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The effect of platinum thickness on the magnetic properties

of Pt/Co/CoO films
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The paper presents the results of an experimental study of thin magnetic Pt/Co/CoO/Pt films fabricated by
magnetron sputtering with varying thicknesses of the bottom Pt layer. The main focus is on investigating the
influence of the Pt underlayer thickness on the magnetic properties and morphology of the studied films. Magnetic
characteristics (coercivity and anisotropy field) were examined using a vibrating sample magnetometer. The domain
wall propagation velocity depending on the Pt thickness was studied using a Kerr magneto-optical microscope, and
the Dlozyashinsky-Moriya interaction (DMI) constant was calculated based on measurements of domain wall
dynamics I. It was demonstrated that with an increase in the Pt sublayer, the average grain size increases, which
leads to an increase in the coercive force, magnetic anisotropy and, and magnetic moment in the studied films. The
results of this work may be useful for utilizing the Pt/Co/CoO/Pt system as a basis for developing new data storage
devices with tailored magnetic properties for applications in spintronics.
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1. Introduction
Pt/Co/MO, films, where M is an oxidized metal, are
promising objects of spintronics studies [1], due to the possi-
bility of implementing a wide range of boundary phenomena
in them, in particular, perpendicular magnetic anisotropy,
the Dzyaloshinskii-Moriya interaction (DMI) [2-5], ex-
change bias [6], etc. Such effects are of practical importance,
for example, to implement track magnetic memory based
on skyrmions [7,8], magnetic sensors [9], neuromorphic
devices [10], etc.

Perpendicular magnetic anisotropy at the Pt/Co interface
is induced as a result of hybridization between 5d, a
heavy metal with strong spin-orbit interaction and 3d, a
ferromagnetic [11,12], as well as contributions of magneti-
cally elastic interface and magnetocrystalline anisotropy
under the condition of coherent conjugation of Pt and
Co grains [13], if these contributions are large enough to
overcome the demagnetization energy [14,15]. Pt/Co/Pt
films exhibit perpendicular magnetic anisotropy [16,17], the
effect of spin-orbital moment transfer due to the spin Hall
effect [18], DMI [19-21], etc. But their implementation
requires a breaking of the symmetries of the Pt/Co and
Co/Pt interfaces, for example, in Ref. [19], the upper and
lower layers of Pt were obtained at different temperatures,
and in Ref [20] different argon pressure was used for
sputtering.

Gd,0; [2], MgO [3], Al,O3 [4], NiO [5] are usually used
as an oxide material for thin magnetic layered structures
such as Pt/Co/MO,, as they allow inducing the above-
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mentioned effects. However, the effect of the CoO oxide
layer on polycrystalline Co films remains poorly understood,
although its presence makes it possible to change the
magnetic structure by modifying the Co/CoO interface. The
influence of the oxidation dose on the mechanism of oxide
growth is shown in Refs. [22,23] as well as the increase
in perpendicular magnetic anisotropy and DMI energy in
thin epitaxial Pd/Co films. Moreover, CoO can be used as
an antiferromagnetic layer to study exchange bias at low
temperatures [6].

We study in our paper the effect of a heavy metal
(platinum) sublayer on the structural and magnetic charac-
teristics of ultrathin polycrystalline cobalt films in which the
symmetry of the upper and lower interfaces was disrupted
by partial controlled oxidation of the magnetic layer.

2. Experimental part

Polycrystalline magnetic films of Pt/Co/Co/Pt and
Pt/Co/Pt were produced by magnetron sputtering in a
high-vacuum system Omicron at room temperature. The
base pressure of the main chamber was P = 1 - 1078 Torr,
pressure during sputtering P = 1-1073Torr; thermally
oxidized Si(100) was used as substrates. The substrate was
rotated at a speed of 40 rpm during the deposition process
to prevent any growth anisotropy. The thickness of the
Pt sublayer ranged from 3 to 15nm, and the thickness of
the ferromagnetic layer of Co was 1nm. The thicknesses
of the layers were selected in such a way as to induce
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perpendicular magnetic anisotropy, as well as to allow
partial oxidation of the ferromagnetic layer. Co oxidation
was carried out in a separate chamber equipped with a
gas flow sensor and a vacuum pressure gauge connected
to the spray chamber. The exposure time in dry oxygen
was 2 minutes at constant pressure of P = 1 - 1073 Torr. All
samples were coated with a protective layer of Pt (5nm) to
prevent further undesirable oxidation of the film.

The crystal structure of the films was analyzed using
X-ray diffraction (XRD) methods. The structure and
parameters of the interfaces were studied by X-ray reflec-
tometry (XRR). X-ray spectra were measured using Kolibri
diffractometer (Burevestnik, Russia) operating according to
the Bragg-Brentano scheme, where 2°Cu with an excitation
potential of Uecit. = 8.86kV, radiation type a; ay, B wave-
length of 1x,,, = 0.154nm.

The surface morphology was studied using a scanning
tunneling microscope (STM) installed in the Omicron
Nanotechnology ultra-high vacuum complex, Germany.

The magnetic properties of the samples, such as the
coercive force, the anisotropy field, and the magnetic
moment, were investigated based on the measurement
results of hysteresis loops obtained using a LakeShore
vibration magnetometer 7410, USA.

The domain structure was visualized using an Evico-
Magnetics magneto-optical Kerr microscope (Germany)
provided with electromagnets that allow applying a field in
pulsed or continuous modes both parallel and perpendicular
to the plane of the films. The polar Kerr effect was
used to visualize the magnetic domains. The nucleation
of magnetic domains was carried out in a field (16 mT)
applied perpendicular to the plane for 2ms. For a sample
with a sublayer thickness of 10nm, the dynamics of the
bias of domain boundaries in crossed magnetic fields of
was measured [24]. This technique makes it possible to
numerically estimate the constant DMI.

3. Results and discussion

Partial oxidation of the ferromagnetic layer was used
to disrupt the symmetry of the upper and lower in-
terfaces necessary for the implementation of DMI. The
Pt/Co interface makes it possible to induce perpendicular
magnetic anisotropy due to the realization of crystalline
stresses in Co and partial hybridization of electronic levels.
The combination of a heavy metal with a strong spin-
orbit interaction and a ferromagnet makes it possible to
induce an interface DMI. Oxidation of the layer leads
to a decrease in the functional layer of Co due to the
incorporation of oxygen atoms into the surface and, thereby,
increases the energy of perpendicular magnetic anisotropy
by reducing the contribution of the volumetric anisotropy
constant (K, = —”"TMg‘ + Kmca, where Kgnape = —”"TMg‘ are
the constants of shape anisotropy, Kmca are the constants
of magnetocrystalline anisotropy [25-26] compared with the
contribution of the constant of surface anisotropy).

According to studies, a structurally continuous Pt layer
on a SiO, substrate is formed with a thickness of about
4nm [27]. Partial oxidation of the 1nm thick layer of Co
serves to prevent direct contact between Co and Pt.

Structural studies have shown that Bragg peaks corre-
sponding to Pt(111) are observed for all samples. Peak
intensity of volumetric pure platinum 26 = 39.239 [28].
In our case, the spectral line is shifted along the axis of
angles 20 and is fixed in the range from 39.401 to 39.933.
This indicates the presence of crystalline stresses in the
film associated with deformation at the interfaces, and the
formation of a Pt-Co alloy at the interface cannot be ruled
out.

The average grain size is calculated using the Scherrer
formula [29]:

KA

1= Feost’ M)

where d is the average crystallite size; K is the dimen-
sionless particle shape coefficient (Scherrer constant) equal
to 0.94; 1 is the X-ray wavelength (0.154nm); B is the
integral broadening (in radians and units 20); 6 is the
diffraction angle (Bragg angle in degrees).

According to the results of the analysis of X-ray spectra,
the formation of distinguishable crystalline grains begins at
a thickness of Pt 7p; > 4nm (Figure 1,a). The increase
in the average platinum grain size is characterized by an
almost linear relationship up to a thickness of 10 nm, after
which the slope of the curve decreases, which may indicate
the completion of coalescence processes and further grain
growth in the film plane. According to X-ray reflectometry
data, the roughness also increases with the thickness of
the Pt layer, which indicates the development of the island
structure of the film (Figure 2, b).

Figure 1,5 shows the dependences of the magnetic
moment on the thickness of the sublayer. Obviously, at small
Pt thicknesses, the increase in the magnetic moment is due
to the gradual formation of a continuous Pt/Co interface and
a decrease in the areas where Co borders the amorphous
SiO, substrate. A further increase in the magnetic moment
is associated with an increase in the average grain size,
which contributes to an increase in the coherent interface
area of Pt/Co. The difference between the slope of the
graphs for the oxidized and non-oxidized series can be
explained by the appearance of induced magnetization in
the Pt boundary layer at the Co interface due to the
proximity effect [30]. The approximately two-fold change
in slope is due to the presence of two Pt/Co and Co/Pt
interfaces in the non-oxidized samples.

According to the results of STM measurements (Figu-
re 2,a) of the Pt (10nm) layer, the film grows by an
island mechanism. The RMS roughness of the layer is
Rrms = 0.2nm, the average roughness is R, = 0.15nm.
The profile showed islands of the order of 0.8—1nm, which
is consistent with the roughness readings obtained by X-ray
diffraction.
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Figure 1. Thickness dependences (a) of the average grain size for the Pt/Co/CoO series () of the reduced magnetic moment of Co for
the Pt/Co/Pt and Pt/Co/CoO systems.
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Figure 2. Surface morphology of the Pt layer: @ — STM images of SiO,/Pt(10nm); b — small-angle diffraction spectra; ¢ — dependence
of roughness on Pt thickness, based on the spectra.
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Figure 3. Magnetic characteristics depending on the thickness of the Pt sublayer for Pt/Co/Pt and Pt/Co/CoO/Pt systems a — coercive
force, b — anisotropy fields.
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Figure 4. Results of the domain structure study: Kerr images of the domain structure during domain origin for fpy = Snm (a),
tpy = 8nm (b), rpe = 10nm (c); d — dependence of the average domain growth rate on the Pt thickness for the Pt/Co/CoO/Pt system in
case of application of a short-term pulse of a magnetic field directed perpendicular to the film plane; ¢ — the dependence of the velocities
of the domain boundaries vpw on the external magnetic field applied in the sample plane H, as a result of the action of a pulse of a
perpendicularly directed field H..
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All the films obtained exhibit perpendicular magnetic
anisotropy, the energy of which increases with increasing
thickness of Pt. The dependence of the anisotropy field on
the thickness of Pt is shown in Figure 3, b for Pt/Co/CoO/Pt
and Pt/Co/Pt.

The coercive force in Figure 3,a increases linearly for
both oxidized and non-oxidized samples, and the depen-
dence is sharper for Pt/Co/Pt films. Oxidized Pt/Co/CoO/Pt
films exhibit significantly lower H. values and a smoother
change in it, which can be explained by the diffusion of
oxygen atoms into the film volume. The effect of the lower
Pt/Co interface on the coercive force can be considered the
same for both series, therefore, only the upper interface
can be considered responsible for changing the slope of the
thickness dependences.

In the images of the domain structure obtained by Kerr
microscopy in a field of 16 mT applied perpendicular to
the film plane during a short pulse with a width of 20 ms,
it is observed that at small thicknesses of the Pt sublayer,
the average domain size is relatively small, but the density
of the nucleation centers of the domains is relatively large,
Figure 4,a. This behavior is associated with low anisotropy
energy at small thicknesses of the Pt sublayer due to
the presence of weakly ordered regions in the Co layer.
As the thickness of the sublayer increases (Pt 8 nm), the
density of the nucleation centers of the domains decreases,
the average size of the domains increases, the anisotropy
energy gradually increases due to the formation of a sharper
interface and increasing stresses at the Pt/Co boundary
caused by an increase in the size of the Pt grain, and,
accordingly, the contact area of the materials on grain
surfaces. A further increase in thickness leads to a sharp
decrease in the density of the nucleation centers of domains
due to an increase in the energy of magnetic anisotropy.
The average rate of domain nucleation, depending on the
thickness of the platinum sublayer, is shown in Figure 4, b.

The dynamics of the movement of domain boundaries
was measured only for a sample corresponding to a thick-
ness of Pttpy = 10nm due to the high density of domains.
The type of dependence of the speeds of movement of the
domain boundaries (left and right) on the external planar
field in Figure 4,c indicates the presence of DMI. The
velocity minima correspond to the value of the internal
effective Dzyaloshinskii-Moriya field Hpwmi, which is equal
in magnitude but opposite in sign. Based on Hppyy, the
modulus of the DMI constant |D.g| can be calculated using
the formula:

A
|Dest| = oM s|Hpmi| Kex, (2)

eff
where M, and A« saturation magnetization and
exchange  energy,  respectively (Mg, = 1.1A/m,

Aex =2.8-107"1J/m), which are taken from tabular
values, K.x — effective anisotropy constant, the anisotropy
field is taken from experimental values.

The Dzyaloshinskii-Moriya constant for the system
Si0,/Pt(10 nm)/Co/CoO/Pt(5nm)D.g = 0.37mJ/m?.  This
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value is close to the value measured in similar
Pd(2nm)/Co(0.8 nm)/CoO/Pd(3nm) systems [22].  For
comparison, in structures using MgO, AlO, as an ox-
ide metal, the DMI constant is significantly higher
(Defrimgo)=3 mI/m?, Degat0,)=0.87 mJ/m?) [31], however,
they require the use of sources for sputtering MgO, AlO,,
which somewhat complicates the technology of obtaining
heterostructures.

4. Conclusion

The conducted studies have shown that the thickness of
Pt in the Pt/Co/CoO film system significantly affects their
structural and magnetic properties. With an increase in the
size of the crystallite of the Pt sublayer, the values of the
coercive force, magnetic moment, anisotropy field, and the
nucleation rate of domains increase. In such a system, DMI
can manifest itself, and for the SiO,/Pt(10nm)/Co/CoO/Pt
system, the DMI constant is Dy = 0.37 mJ/m?2.

The established patterns can be used to optimize the
parameters of materials used in magnetic recording and
spintronics devices.
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