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The displacement field of the hysteresis loop due to exchange anisotropy in planar DyCo/NiFe systems is stud-
ied experimentally as a function of the concentration of the rare-earth element. The bilayer DyCo/NiFe film
system is characterized by an orthogonal arrangement of the effective magnetizations of separate layers under
the condition that the amorphous DyCo layer is prepared in the region of magnetic compensation. An analysis
of the dependence of the displacement field on the Dy concentration has led to an understanding of the physical
mechanism of the formation of the exchange anisotropy in these planar systems. © 2004 MAIK “Nauka/Inter-
periodica”.
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At present, studies of the effects of the exchange
interaction at the boundary between two different mag-
netic ordered systems are experiencing a kind of renais-
sance (see, e.g., [1–3]). This fact is, in many respects,
due to the development of the technology of obtaining
new varieties of composites. Thus, the formation of
multilayer films from layers of soft and hard ferromag-
nets has significantly improved the characteristics of
planar permanent magnets [4]. The phenomenon of so-
called exchange anisotropy [5] caused by the effects of
the exchange interaction at the boundary between a fer-
romagnet and an antiferromagnet, which manifest
themselves in a hysteresis loop shift with respect to the
origin of the coordinates, turned out to be useful in spin-
tronics and for the development of numerous sensors
[6]. The phenomenological description of these effects
is rather simple and is based on the suggestion that the
magnetic moments at the boundary of the different
phases are collinear: JM1M2 = JM1M2cos(M1^M2). In
this light, the result obtained in [7] seems especially
remarkable. In this work, exchange anisotropy was
observed in bilayer TbFe/NiFe and DyCo/NiFe film
systems characterized by the orthogonal arrangement
of the effective magnetizations of separate layers under
the condition that the amorphous REE–TM layer was
synthesized in the region of magnetic compensation. In
these planar systems, the ratio of the displacement field
HE of the hysteresis loop to the coercive field Hc (char-
acterizing this field) attains 1200%, whereas this ratio
equals ~200% in the widely used NiFe/NiFeMn sys-
tem. Such large values of the HE/Hc ratio suggest that
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planar (TbFe, DyCo)/NiFe systems can be used in
numerous applications (see, e.g., [8]), naturally, under
the condition that the physical mechanism of the forma-
tion of the exchange anisotropy in these systems is
understood.

In our works [9–11], a model of the microhet-
erophase structure of amorphous DyCo alloys was sug-
gested based on the results of measuring the dynamic
(and static) magnetic characteristics of these composite
systems. The features of the magnetic microstructure of
these alloys in the compensation region following from
this model allowed a number of experimental results on
ferromagnetic resonance (FMR) and spin-wave reso-
nance (SWR). In order to detect these features, we
(i) obtained three-layer NiFe/DyCo/NiFe film struc-
tures with magnetic anisotropy and an orthogonal ori-
entation of the effective magnetizations of the layers,
(ii) studied the FMR and SWR spectra of such struc-
tures, and (iii) found that the spin system of amorphous
DyCo alloys in the concentration region of the mag-
netic compensation can be presented as two subsystems
such that the magnetization of the TM sublattice domi-
nates in one of them (magnetic nanophase Φ1) and the
magnetization of the REE sublattice dominates in the
other (magnetic nanophase Φ2).

The goal of this work is to demonstrate that the
effects of the hysteresis loop shift in planar DyCo/NiFe
systems can be explained using this model within the
framework of conventional notions.

Actually, the model proposed reflects the main prop-
erty of the structure of amorphous alloys, namely, their
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natural fluctuation (topological and compositional) het-
erogeneity. It is known that chemical (phase) nanoscale
heterogeneities exist in amorphous alloys. The magni-
tude of the concentration fluctuations on these scales
can reach several atomic percent of the average concen-
tration. Therefore, the magnetic microstructure of
amorphous ferrimagnetics in the concentration region
xi ± ∆x(r) ! xcomp, xi ± ∆x(r) @ xcomp will significantly
differ from the magnetic microstructure in the concen-
tration region xi – ∆x < xcomp < xi + ∆x. The magnetic
compensation point xcomp itself will be determined in

this case by the condition 〈M〉  =  +  = 0,
where p and q are the volume fractions of the Φ1 and Φ2

nanophases and  and  are their effective
magnetizations at xi – ∆x and xi + ∆x, respectively.

To accomplish this goal, we carried out investiga-
tions on the quasistatic magnetization reversal of planar
DyxCo1 – x/NiFe structures at various concentrations xi

of the RE element. It was found that the features of the
concentration dependences of the displacement field HE

of the hysteresis loop not only were well described
within the framework of the model proposed above but
also allowed the value of some parameters of this
model to be estimated.

SAMPLE PREPARATION 
AND EXPERIMENTAL PROCEDURE

Bilayer exchange-coupled Ni80Fe20/DyxCo1 – x films
were obtained by thermal evaporation in a vacuum of
3 × 10–6 Torr by successively sputtering the NiFe and
DyCo layers from independent evaporators with a ring
cathode onto cover-glass substrates. The thickness of
the permalloy layer in the planar system was varied
from 40 to 300 nm, and the thickness of the DyCo layer,
from 10 to 80 nm. Single-layer DyxCo1 – x films 70 nm
thick were used as reference samples. The amorphous
state of DyCo was monitored by electron microscopy,
and the thickness and chemical composition of the lay-
ers, by x-ray spectroscopic analysis. The following
experimental techniques were used: magneto-optical
Kerr effect measurements in fields up to 15 kOe, a
torque magnetometer in fields up to 12 kOe, and a loop
meter with fields up to 250 Oe (applied in the film plane)
at the frequency f = 50 Hz. The main magnetic charac-
teristics of the reference DyxCo1 – x films were studied in
the Dy concentration region from 17 to 30 at. % (see
Fig. 1). The dependences measured indicate that the
compensation composition, in our case, is the Dy22Co78
alloy. The measurement results also show that the effec-
tive magnetization in these films is orthogonal to the
plane. This is indicated by the absence of a magneto-
optical signal in fields up to 15 kOe at fields oriented in
the film plane, the detection of the hysteresis loop with
the use of the polar Kerr effect (caused by the normal
magnetization component), and the inversion of the

pMeff
Φ1( ) qMeff

Φ2( )

Meff
Φ1( ) Meff

Φ2( )
JETP LETTERS      Vol. 80      No. 10      2004
form of the hysteresis loop (see Fig. 1). Measurements
on the torque magnetometer allowed the uniaxial
anisotropy constant to be evaluated. It was found to be
5 × 10–5–10–6 erg/cm3 for DyCo films in the concentra-
tion region 17–30 at. % Dy, which substantially

exceeded the values of 2π  presented in Fig. 1. The
main magnetic characteristics of the bilayer film struc-
tures were also measured as functions of the REE con-
centration, the thickness of the NiFe layer, and the tem-
perature [12]. Below, as reference values, we will
present the results of measuring the hysteresis loop
shift field for two series of planar structure samples:
substrate/ferrimagnetic DyxCo1 – x layer (70 nm)/ferro-
magnetic NiFe layer (150 nm) and substrate/ferromag-
netic NiFe layer (150 nm)/ferrimagnetic DyxCo1 – x
layer (70 nm). The ferrimagnetic layer of amorphous
DyCo was synthesized with a perpendicular magnetic
anisotropy (see Fig. 1), and the ferromagnetic NiFe
layer was manufactured with a magnetization in the
sample plane oriented along the uniaxial anisotropy
(the field Hk = 7–8 Oe). This magnetization was formed
by applying a constant external magnetic field H0 =
50 Oe in the film plane.

RESULTS AND DISCUSSION

Experimental dependences of the displacement field
HE of the hysteresis loop on the REE concentration in
the planar DyCo/NiFe structure and schematic dia-
grams of the distribution of the Φ1 and Φ2 nanophases
in the DyCo layer are presented in Fig. 2. The analo-
gous dependence HE(x) and analogous schematic dia-
grams for the planar NiFe/DyCo structure are presented

Ms
2

Fig. 1. Concentration dependence of the effective saturation
magnetization Ms and the coercive force Hc of amorphous
ferrimagnetic DyxCo1 – x films. The inversion of the form of
the magneto-optical signal loop points to the orthogonal ori-
entation of the effective magnetization.
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in Fig. 3. (The coercive field Hc of the NiFe layer at a
selected thickness of 150 nm was 2 Oe and did not
depend on either the Dy concentration or the sequence
of the layer sputtering.) Let us discuss the similarity
and distinction of the presented experimental depen-
dences HE(x).

In the presented figures, it is evident that the HE(x)
curves are described by different functions, depending
on the sequence in which the layers are sputtered:
HE(x  –  xcomp) is an antisymmetric function for the
DyxCo1 – x/NiFe films (see Fig. 2), and HE(x – xcomp) is a
symmetric function for the NiFe/DyxCo1 – x films (see
Fig. 3). However, the singular points of these functions
(coordinates of zeros and extremum points) are inde-
pendent of the sequence of layer sputtering. It is evident
that the hysteresis loop shift along the field axis is
absent (HE = 0) at x = xcomp, x ≤ 16 at. % Dy, x ≥ 27 at. %
Dy in both cases. It is also seen that the displacement
fields HE reach maximum values in these planar struc-
tures at x ≈ 19 at. % for precompensation DyCo compo-
sitions and at x ≈ 24 at. % for postcompensation DyCo
compositions.

The results of our experiment are naturally inter-
preted within the framework of the model of the struc-
ture of amorphous DyCo alloys in the region of mag-
netic compensation proposed in [10] and described at
the beginning of this article and also within the frame-
work of the schematic diagrams presented in Figs. 2
and 3. (The arrows here indicate the possible orienta-
tion of the magnetization of the 3d metals.) Actually, in
the range of the REE–TM concentrations x ≤ 16 at. %

Fig. 2. Hysteresis loops and concentration dependence of
the displacement field HE(x) in exchange-coupled
DyCo/NiFe film structures. The schematic diagram pre-
sents the orientations of the magnetization vectors of the 3d
metals of the structures under consideration. In the DyCo
layer, the Φ2 phase (MCo < MDy) is hatched and the Φ1
phase (MCo > MDy) is not.
(x ≥ 27 at. %), the magnetic structure of amorphous
DyCo is unambiguously attributed to the magnetic Φ1

(Φ2) nanophase. Hence, the magnetic moments of the
Co sublattice and the Dy sublattice are collinear with
the axis perpendicular to the DyCo layer anisotropy,
and the effective magnetization vectors of the DyCo
and NiFe vectors are mutually orthogonal, which
means that magnetic coupling is absent here. A differ-
ent situation occurs in the concentration region xi – ∆x
< xcomp < xi + ∆x. Here, the magnetic structure of the
DyCo layer is formed by the randomly mixed Φ1 and
Φ2 nanophases. If the Φ1 phase belongs to the matrix,
the Φ2 phase is the impurity phase (if Φ2 is the matrix
phase, Φ1 is the impurity phase). An exception is the
compensation point xcomp, where the volume fractions
of the Φ1 and Φ2 nanophases are approximately equal.

For all the concentrations xi in this region, the effec-
tive magnetization of the matrix Φi phase in the DyCo
layer is aligned with the perpendicular anisotropy field
(MCo and MDy are collinear with this axis, which is
detected by the polar Kerr effect). In this case, the mag-
netization MCo in the impurity Φj phase must have an
in-plane component because of the strong exchange
interaction of the transition elements in the impurity
and matrix phases, and the effective magnetization of
the Φj nanophase gains the possibility of orienting itself
along the external field. In our opinion, it is the
exchange interaction of MCo in the DyCo layer of the
impurity Φj phase with the magnetization of the NiFe
layer that leads to the exchange anisotropy of NiFe. The

Fig. 3. Hysteresis loops and concentration dependence of
the displacement field HE(x) in exchange-coupled
NiFe/DyCo film structures. The schematic diagram pre-
sents the orientations of the magnetization vectors of the 3d
metals of the structures under consideration. In the DyCo
layer, the Φ2 phase (MCo < MDy) is hatched and the Φ1
phase (MCo > MDy) is not.
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magnitude of this exchange anisotropy, which is char-
acterized by the value of HE, will be determined by the
product of MCo in the impurity Φj phase and the area of
its contact with the NiFe layer. It is evident from the
data presented in Figs. 2 and 3 that this product reaches
optimum values at 19 at. % Dy and 24 at. % Dy. At
19 at. % < x < xcomp (xcomp < x < 24 at. %), the area of
the impurity Φj phase contact with the NiFe layer con-
tinues to grow, but the decrease in HE indicates that the
projection of the magnetization of the Co sublattice
onto the plane of the NiFe layer decreases. Finally, at
xcomp, it follows from the experimental result HE = 0 that
the mean value of the projection of the magnetization of
the Co sublattices onto the plane of the NiFe layer
equals zero, which points to the collinearity of MCo and
MDy with the axis of perpendicular anisotropy.

As the concentration xi increases (16 at. % < xi <
xcomp), the morphology of the impurity phase changes:
disperse inclusions appear, the number of these dis-
perse inclusions increases, percolation over the dis-
perse inclusions arises, the volume of the formed infi-
nite cluster increases, etc. Therefore, it is natural to
associate the singular points of the HE(x) dependence
with the characteristics of this morphological series. In
our opinion, the maximum values of HE correspond to
the establishment of percolation over disperse inclu-
sions. Thus, the singular points of the HE(x) depen-
dences gain an appropriate description within the
framework of the proposed model. Also, note that the
HE(x) dependences allow the amplitudes of the concen-
tration fluctuations in DyCo to be evaluated. For exam-
ple, |∆x| ≥ 4 at. % Dy in the precompensation amor-
phous DyCo alloy, and |x| ≥ 3 at. % Dy in the postcom-
pensation amorphous DyCo alloy (see Figs. 2, 3).

Let us show now that the form of these dependences
(antisymmetric or symmetric with respect to xcomp) is
naturally interpreted within the framework of the pro-
posed model. Consider the antisymmetric dependence
HE(x – xcomp) presented in Fig. 2 and obtained for planar
DyxCo1 – x/NiFe systems. First, the DyxCo1 – x layer in
which the effective magnetization of the main phase is
oriented along the perpendicular magnetic anisotropy
axis is formed in these planar systems, and the effective
magnetization of the impurity phase is oriented in the
layer plane. Upon the synthesis of the NiFe layer, a con-
stant field is switched on, and the effective magnetiza-
tion of the impurity phase in the DyxCo1 – x layer is ori-
ented along the direction of this field and, hence, along
the anisotropy axis formed in NiFe. However, the impu-
rity phase is characterized by the inequality MCo < MDy
in the region x < xcomp and by the inequality MCo > MDy
in the region x > xcomp. The latter means that the magne-
tization vectors of the Co sublattice and the NiFe layer
are anticollinear in the region x < xcomp, whereas these
vectors are unidirectional in the region x > xcomp (see the
scheme in Fig. 2). It is due to this fact that the displace-
ment field HE changes its sign at the concentration tran-
JETP LETTERS      Vol. 80      No. 10      2004
sition through xcomp. The situation is different for the
planar NiFe/DyxCo1 – x system. First, the NiFe layer is
formed, in which the external field not only forms
uniaxial anisotropy but also determines the direction of
the layer magnetization. Next, the field is switched off,
and the DyxCo1 – x layer is synthesized. In this case,
only the “exchange field” from the magnetization of the
NiFe layer exerts an orienting action on the magnetic
moments of the Co sublattice of the impurity phase.
Therefore, regardless of the composition of the
DyxCo1 – x layer, the magnetization MCo of the impurity
phase and the magnetization of the NiFe layer have the
same direction. The latter means that the displacement
field HE will not change its sign when the concentration
passes through xcomp, which is confirmed by the experi-
mental results (see Fig. 3).

Thus, the physical mechanism of the formation of
the exchange anisotropy in bilayer DyCo(TbFe)/NiFe
film systems with the orthogonal arrangement of the
effective magnetizations of separate layers has been
understood in the course of the performed studies. The
REE concentrations in the ferrimagnetic layers have
been found at which the maximum exchange anisot-
ropy acts on the ferromagnetic layers.

This work was supported by the Russian Foundation
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