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The article represents the results of a comprehensive study of the structural and phase state and mag-
netic properties of three-layer Co(Fe)/Gd(Dy)/Co(Fe)/Sub film systems before and after heat treatment. It is
shown that the structural and phase state of Gd and Dy films depends on their thickness, and the process-
es of phase formation in three-layer films have a number of features. It is established that magnetic prop-
erties of film systems correlate with their structural and phase state, leading to a change in the coercive
force and residual magnetization and the nature of the dependences between the film magnetization and

the applied external magnetic field.
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1. INTRODUCTION

Combination of nanoscale layers based on rare-earth
(R) and transition (T) metals has prospects of wide ap-
plication in the production of new device structures [1]
that is due to the features of mutual antiferromagnetic
ordering in the R/T systems. It can be realized during the
stabilization of amorphous (quasi-amorphous) state in
the layers of R metals and observance of certain forma-
tion conditions and parameters of the film samples. High
Values of the magnetic characteristics can be obtained
in such systems, but stability of the working parameters
of elements is determined at some combination of the
components and by their structural and phase state.

Generally [2-4], magnetic properties of nanoscale film
systems based on R/T metals with Fe (Co) and Gd (Dy)
layers are investigated in the composition of more com-
plicated multilayer functional film systems (see, for
example, [2]). There are works [3, 4], in which tempera-
ture effects in magnetic characteristics of [Gd/ Fe]n
multilayers have been studied. Investigations, where
film systems based on Gd and Fe, Co and Dy have been
considered as independent functional elements, are less
common. The authors of the works [5, 6] present the
investigation results of the phase composition and tenso-
resistive properties of multilayer film materials based
on Fe and rare-earth [5] or noble [6] metals as sensitive
elements of strain sensors. The authors of the work [7]
have shown the possibility of the observation of the
giant magnetoresistance effect in Gd/Fe system even at
room temperature. But in all the cases the key objec-
tive of the works was to investigate the properties of
the mentioned film structures based on R/T metals only
with partial analysis of their structural features and
phase composition.

Thus, establishment of the formation conditions of
the structurally unordered Gd and Dy phases and their
stability in the composition of multilayer film systems
Fe(Co)/Gd(Dy)/Fe(Co)/Sub (Sub is the substrate) defines
the purpose of the given work, which can be reached only
using a comprehensive approach to the study of the stru-
ctural and phase state and magnetic properties.
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2. EXPERIMENTAL TECHNIQUE

We have obtained and investigated the sets of the
samples of the Fe/Gd/Fe, Co/Gd/Co and Co/Dy/Co film
systems, in which thicknesses of separate layers (below
in the brackets they are given in nm) had the following
values: T(5)/R(1-20)/T(20)/Sub. Some film systems of each
set were obtained in one technological cycle by the me-
thod of electron-beam deposition at such condensation
conditions as:

— residual gas pressure P= 1074 Pa;

— substrate temperature 7Ts = 460 K;

— substrate type: glass ceramics for the investigation of
the magnetic properties and amorphous carbon — for the
diffraction study;

— average condensation rate @ = 0.01 — 0.03 nm/s.

Thickness of the samples during condensation was
determined using quartz resonator. Substrate tempera-
ture was controlled by chromel-alumel thermocouple.

Thermal treatment of the samples was carried out by
the scheme “heating — ageing during 15 min at 74 —
cooling to room temperature”. Annealing temperature
for the Co/Gd(Dy)/Co and Fe/Gd/Fe systems was, respec-
tively, equal to 7w =800 and 1000 K and 7, =700 and
900 K. Electron microscope PEM-125K was used for the
investigation of the phase composition.

Study of the magnetic properties was performed by
the method of vibrating magnetometry at room tempe-
rature using the device VSM Lake Shore 7400. Meas-
urements were carried out at the parallel measurement
geometry (magnetic flux lines were directed parallel to
the sample surface). Sample on a holder of quartz glass
was rotated around the axis which coincided with the
normal to the surface.

As a result, we have obtained the dependences of the
magnetization on the external magnetic field strength
that allowed to plot the hysteresis loops for each individ-
ual case. Using the intercept on the abscissa axis we have
found the coercive force (Hc) and by the intercept on the
ordinate axis we have determined the residual magnet-
ization (M,).
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3. RESULTS OF THE EXPERIMENTAL
INVESTIGATIONS

3.1 Phase formation processes

According to the literature data, as-deposited single-
layer films of Gd [5] and Dy [6] rare-earth metals are
inclined to amorphization. And, as it was shown in [9],
the degree of disorder of their structures strongly de-
pends on the film thickness and substrate temperature
during condensation. A quasi-amorphous phase is ob-
served on the electron diffraction patterns for the effec-
tive thicknesses of Gd layers less than 10 nm, and with
the increase in the thickness the crystallization proces-
ses are manifested.

Analysis of the results of the electron diffraction in-
vestigations (Fig. 1) implies that Gd films of the thick-
ness from 10 nm to 40 nm in as-deposited state have the
hep-Gd + fee-GdH2 phase composition with traces of the
bee-Gd203 which are present in the samples of the thick-
ness of d < 20 nm (Fig. 1a).

In accordance with the state diagram [10], formation
of hydrides GdH2 with the cubic structure and lattice
parameter ao = 0.530 nm and GdHs with the hexagonal
structure (ao=0.373 nm and co = 0.671 nm) is possible
in the Gd-H system. The majority of interplanar spac-
ings of fce-GdHz2 and hep-Gd are very close in values and
this leads to the overlap of lines on the electron diffrac-
tion patterns and complication of their unambiguous in-
terpretation. However, some reflections from crystallo-
graphic planes, such as (311) and (331), are interpreted
unambiguously as those which belong to the phase of
GdH: hydride. The data we have obtained implies that
the average lattice parameter of the fcc-phase is equal to
Qav = 0.528 nm that is slightly less than the tabulated
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value ao for GdH2. Such result is probably connected
with depletion of GdHz: lattice by hydrogen atoms, and
fce-phase should be interpreted as GdHx, where x = 2, but
for simplification we will further use the notation GdHz.

In a bulk state gadolinium and oxygen form Gd203
oxide of three different modifications A, B and C [10].
The latter represents the bee-Gd203 with the lattice pa-
rameter ao = 1.081 nm. Two other phases pass into one
another at temperatures higher than 1400 K and are
considered high temperature [10]. On the electron diffra-
ction patterns (Fig. 1a) from single-layer Gd films one
can observe lines corresponding to the reflections from
bee-Gd20s3 crystallographic planes. (211), (332) and (134)
are the characteristic lines of the oxide which do not
coincide with lines from other phases. Intensity of these
lines on the electron diffraction patterns for unannea-
led samples is relatively low; therefore, one can talk only
about the traces of Gd203 which became the result of the
oxide formation during the investigations. To judge by
the increase in the line intensity on the electron diffra-
ction patterns from the corresponding Gd film samples
(see Fig. 1d) relative to those, which were not thermally
treated (Fig. 1a), one can conclude as follows: content of
the oxide phase in the thermally annealed samples inc-
reases due to the interaction with oxygen atoms of re-
sidual atmosphere. Stabilization of the oxide phase can
be also observed on the corresponding micrographs of
the crystal structure of monolayer Gd films (Fig. 1d) in
the form of dark inclusions with typical round shape of
the average size to 50 nm.

We have to note that study of the phase composition
of Gd films without protective coating is considerably
complicated by its high chemical activity. And, even,
the samples obtained in rather pure vacuum conditions
in further investigations, for example, by the methods of

Fig. 1 — Electron diffraction patterns from monolayer Gd films in the as-deposited state: a — Gd(15)/Sub; b — Gd(35)/Sub and after
thermal treatment to 7« = 700 K: ¢ — Gd(15)/Sub and its microstructure (d)
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the transmission electron or atomic-force microscopy are
impossible without partial oxidation of the film samples.
This should be taken into account during the analysis
of the obtained results.

The main difference of the phase composition of Dy
films consists in the absence there of hydride phases
both in as-deposited state and after all stages of further
thermal treatment (Fig. 2). But oxidation processes are
manifested in these films. Depending on the film thick-
ness, characteristic lines (222) and (400) of the bce-Dy203
of different intensity are fixed on the electron diffrac-
tion patterns along with the hcp-Dy lines. Average val-
ue of the lattice parameters is equal to auw = 0.358 nm,
cav =0.566 nm (ao=0.359 nm and co=0.5647 nm [11])
for the hep-Dy and aaw =1.07 nm (ao = 1.066 nm [11]) for
the bee-Dy20s.

We have presented earlier in the works [12, 13] the
investigation results of the features of the structural
characteristics and phase state of monolayer Co and Fe
films. We should only note that Fe films in the whole
thickness range have the bece-phase with the lattice pa-
rameter before annealing aa = 0.284 nm, which slightly
increases after annealing at 7, =700 K to the value of
Qav = 0.285 nm (ao = 0.286 [14]) due to the ordering of
the crystal structure of grains. For Fe films, which were
thermally treated at higher temperatures, depending on
their thickness, the impurity fcc-Fes phase is fixed along
with the bee-Fe on the electron diffraction patterns.

Monolayer Co films after condensation are stabili-
zed to the hep-phase, although two lines (111) and (200),
which belong to the reflections from the fec-Co crystallo-
graphic planes, are observed on the electron diffraction
patterns. This is due to the presence in the hcp-phase
of stacking faults [15, 16]. In Co samples after thermal
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treatment to the temperatures of 7o = 800 and 1000 K
intensity of the lines, which correspond to the fce-Co,
considerably increases, although reflections from the hcp-
Co crystallographic planes are fixed on the electron dif-
fraction patterns but with lower intensity. Thus, mono-
layer Co films have phase composition hcp-Co + fee-Co
with the lattice parameters in the annealed state of the
fece-Co — a = 0.356 nm (ao = 0.3545 nm [12]) and the hcp-
Co — a=0.253nm and ¢=0.412nm (ao=0.2514 nm
and co = 0.4105 [14]).

Going to the multilayer film systems based on R/T
metals, phase composition of Co and Fe layers in as-
deposited state and after thermal treatment corresponds
to the phase composition of monolayer films of these
metals (Fig. 3). At the same time, phase formation pro-
cesses in the layers of rare-earth metals have a number
of features. Thus, in the case of three-layer films based
on Co and Fe and Gd with the thickness of the latter of
10-25 nm, formation of the fec-GdHz only takes place in
as-deposited state. This phase also remains after ther-
mal treatment to the temperature of 1000 K, although
in some cases traces of the bee-Gd203 oxide phase are
fixed on the electron diffraction patterns. For the film
system Co/Dy/Co/Sub with the thickness of Dy sublayer
from 10 to 25 nm, the hep-Dy and bee-Dy20s phases are
fixed on the electron diffraction patterns both in as-de-
posited state and after thermal treatment to the tem-
peratures of T, = 800 and 1000 K that also took place in
the monolayer Dy films. For the film systems based on
the considered R/T metals in the case when effective
layer thickness of rare-earth metal is less than 10 nm,
they, as well as the monolayer films of these metals,
have phase composition corresponding to the quasi-amor-
phous Gd and Dy.

j
3

Fig. 2 — Electron diffraction patterns from monolayer Dy(25)/Sub films and their microstructure in as-deposited state (a, b) and

after thermal treatment to 7. = 700 K (c, d)
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Fig. 3 — Electron diffraction patterns from three-layer films: Co(5)/Dy(15)/Co(20)/Sub (a), Co(5)/Gd(25)/Co(20)/Sub (b) and Fe(5)/
Gd(20)/Fe(20)/Sub (c) after thermal treatment to 7a = 800, 1000 and 700 K, respectively

3.2 Magnetic properties
3.2.1Monolayer Co and Fe films

The feature of our investigation of the magnetic pro-
perties of single-layer Co and Fe films relative to those
specified in the literature (see, for example, [12, 17])
consists in the comprehensive study of the dimensional
dependence of such important magnetic characteristics
as the residual magnetization M, and coercivity H. and
determination of the influence on them of the structur-
al and phase state of the films before and after thermal
annealing. But the main task of this investigation was
to obtain the data about monolayer films which were
the components of three-layer films based on R/T metals.
We should note that mono- and three-layer films were
produced and thermally treated under the same techno-
logical conditions. This will allow in the sequel to deter-
mine the influence on the magnetic properties of the R-
metal sublayers in three-layer films.

Based on the data presented in Fig. 4, one can judge
about the influence of the thickness of Co and Fe films
and their thermal treatment on the shape of the hyste-
resis loops and the value of the residual magnetization
and coercive force. Let us note some regularities of the
obtained results.

Firstly, the pronounced dimensional dependence is not
observed for Co and Fe films in the unannealed state and
after thermal treatment, although the maximum value
of the coercive force takes place at relatively small thick-
nesses. In all the cases, except the as-deposited Co films,
the value of the residual magnetization increases with
the film thickness.

Secondly, thermal treatment of Fe films leads to the
fact that the hysteresis loops become wider with the si-
multaneous decrease in the residual magnetization that

can be connected with partial oxidation processes in Fe
films flowing at high-temperature annealing. Influence
of the thermal annealing on the value of H. is less ex-
pressed in Co films, although in whole it increases.

3.3 Multilayer film structures

Magnetic properties of three-layer Fe/Gd/Fe/Sub
films in general are determined by ferromagnetic prop-
erties of Fe layers and magnetic ordering on the Fe/Gd
interface and also depend on the thicknesses of Fe lay-
er and intermediate Gd layer.

Analysis of the data illustrated in Fig. 5a shows the
following. For the film samples with the thickness of
Gd layer, which is in the crystalline state, d > 10 nm,
the typical bend appears on the hysteresis loops. Such
result can be connected with local remagnetization in Fe
layers which are separated by a rather thick crystalline
Gd layer. If effective thickness of Gd layer d < 10 nm,
then hysteresis loop has the same shape as single-layer
Fe film. The value of H. also depends on the thickness
and structural and phase state of Gd sublayer. For the
films with quasi-amorphous Gd sublayer, the behavior
of the dependence of the coercive force on its effective
thickness has an oscillating character; the same ten-
dency is also observed for H¢, which is defined from the
data of magnetoresistive measurements and for magne-
toresistance as well [9]. Such trend is typical for film
nanocrystalline samples [18].

In the case, when Gd layer has crystalline structure
with the increase in the thickness (dcda > 10 nm), the
value of the coercive force increases. In contrast to H,
the value of the residual magnetization decreases with
the increase in the Gd layer thickness, for example, for
Fe(5)/Gd(1)/Fe(20)/Sub, Fe(5)/Gd(20)/Fe(20)/Sub films it
is equal to M, = 1.31-106 A/m, 0.93-10% A/m, respectively.
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Fig. 4 — Dependence of the magnetization on the applied external magnetic field for monolayer Co (a, b) and Fe (c, d) films before
(a, ¢) and after thermal treatment to 7« = 800 K (b) and 7. = 700 K (d), respectively

If compare coercivity of the systems with the total
thickness of Fe layers with the same as the thickness of
a monolayer film, one can note the following. The value
of the coercive force in Fe films is higher in comparison
with the systems where quasi-amorphous Gd acts as a
sublayer. For the systems with crystalline Gd sublayer
the coercive force has larger value. The above described
trends remain in the films which were thermally treated.
Annealing leads to the increase in the coercivity and de-
crease in the residual magnetization. At that, annealing
to the temperatures T = 900 K induces, on average, a
5-fold increase in H. in comparison with the as-deposi-
ted samples. Such result is connected with the oxidation
processes in Fe layers. It is also necessary to pay attention
to the shape of the hysteresis loops in the film samples
which were thermally treated (Fig. 5b). As follows from
the data, the forward and backward branches of magneti-
zation curves do not overlap one another. Moreover, the
higher annealing temperature is, the later forward and
backward branches begin to coincide. Such result can be
connected with blurring of the Fe/Gd interfaces due to
the diffusion of Gd atoms into Fe layer. Obviously, iron
crystals will be more saturated with Gd atoms near the
layer interface than from the opposite side. Coercivity
in such crystals increases relative to the Fe crystals.
This conclusion agrees with the data of the work [19],
where alloys based on R/T metal are studied and it was
shown that they have higher coercivity in comparison
with the samples, in which individuality of the layers
remains. Thus, diffusion processes near the interface inf-
luence the magnetic properties of Fe/Gd/Fe three-layer

film systems.

Differences in the influence of quasi-amorphous or
crystalline Gd or Dy phases on the magnetic properties
of the whole system are also partially visible on the ex-
ample of the samples with different thicknesses of Co, Gd
and Dy layers. Typical bends (Fig. 6) on the hysteresis
loops, which are connected with remagnetization of Co
layers of different thickness, although they are less ex-
pressed than in Fe/Gd/Fe/Sub films, are also manifested
at relatively large thicknesses of intermediate layers ba-
sed on crystalline Gd and Dy.

The value of the coercive force of the film systems
with the total thickness of Co layers, which is the same
as the thickness of single-layer Co film, has less value.
An oscillating behavior of the dependence of H. on the
effective Gd thickness is exhibited for Co/Gd/Co/Sub sys-
tems in as-deposited state and after thermal treatment.
While for Co/Dy/Co/Sub systems the value of H. increas-
es with the growth of the Gd thickness. In the case of
both systems, the value of the residual magnetization
decreases with the increase in the thickness of R metal.

Magnetic properties of three-layer Co/Gd(Dy)/Co/Sub
film systems have their own features connected with the
changes of the magnetic properties of Co layers during
the polymorphous transition hep — fee, which is accom-
panied by the increase in the coercivity (Fig. 6¢,d). The
processes, which also take place in Fe/Gd/Fe films, are
typical for the mentioned systems after annealing, i.e.
the backward and forward branches of the magnetization
curves do not overlap each other that can be connected
with the flowing of the diffusion processes.
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4. CONCLUSIONS

Based on the results of the presented investigations
one can conclude the following:

1. Quasi-amorphous phase is fixed on the electron
diffraction patterns of monolayer Gd and Dy films at
their effective thicknesses less than 10 nm; and with
the increase in the thickness from 10 to 40nm the crys-
tallization processes become apparent, in particular,

— Gd films in as-deposited state have phase compo-
sition hep-Gd + fee-GdHz with bee-Gd20s traces;

— phase composition of monolayer Dy films corres-
ponds to hep-Dy + bee-Dy20s;

— thermal treatment to 7% = 800 and 1000 K does not
significantly influence the change of phase composition,
although the increase in the oxide phase is observed.

2. Phase composition of Co(Fe)/Gd(Dy)/Co(Fe)/S three-
layer films does not substantially differ from the phase
composition of single-layer films, system components,
excluding composition of sublayer based on Gd, in which
in as-deposited state bee-Gd203 oxide phase is not fixed
on the electron diffraction patterns; it starts to appear
only after annealing higher than 7, = 800 K.

3. Investigation of the magnetic properties of mono-
layer Co and Fe films and three-layer systems has shown
their certain correlation with the structural and phase
composition, in particular:

— the pronounced dimensional dependence of the co-
ercive force on the thickness is not observed in mono-
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