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Abstract—The structure and magnetic properties of CoPt—Al,O; nanocomposite films synthesized by the
annealing of Al/(Co;0,4 + Pt) bilayers on a MgO(001) substrate at 650°C in vacuum are investigated. The
synthesized composite films contain ferromagnetic CoPt grains with an average size of 25—45 nm enclosed
in a nonconducting Al,O; matrix. The saturation magnetization (M ~ 330 G) and coercivity (H, = 6 kOe) of
the films are measured in the film plane and perpendicular to it. The obtained films are characterized by a
spatial rotational magnetic anisotropy, which makes it possible to arbitrarily set the easy magnetization axis
in the film plane or perpendicular to it using a magnetic field stronger than the coercivity (H > H,).
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INTRODUCTION

In recent years, composite nanomaterials have
been the object of numerous studies due to their novel
functional properties that differ from the properties of
their constituents [1]. Composite ferromagnetic films
containing transition-metal (Co, Fe, or Ni) nanoclus-
ters in a dielectric or semiconductor matrix obtained
by different physical and chemical methods have been
intensively investigated [2—16]. Previously, Fe—In,0,
[12], Co—In,0; [13], Co—ALO; [14, 15], Fe—ZrO,
[16], and Co—ZrO, [17] ferromagnetic nanocompos-
ite films were synthesized using thermite reactions.

FePd, FePt, and CoPt thin films with LI,-type
ordering are characterized by a high magnetic-anisot-
ropy constant K; (K, > 3 X 107 erg/cm?) and an easy
magnetization axis perpendicular to the film surface
(so-called perpendicular magnetic anisotropy).
Nanocomposite films containing isolated high-coer-
civity L1, clusters in a nonmagnetic matrix [18—25]
can be used in high-density magnetic data storage.

To date, there have been a great number of studies
on the synthesis and investigation of nanocomposites
containing L1,-CoPt and L1,-FePt nanoparticles in
oxide matrices [18, 19, 22—25]. These investigations
are important for application in the synthesis of nano-
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composites with the desired magnetic, structural, and
transport properties.

In this work, we report on the results of the synthe-
sis and investigations of the structure and magnetic
properties of high-coercivity CoPt—Al,O; nanocom-
posite films. The films are synthesized by the solid-
state reaction in the Al/(Co;0, + Pt)/MgO film sys-
tem with annealing in vacuum at a temperature of
650°C for 1 h. The main synthesis parameters, includ-
ing the initiation temperature and phase composition
of the reagents and reaction products, are determined.
The synthesized samples exhibited spatial rotational
magnetic anisotropy, which makes it possible to set the
easy magnetization axis in any spatial direction (in the
film plane or perpendicular to it) in a magnetic field
stronger than the coercivity, which is retained after
switching-off the external magnetic field. High-coerciv-
ity nanocomposite films with rotational magnetic anisot-
ropy can be used in devices with a tunable easy axis.

EXPERIMENTAL

Figure 1 shows the scheme of synthesizing CoPt—
Al,O; nanocomposite films. First, we prepared the
high-coercivity L1,-CoPt(111) ferromagnetic films
using the technique described in [26], which included
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Fig. 1. Schematic of the formation of the CoPt—Al,03 nanocomposite films.

the magnetron sputtering of Pt films with a thickness
of ~50 nm in vacuum at a residual pressure of 10~ Torr
onto a MgO(001) substrate heated to a temperature of
250°C, which ensured epitaxial growth of the Pt(111)
plane relative to the substrate surface, the thermal depo-
sition of a polycrystalline Co film with a thickness of
~70 nm in vacuum at a residual pressure of 10~° Torr
onto a Pt film at room temperature to prevent a reac-
tion between the layers (the chosen thicknesses of the
reacting layers were ~70 nm for Co and ~50 nm for Pt,
which provided an equiatomic composition), and
annealing of the obtained Co/Pt(111)/MgO bilayer sam-
ples in vacuum at 10~ Torr at a temperature of 650°C for
90 min. After annealing of the Co/Pt(111)/MgO sam-
ples, the magnetically hard L1,-CoPt(111) phase forms
in the Co/Pt(111) film structure based on the oriented
Pt(111) layer [26].

Then, the L1,-CoPt/MgO films were oxidized in
air at a temperature of ~550°C for 3 h. The oxidation
yielded a Co;0, + Pt film structure containing Pt
nanoclusters dispersed in a Co;0, matrix. It should be
noted that, in the method used, Co was oxidized,
while Pt remained unoxidized.

At the next stage, an Al layer with a thickness of
~140 nm was thermally deposited onto the Co;0, + Pt
film surface in vacuum at a pressure of 10~° Torr. To
prevent an uncontrolled reaction between the layers,
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Al was deposited at room temperature. This yielded
the initial Al/(Co;0, + Pt)/MgO(001) film structure.

The CoPt—Al,O; nanocomposite films were
obtained by annealing of the initial Al/(Co;0, + Pt)/
MgO(001) samples in vacuum at 10~ Torr in the tem-
perature range of 350—650°C with a step of 50°C and
exposure at each temperature for 40 min. After each
annealing, the film magnetization was measured. The
formation of the Co and CoPt magnetic phases was
detected by the occurrence of magnetization. In these
measurements, the temperatures of the initiation and
end of CoPt—Al,0; nanocomposite synthesis were
determined

The thicknesses of the reacting layers were deter-
mined by X-ray fluorescence analysis. The saturation
magnetization M and coercivity H, were measured on
a vibrating sample magnetometer in magnetic fields of
up to 20 kOe. The torque curves were measured with a
torque magnetometer in a maximum magnetic field of
17 kOe. The phase composition was investigated by
X-ray diffraction using a DRON-4-07 diffractometer
in Cuk, radiation (A = 0.15418 nm). The structure of
the synthesized films was examined by transmission
electron microscopy on a Hitachi HT7700 micro-
scope equipped with a Bruker X-Flash 6T/60 energy
dispersive spectrometer at an accelerating voltage of
100 kV. Cross sections were prepared using a Hitachi
FB2100 focused-ion-beam (FIB) system. The tem-
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Fig. 2. Dependence of (a) the saturation magnetization M,
and (b) electrical resistance R on the temperature 7 of
annealing the Al/(Co304 + Pt)/MgO film.

perature dependence of the electrical resistance of the
Al/(Co;0, + Pt) film was measured by the four-probe
method using pressed contacts in vacuum at 10~® Torr
at a heating rate of ~5 deg/min.

RESULTS AND DISCUSSION

Cobalt reduction and the formation of CoPt ferro-
magnetic grains were investigated by measuring the
saturation magnetization of the initial Al/(Co;0, +
Pt)/MgO(001) samples as a function of the annealing
temperature (M (7)) (Fig. 2a). It can be seen from the
M(T) dependence that, below ~490°C, Co reduction
processes do not occur in the investigated Al/(Co;0, + Pt)
structure and its magnetization is therefore close to
zero. The magnetization sharply increases at T >
500°C. Annealing at T > 650°C facilitates the occur-
rence of the maximum number of CoPt grains.

Figure 2b shows the temperature dependence of
the electrical resistance of the Al/(Co;O0, + Pt)/
MgO(001) film. It can be seen that, below ~490°C,
the resistance is of the metallic type, which is deter-
mined by the upper aluminum layer, and the layers do
not intermix. The R(7) dependence includes two por-
tions: near 7| ~ 490°C and near 7, ~ 600°C. It is well-
known [14] that 7 is close to the temperature ~500°C
of Co reduction of the Co;0, oxide in the Al/Co;0,
film system. At the same time, it is well-known [27]
that the L1,-CoPt phase starts forming at a tempera-
ture of ~375°C in the Pt/Co films. We can conclude
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Fig. 3. X-ray diffraction patterns of the Al/(Co304 +
Pt)/MgO film (/) before and (2) after annealing at 650°C.

that, at T, ~ 490°C, the reaction of Co reduction from
the Co0,0, oxide with the formation of the CoPt and
Al,O; phases begins. As was shown in [27], the CoPt;
phase forms at a temperature of ~575°C, which is sim-
ilar to 7, ~ 600°C. As a result, at temperatures above
600°C, the electrical resistance of the film sharply
grows, which indicates continuation of the solid-state
reaction in the Al/(Co;04 + Pt)/ MgO(001) film with
the formation of CoPt, CoPt;, and Al,O; phases.

The temperature of initiation of the reaction 7;, =
T, = 490°C in the Al/(Co;0, + Pt)/MgO(001)-film
system determined from the R(7) dependence coin-
cides with the temperature 7; in the annealing tem-
perature dependence of the magnetization (M (7)). In
addition, these dependences were used to determine
the temperature of the end of the reaction and the for-
mation of CoPt grains (~650°C).

X-ray measurements performed after the formation
of the CoPt(111) film and deposition of the Al layer
showed that the obtained system consists of Co;0,, Pt,
and Al (curve [ in Fig. 3). Annealing at a temperature
of 650°C led to the formation of the ordered L1,—
CoPt tetragonal phase in the reaction products, which
is confirmed by the presence of the 001 superstruc-
tural reflection and the ordered CoPt; cubic phase
(the 001 superstructural reflection) (curve 2in Fig. 3).
Reflections of the Al,O; phase were not observed
because of its high dispersion.

The structure of the synthesized films was investi-
gated also by transmission electron microscopy. The
electron diffraction pattern of the obtained CoPt—
Al,O; samples (Fig. 4, Table 1) contains reflections of
the ordered L1,—CoPt and L1,—CoPt; phases (this is
indicated by the superstructural and fundamental 001
and 002 reflections of the L1;,—CoPt phase and the
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Fig. 4. Electron diffraction pattern of the CoPt—Al,O5
nanocomposite film.

100 and 200 reflections of the L1,—CoPt; phase) and
the o-Al,O; and y-Al,O; phases, as well as a small
amount of aluminum spinel CoAl,O,.

The cross sections of the Al/(Co;O0, +
Pt)/MgO(001) film (Fig. 5a) before and after anneal-
ing at T = 650°C (Fig. 5b) show that it consists of
Co;0, + Pt and Al layers and, after annealing, the
CoPt—Al,O; composite forms. This is confirmed by
X-ray and electron microscopy measurements.

The electron microscopy image of the synthesized
CoPt—Al,0; sample surface (Fig. 6) shows that CoPt

Table 1. Identification of the Akl diffraction reflections
in the CoPt—Al,0; nanocomposite film

nlllzrﬁlbger CoPt CoPt; | 0-Al,O3 ¥-Al;,O3 |CoAlL O,
1 001 100 _ _ —
2 - - - - 220
3 — 110 - 220 _
4 110 - 104 — _
5 — 111 - 222 _
6 111 - 113 - _
7 - 200 — — 400
§ | 002 | - — | 400 | 331
9 - 210 024 - _

10 201 — 116 — 422
11 112 211 018 511 511
12 - 220 214 400 440
13 220 - _ _ -
14 - 310 _ _ _
15 311 - _ _ 3
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nanoparticles are uniformly distributed over the reac-
tion product. The mean atomic number of the Al,O,
phase sample is smaller than that of CoPt and there-
fore the dark areas correspond to CoPt grains and the
bright areas, to Al,O;. The average CoPt grain size is
between 25—45 nm.

X-ray diffraction and electron microscopy data
allow us to conclude that the film after annealing con-
tains CoPt (L1,-CoPt + L1,-CoPt;) nanograins sur-
rounded by Al,O;. The synthesis of the nanocompos-
ite includes the three successive solid-state reactions

~490°C — 8Al + 3Co0,0, — 9Co + 4AL,05, (1)
~490°C — Co + Pt — L1,-CoPt, 2)
~600°C — L1,-CoPt + 2Pt — L1,-CoPt;.  (3)

In the synthesized samples, we observed spatial
rotational magnetic anisotropy with the easy axis that
can be rotated in fields exceeding the coercivity both in
the sample plane and perpendicular to it, which was
demonstrated by the torque-magnetometer investiga-
tions (Figs. 7 and 8).

Figure 7 shows a schematic of the easy-axis (EA)
rotation and the torque curve Ly(¢) in the plane of the
synthesized CoPt—Al,O; film (the forward (¢ = 0°—
360°) and reverse (360°—0°) paths) in a magnetic field
of 10 kOe. The experiments showed that the EA was
aligned from the initial position EA, to the direction
EA, in the film plane upon rotation of the magnetic
field H by angle ¢ in the sample plane and retained this
direction after switching-off the external magnetic
field. The torque curve exhibited rotational hysteresis
(retardation by angle o). To quantitatively characterize
the magnetic rotational anisotropy, in [26] we intro-

duce the constant Z;™', which was defined as a shift of

the torque curve upon rotation of the magnetic field
clockwise (+l1r|°t) and counterclockwise (—l{ft), ie.,

(L™ = +L" = -L" (Fig. 7). It can be seen from the
curve that a rotational magnetic anisotropy with a

Tot

value of L = 7 x 10° erg/cm? is induced in the film
and there is a small contribution of the uniaxial anisot-
ropy K,sin2@, where K, = 1.5 X 10° erg/cm? is the uni-
axial anisotropy constant.

Figure 8 shows a schematic of the EA rotation and
the torque curve L, (@) perpendicular to the CoPt—
Al,O; film plane (the forward (0°—360°) and reverse
(360°—0°) paths) in a magnetic field of 10 kOe. The
easy axis was aligned from its initial position EA, to the
direction EA,, perpendicular to the film plane upon
rotation of the magnetic field H by angle ¢ perpendic-
ular to the sample plane with regard to retardation by
angle o and retained this direction after switching-off
the external magnetic field. Upon rotation of the mag-
netic field perpendicular to the sample plane (Fig. 8),
the torque can be decomposed into rotational mag-
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Fig. 5. Cross-sectional image of the Al/(Co3;04 + Pt)/MgO film (a) before and (b) after annealing at 7= 650°C.

rot

netic anisotropy L = 7 X 10° erg/cm?® and uniaxial
anisotropy with K, = 2.5 x 103 erg/cm?.

In the presence of rotational magnetic anisotropy
in the films, the hysteresis loops are identical in all
spatial directions [27, 28]. Figure 9 presents the hys-
teresis loops measured in the CoPt—Al,O; film plane
and perpendicular to it. They have similar shapes, a
coercivity of H, = 6 kOe, and a saturation magnetiza-
tion of M ~ 330 G in both directions. The study of the
CoPt—AIN [22], CoPt-TiO,, and FePt—TiO, [24]
nanocomposite films showed that they have identical
hysteresis loops in the film plane and perpendicular to
it. Therefore, we can assume that these films, similar
to the samples investigated here, are characterized by
rotational magnetic anisotropy. The sources of this
anisotropy suggested in publications include domain-

Fig. 6. Electron microscopy image of the CoPt—Al,O4
nanocomposite film surface. Dark areas correspond to
CoPt grains and light areas, to the Al,O5 matrix.
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structure rearrangement, martensitic transformations,
and controlled magnetostriction. However, there is
still a lack of convincing models that would explain
this effect. Previously, we studied the formation of
rotational magnetic anisotropy in polycrystalline
8-Mn, (Ga,, [28], MnBi [29], and Co,Pt;, [27] and
epitaxial L1,-CoPt(111) [26] thin films. In [26], a pos-
sible mechanism responsible for the occurrence of the
anisotropy was considered to be the magnetic exchange
interaction between the L1,-CoPt and L1,-CoPt;s
phases. The formation of these phases is observed in
the investigated CoPt—Al,O; nanocomposite films.
Rotational magnetic anisotropy in the synthesized

0 90 180
¢, deg

Fig. 7. Schematic of rotation of the easy axis (EA) and

torque curve Lﬁm((p) in the CoPt—Al,O5 film plane (the
forward (¢ = 0°—360°) and reverse (360°—0°) paths) in a
magnetic field of 10 kOe.
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Fig. 8. Schematic of rotation of the easy axis (EA) and

torque curve Lft((p) perpendicular to the CoPt—Al,O3
film plane (the forward (¢ = 0°-360°) and reverse (360°— 0°)
paths) in a magnetic field of 10 kOe.
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Fig. 9. Hysteresis loops in the CoPt—Al,03 nanocompos-
ite film plane and perpendicular to it.

films can be explained by the exchange magnetic
interaction between the L1,-CoPt and L1,-CoPt;
phases contained in CoPt grains.

CONCLUSIONS

Thus, the main results of the investigations are as
follows. The high-coercivity CoPt—Al,O; nanocom-
posite films were synthesized by annealing of the
Al/(Co;0, + Pt)/MgO film system in vacuum at a
temperature of 650°C for 1 h. The synthesis-initiation
temperature was found to be ~490°C. Comprehensive
structural and magnetic investigations unambiguously
indicate the formation of CoPt (L1,-CoPt + L1,-CoPt;)
ferromagnetic clusters with an average size of 25—45 nmin
a nonconducting Al,O; matrix in the reaction prod-
ucts; the saturation magnetization was found to be
~330 G/cm? and the coercivity was ~6 kOe. The syn-
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thesized samples are characterized by spatial rota-
tional magnetic anisotropy with the easy axis that can
be set in the sample plane or perpendicular to it by a
magnetic field exceeding the coercivity and the direc-
tion can be retained after switching-off the magnetic
field. The rotational magnetic anisotropy in the obtained
films is explained by the exchange magnetic interaction
between the phases L1,-CoPt and L1,-CoPt; contained
in CoPt grains. Study of the mechanisms and condi-
tions for the occurrence of rotational magnetic anisot-
ropy in the films can be used to create nanoscale
devices with a tunable easy magnetization axis. Thus,
the solid-state method is promising for the synthesis of
nanocomposite thin films with ferromagnetic clusters
enclosed in oxide matrices with high magnetization and
chemical stability.
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