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The evolution of the structural and magnetic properties in epitaxial film systems Co/Pt(111) of equiatomic
composition during vacuum annealing has been presented. Annealing to the temperature of 400°C does not
lead to the variation of the structural and magnetic properties of the films, which indicates the absence of con-
siderable mixing of the Co/Pt interface. With the increase in the annealing temperature from 400 to 750°C,
nanoclusters containing the main magnetically hard L1,CoPt(111) phase epitaxially intergrown with the
CoPt; phase are formed. High rotatable magnetic anisotropy has been found in the prepared films. In mag-
netic fields above the coercive force (H > H = 8 kOe), the easy anisotropy axis with the angle of lag taken
into account can be oriented in any spatial direction. Possible mechanisms of the formation of the rotatable
magnetic anisotropy have been discussed. It has been assumed that the high rotatable magnetic anisotropy
makes the main contribution to the magnetic perpendicular anisotropy in Co,Pt; _ , films.
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INTRODUCTION

The structural and magnetic properties of thin
films ordered according to the L1, type (FePd, FePt,
CoPt) and having a large magnetocrystalline anisot-
ropy constant (K; > 107 erg/cm?®) with the easy anisot-
ropy axis coinciding with the c¢ axis are widely studied
in view of the potential possibility of their usage for
high-density magnetic recording of information and
creating special magnetic media [1, 2]. The necessary
condition for the formation of thin-film media with
perpendicular magnetic anisotropy is the oriented
growth of L1,(001) crystallites with the ¢ axis coincid-
ing with the normal to the substrate and the constant

Ky =K, —2nM? > 0 (2nM is the anisotropy of the
sample shape). Many studies are directed to the prepa-
ration of L1,(001) thin films near the equiatomic com-
position by the epitaxial growth on MgO(001) sub-
strates. Epitaxial L1,CoPt(001) samples demonstrate
a quite high perpendicular magnetic anisotropy con-
stant (K, ~ (1—4) X 107 erg/cm?®) [3]. The epitaxial
hexagonal close-packed Co;Pt(002) [4] and
L1,-CoPt(111) films deposited on the (111) Pt surface
have almost the same perpendicular magnetic anisot-
ropy constant [5]. In addition to the equiatomic com-
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position, the perpendicular magnetic anisotropy is
observed in Co,Pt, _ , in a wide concentration range,
in which the disordered fcc [6] and ordered L1,-Co;Pt
[7] and L1,-CoPt; [8] phases are formed. However,
owing to the cubic symmetry of phases, the existence
of perpendicular anisotropy in these films is not
expected. The mechanisms of the appearance of per-
pendicular magnetic anisotropy in Co,Pt,_, films
deposited on amorphous substrates are also unclear
[9]. In addition to the magnetocrystalline nature, dif-
ferent models explaining the origin of giant perpendic-
ular magnetic anisotropy are proposed, e.g., the for-
mation of the column structure, the preferable loca-
tion of the Co—Pt bonds perpendicular to the
substrate, the existence of the planar stresses, etc.
However, the real nature of the perpendicular mag-
netic anisotropy observed in Co,Pt; _ , films remains
unclear.

In this work, we present the first observations of the
high rotatable magnetic anisotropy in Co,Pt, _ , films
obtained by the solid-state reaction of elemental Co
and Pt layers. The rotatable magnetic anisotropy was
discovered in the studies of magnetism in thin films.
This anisotropy means that the easy axis follows the
direction of the magnetic field (see, e.g., [10]). Unlike
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other kinds of anisotropies, the rotatable magnetic
anisotropy is not described by a sinusoidal law and,
therefore, has no unambiguous characteristic. The dif-

ference H' = H ™" — H™ between the dynamic field

of the magnetic anisotropy H ,‘3 ¥ measured by ferro-
magnetic resonance and the static field of the mag-

netic anisotropy H ,im is used to characterize the rotat-
able magnetic anisotropy [11]. In torque measure-
ments, the rotatable magnetic anisotropy can be
characterized by the average torque value L™ at large
rotational angles of the magnetic field (see Fig. 3). The
rotatable magnetic anisotropy is observed both in
magnetically soft films (H, < 500 Oe) having L™ ~
(103—10%) erg/cm?® and H™' < 500 Oe [12—14] and in
magnetically hard materials (H. > 5 kOe) with L™ ~
(10°—10%) erg/cm?® [15, 16]. The literature review
shows that the source of the rotatable magnetic anisot-
ropy can be associated with the existence of the stripe
domain structure [12], exchange interaction between
the antiferromagnetic and ferromagnetic grains [13],
magnetostriction [14], and freezing of correlations
between spins [15]. However, there is no conventional
interpretation of the rotatable magnetic anisotropy
mechanisms. Our studies demonstrate that rotatable
magnetic anisotropy is formed in all Co,Pt, _ , films
with x = 0.2—0.6 prepared by solid-state synthesis. In
this work, we present only data for epitaxial
CoPt(111)/MgO(001) films of the equiatomic compo-
sition.

SAMPLES AND EXPERIMENTAL
TECHNIQUE

The epitaxial Co/Pt(111) films prepared by the
subsequent deposition of Pt and Co on the (001) sur-
face of the MgO substrate were used in experiments.
The deposition of the Pt layer was performed at a pres-
sure of 10~° Torr and a temperature of 250°C and led
to the oriented growth of Pt(111)/MgO(001). The epi-
taxial growth of Pt(111) films prepared by magnetron
sputtering was observed at temperatures on the
Mg(001) surface up to 300°C [17]. The upper Co layer
was deposited at room temperature in order to avoid
the reaction of Pt with Co. The thicknesses of the
reacting Co and Pt layers, which were determined by
the X-ray spectral fluorescent method, were 100 and
140 nm, respectively, ensuring the equiatomic compo-
sition. The initial Co/Pt(111)/MgO(001) samples
were annealed for 30 min from 300 to 750°C with a
step of 50°C. The formed phases were identified on a
DRON-4-07 diffractometer (CukK, radiation). The
X-ray studies of epitaxial ratios between MgO(001),
reacting Pt, Co films, and the CoPt layer formed in
the reaction products were performed on a PANalyti-
kal X’Pert PRO diffractometer with a PIXctl detector.
The CuK, radiation monochromatized by a secondary
graphite monochromator was used in the instrument.
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The saturation magnetization Mg and the coercivity
H were measured on a vibrational magnetometer in
magnetic fields up to 30 kOe. Torque curves were
measured on a torque magnetometer with the maxi-
mum magnetic field of 10 kOe. All measurements were
performed at room temperature.

EXPERIMENTAL RESULTS

Figure 1 shows the dependence H(7) of the coer-
civity H, in the Co/Pt(111) sample plane on the
annealing temperature 7. With the increase in the
temperature, the initial value H, ~ 50 Oe first did not
change and then increased sharply after 400°C. This
indicates the beginning of the strong mixing of the Co
and Pt layers and the formation of magnetically hard
compounds. Above 600°C, the coercivity reached
H:~ 8 kOe and further only slightly increased, which
indicates the complete mixing of layers and the termi-
nation of the solid-state reaction between Co and Pt.

The diffraction patterns of the initial two-layer
Co/Pt(111) films contain the strong reflection from
Pt(111), Pt(222) and weak peaks from hexagonal
close-packed Co (Fig. 2a), which decrease consider-
ably after annealing at 400°C (Fig. 2b).The latter con-
firms the beginning of the solid-state reaction of Co
with Pt. After annealing at 500°C (Fig. 2¢), the strong
reflection, which can belong to the disordered
(A, CoPt(111)) or ordered (L1,CoPt(111) and
L1,CoPt(111)) phases, appears. The high coercivity of
these samples is the characteristic of L1, and LI,
phases. The value H-~ 8 kOe (Fig. 1) is characteristic
of the L1, phase. Therefore, it is possible to consider
that in this case the magnetically hard L1,CoPt(111)
phase is formed in Co/Pt(111) films by solid-state syn-
thesis.

With the increase in the annealing temperature to
600°C (Fig. 2d) and 7500°C (Fig. 2e), weak reflec-
tions identified as (111) and (222) peaks from the

CoPt; phase appear. The presence of strong
8 T, =~400 °C
2 6 I
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Fig. 1. Coercivity H- Co/Pt(111) of the film system versus
the annealing temperature 7. The vertical dashed line
shows the temperature of the initiation of the solid-state
synthesis of the L1,CoPt(111) phase (7 ~ 400°C).
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Fig. 2. X-ray diffraction patterns showing the phase trans-
formations in the Co/Pt(111) film system at different
annealing temperatures.

(L1,CoPt(111) and L1,CoPt(222)) and weak
((111)CoPt; and (222)CoPt;) reflections indicates the
epitaxial intergrowth of L1,CoPt+CoPt; grains. The
results of the symmetric ¢ scanning (not presented in
this work) of (113) reflections from the MgO substrate
and (311) and (211) reflections from the CoPt phases
after annealing at 750°C show that L1,CoPt(111)
grains grow chaotically on the (001)MgO surface.
Therefore, it is possible to consider that the
L1,CoPt+CoPt; grains having the (111) texture per-
pendicular to the plane and isotropic in the plane are
formed at the solid-state synthesis in Co/Pt(111) of
two-layer film systems. Analogous highly anisotropic
L1,CoPt(111) films were prepared by pulsed laser
deposition on the Pt(111) sublayer preliminarily
deposited on the MgO(001) substrate after annealing
at 600°C [18].

Studies on the torque magnetometer showed the
planar anisotropy in the initial CO/Pt(111) films,
which remained to the temperature 7;, ~ 400°C of the
initiation of the solid-state reaction between Co and
Pt (Fig. 1). Above 400°C, the synthesis of the
CoPt(111) phase started, which dramatically changed
the torque curves. The torque curves acquired the
shape characteristic of rotatable magnetic anisotropy

JETP LETTERS No. 6

Vol. 102 2015

357

(a)

_(b)

In-plane

M (emu/cm3)
[\
=

(=] (=]
T

_ZOO_W M
_400_ | | | |
30 20 -10 0 10 20 30
H (kOe)
3
(c)
e 2-
5t Ly
oo o
"0
=
— -Ir
=, .
_3 | | | | | | |
0 90 180 270 360
¢ (deg)

Fig. 3. (a) Schematic image, (b) M—H hysteresis loop, and
(©) L”((p) torque curve of the L1,CoPt(111)+CoPt;(111)
film sample at the rotation of the magnetic field H =
10 kOe > H= 8 kOe by 360° (direct and reverse passes) in
the sample plane. The initial easy axis EA( was oriented in
an arbitrary direction in the film plane (a). At the rotation
of the magnetic field H by the angle @, the easy axis rotates
and is established in the new position EA(p, lagging the
direction of the magnetic field H by the angle a.

after annealing above 600°C [10] and did not change
their shape at 750°C. The easy axis (EA) of these sam-
ples can be built in any spatial direction in the plane
and perpendicular to it (Fig. 1) taking into account the
angle of the lag a of the new direction of the easy axis
from the direction of the magnetic field (Figs. 3
and 4).

The structural anisotropy perpendicular to the
plane and the structural in-plane anisotropy create
different torque curves. Figures 3 and 4 show two vari-
ants of the torque curves under the rotation of the
magnetic field H = 10 kOe by 360° (direct and reverse
passages) of the CoPt(111) film having the rotatable
magnetic anisotropy in the plane (Fig. 3) and in the
direction perpendicular to the sample plane (Fig. 4).

(i) Since the samples are magnetically isotropic in
the plane, the easy axis was oriented in an arbitrary
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Fig. 4. (a) Schematic image, (b) M—H hysteresis loop, and
(c) L, (o) torque curve of L1,CoPt(111)+CoPt;(111) film
sample at the rotation of the magnetic field H = 10 kOe >
H-= 8 kOe by 360° (direct and reverse passes) perpendic-
ular to the sample plane. The initial easy axis EA was ori-
ented along the normal to the film plane (a). At the rota-
tion of the magnetic field H by the angle ¢, the easy axis
rotates and is established in the new position EA,, lagging
the direction of the magnetic field H by the angle a.

direction in the plane and the magnetic field was
rotated in the sample plane (Fig. 3).

(ii) The easy axis was oriented along the normal to
the film and the magnetic field was rotated through
the film plane (Fig. 4).

The torque curve L;”(¢) under the rotation of the
magnetic field in the plane (Fig. 3) shows the rotatable
magnetic anisotropy, which is characterized by the

maximum torque L;”" = 2.2 x 10 erg/cm? and the

rot

angle of the lag o ~ 40°. The torque curves L (¢)
under the rotation of the magnetic field perpendicu-
larly to the plane (Fig. 4) can be expanded in the fol-
lowing components: that with the rotatable magnetic

rot

anisotropy L' = 2.2 x 10° erg/cm?, uniaxial with the
period of 180° (L, = 1 x 10° erg/cm?), and biaxial with
the period 90° (L, = 0.25 x 10° erg/cm?). In all cases,
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the coercivity measured along the easy axis within the
experimental accuracy was constant (H-= 8 kOe).

DISCUSSION OF THE RESULTS

It should be noted that all measured anisotropies
are an order of magnitude less than the constants of
the magnetic-crystallographic anisotropy of the
L1,CoPt phase, which is the main one in the sample.
The saturation magnetization of these samples Mg =
250—300 emu/cm? is also smaller than the value Mg ~

800 emu/cm?® of massive samples and L1,CoPt films
after annealing at 600 and 750°C [19].

The necessary condition for the easy magnetization
axis to be oriented in any direction with respect to the

sample plane is positive torque values ert((p) at the
direct pass and large rotation angles @. At the reverse

pass, ert((p) should have negative values (see Fig. 4).
The rotatable magnetic anisotropy values in the plane

(L") and in the direction perpendicular to the plane

(L") coincide within the accuracy. The latter means
that the rotatable magnetic anisotropy is a spatially
isotropic characteristic of the sample. Consequently,
the hysteresis loop shape and the coercivity values
H-= 8 kOe remain constant in any spatial direction
(Figs. 3b and 4b). Thus, it is possible to conclude that
the nature of perpendicular magnetic anisotropy in
these samples is determined by the existence of large
rotatable magnetic anisotropy.

The biaxial anisotropy with the torque L, = 0.25 X
106 erg/cm?, which appears under the rotation of the
magnetic field perpendicular to the (111) plane of the
sample L1,CoPt, should serve as the characteristic of
the cubic magnetic anisotropy. The torque curves at
the direct and reverse passes have the same fragments
A describing the uniaxial and biaxial anisotropies with
the coinciding easy axes (Fig. 4). These axes are
inclined by angles 3, ~ 135° and 3, ~ 45° to the film
plane (Fig. 4). In view of a large error in the measure-
ment of the angles 3, and 3,, they are close to an angle
of 36°, at which the [001] axes are inclined to the (111)
plane in the fcc lattice. Therefore, the uniaxial and
biaxial anisotropies can be attributed to the anisotro-
pies of epitaxially intergrown and exchange-coupled
L1,CoPt+CoPt; phases, respectively. The L1,CoPt
samples with the (111) textures prepared by the mag-
netron sputtering of the Co—Pt alloy on glass and
Si(100) substrates had analogous torque curves of the
rotatable magnetic anisotropy with uniaxial and biax-
ial anisotropies under the rotation of the magnetic
field H. ~ 10 kOe perpendicular to the plane [20].
However, the rotatable magnetic anisotropy in the
torque curves was not detected after annealing above
600°C. This indicates that the L1,CoPt+CoPt; films
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prepared in different ways can have a high rotatable
magnetic anisotropy.

A high rotatable magnetic anisotropy and low uni-
axial and biaxial anisotropies and low saturation mag-
netization are inconsistent with the respective values
for the L1,CoPt phase, which is the main phase after
the solid-state reaction in Co/Pt films. The possible
reasons for this inconsistency can be as follows.

(i) The formation of the exchange-coupled and
epitaxial intergrown L1,CoPt and L1,CoPt; nanoclus-
ters. Such coherent two-phase mixtures L1, + L1,
were found in Co—Pt alloys. They have a chessboard
microstructure caused by stresses and can have mag-
netic properties different from those of the initial L1,
and L1, phases.

(ii) The existence of the ordered L1' phase contain-
ing the hybrid (L1, + L1,) structure. The L1' phase can
have the magnetic characteristics intermediate
between the magnetically hard (LL1,) and magnetically
soft (L1,) phases. The L1' ordering was proved experi-
mentally in epitaxial FesqsPdg; 5 films [22] and was
assumed in the Coy, ;Ptsg 5 alloy [23].

(iii) The formation of CoPt nanoparticles with the
diameter of several nanometers with multiple twinning
morphologies, such as an icosahedron and a decahe-
dron containing L1, domains [24]. Such nanoparticles
contain L1, domains of different orientations and,
therefore, have low magnetocrystalline anisotropy [25].

It is important that the rotatable magnetic anisot-
ropy in previous works was observed only in the sam-
ple plane. The high rotatable magnetic anisotropy,
which makes it possible to orient the easy axis in any
spatial direction, was observed not only in this work
but also in magnetically hard 8-Mn,, (Ga, , films [16].
Therefore, it is possible to assume that magnetically
hard L1,FePt and L1,FePd films near the equiatomic
composition can also have a high rotatable magnetic
anisotropy.

Although several models were proposed, mecha-
nisms of the rotatable magnetic anisotropy remain
unclear. Further studies are necessary for the funda-
mental understanding of the nature of the rotatable
magnetic anisotropy.

CONCLUSIONS

In summary, the phase transitions in epitaxial
Co/Pt(111) nanofilms near the equiatomic composi-
tion have been studied with the increase in the anneal-
ing temperature to 750°C. Magnetically hard L1,CoPt
and CoPt; phases are formed successively at the tem-
peratures of ~400 and 600°C, respectively. After
annealing at 750°C, the samples contained nanoclus-
ters with the dominating L1,CoPt(111) phase epitaxi-
ally intergrown with the CoPt;(111) phase. The high
rotatable magnetic anisotropy whose easy axis can be
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rotated in the fields exceeding the coercivity in the
plane and perpendicular to the sample plane was
found in the prepared samples. It was concluded that
the high rotatable magnetic anisotropy can be the
main source of the perpendicular anisotropy in
Co,Pt, _, films.
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