loop variations observed for the film with
the intermediate anisotropy are in good agreement with our
BLS data.

In summary, we performed BLS and MOKE studies of
strained Pt/Co/Pt films. We demonstrated that the strain
strongly influences the DMI in the system. Moreover, strong
DMI anisotropy appears under compressive strain. The DMI
constant perpendicular to the strain direction changes sign,
while the constant along the strain direction does not. The
strain used in the present Letter is less than what can be
achieved in a hybrid FE-FM system. This opens the way to
manipulate the DMI and eventually the skyrmions with a
voltage via the strain-mediated magnetoelectric coupling.
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were supported by the Russian Foundation for Basic
Research (Projects No. 18-29-27026, No. 18-57-76001),
Russian Science Foundation (Grant No. 16-19-10283),
and Grant of the President of Russian Federation
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