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The solid-phase synthesis of the Co;Sm, and Co;;Sm, magnetically hard phases in Co/Sm/Co(110) epitaxial
film systems has been experimentally investigated. The Co;Sm, phase is first formed at the Sm/Co interface at
a relatively low (~300°C) temperature. As the annealing temperature increases to ~450°C, the Co;;Sm,(110)
phase grows epitaxially on the Co,Sm,(110) phase. The saturation magnetization and biaxial anisotropy con-
stant in the samples vary with the formation of the Co;Sm, and Co,;Sm, phases. Investigations of the solid-
phase synthesis in the nanofilms reveal the existence of a new structure phase transition at 300°C in the Co—Sm

system with a high cobalt content.
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INTRODUCTION

Owing to the large values of the anisotropy field,
saturation magnetization, and Curie temperature, Co—
Sm materials have huge potential for manufacturing
permanent bulk and film magnets. The high Curie tem-
perature makes the Co—Sm system unique in high-tem-
perature applications. Large uniaxial magnetocrystal-
line anisotropy, which governs the easy axis direction
and is responsible for a high coercitivity, makes it pos-
sible to use Co—Sm films in various microelectrome-
chanical systems and as media for the writing and stor-
age of information with a high density [1-4]. At
present, epitaxial Co—Sm films deposited using various
technological methods (ion beam, magnetic sputtering,
etc.) on oriented layers are actively investigated [5-7].
Considerable efforts are focused on the investigation of
exchange spring magnets consisting of multilayers,
where magnetically hard Co—Sm and magnetically soft
Co and Co—Nd phases are exchange coupled with each
other [5, 6]. Deposition on single crystalline substrates
leads to various orientation relations and, therefore,
makes it possible to govern the magnetic properties of
these samples. Although high-quality epitaxial magnet-
ically hard CosSm, Co;7Sm,, and Co,Sm, films are pro-
duced using various methods [5-7], the conditions of
the formation of these phases remain poorly studied
and their solid-phase synthesis has not been altogether
studied. In this work, the experimental results for the
solid-phase synthesis of the Co;Sm, and Co;;Sm,
phases in Co/Sm/Co(110) film systems, as well as the
character of their epitaxial growth and their orientation

relations, are reported for the first time. The initiation
temperatures are determined and possible synthesis
mechanisms are discussed.

SAMPLES
AND EXPERIMENTAL PROCEDURE

Initial Co/Sm/Co(110) film structures were manu-
factured using the method of thermal evaporation and
condensation on a MgO(001) single crystal substrate in
a vacuum of 107 Torr. The first Co layer 150 nm in
thickness was deposited at a temperature of 220-—
250°C. At these temperature, o-Co(110) crystallites
grow on the MgO(001) surface in two orientations with
the ¢ axis coinciding with the [100] and [010] direc-
tions. The subsequent Sm and Co layers 95 and 20 nm
in thickness, respectively, are deposited at room tem-
perature in order to avoid a reaction between the layers.
At these relations between the thicknesses, the resulting
samples correspond to a nominal Sm content of about
20 at %. The thin upper Co layer was deposited in order
to protect against the oxidation of the Sm film. To pre-
vent the possible oxidation of Sm, the preliminary sput-
tering of gettered substances (SiO and Cr) in a chamber
was performed and a high rate of Sm condensation
(higher than 10 nm/s) was used.

The saturation magnetization Mg and biaxial anisot-
ropy constant K, were measured using the torsion
torque method with a maximum magnetic field of
18 kOe. To determine the thicknesses of the Sm and Co
layers, the X-ray fluorescence analysis was used. X-ray
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Fig. 1. X-ray spectra for the Co—Sm film structure (a) in the
initial state and after annealing at temperatures of (b) 350
and (c) 500°C.

investigations of the epitaxial orientation of the formed
phases and their identification were performed on a
PANalytikal X Pert PRO diffractometer with a PIXctl
detector with the use of CuK, radiation monochroma-
tized by the secondary graphite monochromator. The
initial  Co/Sm/Co(110)/MgO(001)  samples are
annealed in a temperature range from 100 to 600°C
with a step of 50°C with 30-min aging at each temper-
ature.

EXPERIMENTAL RESULTS

Figure 1 shows the X-ray spectra for the three-layer
film structure in the initial state and after annealing at
temperatures of 350 and 500°C. The diffraction reflec-
tions from the initial Co/Sm/Co(110)/MgO(001) sam-
ple seen in Fig. la contain only the Co(220) peak,
which indicates the epitaxial growth of the first
0-Co(110) || MgO(001) layer. The type and orientation
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of the lattice in the substrate plane for Co, as well as for
the formed Co—Sm phases (see Figs. 1b and 1c) were
determined using the asymmetric scanning of the char-
acteristic reflections of the film and substrate in ¢ with
the inclination of the sample by the angle y; equal to the
angle between the sample surface and the expected
reflection plane; the results are shown in Fig. 2. The
asymmetric scanning was performed for MgO at 20 =
74.77° and y = 25.24°, which correspond to the (113)
reflection, and for Co at 20 = 92.5° and y = 31.5°,
which correspond to the (311) reflection of the fcc lat-
tice or the (112) reflection of the hcp lattice. The scan-
ning results presented in Fig. 2b show that the angle ¢
between the successive reflections from the Co film is
90°; therefore, the crystallites of this film have the hcp
lattice with two mutually perpendicular orientations of
the [001] axis in the substrate plane. The shift of the
angle ¢ between the (113) MgO reflection and (112) Co
reflection is 45°, which indicates the epitaxial codirec-
tionality of the [001] axis of the film crystallites with
the [100] and [010] axes of the substrate. This corre-
sponds to two epitaxial relations:

0-Co(110)[100] Il MgO(001)[ 1001,
0-Co(110)[100] Il MgO(001)[010].

The same epitaxial relations are valid for the Co
layer in the Fe/Co bilayer films [8] and in the Co/Cr
multilayers [9] epitaxially growing on MgO(001). The
initial samples had the biaxial anisotropy with the con-
stant K, = 6 X 10° erg/cm? indicative of the epitaxial
growth of oi-Co(110) on MgO(001).

According to the X-ray diffraction pattern for the
film structure annealed at 7, = 350°C (see Fig. 1b), two
new reflections, Co;Sm,(110) and Co,Sm,(220), [10]
are formed on the a-Co(220) base during the annealing.
The measurements of the biaxial magnetic anisotropy
constant provide the value K, ~ 107 erg/cm? (see
Fig. 3b). This confirms the epitaxial growth of the
Co,Sm, phase on the o-Co sample. Hence, the
Co,Sm,(110) crystallites, as well as the a-Co(110)
crystallites, grow with the ¢ axes coinciding with the
[100] and [010] directions of MgO(001). The 6-260
scanning with the continuous rotation in the angle ¢
indicates that the remaining part of Co holds the same
orientations (see Fig. 2c). These imply that the
Co,Sm,(110) crystallites grow on the basis of the
0-Co(110) crystallites with the conservation of the two
orientation relations

ey

Co,Sm,(110)[100] Il o.-Co(110)[ 1007 Il MgO(001)[ 100],
Co,Sm,(110)[100] Il o-Co(110)[ 1007 Il MgO(001)[010].

The diffraction pattern from the film annealed at
500°C contains not only the Co;Sm, reflections, but
also the additional reflections (110) and (220), which

2

belong to the new Co;;Sm, phase [11]. The presence of
only two peaks, (110) and (220), of this phase also indi-
cates its epitaxial growth. It can be assumed that the
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Fig. 2. Results of the asymmetric ¢ scanning of (a) the (113) reflection from the MgO substrate and the (112) reflection from (b) the
a-Co films and (c) residual cobalt after annealing at a temperature of 350°C. The dark spots correspond to the diffraction relations
detected at the corresponding angle @ of the rotation about the axis perpendicular to the substrate.

Co,7Sm,(110) crystallites are formed on the basis of the
Co,Sm,(110) crystallites and satisfy the orientation
relations

Co,,Sm,(110)[100] Il Co,Sm,(110)[ 100] ||,
0-Co(110)[100] Il MgO(001)[ 1001,
Co,,Sm,(110)[100] Il Co,Sm,(110)[ 100] ||,
0-Co(110)[100] Il MgO(001)[010].

3)

The same orientation relations are characteristic of
the CosSm, Co.;Sm,, and Co,;Sm, crystallites in the
multilayers obtained in [5-7] in an ultrahigh vacuum
under various technological conditions.

During the annealing, interlayer reaction processes
in the Co/Sm/Co film structure, which are accompanied
by phase and structure transformations, also gave rise
to changes in the magnetic properties. Figure 3 shows
the saturation magnetization Mg and biaxial anisotropy
constant K, as functions of the annealing temperature
T,, of the Co/Sm/Co(110)/MgO(001) samples. As seen
in this figure, Mg and K, remain unchanged up to a tem-
perature of 250°C; this behavior implies the absence of
the mixing and the formation of compounds at the
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Sm/Co interface. At a temperature of 300°C, Mg begins
to decrease sharply and reaches a minimum at 400°C
(see Fig. 3a). In contrast to the saturation magnetiza-
tion, K, increases abruptly by almost two orders of
magnitude in this interval (see Fig. 3b) without a
change in the easy axes. This indicates the formation of
the new highly anisotropic Co;Sm, phase at a tempera-
ture of 300°C; this conclusion is confirmed by X-ray
investigations (see Fig. 1b).

A further increase in the annealing temperature
leads to the increase in the saturation magnetization Mg
(see Fig. 3a) and to an insignificant increase in the con-
stant K, (see Fig. 3b); in this case, a new epitaxial
Co,,Sm, phase is formed in addition to the Co,Sm,
phase according to X-ray measurements (see Fig. 1c¢).

DISCUSSION OF THE RESULTS

Numerous investigations of the solid-phase synthe-
sis in nanofilms and multilayers show that only one
(first) phase appears at the interface at a certain temper-
ature (initiation temperature T(l) ), although several
phases can exist according to the state diagram. At the
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Fig. 3. Annealing temperature dependences of the (a) satu-
ration magnetization and (b) effective anisotropy constant.

temperatures T(l) < T(z) < T?,, etc., other phases can
appear, forming a phase sequence (see [12] and refer-
ences therein). As shown in [13-20], at the interface of
the film reagents,

(1) the first phase appears at the minimum tempera-
ture T of any solid-phase structural transformation in a
given binary system, and

(ii) the initiation temperature Té of the first phase

coincides with the temperature Ty (T(l) =Ty).

In particular, the solid-phase synthesis of FeS in
S/Fe bilayer films is initiated at the temperature of the
metal—insulator transition in FeS [13]. It was shown
experimentally that the solid-phase reactions in Cu/Au
films start at the Kurnakov temperature in the CuAu
alloy [14]. The solid-phase synthesis of Cu,Se in Se/Cu
nanofilms starts at the temperature of the superion tran-
sition in Cu,Se [15]. It was particularly surprising that
the solid-phase reactions in the Ti/Ni [16, 17], Au/Cd
[17, 18], AI/Ni [17, 19], and Ni/Fe [20] films start at the
temperatures of the inverse martensitic transformation
of the alloys in the TiNi, AuCd, AINi, and NiFe; phases,
respectively.

The above results clearly indicate that the Co,Sm,
phase is first formed at the Sm/Co interface during the
annealing of Sm/Co films at the nominal concentration
Cco = 80 at %. The investigation of the solid-phase syn-
thesis in nanofilms shows the existence of a solid-phase

transformation with the temperature T}( ~300°C in the
cobalt-enriched part of the binary Sm—Co system.
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Analysis of orientation relations (1)—(3) for the ini-
tial o-Co(110), synthesized Co;Sm,(110), and
Co,7Sm,(110) crystallites, respectively, implies that the
Co,Sm,(110) and Co;Sm,(110) phases are formed on
the basis of the a-Co(110) phase. This allows the fol-
lowing scenario for developing the synthesis in the
Sm/Co film structures. The Sm atoms at the initiation

temperature Té (~300°C) migrate intensely to the a-Co
lattice and form the hexagonal Co,Sm, lattice on this
basis. As a result, the Co,Sm,(110) crystallites inherit
the same orientation relations with the MgO(001) sub-
strate as the 0-Co(110) crystallites. However, the for-
mation of the Co;;Sm, phase at a temperature of about
450°C is not a result of the further processing of the
solid-phase reaction in the Co/Sm/Co(110) film sys-
tem; i.e., the Co,;Sm, phase is not the second phase in
the phase sequence. In our opinion, the Co;;Sm, phase
appears because a part of the Sm atoms oxidize; this is
indicated by the appearance of a series of peaks in the
range 20 = 25°-35° (see Fig. 1c). It can be assumed
that, at temperatures above 450°C, oxygen from the
substrate or remaining oxygen from the vacuum atmo-
sphere migrates to the sample and forms samarium
oxides in it.

It is known that the magnetocrystalline anisotropy,
i.e., easy axes can be controlled by changing the crys-
tallographic texture, which is determined by the texture
of the initial epitaxial layer [0i-Co(110) in this case].
For this reason, magnetically hard Co—Sm films with
the desired magnetic properties can be obtained using
the solid-phase synthesis by depositing the initial Co
layer on various single-crystal substrates or on single-
crystal sublayers. This is very important for applica-
tions.

CONCLUSIONS

To conclude, it has been shown that the interlayer
reactions in the Co/Sm/Co(110) system promote the
formation of the Co,Sm, and Co,,Sm, epitaxial phases
at T,,, ~ 300 and 450°C, respectively. The latter phase is
formed due to the partial oxidation of Sm. The synthe-
sis of the Co;,Sm, phase is assumingly caused by the
migration of Sm atoms to the o-Co single-crystal lat-
tice; for this reason, the Co;Sm,(110) crystallites
inherit the orientation relations of the matrix. The mag-
netic properties of the Co/Sm/Co(110) samples change
with the formation of the Co,Sm, and Co;Sm, phases.
The synthesized Co—Sm phases have high biaxial
anisotropy constants.

This work was supported by the Russian Foundation
for Basic Research (project no. 07-03-00190) and by
the program “Development of the Scientific Potential-
ity of the Higher Education” (project no. 2.1.1.7376).
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