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a b s t r a c t

The phase formation sequence during the thermally induced solid-state reaction between polycrystalline
Pt and epitaxial fcc-Co (001) films in the Pt/fcc-Co(001) bilayers are systematically examined using X-ray
diffraction and magnetic measurements. The films have nominal atomic ratio Co:Pt ¼ 28:72 and total
thickness 300e400 nm. Annealing to the temperature of 375 �C does not change the structural and
magnetic properties of the films; this is indicative of the absence of considerable mixing at the Co/Pt
interface. With the subsequent increase of the annealing temperature, the phase formation in the Pt/fcc-
Co(001) bilayers has been found to have two temperature (375 �Ce575 �C and 575 �Ce825 �C) intervals.
Solid-state reaction between Pt and Co starts above 375 �C, and nanoclusters containing the ordered L10
phase epitaxially intergrow with the disordered A1 phase of the composition CoPt3 form and exist in the
first temperature interval. The distinctive feature of the first interval is the formation of in-plane
rotatable magnetic anisotropy. In the second temperature interval, the (L10 þ A1) two-phase mixture
grows into the ordered L12-CoPt3 phase leading to the disappearance of rotatable anisotropy. Possible
origin of the rotatable magnetic anisotropy is discussed. The first magnetocrystalline anisotropy constant
of L12-CoPt3 has the maximum value of �5.0$105egr/cm3 and order parameter 0.55 at 675 �C. A careful
analysis of thin film solid-state reactions implies the existence of low-temperature transformation
(~375 �C) on the Pt-rich side of the Co-Pt system.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The Pt-rich Co1-xPtx (x > 0.7), including CoPt3 alloy films, has
attracted a great deal of attention because of strong perpendicular
magnetic anisotropy (PMA), which is important for a large number
of practical applications. However, the origin of PMA in these films
is not properly understood because it is not expected either in
disordered A1- CoPt3 or ordered L12-CoPt3 phases. Basic models
developed to explain the PMA in these films are analogous to the
multilayer case and are attributed to the formation of preferentially
oriented to the film plane of the two-dimensional fcc Co nano-
clusters within the Pt-rich matrix [1e10].

It is generally known that PMA is uniaxial anisotropy. Recently,
high rotatable magnetic anisotropy (RMA), overcoming the
demagnetization anisotropy energy, was obtained in epitaxial
kov).
L10CoPt(111) films after the solid-state reaction in Co/Pt(111) bi-
layers [11]. The key feature of RMA is the rotation of the easy
anisotropy axis behind the rotating magnetic field. In L10CoPt(111)
samples in magnetic fields above the coercive force, the easy axis
can be oriented in any spatial (in-plane and out-of-plane) direction.
It was concluded that the high RMA can be one of PMA sources in
CoxPt1ex films [11]. Despite a large number of papers explaining the
origin of the PMA in CoxPt1-x thin films [1e10], RMA in CoxPt1-x thin
films is described in two experimental studies only. Park et al. re-
ported Co0.47Pt0.53 alloy films in which the location of the easy axis
is not clear for the samples annealed above 500 �C [7]. Unfortu-
nately, this fact is not interpreted correctly as the out-plane RMA
phenomena. The small in-plane RMAwas also observed in CoxPt1-x
(Pt ~ 25 at%) films [12]. Magnetic characteristics of these films
strongly depend upon fabrication methods and thermal treatment
and other parameters, including the nature of the substrate,
deposition temperature and annealing temperatures. The conven-
tional methods of CoxPt1-x film preparation on a substrate at
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various growth temperatures reported in the literature are
sequential sputtering deposition and electron beam co-evaporation
from Co and Pt sources. A large number of studies have addressed
the phase formation between elemental Pt and Co layers in bilayers
and multilayers [13e25]. However, the conditions of the phase
formation at the Co/Pt interface currently remain poorly analyzed.

In this work, we describe the solid-state reaction between
polycrystalline Pt with polycrystalline Co and epitaxial fcc-Co(001)
films. The final goal is to reveal a significant correlation between
phase formation sequence and structural and magnetic trans-
formations forming in the 72Pt/28fcc-Co bilayers after thermal
annealing up to 825�С. In addition, in numerous studies the origin
of the PMA and the contribution of RMA to PMA remain unnoticed.
Fig. 1. Symmetrical X-ray scans through the (001)L10 and (001) L12 (a), the (002)L10,
(200)þ(020)L10, (200)A1, (002)L12 and (002)Co (b), reflections of epitaxial 72Pt/
28Co(001) thin film before and after annealing (c). The annealing temperature changed
from 375 �C to 825 �C.
2. Experiment

The epitaxial Pt/fcc-Co(001) bilayers and polycrystalline Pt/Co
bilayers were prepared by subsequent deposition of Co and Pt films
on a freshly cleaved (001) surface of the MgO and glass substrate.
Previously, the substrates were degassed at 350 �C for 1 h. The Co
layer on the MgO(001) substrate was deposited at the pressure of
10�6 Torr and the temperature of 250 �C; this oriented the growth
of fcc-Co(001) layer on MgO(001) with epitaxial relationship fcc-
Co(001)[100] jj MgO(001)[100] [26]. The fcc-Co(001)/MgO(001)
films had a fourfold magnetic anisotropy with the constant K1
coinciding with the first magnetocrystalline anisotropy constant of
cubic cobalt fcc-Co (K1

fcc�Co ¼ e (5.5e6.5) $105 erg/cm3) [26]. The
K1
fcc�Co is negative because the easy magnetization axes of the fcc-

Co(001) film coincided with the [110] and [1e10] directions, which
are the projections 〈111〉 on the (001) plane of the MgO substrate.
The top Pt layer was deposited at room temperature to prevent
reaction between and Co during the deposition. The thickness of
the reacting Co and Pt layers, determined by the X-ray spectral
fluorescent method, was ~80 and ~320 nm, respectively. This
thickness ratio is close to the stoichiometry for CoPt3. The mean
chemical composition determined by EDS microanalysis was
Co28Pt72. X-ray pattern did not contain Pt reflections; this means
that the nanocrystalline Pt layer grows on the fcc-Co(001) (Fig. 1a).
However, polycrystalline Pt layer grown on the polycrystalline Co
film contained (111), (200), (220) peaks (Fig. 5a). Themost plausible
hypothesis of the essentially different Pt growth is that heat con-
ductivity of MgO is about two orders of magnitude higher than of
the glass. Therefore, deposited Pt atoms on Co/MgO are subject to a
high undercooling rate, which it is considerably higher than on Co/
glass substrate. As a result the nanocrystalline and polycrystalline
structures are formed on MgO and glass substrates, respectively. As
is known, nanocrystalline structures are frequently observed in
metallic glasses under a deep undercooling. The deposition of the
Pt layer did not change magnetic properties of the fcc-Co(001) and
Co films. These data provide clear evidence that the initial samples
are Pt/fcc-Co(001) and Pt/Co polycrystalline bilayers.

Initial Pt/fcc-Co(001) samples were annealed for 1 h from 25 �C
to 825 �C with a step of 50 �C. The formed phases were identified
with DRON-4-07 diffractometer (CuKa radiation). The epitaxial
relationships between MgO(001), reacting Pt, Co films, and the
CoxPt1-x layer formed in the reaction products were X-ray studied
with PANalytikal X'Pert PRO diffractometer with a PIXctl detector.
The CuKa radiation monochromatized by a secondary graphite
monochromator was used in the instrument. The saturation
magnetization MS and the coercivity HC were measured with a vi-
bration magnetometer in magnetic fields up to 22 kOe. Torque
curves weremeasured on a torquemagnetometer with a sensitivity
of 3.76$10�9 Nm and a maximum magnetic field of 10 kOe. All
measurements were performed at room temperature.
3. Results

3.1. Phase transformations in 72Pt/28Co(001) thin films at
increasing annealing temperature

3.1.1. X-ray studies
Fig. 1 shows XRD profiles of the as-deposited film and after

annealing at temperatures from 375 �C to 825 �C for 1 h. Up to
~375 �C, the X-ray patterns of the Pt/fcc-Co(001) bilayers did not
change; this is indicative of the absence of mixing and reaction
between the Pt and Co layers. Analysis of diffraction data shows two
(375 �C - 625 �C and 625 �C - 825 �C) temperature intervals. In the
first temperature intervals after annealing at 375 �C, strong (200)
fcc-Co peak began decreasing and weak (001) and {200} reflections
from the ordered L10 and disordered A1 phases appeared. The (001)
reflection with an interplanar spacing d1 ¼ 0.372 nm appears at
approximately 24� and it is an essential sign of the L10 phase only. It
is important to note that the nonequilibrium process of mixing Co
and Pt layers above 375 �C immediately results in the ordered L10
phase. Above 425 �C X-ray diffraction reflections appear with
interplanar spacings d2¼ 0.191 nm and d3¼ 0.186 nm.We associate
d1 and d3 peaks with the (001) and (002) reflections from the Z-
variant of ordered L10 phase. The d2 peak may belong to the (200)
and (020) reflections from the in-plane X-, Y- variants of L10,
respectively, and (200) of disordered A1 (Fig. 1b). These peaks
progressively increasewith annealing temperatures up to 575 �C, as
a result of increasing volume fractions of L10 and A1 phases. After
annealing at 575 �C intensity ratio I(200)/I(002) ~ 3.2, it is appre-
ciably more than 2, which corresponds to the complete ordered L10
with equal the volume fractions of X-, Y-, Z- variants. This suggests
that besides L10 a considerable proportion of the disordered A1was
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formed in the first (375 �C - 575 �C) temperature interval. Total
disappearance of the (001)L10 and (002)L10 peaks above 625 �C
clearly shows the existence of the L10 phase only in (375 �C -
625 �C) temperature region (Fig. 1a). Chemical composition of 72Pt/
28Co film, an interplanar spacing d2 ¼ 0.191 nm value and the
absence of superstructure reflection are evidence that A1 has CoPt3
stoichiometry. Although the bulk phase diagram for the Co-Pt alloy
system in Pt-rich part at low temperatures shows L10 and L12, we
observed in 72Pt/28fcc-Co(001) films in the (375 �C - 575 �C)
temperature interval only L10 and A1 phases. In the literature re-
view for Pt-rich CoxPt1-x films, it has been reported that no super-
structure spots come from L12 ordering for deposited CoPt3 on
NaCl(001) even at 670 K [27]. A.L. Shapiro et al. showed that L12
long-range chemical order is present in epitaxial (100), (110), (111)
and polycrystalline Co0.25Pt0.75 and Co0.35Pt0.65 films only at
550 �C�700 �C [28], which is close to the second (575 �Ce825 �C)
temperature interval of our work.

The diffraction pattern radically changes after annealing at
temperatures above 625 �C. The (001)L10 peak vanishes completely,
while the (100)L12 and (200)L12 peaks progressively increase up to
675 �C (Fig. 1). This suggests that the ordered L12-CoPt3 phase
prevails above 625 �C and its structural perfection and order pa-
rameters grow up to 675 �C. In-plane epitaxial relationship be-
tween L12-CoPt3 film and substrate MgO(001): (100)[011]CoPt3 jj
(100)[011] MgO was found by asymmetrical X-ray diffraction. This
relationship inherits all fcc Co-Pt alloy films on MgO(001) substrate
[13,29,30]. However, the above order-disorder transition tempera-
ture (685 �C) of the L12-CoPt3 only partially transforms to the A1
phase, and it is steady up to 825 �C. In summary, the epitaxial
mixture of the ordered L10 and disordered A1 of the CoPt3
composition simultaneously start at Pt/Co interface above 375 �C
and grows into the ordered L12-CoPt3 above 675 �C.
3.1.2. In-plane magnetic torque studies and magnetic
characterization

The above X-ray diffraction results have been correlated with
the in-plane torque curve modifications of 72 Pt/28fсс-Co(001) thin
film at increasing annealing temperature. The torque measure-
ments show easy in-plane magnetization axis for all annealing
temperatures. Fig. 2 shows a series of in-plane torque curves L(4) of
72Pt/28fcc-Co(001) bilayer at different annealing temperatures. As-
prepared samples 72Pt/28fcc-Co(001) possessed the fourfold
anisotropy constant K4 ¼ - 2.1$105 erg/cm3, defined by the first
magnetocrystalline anisotropy constant of epitaxial fcc-Co(001)
layer (K1 ¼ - 6$105 erg/cm3) [26]. The K4 constant did not change
up to 375 �C and this is confirmed by the absence of structural
transformations in the fcc-Co(001) layer. In the first temperature
interval (375 �C - 625 �C) after annealing at 425 �C, the torque
curves show rotatable magnetic anisotropy (RMA) [11] with Lrot

constant, reaching its maximum when annealed at 575 �C (Figs. 2
and 3). At the big values of magnetic field rotation angle 4, the
torque curves L(4) consist of fourfold component ½K4 Sin44 and
4-independent þ Lrot and -Lrot components for clockwise and
counterclockwise rotations, respectively (1).

L 4ð Þ ¼ ± Lrot þ 1 =2K4Sin 44 (1)

The RMA formation confirms the X-ray studies indicative of the
beginning of mixing of the Pt and Co layers and the synthesis two-
phase (L10 þ A1) mixture above 375 �C. In the second temperature
interval (575 �C - 825 �C) after annealing at 625 �C, the Lrot constant
sharply decreases and drops at 675 �C. At the same time the K4
constant reaches its maximum at 675 �C and insignificantly de-
creases after annealing above 675 �C (Fig. 3). The existence of the
RMA and (L10 þ A1) mixture in the first temperature interval and
the disappearance of L10 in the second temperature interval is
direct evidence that the RMA origin is a characteristic feature of
epitaxially intergrown of the L10 and A1 phases.

The dependence of the Lrot constant, the fourfold anisotropy
constant K4, and saturation magnetization MS as a function of
annealing temperature are summarized in Fig. 3. Fig. 3a shows that
Lrot reaches its peak value at 575 �C and the RMA phenomenon
exists only in the first temperature interval. K4 in the first tem-
perature interval is the fourfold magnetic anisotropy constant of
the (L10 þ A1) mixture independent of the annealing temperature
up to 575 �C. K4 sharply increases above 625 �C because it is
associated with (L10 þ A1) / L12-CoPt3 transformation; therefore,
it is equal to first magnetocrystalline constant K1

L12-CoPt3 of L12-
CoPt3.

Fig. 3b shows that within the limits of experimental error the
saturation magnetization of Pt/fcc-Co(001) films does not change
during the annealing process, i.e. contributing to magnetization of
all phases of the phase sequence are Co atoms only. In-plane and
out-of-plane M-H loops are shown in Fig. 4 for samples (L10 þ A1)
annealed at 575 �C and for L12-CoPt3 annealed at 675 �C. In both
cases all samples exhibit the in-plane easy axis, same magnetiza-
tion MS ¼ 390 emu/cc and not high coercivity.

3.2. Phase transformations in polycrystalline 72Pt/28Co thin films
at increasing annealing temperature

The evidence of formation of the two-phase mixture of disor-
dered A1 of the CoPt3 composition and ordered L10 phases, which
possess RMA, was also confirmed by the investigation of solid-state
reactions in polycrystalline 72Pt/28Co thin films.

3.2.1. X-ray studies
The as-prepared 72Pt/28Co sample exhibits only Pt and Co

peaks, indicating a formation bilayer structure in the film (Fig. 5a).
Fig. 5b,c shows the XRD profiles of the 72Pt/28Co sample after
annealing at 425 �C and 525 �C. In both cases, synthesized samples
show (111), (200) CoPt3 and (001), (200), (002) CoPt peaks. These
results along with the existence of the superstructure (001)L10 and
the absence of (001)L12 peaks uniquely indicate that the L10 and A1
composition CoPt3 phases simultaneously form at the Pt/Co inter-
face and, as a result, the chemically intergrown L10 and A1 nano-
crystallites prevail in the reaction product in the first temperature
interval (375 �C - 575 �C).

3.2.2. In-plane magnetic torque studies
As-prepared polycrystalline samples 72Pt/28Co have insignifi-

cant in-plane uniaxial anisotropy. Fig. 6 shows the in-plane torque
curves L(4) at annealing temperatures 425 �C and 525 �C. After
annealing above 425 �C, minor in-plane RMA formed and Lrot

constant grows with annealing temperature up to 525 �C. The
torque curves L(4) are given over the range of 0� 4� 720� to show
that, in contrast to the classic magnetic anisotropies, the torque
curves of RMA cannot be described by sinusoidal dependence. It is
important to note that within the limits of the experimental ac-
curacy the values Lrot coincide for polycrystalline Pt/Co and Pt/fcc-
Co(001) bilayers. Hence, it follows that the origin of RMA is not
associated with film-substrate stress or fcc-Co(001) epitaxial
growth.

4. Discussion

Thin-film solid state reactions are known to be specified by the
initiation temperature Tin and the first phase arising at the film
interface when the temperature of sample TS exceeds Tin (TS > Tin).
At increasing annealing temperatures, other phases may occur and



Fig. 2. Evolution of in-plane torque curves of epitaxial 72Pt/28Co(001) thin film. Measurements were made at 1.0 T at room temperature. The hysteresis between clockwise and
counterclockwise rotations starts at 425 �C, reaches the maximum value at 575 �C and is minor after annealing above 625 �C.
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form the phase sequence [31e34]. In most thin film solid state
reactions, the initiation temperatures Tin have low value (Tin <
500 �C). However, some reactions occur around room [35,36] or
even at cryogenic [37e40] temperatures. Therefore, to explain the
atomic transport through the reaction product layer we should
assume that the diffusivity in the reaction state exceeds the
diffusivity in the solid state by a factor of more than 1011 [41e43].
Although the threshold of the reaction (initiation temperature Тin)
was discovered in the first studies of the thin-film solid state re-
actions, in modern research it is not taken into account, because it
does not match with the diffusion mechanism. In diffusion studies,
it was assumed that the initiation temperature of a reaction Tin is a



Fig. 3. Variations of rotatable magnetic anisotropy constant Lrot and the fourfold
anisotropy constant K4 (a) and saturation magnetization MS (b) as a function of
annealing temperature. Inset shows the first magnetocrystalline anisotropy constant
K1 of the L12-CoPt3 phase as a function of chemical ordering parameter S.

Fig. 4. In-plane and out-of-plane M-H loops of L10 þ A1 two-phase mixture at 575 �C
(a) and L12-CoPt3 at 675 �C (b).

Fig. 5. Symmetrical X-ray scans of polycrystalline 72Pt/28 thin film before (a) and after
annealing at 475 �C (b), 525 �C (c).

Fig. 6. The evolution of in-plane torque curves of polycrystalline 72Pt/28Co thin film
after annealing at 475 �C (a), 525 �C (b).
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kinetic quantity that depends on the heating rate. However, there is
an objection against this assumption. As the temperature is
increased, the reaction rate increases slower than the rate of
heating of the reaction mixture. This leads to an experimental shift
of initiation temperature Tin into high temperatures. In fact, below
Тin the atomic mixing at the interface is minor and the first phase
did not identify. Above Тin the observed atomic mixing starts
simultaneously with the first phase formation and the reaction rate
strongly accelerates with the increase (T-Тin). Based on an analysis
of low-temperature thin films reaction and the mm-range atomic
transfer of the reacting atoms, we concluded that the diffusion
plays a nonprincipal role, while the chemical interactions control
the atomic transfer, structural rearrangements and synthesis pha-
ses in the solid state [41e43].
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Within the experimental accuracy initiation temperatures, Tin in
many bilayer films has been shown to coincide with the tempera-
tures of solid-state structural transformations TK (Tin ¼ TK). The
equality Tin ¼ TK is valid for order-disorder phase transitions in
AueCu (Tin ¼ TK ¼ 240 �C) [44,45] and FeePd (450 �C) [42,46]; for
eutectoid decompositions in FeeNi (350 �C) [43,47,48] and FeeCu
(850 �C) [49]; for martensitic transformations in AleNi (180 �C)
[50], TieNi (~100 �C) [51], and AueCd (60 �C) [52,53] and for other
phase transformations [54e56]. It is interesting to note that
intensive studies of the nature of ferromagnetism in diluted
Mn1exGex (x > 0.95) solid solutions revealed low-temperature
(TK ~ 120 �C) spinodal decomposition in the MneGe system
[57e59]. Recently, we showed that the solid-phase reaction in Mn/
Ge films begins at the temperature of spinodal decomposition
Tin ¼ TK ~120 �C [41,60,61]. Consequently, solid-state reactions in
thin films occur only in binary systems having solid-state structural
transformations and the same chemical interactions control the
solid-state reactions in thin films and respective solid-state trans-
formations. The equality Tin ¼ TK assumes that if the initiation
temperature Tin is known, it supposes the possible existence of
structural transformation at temperature TK in a given binary
system.

The studies presented in this article and in Ref. [11] definitively
show that above initiation temperature Tin1 ~ 375 �C, the (L10 þ A1)
two-phase mixture forms in the 72Pt/28Co bilayer and, above the
initiation temperature Tin2 ~ 575 �C, it grows into the ordered L12-
CoPt3. It corresponds to the phase formation sequence (2).

72Pt/28Co / 375 �C (L10 þ A1) / 575 �C L12-CoPt3 (2)

On the basis of the above-mentioned facts, we propose the ex-
istence of two solid-state transformations in the Pt-rich concen-
tration region of the Co-Pt system.

(i) The first transformation, which occurs above 375 �C, is
associated with the phase decomposition of solid solution
CoPt into a two-phase mixture. Chemically disordered solid
solution in the CoxPt1-x thin films may form by quenching
from high to room temperature or in the films grown below
375 �C [1e10]. In both cases after annealing above 375 �C the
(L10 þ A1) compound has to form. Earlier papers suggested
that the source of perpendicular magnetic anisotropy in
CoxPt1-x films was associated with the phase-separated Pt-
rich and Co-rich regions or Co clustering in CoPt3 films
growing above 400 �C [1e10]. Rooney et al. postulate that
this phase separation occurs via spinodal decomposition [6].
Our results confirm the existence of phase separation in the
Pt-rich side of the Co-Pt system above 375 �C. This consid-
ered, we believe that chemical interactions between Co and
Pt start above ~375 �C and are the driving force for the solid-
state reaction (1) and phase decomposition of CoxPt1-x thin
films into the mixture of L10 (Co-rich regions) and A1-CoPt3
(Pt-rich regions).

(ii) The second (L10 þ A1) / L12-CoPt3 transformation starts at
Tin ~575 �C. On the basis of the above results; we suggest that
this temperature is equal with the order-disorder phase
transition temperature in 72Pt28Co alloys (Tin ¼ TK ~ 575 �C).
However, it does not coincidewith 685 �C, the order-disorder
temperature of the bulk Co28Pt72 samples. Though Monte
Carlo simulations predict the L12 / A1 transition at 850 K
(577 �C) for the CoPt3 alloys [62], it is reasonable to suggest
that a concentration in homogeneities, structural defects and
intergrain stresses are main factors that decrease the order-
disorder temperature in thin films and modify the bulk Co-
Pt equilibrium phase diagram.
Phase transformations and magnetic properties in epitaxial Pt/
fcc-Co(001) and Co/Pt(111) films have been observed to be corre-
latedwith an increase of annealing temperature up to 825 �C. In our
previous work [11] we demonstrated that, in the epitaxial film
systems Co/Pt(111) of equiatomic composition, the magnetically
hard L10CoPt(111) phase epitaxially intergrows with the disordered
CoPt3 phase. In both cases (L10 þ A1) two-phase mixing occurs
above 400 �C. However, RMA constant for Co/Pt(111) (Lrot ¼ 2.2
$106 erg/cm3) films is more than tenfold in the Pt/Co(001)
(Lrot¼ 2.2$105 erg/cm3) samples. It is notable that the L10 phase and
RMA simultaneously disappears above 575 �C. This suggests that
the RMA origin is specified by the L10/A1 interface stresses, which
affect the resulting RMA properties. Undoubtedly, the RMA value
strongly depends on the composition, crystallography and struc-
tural features of the (L10 þ A1) compounds, which play the key role
in the RMA formation. The exchange interaction between the an-
tiferromagnetic and ferromagnetic grains and magnetostriction are
the most frequently used to explain RMA origin in thin films [11].
However, L10 and A1 are ferromagnetic phases; therefore, our re-
sults cannot be explained by the ferro-antiferromagnetic exchange
coupling model. Phase boundaries are well-known to generate the
striking physical properties of the functional materials [63]. For
example, the coherent phase decomposition near themorphotropic
phase boundary (MPB) enhances electro-mechanical properties of
the ferroelectric materials. The ferromagnetic systems around
magnetic MPB separating two magnetic phases with different
crystal symmetries may reveal the significant enhancement of
magnetic and magnetostrictive properties [64e66]. Although RMA
origin still remains unknown, among possible explanations is the
existence of epitaxial intergrown L10 and A1 phases, inducing large
magnetostriction and magnetic-field-induced strain, creating uni-
axial anisotropy with an easy axis along the direction of the mag-
netic field.

Following equation (1) in the first temperature interval in
addition to Lrot, there is a contribution of the fourfold anisotropy
with constant K4 into the magnetic anisotropy of the (L10 þ A1)
sample (Fig. 2). There are no contributions from unidirectional
anisotropy and uniaxial anisotropy. It is reasonable to suggest that
K4 constant is determined by magnetocrystalline ainsotropy con-
stants of L10 and A1 phases.

Magnetocrystalline anisotropy energy EK for the tetragonal L10
crystal per unit volume of the sample (V) has form (3) [67].

EK ¼ E0 þ K1sin24 þ K2sin44 þ K3 cos2a$cos2b (3)

where 4 is the angle between magnetization MS and [001] c axis
and a and b are the angles betweenmagnetizationMS and the [100]
and [010] axes, respectively. The first anisotropy constant K1
L10 ¼ 4.8$107 erg/cm3 was estimated for L10-CoPt bulk samples, but
as of today the values of K2

L10 and K3
L10 are not known [68,69]. It is

common knowledge that specific for L10 magnetic film materials
(including L10-CoPt films) is the formation of the three equivalent
X-,Y-, Z- variants, which havewith respect to theMgO substrate the
epitaxial orientation relationships (4) [70,71].

A1 ð001Þ ½010�kMgO ð001Þ ½010�;
Z� L10 ð001Þ ½001�kMgO ð001Þ ½001�;
Z� L10 ð001Þ ½010�kMgO ð001Þ ½010�;
Z� L10 ð001Þ ½001�kMgO ð001Þ ½010�:

(4)

Assume the three variants of the L10 grains to be exchange
coupled and their volume fractions to be the same fX¼ fY¼ fZ ¼ 1/3,
neglecting the basal plane anisotropy K3

L10 in expression (3) and
taking account of relationships (4), the contribution EK(L10) from
the L10 to magnetic anisotropy energy of the (L10þA1) films may be
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found by using of expression (5).

EK(L10) ¼ E0 þ2/3K2
L10 (b12b22 þ b2

2b3
2 þ b1

2b1
2) (5)

where bi (i¼ 1,2,3) are the direction cosines of the magnetization. It
is surprising that first magnetocrystalline constant K1

L10 makes no
contribution to magnetic anisotropy films with X-, Y-, Z- variants of
the L10 phase. The magnetic anisotropy energy EK(L10 þA1) of the
(L10þA1) films together with the contribution 2/3K2

L10VL10/V
contains the contribution K1

A1VA1/V from the disordered A1 phase
(6).

EK(L10 þA1) ¼ E0 þ{2/3K2
L10VL10/V þ K1

A1VA1/
V} � (b12b22 þ b2

2b3
2 þ b1

2b1
2) (6)

where VL10/V and VA1/V are the relative volumes of the L10 and A1
phases, respectively. Note that the magnetic anisotropy of the ex-
change coupled three X-, Y-, Z- variants of the L10 and disordered A1
grains is described by cubic effective anisotropy constant KeffV ¼ 2/
3K2

L10VL10þ K1
A1VA1. All obtained constants have a minus sign

because after annealing the easy axes do not change the [110] and
[1e10] directions. An important point is that the relation between
VL10 and VA1 changes with the increase of the annealing tempera-
ture, and the value VL10 ~ 0 at 575 �C, but at the same time the
constant K4 ¼ - 2.1$105 erg/cm3 remains constant (Fig. 3a). Hence, it
follows that the absolute value of the anisotropy constants 2/3K2

L10

and K1
A1 does not exceed 2.1 � 105egr/cm3 because of low values of

the secondmagnetocrystalline anisotropy constant of the L10 phase
K2
L10 ~ - 3.1� 105erg/cm3 and the first magnetic anisotropy constant

of disordered A1 phase K1
A1 ¼ - 2.1 � 105erg/cm3. The estimated

value of K1
A1 is close to the bulk sample value of the disordered cubic

Pt52Co48 z �6$105 egr/cm3 [69].
To summarize, it has been proved that the films consist of two-

phasemixture of L10 with three variants, and disordered A1 are soft
magnetic materials with low magnetic anisotropy constant Keff ¼ -
2.1$105 erg/cm3 and, accordingly, low coercive force HC ~700 Oe
(Fig. 4a).

As shown above, in the second temperature interval, only the
ordered L12-CoPt3 phase forms; therefore, the fourfold anisotropy
with constant K4 is equal to the first magnetocrystalline anisotropy
constant K1

L12-CoPt3 of the L12-CoPt3 phase. Chemical ordering
parameter S was found after annealing at 625 �C (S ¼ 0.05), 675 �C
(S ¼ 0.55) and 825 �C (S ¼ 0.45) in the ordered L12-CoPt3 films by
the ratio of the measured integrated intensity of the (001) super-
lattice and (002) fundamental diffraction peaks taking into account
the structure factors, the multiplicity factors, the Lorentz-
polarization factors and ignored temperature and absorption ef-
fects. Inset to Fig. 3 shows the plot of the first magnetocrystalline
anisotropy constant K1

L12-CoPt3 of the L12-CoPt3 phase as a function
of chemical ordering parameter S. Following Fig. 3 results, the
maximum value K1

L12-CoPt3 ¼ - 5.0 � 105 erg/cm3 matches the
maximum value of the ordering parameter S ¼ 0.55 at 675 �C.
However, above the order-disorder temperature 685 �C the L12-
CoPt3 phase transforms only partially into disorder A1-CoPt3 phase
because at 825 �C values of K1

L12-CoPt3 ¼ - 4.5$105 egr/cm3 and
S ¼ 0.45 are insignificantly less than at 675 �C. The probable reason
for the retardation of the L12 / A1 transformation is the epitaxial
intergrowth of the L12-CoPt3 with MgO substrate. The coercive
force of the L12-CoPt3 (S ¼ 0.55) is HC ~ 1.3 kOe (Fig. 4b) and it is
close to epitaxial CoPt3 (001) films HC ~ 2.0 kOe grown on
MgO(001) substrate at 400 �C [72].

5. Conclusion

Solid-state reaction in epitaxial and polycrystalline 72Pt/28Co
on MgO(001) and glass substrate, respectively, has been studied
over a range of annealing temperatures from 25 �C to 825 �C. The
reaction between Pt and Co starts at 375 �C and has two temper-
ature intervals. At the first interval (375 �C - 575 �C) the ordered L10
and disordered A1 two-phase mixture forms, and in the second
temperature interval (625 �C - 825 �C) this mixture transforms into
the ordered L12-CoPt3 phase. In the first temperature interval, the
discovered in-plane rotatable anisotropy is associated with the
(L10 þ A1) mixture. The rotatable anisotropy disappears above
575 �C because at the second interval the (L10 þ A1) mixture grows
into ordered L12-CoPt3 phase. The first magnetocrystalline anisot-
ropy constants were estimated as - 2.1$105 erg/cm3 and -
5.0$105 erg/cm3 for disordered A1 and for L12-CoPt3 with order
parameter 0.55, respectively. The phase formation sequence has
been analyzed using the concept in which the same chemical
mechanisms control both solid state reactions and phase trans-
formations at the nanoscale.
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