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Abstract: Domain wall mobility as a function of nonmagnetic interlayer thickness and tempera-
ture was studied in ultrathin exchange-coupled ferromagnetic layers using magneto-optic Kerr
microscopy. The system under study is a Pt/Co/Pt/Co/Pt heterostructure having perpendicular
magnetic anisotropy and a middle Pt layer with spatially variable thickness. The ferromagnetic
interaction between the Co layers is observed when the Pt interlayer thickness varies from 5 to 6 nm
in a temperature range of 200-300 K. There is a certain interval of Pt layer thickness where domain
walls in both ferromagnetic layers move independently. Nonlinear dependence of the domain wall
displacement on the applied field was measured. It is shown that an equilibrium position of the
relaxed domain wall depends on field, temperature, and the nonmagnetic interlayer thickness. This
position is determined by the energy balance: (i) domain wall displacement provided by the applied
field, (ii) interlayer exchange interaction in the area swept by the domain wall, and (iii) domain wall
coercivity. The mechanism of domain wall stabilization in terms of independent wall motion near
critical thickness was considered. It is found that both the coercivity of the Co layer and the critical
thickness decrease at higher temperature, while the interlayer exchange constant J is changed weakly.

Keywords: interlayer exchange coupling; ferromagnetic heterostructure; perpendicular magnetic
anisotropy; domain wall; kerr microscopy; temperature

1. Introduction

Ultrathin magnetic films and heterostructures possessing perpendicular magnetic
anisotropy (PMA) are promising objects for both fundamental studies (formation and
evolution of specific domain structure [1-5], thermoactivated domain wall creep [6], Spin
Transport [7,8], anomalous Hall effect [7,9], spin pumping [8], and spin-wave dynam-
ics [10]) and applications (high-density magnetic memory devices [11,12], magnetic sen-
sors for medicine [13], and superfast elements for spintronics [14]). The intensive study
of magnetic heterostructure properties [1-10] is aimed at mechanisms of their magneti-
zation reversal and magnetic transport. The goal is to build adequate theoretical models
necessary for the design and optimization of magnetic devices [11-14]. In systems where
two ferromagnetic (FM) layers are decoupled by a nonmagnetic (NM) layer, a significant
problem is the dependence of magnetization, coercivity, domain wall mobility, and other
properties on interlayer exchange interaction ] = 2 Hy M b, where Hj is the effective field of
the interlayer exchange interaction between FM layers, and M and b are the magnetization
and thickness of FM layers [6]. Further, ] itself depends on both NM interlayer thickness
t and temperature T. A change in these parameters can critically affect the reliability and
working characteristics of magnetic devices.

The magnetization reversal in this material is controlled mainly by the nucleation of
opposite domains and by the motion of their domain walls (DWs) [1,5]. These domain
transformations are well examined in continuous ultrathin Co films with PMA [15,16].

Magnetochemistry 2023, 9, 176. https:/ /doi.org/10.3390/ magnetochemistry9070176

https:/ /www.mdpi.com/journal /magnetochemistry


https://doi.org/10.3390/magnetochemistry9070176
https://doi.org/10.3390/magnetochemistry9070176
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/magnetochemistry
https://www.mdpi.com
https://orcid.org/0000-0001-7139-958X
https://doi.org/10.3390/magnetochemistry9070176
https://www.mdpi.com/journal/magnetochemistry
https://www.mdpi.com/article/10.3390/magnetochemistry9070176?type=check_update&version=1

Magnetochemistry 2023, 9, 176

20f13

Similar processes in layered structures are more complicated, where two ferromagnetic
(FM) layers are separated by a nonmagnetic (NM) layer [17-21]. Kinetics, relaxation of
domain structure, and dynamical parameters of such FM/NM/FM heterophase films
are strongly affected by interlayer coupling of exchange J [1-5,8] or magnetostatic [22]
origin. The trilayer objects provide an opportunity for the detailed study of interlayer
coupling, manifesting itself in the magnetization reversal of separate layers and of a whole
system. The intrinsic feature of exchange coupling is the dependence of interaction on
the nonmagnetic layer thickness. It was shown both theoretically [23,24] and experimen-
tally [25,26] that this dependence is oscillatory. The trilayer Co/Au(111)/Co system with a
wedge-shaped gold layer was studied in Ref. [26]. By measuring magnetoresistance and
the Kerr rotation, the authors show that the mutual orientation of the magnetic moments
varies from parallel to antiparallel depending on Au thickness; that is, interaction can
be ferromagnetic or antiferromagnetic. Details of the magnetization reversal were not
considered. Inhomogeneous nucleation and domain wall motion in trilayers with exchange
and magnetostatic interaction were examined in Co/Pt/Co [1-5] and CoPt/NiO/CoPt [22],
respectively.

In many such heterostructures [1-6,16,17], the Pt layer thickness utilized in the bottom
and top layers would bring Dzyaloshinskii-Moriya interaction (DMI) to the system. The
magnetic structures in the FM layer coupled to the Pt layer can arise from interplay with
spin stiffness, usual crystallographic anisotropy, and DMI. Due to the Heisenberg-type
exchange interaction, the distinct change in magnetization should have a comparatively
long scale. As the film is ultrathin, only the in-plane degrees of freedom for such changes
exist. Namely, such long-ranged magnetic structures can be found on surfaces around
the domain walls of thin magnetic films. Theoretical [27,28] and experimental [1-6,29]
papers show that DMI in ultrathin films acts only on its domain structure, while it has no
influence on the exchange coupling between two FM layers through the NM spacer when
the magnetization of the heterostructures is reversed.

The dependence of the DW velocity on the magnetic field in separate or exchange
coupled Co films of different thickness was studied both theoretically and experimen-
tally in [2-5]. The authors observed dynamical coupling of domain walls, which have
different mobility in different layers but move together with the same speed in case of fer-
romagnetic exchange coupling between the layers. In the case of wedge-shaped Co/Pt/Co
trilayers [1,5,29], the dependence of ] on the interlayer thickness t was obtained from minor
hysteresis loops or from magneto-optic Kerr visualization of the domain wall motion. It
was found that nucleation and motion of domains are uncorrelated in both layers if the
interlayer thickness exceeds some critical value tcr, while the walls move synchronously if
the Pt layer is thin. The motion and stabilization of DWs at t > tcr and value of tcr itself
depend on the properties of both layers, including coercivity and exchange interaction
between the layers [29]. Being sensitive to structural defects and coercivity, DW motion
should be strongly affected by temperature in addition to interlayer thickness. Currently,
this question is not known in detail. In this paper, we study the dynamical properties
of domain walls in wedge-shaped Co/Pt/Co trilayers depending on temperature and
interlayer thickness.

2. Experiment

The Pt(10 nm)/Co(0.6 nm)/Pt(t)/Co(0.6 nm)/Pt(3 nm) structure was synthesized
at room temperature using DC magnetron sputtering on the oxidized silicon <111> sub-
strate with dimensions of 50 mm X 6 mm, with the long direction being the Pt wedge
of 10 nm x 0 nm direction. Sputter deposition was performed at an argon pressure of
1.5 x 1073 Torr with a base pressure below 2 x 10~ Torr. Wedge-shaped Pt spacer layers
were grown by moving a knife-edge shutter in front of the Co bottom layer during Pt depo-
sition. The sample was cut into 10 pieces and the one with dimensions of 5 mm x 6 mm
was used. Thickness of the Pt layer t increases uniformly along the sample from 5 to
6 nm. In order to visualize domain structure and measure intensity of a local polar Kerr
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effect, we used the polarized microscope POLAM P-312 with the optical cryostat. The
hysteresis loops were obtained by measuring the magneto-optic (MO) intensity from local
(0.3 x 0.3) mm areas of the sample at the magnetic fields up to 500 Oe. Domain structure
and DW motion were registered by the microscope CD camera and analyzed. To improve
the magneto-optic contrast, we registered preliminary images of the saturated sample in
the strong positive and negative magnetic field. The average of these two magneto-optic
pictures was subtracted from every experimental image of transient domain structure. To
minimize influence of domain walls from the adjacent layer, the pulse magnetic field was
used [29]. The pulse length was chosen so that the wall in the layer with higher coercivity
would have no time to follow the fast wall in the first layer.

3. Results and Discussion

Before any measurements, the sample was subjected to perpendicular permanent
magnetic field H = +800 Oe, and both FM layers were magnetized until saturation. A
decrease in this field until zero and its following increase with opposite polarity result in
the nucleation of new domains and displacement of their boundaries. At one side of the
sample where the nonmagnetic Pt layer is thin, the new domains appear coherently in
both FM layers (Figure 1a). The motion of domain walls in this area is also simultaneous
(Figure 1b). Local magneto-optic hysteresis loops measured via the Kerr effect are sharply
rectangular in this area. It confirms the simultaneous motion of DWs in both layers. This
picture is also observed at higher values of Pt thickness t until it reaches the critical value
tcr = 5.3 nm. For higher t kinetics of the magnetization, reversal is different. The new
domains in the two layers arise at different fields (Figure 1c), and the domain walls move
almost independently (Figure 1d). This process happens first in one FM layer, and only
then the second layer is reversed, too. Despite the thickness of both FM layers being the
same, it is possible to determine the reversal order of the magnetization in the top Mr
and bottom Mg layers from the magneto-optic intensity, taking into account its weakening
for the bottom layer (see Ref. [29] for details). The analysis of MO data shows that the
nucleation and motion of domain walls starts in the top FM layer where the MO signal at
the leading wall is stronger. Coercivity values Hcy and Hcp are obtained from the start field
for domain walls in the top and bottom layers, respectively. The difference in coercivity
allows one to observe the incoherent nucleation of new domains and separated motion of
walls in these layers.

The application of a number of magnetic field pulses (£100 Oe, 4 ms) results in
the formation of a complicated domain structure (Figure 2a). The mutual orientation of
magnetization in the two layers can form four different combinations distinguished by
magneto-optic Kerr intensity: (i) all down, (ii) all up, (iii) top layer down, bottom layer up,
(iv) top layer up, bottom layer down. Shaking the walls with an ac magnetic field (10 Hz,
amplitude close to coercivity) allows one to first reduce the number of walls (Figure 2b) and
then to fix the point x corresponding to the boundary between the areas with ferromagnetic
and antiferromagnetic interlayer interaction (Figures 2c and 3a). The registration of the Kerr
intensity along the wedge confirms that for all x > xq, the primary state of the magnetization
orientation in both layers is parallel; that is, the interlayer exchange is ferromagnetic.
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Figure 1. Magneto-optic images of nucleation (a,c) and expansion (b,d) of new domains in the FM
layers for (a,b) t < tcgr and (c¢,d) t > tcgr. Mt and Mg are magnetization in top and bottom layers,
respectively.

Figure 4 shows local hysteresis loops obtained at different temperatures. It can be seen
that the coercivity of the sample increases at low temperatures. Steps in the loops at high
temperature confirm the difference in coercivity between the upper Co layer and the bottom
one. At low temperature, these steps are absent, meaning that the walls in both layers
move simultaneously. These loops can be used to obtain the coercivity of both layers at
different temperatures; however, more detailed information about the interlayer exchange
interaction can be extracted from magneto-optic measurements of the wall motion in the
external field, as described in the paper.
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Figure 2. Magneto-optic images of (a) domains after application of series of 100 Oe, 4 ms magnetic
field pulses, (b) domains after action of ac magnetic field (10 Hz) with amplitude close to coercivity,
(c) resulting domain wall between the areas with ferromagnetic and antiferromagnetic interlayer
exchange coupling (middle position of the wall x( is marked with a dotted line).
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Figure 3. Schematic view of the sample (a) in the initial state after formation (Figure 2c) of the
boundary between the area with ferromagnetic and antiferromagnetic interlayer interaction, (b) after
displacement of the domain wall in the upper FM layer, and (c) after reaching the position with

t=tcr.

The kinetics of the magnetization reversal in the top Co layer at t < ty depend drastically
on the interlayer thickness, providing that the magnetization Mg of the bottom layer
remains constant. If a series of 4 ms magnetic field pulses is applied to the sample, the
distance traveling by the domain wall diminishes from pulse to pulse until the wall stops
in some equilibrium position x, corresponding to a given field amplitude (Figure 3b). For
stronger amplitudes, this position tends to be stabilized at x = xcr (Figure 3c). Figure 4
shows the dependence of the equilibrium position x on the field amplitude after a series of
5 to 9 pulses with a fixed amplitude. When the field amplitude is larger than the coercivity
in the bottom layer Hcy, the second wall starts to move in the bottom layer, so a pulse
duration of 4 ms was chosen to separate the motion of these two walls. In this case, the
distance between the two walls is much higher than their thickness, and the motion was
considered independent. However, the displacement of the two walls equalizes near the
critical thickness. Dependence x(H) is essentially nonlinear tending to saturation at x = xcg.
When the wall in the top layer reaches this point, its independent motion ends, and the
wall remains at x = xcr at all pulse amplitudes until the second wall in the bottom layer
joins it. After that, the two walls travel together according to the field amplitude rise. The
observed diminishing of the domain wall displacement with every consequent pulse of
magnetic field when the wall moves toward the thinner interlayer side (Figure 5) implies
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the existence of some effective field Hj(x), which is directed against the applied field and
whose value rises with the decrease in t.
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Figure 4. Hysteresis loops of the sample at (a) T = 293 K, (b) 250 K and (c) 160 K.
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Nonlinear x(H) dependence has been observed at low temperature, too. Figure 6
shows the DW displacement as a function of the field at different temperatures. It can be
seen that the low-temperature motion of the domain walls starts in the region where the
nonmagnetic interlayer is thick, and the x(H) curves shift toward higher fields.
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Figure 6. Dependence of the stabilized position of the domain wall on the field pulse amplitude at
temperatures: 1—293 K, 2—260 K, 3—240 K, 4—220 K.

The change in free energy necessary for the displacement of the wall along the x axis
can be written as
AW(x) = 2(H(x) = Her — Hj(3) M1 Y b x, )

where b is thickness of the FM layer, and Y is the length of the wall along the y axis. H
and Hc; are amplitude of the applied field and the coercivity of the top layer, respectively.
When the wall stops reaching position x, AW(x) = 0. That means

2(H(x) — Hey — Hj(x)) My Yb x =0 @)

or
Hj(x) = (H(x) — Hc1) 3)

The field Hj(x) is caused by the force exerted by interlayer exchange interaction
J(t) to the wall. As the interlayer thickness decreases linearly along x with a factor
C=At/Ax=1nm/5mm = 0.2 nm/mm where At is maximal change in the interlayer
thickness and Ax is the sample length, the coordinate x in Hj(x) can be replaced with
t, t = tmax — Cx, tmax = 6 nm is maximal interlayer thickness. The obtained nonlinear
dependence Hj(t) is shown in Figure 7. One can see that effective field Hj(t) grows with the
decrease in t, that is, the increase in x. The dependence of electric exchange on the distance
between atomic layers was discussed recently in [30].
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Figure 7. Dependence of effective field Hj on interlayer thickness at room temperature. Dot line is a
guide for eyes.

According to (3), the wall moves when H(x) — Hj(x) > Hcy. In the case of H(x) — Hj(x)
< Hcy, the upper wall should stop, as observed in the experiment. Meanwhile, the bottom
wall pursues the first one. The isolated motion besides xcp is strongly damped. Further
enhancement of H causes joint motion of the two walls, as observed in [1,5]. Nonlinear
Hj(t) dependencies at different temperatures, derived from Figure 6, are shown in Figure 8.
Replacing x with t, we obtain the detailed dependence Hj(t, T) for ferromagnetic exchange
in the Hy(tcr) > Hj(t) > 0 interval, where tcg corresponds to the xcr. One can see that the
effective field Hj(t) becomes larger with the diminishing t (that is, enhancement of x). The
results show that the Hj value remains between 0 Oe and 125 Oe, depending on the wall
position x along the wedge for the temperature interval 200 K to 300 K. Though the Hj(t)
dependence itself varies insignificantly with temperature (namely, weak rise in AHy/At
with T), the change in the Hj value for fixed interlayer thickness is strong.

The obtained results show that the observed stabilization of the domain wall in the
top layer in position xcr where interlayer thickness t= tcr depends on both the effective
field Hj and coercivity Hcy. To establish the influence of temperature on these values and
correlations between Hc; u tcr, we performed measurements on these data from x(H,T)
and Hj(t). The minimum values for all graphs in Figure 6 correspond to the start fields of
the domain wall, that is, coercivity fields Hc1. The maximal values of x(H) correspond to
the stabilization points xcr. Taking into account linear dependence t(x), one can obtain
the critical thickness tcr at xcr. Figure 9a shows the dependence tcg on temperature T.
We see that critical thickness decreases with T approximately linearly. Figure 9b shows
dependence Hc1(T) determined from measured curves x(H)t in Figure 6. This dependence
correlates, in general, with tcr(T); however, the change in coercivity is nonlinear.
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Figure 9. Dependencies of (a) critical interlayer thickness and (b) coercive field in the top FM layer
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Interlayer exchange between the ferromagnetic layers through the nonmagnetic layer
depends on the interlayer properties. It has the same origin as the RKKY interaction
between magnetic impurities in the nonmagnetic medium [24]. This interaction due to
spin-polarized conductive electrons controls the magnetic properties of such multilayers.
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The RKKY theory predicts [24] that for spacer-layer thicknesses, t, the coupling should be
given by a sum of terms in the form

J()=Z(%/1) sin(@™t + ¢?), 4)

where sum is over all critical points, labeled by «, with critical spanning vector q%, coupling
strength, ]* and phase ¢?. This results in oscillatory behavior of the J(t) dependence taking
both positive and negative values, that is, parallel or antiparallel spin orientation in the
ferromagnetic layers. The oscillation period is known well, while the J(t) dependence
itself is not studied in detail in the case of ferromagnetic interaction between the layers.
Our work presents such information determined experimentally via direct measurement
of the effective exchange field with its compensation by the external magnetic field, as
described above.

Further, the RKKY models predict a specific form of the temperature dependence [23],
including an additional factor in the form

27kgT t/hv™)/sinh(2nkg T t/hiv™) (5)

associated with each critical spanning vector. One can see that temperature appears here
as a product of interlayer thickness. We studied the dependence of the effective field on
thickness, AHj/At, at different temperatures (Figure 8). This dependence does not change
much at different temperatures, as observed in our experiments.

4. Conclusions

We studied the in-field evolution of domain structure in a magnetic trilayer Co/Pt/Co
using magneto-optic Kerr microscopy. To find the dependence of the exchange interaction
between the Co layers on Pt thickness and temperature, we measured the displacement of
the domain wall as a function of the applied magnetic field. This allowed us to determine
the exact value of the effective field Hj along the wedge-shaped nonmagnetic interlayer. For
the first time in an FM/NM/FM trilayer, the dependence of this value on NM thickness has
been measured in a temperature range from 200 to 300 K. The formation of the previously
discovered [1,5,29] boundary separating the areas with different patterns of the magnetiza-
tion reversal was studied experimentally at different temperatures. The nonlinear increase
in Hj(t) toward the thinner Pt layer side requires a stronger field to induce the motion of
the domain wall in this direction. Separate motion of a domain wall becomes damped, and
in a still-stronger field, it is accompanied by the motion of the wall in the second FM layer,
as observed in [1,5,29]. Stabilization of the wall at critical thickness of Pt depends on the
effective exchange field Hy and coercivity Hci. Measured dependencies of Hcq u tcg on
temperature are found to be correlated. As the results obtained using the wedge interlayer
samples can be influenced by this shape, we will study the temperature-dependent domain
wall mobility in the samples with fixed t in our following publications. The measured J(T)
dependencies should help to deduce the adequate theory of interlayer exchange interaction
in such trilayers.
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