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Abstract—The structural and magnetic properties of Feg;Pt;5 films synthesized by solid-state reactions and
Feg,Pt;3—Al,O5 composite films fabricated by aluminothermy are investigated. It is shown that the synthe-
sized samples of both types are characterized by the rotational magnetic anisotropy, when the easy magneti-
zation axis in the film plane can be set by a magnetic field. It is established that the value of rotational mag-
netic anisotropy in the Feg;Pt;3—Al,O; composite films is higher than in the Feg;Pt|3 samples by an order of
magnitude. The rotational magnetic anisotropy is assumed to be caused by the exchange coupling of the L1j—
FePt phase with the L1,—Fe;Pt phase in the Feg;Pt; films and magnetic iron oxides in the Feg;Pt;3—Al,04

samples.
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1. INTRODUCTION

The L1,-ordered FePd, CoPt, and FePt thin films
have a tetragonal structure and are interesting for
application due to their high magnetic anisotropy [1,
2]. According to the phase equilibrium diagram, the
Fe—Pt system also contains the ordered L1,—FePt,
and L1,—Fe;Pt phases and chemically disordered fcc
solid solutions (fcc-A,). In studying the Fe,Pt, _, sam-
ples, researches exert the most intensive efforts to
establish the correlations between the magnetic prop-
erties and structural parameters of the synthesized
L1, L1,, and A, phases both in the thin-film [3—8§]
and nanostructured state [9, 10]. However, in the sam-
ples containing small (~3 nm) structural formations,
the role of magnetic interactions affecting the param-
eters of these materials is modified. In view of this, it
is necessary for application to enclose magnetic grains
in insulating media. The insulating composite matri-
ces are formed from silicon oxides or nitrides [11], alu-
minum oxides, or, depending on the purpose of use,
normal (Cu, Cr), noble (Au, Ag), and refractory (W)
metals, graphite, etc. [11—15]. The L1,-ordered FePt
and CoPt samples formed from small grains in an
insulating matrix are chemically stable, behave super-
paramagnetically, and are characterized by weak mag-
netic interactions, high magnetic anisotropy (K, ~ 7 %

107 erg/cm?®), saturation magnetization (M, >
1150 emu/cm?®), and coercivity (H, > 3 kOe). There-
fore, they can be recommended for high-density data
recording or thin-film permanent magnets [16]. As
was shown, e.g., in [17], the L1,—Fe;Pt films also
exhibit high perpendicular magnetic anisotropy, the
nature of which has been investigated. It should be
taken into account that the cubic symmetry of the L1,
films does not suggest the high anisotropy, including
perpendicular magnetic, energies. However, the L1,—
Fe;Pt composite thin films in an insulating matrix can
have a large magnetic anisotropy constant, depending
on the fabrication and heat treatment conditions. To
study the magnetoresistance and tunneling mecha-
nisms and develop devices on their basis, it is often
necessary to fabricate granular systems with forma-
tions with the cubic L1,—Fe;Pt lattice as magnetic
grains. The overwhelming majority of studies on the
techniques for fabricating Fe,Pt; _ . composite mag-
netic films and their properties are aimed at investiga-
tions near the equiatomic composition, whereas there
has been a lack of works devoted to the films with
higher iron content.

It is well-known that all the classical types of mag-
netic anisotropies are described by the sinusoidal laws.
However, thin films are characterized by the alterna-
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tive anisotropy type—rotational magnetic anisotropy
(RMA), when the easy axis tends to align in the mag-
netic field direction. As we showed previously [18], the
epitaxial L1,—CoPt(111) thin films synthesized by the
solid-state reaction of elemental Co and Pt layers have
high RMA exceeding the film anisotropy [18].

In this work, we investigated the magnetic and
structural properties and RMA of the Feg,Pt;; films
synthesized by the solid-state reactions between the
Pt(001) and Fe(001) epitaxial layers upon heat treat-
ment [19-22]. The Feg,Pt;;—Al,O; composite films
were fabricated by aluminothermy. We demonstrate
that the RMA value in the Feg,Pt;;—Al,O; composite
films exceeds that in the Feg;Pt;; samples by more
than an order of magnitude.

2. EXPERIMENTAL

In this work, granular samples were prepared using
the technique proposed in 1893 by Prof. G. Gold-
schmidt for reduction of metal oxides using aluminum
powders in the highly exothermic reactions (alumino-
thermy) [23]. The Feg;Pt;;—Al,O; composite films
were synthesized using chemical phase transforma-
tions consisting of several stages.

In the initial stage, Pt/Fe bilayers were formed by
sequential thermal deposition (by electron bombard-
ment of crucibles with Pt and Fe) onto single-crystal
MgO(001) substrates in working vacuum with a resid-
ual pressure of over 10~° Torr. The initial bilayer had
the elemental composition Fe/Pt = 87/13 at % and a
total thickness of ~200 nm. The Fe and Pt layers were
deposited at temperatures of 220 and 280°C, respec-
tively, at which the Fe(001) and Pt(001) layer grew
epitaxially on the MgO(001) surface without
solid-state reaction between them. The initial
Pt(001)/Fe(001)/MgO(001) structure was sequen-
tially annealed at temperatures from 300 to 550°C with
a step of 50°C and exposure for 90 min in vacuum at a
residual pressure of 10~ Torr. X-ray and magnetic
measurements were performed after each annealing
step.

In the second stage, the synthesized Feg;Pt; film
was oxidized in air at 550°C until the sample magneti-
zation completely vanished. The initial sample was
formed by deposition of the aluminum layer onto the
oxidized Feg;Pt; sample surface in vacuum at a resid-
ual pressure of 10~° Torr. The obtained structure was
sequentially annealed at temperatures from 450 to
850°C with a step of 50°C and exposure for 90 min in
vacuum at a residual pressure of 10-¢ Torr.

The forming phases were identified by X-ray dif-
fraction (XRD) on a DRON-4-07 diffractometer
(CuK, radiation, 6—260 geometry). The measurements
of saturation magnetization Mg, magnetocrystalline
anisotropy K, of the Fe(001) films, four-fold anisot-
ropy K,, and uniaxial anisotropy constant K, and iden-
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tification of the rotational anisotropy upon variation
in the torque curves were performed on a torque mag-
netometer with a maximum magnetic field of ~18 kOe.
The in-plane torques L(¢) are given per unit volume.

Specimens for transmission electron microscopy
(TEM) were prepared by the cross-sectional tech-
nique using a FIB, Hitachi FB2100 focused ion beam
system. Electron microscopy investigations were car-
ried out on a Hitachi HT7700 transmission electron
microscope (TEM, 100 kV, Wsource) equipped with a
scanning TEM system with an electron probe 30 nm in
diameter and a Bruker Nano Xflash GT/60 energy-
dispersive X-ray spectrometer. Chemical composition
was determined on a Nano Bruker Quantax 70 device.
All measurements were performed at room tempera-
ture. The special features of solid-state reactions in the
Al/(Pt + Fe,0;) system were examined by measuring
the temperature dependence of the film resistivity by a
four-probe method using pressed contacts in vacuum
at a residual pressure of 10~ Torr and a heating rate of
~5°C/min.

3. RESULTS AND DISCUSSION

3.1. Solid-State Synthesis and Magnetic Properties
of the Feg,Pt;; film.

The cross section of the initial Fe/Pt sample pre-
sented in Fig. 1 reveals a bilayer structure consisting of
the homogeneous Pt upper layer and the Fe lower
layer with the column structure. X-ray diffraction
spectra of the initial Fe/Pt bilayer samples contained a
strong Fe(200) reflection indicative of the epitaxial
growth of Fe(001) on the MgO(001) surface (Fig. 2a).
The measured torque curves showed that the initial
Pt(001)/Fe(001) samples were characterized by the
four-fold anisotropy K, determined by the first crys-

tallographic anisotropy constant K lFe = (5.0-5.1) x
10~* J/m? of the Fe(001) layer. This value agrees well

with the K lFe value for bulk Fe and Fe(001)/MgO(001)
epitaxial films fabricated by different techniques [24].
The easy axes directions in the Fe layer coincide with
the [110] and [1 10] MgO(001) directions. This points
out the existence of the orientational relationship
[110](001)Fe || [100](001) MgO typical of the Fe(001)
films deposited onto MgO(001) by other methods.
The above-mentioned facts are indicative of the high
quality of the single-crystal Fe(001) films.

The single-crystal Pt(001)/Fe(001) bilayers were
formed by depositing a platinum layer onto the
Fe(001) layer at a substrate temperature of ~280°C,
which provided the epitaxial growth of Pt(001) on the
Fe(001) layer (Fig. 2a). Annealing at temperatures of
up to 400°C did not change the X-ray diffraction pat-
terns and four-fold anisotropy constants, which indi-
cates the absence of intermixing and formation of
compounds in the initial Pt(001)/Fe(001) bilayers.
Annealing at 500°C facilitates the occurrence of an
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200 nm

Fig. 1. Cross section of the initial Feg;/Pt3 bilayer sample.

intermediate layer consisting of the cubic ordered
L1,—Fe;Pt and nonstoichiometric tetragonal L1,—
FePt phases at the Pt(001)/Fe(001) interface (Fig. 2b).
Therefore, after annealing at 500°C, the samples had
the Pt(001)/(Fe;Pt + FePt)/Fe(001) structure. The
in-plane torque curves show that the Pt(001)/(Fe;Pt +
FePt)/Fe(001) films are characterized by a special
anisotropy type called the rotational magnetic anisot-
ropy (RMA) (Fig. 3). The essence of this anisotropy is
that the easy axis FA, initially aligned arbitrarily in the
film plane rotates along with the magnetic field H by
angle ¢ and sets in another position, EA,, lagging
behind the magnetic field direction by angle o
(Fig. 3a). The RMA can be characterized by the
torque shift +/,,, upon rotation of the magnetic field
clockwise (+) and counterclockwise (—) (Fig. 3b) [18].
The torque curves retain, along with the RMA, the
four-fold anisotropy K, (Figs. 3b and 3c). The RMA
constant is (4 = 0.5) x 10* erg/cm? and four-fold crys-
tallographic anisotropy K, = (2.5 + 0.5) x 10° erg/cm?,
which contains the contributions of Fe;Pt(001),
FePt(001), and Fe(001)0 grains.

According to the measured torque curves for the
samples annealed at 550°C, the magnetic-field-
induced RMA vanishes and the four-fold anisotropy
weakens (Fig. 3d). The X-ray measurements of the
Pt(001)/(Fe;Pt + FePt)/Fe(001) sample above 500°C
revealed the further solid-state reaction between the
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Fig. 2. X-ray diffraction spectra of (a) the initial Feg;Pt 3
bilayer sample and (b) Feg;Pt;; bilayer sample after

annealing at 7= 500°C.

Pt(001), Fe;Pt(001) + FePt(001), and Fe(001) layers
and the preferred formation of the disordered Fe;Pt
cubic phase, which reduces the four-fold anisotropy
constant K, < (5 = 0.5) x 10° erg/cm? and leads to the
disappearance of the RMA. Presumably, the absence
of the RMA in the samples synthesized in the tem-
perature range of ~400—500°C originates from the for-
mation of the mixture of L1, and LI, phases, which
transforms to the magnetically soft Fe;Pt/Fe(001)
bilayer upon heat treatment at temperatures above this
range.

3.2. Solid-State Synthesis and Magnetic Properties
of the Feg,Pt,;—Al,0; film.

The Feg,Pt;;—Al,O; composite films were formed
as follows. The initial Fe;Pt/Fe(001) structure was
oxidized in air until the magnetization completely
vanished, indicating the formation of nonmagnetic
iron oxides. After oxidation, the reaction products
yielded the only diffraction reflection, (200)Pt, and
peaks from polycrystalline a-Fe,O; grains (X-ray dif-
fraction patterns is not presented here). It means that
the oxidized samples were composed from two phases:
iron oxide o- Fe,0; and single-crystal platinum grains.
The obtained film composite Pt + Fe,O; was coated
with an Al layer with a thickness corresponding
approximately to the 1Al : 1Fe atomic composition. To
determine the characteristic reaction temperatures,
the obtained Al/(Pt + Fe,0;) film systems were heated
from 50 to 550°C in vacuum at a residual pressure of
Vol. 59
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Fig. 3. (a) Schematic and (b) L”((p) torque curves for the

film samples annealed at (b) 400°C, (c) 500°C, and (d)
550°C upon in-plane forward and backward rotation of the

magnetic field H = 10 kOe by 360°.

10~¢ Torr with subsequent cooling to room tempera-
ture. Figure 4 shows the temperature dependence of
the electrical resistance R(7), which allows us to
determine initiation temperatures of the chemical
reactions in this system. It can be seen that the resis-
tance is of the metal type up to ~430°C (inset in
Fig. 4), which is determined by the upper aluminum
layer and evidences for the absence of layer intermix-
ing. At higher temperatures, a feature arises in the
R(T) dependence; specifically, R slightly increases
upon temperature variation in the range of 430—
525°C, which implies that the layer start mixing. At
T~ 525—-530°C, the electrical resistance of the film
sharply grows, which speaks about the beginning of
the Goldschmidt thermite solid-state reaction 2Al +
Fe,0; = 2Fe + Al,O; occurring with the iron reduc-
tion and formation of the Al,O; insulating matrix.
Upon cooling, the R(7) dependence becomes com-
plex and now includes the semiconductor and metal
portions. The electrical resistance increased by two
orders of magnitude, totally due to the effect of the
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Fig. 4. Temperature dependence of the resistance R(7) in
the Al/Pt + Fe,Oj3 film upon heating to 500°C and subse-

quent cooling to room temperature.

composite structure of the obtained films and the
presence of the Al,O; dielectric component. The elec-
trical resistances measured at different heating tem-
peratures are consistent with the XRD and magnetic
structural data.

Since the reaction starts above 430°C, the obtained
Al/(Pt + Fe,05,) film system was annealed at tempera-
tures from 450 to 850°C in vacuum at a residual pres-
sure of 107° Torr. The measured torque curves show
that upon annealing in the temperature range of 450—
500°C, there is the RMA with a constant of no higher
than L, = 3.5 x 10*erg/cm? (Fig. 5a). The RMA con-
stant increases by almost an order of magnitude
(L., = 3.8 X 10° erg/cm?) after annealing above
650°C and does not vanish up to 850°C (Figs. 5c and
5d). In this temperature range, the torque curves have
a large unidirectional component with Kysing (K, =
3.4 x 10° erg/cm?) typical of exchange-coupled struc-
tures with the uniaxial anisotropy (Figs. 5c and 5d).

In our opinion, the growth of constant L, and the
occurrence of the uniaxial anisotropy are related to the
structural transformations in Al/(Pt + Fe,05) samples
with an increase in the annealing temperature from
450 to 850°C. According to the X-ray diffraction data
shown in Fig. 6, the L1,—FePt phase forms in the
samples synthesized at an annealing temperature of
550°C. This suggests the following scenario of the L1,
phase synthesis, which starts with iron reduction in the
course of the classical Goldschmidt thermite reaction.
The reduced iron reacts with platinum with the forma-
tion of L1,—FePt grains. As the annealing temperature
increases, the magnetization grows due to an increase
in the L1,-phase volume and partial chemical trans-
formation o-Fe,O; — Fe;O0,. The further growth of
the annealing temperature to 850°C also induces the
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Fig. 5. Lj(¢) torque curves of the Feg;Pt;3—Al;,O3 film

samples annealed at (a) 450°C, (b) 550°C, (c) 650°C, and
(d) 850°C upon in-plane forward and backward rotation of
the magnetic field H = 10 kOe by 360°.

chemical reaction Fe;O, — y-Fe,05. Along with iron
oxides, the synthesized sample contains aluminum
and manganese oxides (Fig. 6b).

The phase formation in the Feg,Pt;;—AlLO; film
annealed at 850°C is confirmed by the electron
microscopy investigations of the film cross section
(Fig. 7). Microphotographs with the elemental distri-
bution over film thickness, which was determined
using an energy-dispersive X-ray spectrometer, show a
very complex structure consisting approximately of
three parts (Fig. 7). The first part is the highly aniso-
tropic L1,—FePt film located near the substrate, the
second part is the magnetic iron oxide y-Fe,0;, and
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Fig. 6. X-ray diffraction spectra of the Feg;Pt{3—Al,O5
films annealed at (a) 550°C and (b) 850°C.

the third part is the Al,O; surface layer. The iron oxide
is partially distributed in the FePt phase and the alu-
minum oxide, over the entire film thickness. The
established distribution of structural parts in the cross
section of the Feg,Pt;;—Al,O; composite film is con-
sistent with the XRD data (Fig. 6).

Analysis of the X-ray and magnetic measurement
data allows us to conclude that the RMA in the syn-
thesized Feg,Pt;;—Al,O; composite samples originates
from the exchange coupling between the ferromag-
netic L1,—FePt phase and ferrimagnetic iron oxides
Fe;O, + y-Fe,0;. The exchange-coupled model is
often used to explain the nature of RMA in films [18].

There exist numerous literature data on the RMA
in film systems and on the mechanisms responsible for
its occurrence [18, 25—29]. In different works, the
RMA is assumed to be caused by domain structure
rearrangement, exchange coupling, martensitic trans-
formations, controlled magnetostriction, etc. How-
ever, there still has been a lack of convincing models
that could explain this effect [18]. The nature of RMA
observed in the Feg,Pt;; and Feg,Pt;3—Al,O; film
structures synthesized in this work remains unclear,
but the RMA always occurs with the formation of the
L1,,—FePt phase and always vanishes with its disap-
pearance. This makes us attribute the nature of RMA
to the exchange coupling between the L1,—FePt and
L1,—Fe;Pt phases in Feg,Pt;; and iron oxides in the
Feg,Pt;—Al,O; samples.
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4. CONCLUSIONS

It was shown that annealing of the Fe(001)/Pt(001)
bilayer film deposited onto the single-crystal MgO
substrate with the atomic elemental ratio of 83 : 17 at
temperatures starting from 350°C leads to the forma-
tion of magnetic phases characterized by the in-plane
rotational magnetic anisotropy, which completely
vanishes upon annealing at 500°C. Study of the
Feg,Pt;—Al,O; composite structure formed from the
Fe/Pt bilayer sample with the same concentration
ratio by aluminothermy and annealed at 550°C
showed the presence of RMA, which increases by
more than order of magnitude upon annealing at
550°C and remains after heat treatment at tempera-
tures of up to 850°C. The occurrence of RMA in
Feg, Pt ;3—Al,O; was attributed to the exchange cou-
pling of the two magnetic phases: ferromagnetic
L1,,—FePt phase and ferrimagnetic iron oxides.
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