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We report a study of interlayer exchange interaction in multilayer [Co/Pt],/Pt/Co structures. The
structures consist of a periodic [Co/Pt],, multilayer film with a perpendicular anisotropy and a thick
Co layer with an in-plane anisotropy. The subsystems are separated by a Pt spacer with variable
thickness. The magnetooptical Kerr effect and the ferromagnetic resonance measurements show
the essentially non-collinear state of magnetic moments of the layers and strong exchange coupling
between the [Co/Pt], and the Co subsystems. A simple model based on the Landau-Lifshitz-Gilbert
equation shows that the exchange coupling is ferromagnetic. The exchange constant is estimated in
this simple model. The estimated value is J = 2 erg/cm?. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4967163]

I. INTRODUCTION

Thin magnetic films and multilayer structures with a
perpendicular anisotropy are the subject of intensive research
driven by promising applications in the modern magnetic
data storage systems. In the recent years, much attention has
been paid to multilayer systems based on the thin Co layers
separated by metal spacers M (such as Pt, Pd, Ni, Au, and
Ag).'™® Perpendicular anisotropy in these systems is a prop-
erty of the Co/M interface.” If Co layer thickness is less than
a critical value (~1nm), surface anisotropy exceeds shape
anisotropy and the multilayer Co/M system is perpendicu-
larly magnetized. This property of Co/M multilayers consid-
erably expands the opportunities in the development of
magneto-optical and magnetoresistive devices with the lat-
eral/vertical architecture.’”™

Over the last few years, the properties of exchange cou-
pled systems with distinct anisotropy directions have been
actively investigated.'®?' In particular, the [Co/Pt],,/F struc-
tures that consist of [Co/Pt], multilayer film with a perpen-
dicular anisotropy and ferromagnetic layer (F) with an
in-plane anisotropy have been proposed to control the hyster-
esis loop shift (exchange bias) of magnetic system.'*™'?
Besides, the patterned [Co/Pt],/F structures were recently
used to create artificial magnetic skyrmion states.'* Note
that the effects of the exchange bias and skyrmion nucleation
are based on the existence of strong exchange interaction in
both between Co layers in [Co/Pt], film and between [Co/
Pt],, film and ferromagnetic layer F. There are some indirect
investigations of exchange coupling in similar systems:
e.g., the exchange constant in the [Co/Pt], multilayers was
recently determined from the transport measurements.”* It is
supposed that there is the exchange interaction that is mainly
of RKKY origin.** However, no direct experimental studies
have been so far performed. The aim of this work is the study
of the interlayer exchange interaction in the multilayer [Co/
Pt],,/Pt/Co structures (n=15) by the ferromagnetic resonance
(FMR) method.
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Il. EXPERIMENTAL METHODS AND RESULTS

The [Co(0.9 nm)Pt(1.5 nm)]s/Pt(d)/Co(10 nm) structures
(further denoted as [Co/Pt]s/Pt(d)/Co) with different spacer
thicknesses d = 0 and d = 1.5nm (see Fig. 1) are grown by
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FIG. 1. A schematic drawing of (a) the [Co/Pt]s/Pt(0)/Co and (b) the [Co/
Pt]s/Pt(1.5)/Co multilayer structures. The numbers of the layers are shown
on the right side; the arrows on the left side demonstrate the non-collinear
magnetization distribution.
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dc magnetron sputtering on an Si substrate.”! The Ta(10nm)
and Pt(10 nm) underlayers were used to improve the properties
of the [Co/Pt]s multilayers with a perpendicular anisotropy. In
addition, a multilayer [Co(0.9 nm)Pt(1.5 nm)]s structure and a
Co(10nm) film are grown separately on similar substrates. The
thickness of the layers is determined with the Bruker diffrac-
tometer (wavelength A = 0.154 nm) by the small-angle X-ray
scattering method. The magnetization curves of the samples
are measured by polar magnetooptical Kerr effect (MOKE)
(He-Ne laser has 628 nm irradiation wavelength, and the
applied magnetic field is perpendicular to the layers plane).
The residual sample domain structure is studied using the vac-
uum magnetic force microscope (MFM) “Solver-HV” (NT-
MDT Company). The standard NSG-11 cantilever with Co
coating is used as the MFM probe. The measurements are per-
formed in the constant-height mode with the MFM contrast
proportional to the phase shift of the cantilever oscillations
under the gradient of magnetic force.”>°

The FMR measurements are performed using the Bruker
EMX Plus-10/12 spectrometer equipped by a dc magnet with
field H up to 15kOe. Polarized microwave magnetic field h
at 9.8 GHz frequency (TE;; mode of resonant cavity) is per-
pendicular to the zero-frequency magnetic field H. The
samples are driven through resonance by sweeping the mag-
nitude of magnetic field H. The dependences of the resonant
magnetic field H, on the angle 05 between H and the normal
to the plane are investigated by rotating the sample around
the axis parallel to the direction of magnetic component of
microwave field h.

The MOKE curves for [Co/Pt]s/Pt(0)/Co and [Co/Pt]s/
Pt(1.5 nm)/Co are shown in Figs. 2(a) and 2(b), respectively.
The magnetization curve of the [Co(0.9 nm)Pt(1.5nm)]s
sample is shown by the dashed line in Fig. 2(a). Note that the
remanence magnetization is less than the magnetization in
the saturation due to splitting into domains, which is con-
firmed by the MFM measurements (inset in Fig. 2(a)). The
magnetization curve of the [Co/Pt]s/Pt(0)/Co sample is
hysteresis-less. It is essentially different in comparison with
the curve of the [Co(0.9 nm)Pt(1.5 nm)]5 sample. In contrast,
the magnetization curve of [Co/Pt]s/Pt(1.5nm)/Co sample
keeps hysteresis, although having distinctions from that of
[Co/Pt]s without a thick Co capper. This is attributed to
small influence of the thick Co layer on the [Co/Pt]s subsys-
tem. Significant change of the magnetic properties of the
multilayer [Co/Pt]s structure caused by the thick cobalt film
in the [Co/Pt]s/Pt(0)/Co sample is supposed to appear due to
the interaction between these subsystems through a platinum
spacer. We use the FMR method in order to study this effect
in detail.

The dependence of the resonant magnetic field H, on the
angle 0y between H and the normal to the plane for the
Co(10nm) film and the multilayer [Co(0.9 nm)Pt(1.5 nm)]s
structure is shown in Fig. 3(a). The FMR signal is invariant
with respect to the in-plane rotation of the investigated struc-
tures. So the lateral anisotropy is also neglected in the calcu-
lations. Let us compare the resonant field for the separate
Co(10 nm) film and for the [Co(0.9 nm)Pt(1.5 nm)]5 structure
(see Fig. 3(a)). We see that the thick cobalt film has in-plane
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FIG. 2. Polar MOKE magnetization curves of the samples. (a) The hysteresis
loop of CoPt/Pt(0)/Co (solid line; blue online) and [Co(0.9 nm)Pt(1.5nm)]s
(dashed line; red online). The inset represents an MFM image of the residual
state of [Co(0.9 nm)Pt(1.5nm)]s sample, with a frame size of 3 um. (b) The
hysteresis loop of CoPt/Pt(1.5 nm)/Co.

anisotropy, while the [Co/Pt]s multilayer structure is a mag-
netic system with a perpendicular anisotropy.

The angular dependences of the resonant field for the
[Co/Pt]st/Pt(0)/Co sample with thin spacer (1.5nm total)
between [Co/Pt]s and Co are shown in Fig. 3(b). We observe
a large splitting for two branches of the resonant oscillations,
which is a direct evidence of strong interaction between the
subsystems. Angular dependences for the sample with thick
Pt spacer (3nm total, d = 1.5 nm) between Co and [Co/Pt]s
(the crosses and pluses in Fig. 3(b)) are different. In this
case, there are two almost independent subsystems. Simple
estimations show that such dependence of H,(0y) splitting
on the thickness of the Pt spacer cannot be explained by the
magnetostatic interaction mechanism.?’ Therefore, we sup-
pose the existence of the exchange interaction between the
Co and the [Co/Pt]5 subsystems.

lll. DISCUSSION

We consider the following simple model to estimate the
value of the exchange interaction in the [Co/Pt]s/Pt(0)/Co
sample. The magnetization M; of the i-th Co layer (see Fig. 1)
is uniform throughout the layer. M; lies in a plane formed by
the vectors of normal and external magnetic field H; its orien-
tation is determined by the angle 6; with respect to the normal
to layers. Saturation magnetization M was considered to be
equal to the volume value?® of 1420 G for all the Co layers.
The effective anisotropy of each cobalt layer is determined by
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FIG. 3. The angular dependences of the resonant field position H,(0y) (a)
for the Co layer (experimental black triangles and calculated thick line (red
online)) and for the [Co(0.9 nm)Pt(1.5nm)]s structure (experimental black
circles and calculated thin line (blue online)); (b) for the [Co/Pt]s/Pt(0)/Co
sample, acoustic mode (experimental black triangles and calculated thick
line (red online)) and optical mode (experimental black circles and calcu-
lated thin line (blue online)). The crosses and pluses in (b) are the experi-
mental data for two modes in the [Co/Pt]s/Pt(1.5 nm)/Co sample.

the interplay of the uniaxial anisotropy and the demagnetizing
factor. Assuming that the value of uniaxial anisotropy depends
only on the layer thickness, we take equal anisotropy constant
K for layers 2—6 and a different constant K. for thick Co layer
1. We also use the equal constants of exchange interaction
between all neighbour cobalt layers since the platinum inter-
layers between them have the same thickness in the consid-
ered structure. Then, the expression for surface energy density
can be written in the following form

E = (2nM* — K.)1; cos*0,
Zl cos’

;s
— 2z > M Miyy, (1
i=1

+(2nMm? —

—ZI,H -M;
i=1

where /; is the i-th layer thickness and J is the interlayer
exchange interaction constant (per unit area). Note that in
our simple model we neglect the magnetostatic interaction
between the layers that may appear due to surface roughness
(the so-called Néel “orange peel” coupling®®). Taking into
account the magnetostatic interaction would lead to a small
correction of the parameters estimated below and is beyond
the scope of the current paper.
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Dynamics of the magnetization vectors is described by
the system of Landau-Lifshitz-Gilbert equations

8M,» o
= —Y; M,’ H,‘ — M,‘ M,‘ H,‘ 5 2
o= M H M M < HL )
where H; = aM is the effective magnetic field acting on the

i-th ferromagnetlc layer (determined by (1)) and y; is the gyro-
magnetic ratio that is slightly different for [Co/Pt]s and Co due
to different g-factor. The parameter o in (2) is the damping
constant, which generally determines the width of FMR lines.
The dependences of resonant fields on the system parameters
are determined by the system (2) linearized in the vicinity of
the equilibrium state ((H; x M;] = 0). We acquire the best fit
of experimental data with the following parameters:
K =1.36 x 107 erg/cm’; K. = 4 x 10%erg/cm’; J = 2erg/
cm?; g = 2; 876 = 2.07 (g, is a g-factor that determines 7,).
Let us note that our experimental estimation of the exchange
constant J has the same order of value, as obtained previously
in the transport measurements.>* The difference in the values
can be attributed to slightly different Pt spacer thickness and
to possible difference in other parameters such as surface
quality. Calculated dependences of resonant fields on the
angle 0y are shown with the solid lines in Fig. 3. The effec-
tive anisotropy of the cobalt layers in the multilayer [Co/Pt]s
structure (i = 2..6) (2nM* — K) ~ —1.3 x 10°erg/cm?
negative (perpendicular anisotropy) and the effective anisot-
ropy of thick Co film (2zM? — K,) ~ 8.7 x 10®erg/cm? is
positive (in-plane anisotropy).

The exchange interaction between the subsystems with
different anisotropy types leads to the collective magnetiza-
tion oscillations. The calculations show that the high-field
and the low-field branches correspond to the cophased and
antiphased oscillations of the magnetic moments of the thick
Co film and the layers of the multilayer [Co/Pt]s structure,
respectively. So the exchange interaction between the sub-
systems is of ferromagnetic type (J > 0). The corresponding
effective exchange field H,, is H,, ~ 16kOe.

We believe that the mechanism of the exchange interac-
tion is RKKY.?* It leads to the non-collinear magnetization
distribution characterized by the magnetic moments lying
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FIG. 4. The dependences of the equilibrium angles of magnetic moments 0;
of the layers on the external magnetic field applied along the [Co/Pt]s/Pt(0)/
Co sample plane. The thick curve corresponds to the Co(10nm) layer, and
the thin dotted curves correspond to the Co layers in the [Co/Pt]s multilayer
in order of increasing distance from the thick Co layer.



173901-4 Demidov et al.

neither in layers plane nor perpendicular to them (schemati-
cally shown in Fig. 1). The results of the calculations of the
equilibrium magnetic states under the applied in-plane mag-
netic field for [Co/Pt]s/Pt(0)/Co sample are shown in Fig. 4.
We see that the angle between the magnetic moment and the
normal to the sample increases with the number of layers. This
distribution is very similar to that demonstrated by thin films
with different types of surface and volume anisotropy.**~>

IV. CONCLUSION

In summary, the FMR investigation of the multilayer
[Co/Pt],/Pt/Co structure (n=1>5) is carried out. The structure
consists of a thick Co layer with an in-plane anisotropy and a
periodic [Co/Pt], film with a perpendicular anisotropy.
Strong exchange interaction between Co and [Co/Pt],, subsys-
tems is found in the case of a thin platinum spacer (1.5 nm).
The interaction is practically absent in the system with a thick
spacer (3nm). This shows that variation of the interlayer
spacing enables an effective control of non-collinear states in
such systems. The exchange interaction between the subsys-
tems gives an opportunity to create artificial structures with a
non-collinear magnetization distribution. For example, a
Néel-type magnetic structure may be fabricated in which the
magnetic moment has a component along the direction of its
change. These structures are of certain interest for the experi-
mental observation of the flexo-magnetoelectric effect that
was predicted in the non-collinear systems.>*
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