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The influence of the chemical composition of the ferrimagnetic layer
on the features of the magnetization reversal

of two-layer Th-Dy-Co/FeNi films
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This work presents the results of the study of the magnetic properties of exchange-coupled film structures
Tb-Dy-Co/FeNi obtained by magnetron sputtering. It is shown that an increase in the dysprosium content in the
Tb-Dy-Co layer leads to an increase in the in-plane component of the magnetization of this layer, as well as to
a decrease in the coercive force of the Tb-Dy-Co layer and a decrease in the exchange bias field of the FeNi
layer at a temperature of 5 K. Changing the temperature of Tb-Dy-Co/FeNi films leads to a change in the order of

magnetization reversal of the layers.
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1. Introduction

Multilayer film structures with exchange bias serve as
the basis of spin valves [1], that in turn are the basis of
many spintronic devices from magnetic recording media [2]
to various magnetic field detectors [3]. The simplest spin
valve consists of two ferromagnetic (FM) layers separated
by a non-magnetic layer, and a fourth ,,pinning” layer that,
due to exchange coupling with one of the FM layers,
prevents remagnetization of this ,,pinned“ FM layer in an
external magnetic field range, consequently the hysteresis
loop of the ,,pinned* FM layer turns out to be shifted with
respect to the zero field [2]. Antiferromagnetic materials
are most often used as a ,pinning“ layer material. The
absence of a total magnetic moment is the advantage of
such layer providing the external magnetic field resistance.
It is also known that ferrimagnetic films made of amorphous
rare earth — transition metal (RE-TM) alloys, i.e. Tb-Co
and Dy-Co, are successfully used as an effective source
of internal magnetic bias in multilayer exchange-coupled
structures [4-8] . High magnetic anisotropy of Tb and Dy
provides a high coercive force of these alloys. Thus, in
a RE-TM/FM film system in a field range not exceeding the
coercive force of the RE-TM layer, the hysteresis loop of
the FM layers also turns out to be biased.

In RE-TM alloys containing heavy rare earth elements,
magnetic moments of the exchange-coupled RE and TM
sublattices are arranged antiparallel. =~ With a particular
composition-temperature ratio, a magnetic compensation
state may occur in the film, where the spontaneous
film magnetization is close to zero because the magnetic

moments of the RE and TM sublattices become equal and
compensate each other. This temperature is denoted as the
compensation temperature (Teomp) [9]. Taking into account
that the exchange interaction between transition metal atoms
is much higher than that for pairs of RE-TM atoms [9], it is
reasonable to assume that the exchange interaction between
the RE-TM and FM layers is governed by the interaction of
TM atoms of these layers. Magnetic moment orientation of
a particular sublattice along or against the external magnetic
field direction depends on the RE-TM sample temperature
because the magnetic moment of the RE sublattice prevails
when T < Teomp, and the magnetic moment of the TM
sublattice plays a defining role when T > Tcomp. Therefore,
both ,negative“ and ,positive“ exchange bias may be
implemented in the RE-TM/FM system [6,10,11].

Despite long-lasting investigations of the magnetic prop-
erties of such RE-TM/FM systems, not all questions have
been answered completely. For example, it is well known
that Tb-Co and Dy-Co might have perpendicular magnetic
anisotropy, particularly at temperatures near Teomp [5,6,12].
Thus, a situation is possible where magnetizations of the
RE-TM layer and FM layer are oriented orthogonally to each
other. Different models describing the exchange interaction
initiation mechanism between orthogonal-magnetization lay-
ers were proposed. In one of the models, the RE-TM
layer is treated as a two-phase system, and magnetizations
of different phases are oriented parallel or perpendicular
to the film plane, whereby the exchange bias of the FM
layer is induced by the exchange interaction between the
RE-TM phase with parallel magnetization orientation and
the FM layer [6]. The other model implies that there is

1007



1008 29th International Symposium ,Nanophysics and Nanoelectronics*

a transition region in the RE-TM layer, within which the
magnetic moment orientation of this layer changes gradually
from the parallel to the perpendicular layer interface [5].
The third model may be treated as a version of he second
model, which differs in that the transition interlayer region
has a chiral spin structure. Occurrence of the chiral
interface domain wall is treated as the consequence of the
Dzyaloshinski-Moriya interaction in the RE-TM layer and
the ferromagnetic exchange coupling between the RE-TM
and FM layers [13].

As mentioned above, amorphous ferrimagnetic Tb-Co
and Dy-Co films are successfully used as an effective source
of internal magnetic bias in multilayer exchange-coupled
RE-TM/FM structures [4-8] . However, such data is not
available for Tb-Dy-Co films, though it is known that
relation between Tb and Dy in three-component RE-TM
films may modify considerably their magnetic properties,
in particular, coercive force and effective atomic magnetic
moment of the rare earth element [14,15]. Modification
of the RE-TM layer properties by varying its composition
may in turn provide new details concerning the exchange
bias mechanism in the RE-TM/FM system. This paper
presents the results of a study of the magnetic properties of
exchange-coupled Tb-Dy-Co/FeNi film structures in a wide
temperature range, including the compensation temperature
of the ferrimagnetic Tb-Dy-Co layer.

2. Research methodology

Magnetron  sputtering of corresponding  targets
was used to make Tb-Dy-Co, FeyNigy films and
Tb-Dy-Co(L)/FeNi(40nm) bilayers, where the layer

thickness L was 20nm or 40 nm. Corning cover slips were
used as substrates. Tb-Dy-Co layers were deposited by
co-sputtering of Tb, Dy and Co single-component targets.
Modification of electric power supplied to the targets made
it possible to vary the chemical composition of these layers,
the amount of Co in the (TbyxDyigo—x)20C0s0 layers was
fixed and equal to 80at.%, and the relation between two
rare-earth components, Tb and Dy, varied, their percentage
varied from O to 100 at. %. To prevent oxidation, all samples
were protected by buffer and top Ta layers (5nm). During
film deposition, 2500e permanent magnetic field was
applied in the substrate plane to generate an induced
uniaxial magnetic anisotropy in the layers. Elemental
composition of films was controlled using the Nanohunter
X-ray fluorescence spectrometer with error of 0.5at.%.
Hysteresis loops and temperature dependences of film
magnetization in the temperature range from 5 to 300K
were measured on the MPMS-7XL measuring system.

3. Findings

Hysteresis loops measured in different directions in
the plane of both Tb-Dy-Co and FeNi single-layer and
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Figure 1. Hysteresis loops measured along EA in

the (TbsyDyses)20Coso/FeNi (40nm) film at different tempera-
tures (a—d). A partial hysteresis loop corresponding to remag-
netization of the FeNi layer at T = 5K (e). A scaled up part of
the hysteresis loop measured at T = 200K (f).

Tb-Dy-Co/FeNi two-layer film samples showed that in-
duced magnetic anisotropy was formed in the films. The
anisotropy easy axis (EA) coincides with the orientation
of the process magnetic field that existed during film
sputtering.

Figure 1 shows hysteresis loops measured along EA
in the (Tb32Dy68)20C080/FeNi (401111’1) film at different
temperatures.

The figure also shows a partial hysteresis loop corre-
sponding to remagnetization of the FeNi layer at T = 5K
(Figure 1,¢) and a scaled up part of the hysteresis loop
measured at T = 200K (Figure 1,f) where methods to
determine the exchange bias field He, are marked. For
a hysteresis loop corresponding to the FeNi layer remag-
netization, this is the field coordinate of a point at half
amplitude of the loop; and in the second case this is the
field coordinate of the center of the partial hysteresis loop.
Such loops were also observed for Tb-Dy-Co/FeNi films
with other Tb-Dy ratio. At T < 250K, the step-like shape
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Figure 2. Dependence of the exchange bias field on composition
(Tb-Dy ratio) and (TbxDyio0—x)20Cogo layer thickness of the
Tb-Dy-Co/FeNi (40 and 20 nm) two-layer film at T = 5K.

of loops results from layer-by-layer remagnetization of the
sample. Magnetization of the FeNi layer varies a little in
the given interval, therefore, a hysteresis loop measurement
signal corresponding to the layer remagnetization also varies
a little. Magnetization of the Tb-Dy-Co layer at T = 5K
is approximately 3 times as low as that of the FeNi layer
and decreases monotonously as the temperature increases
up to Teomp. Thus, compliance of different loop segments
with the remagnetization of a particular layer can be easily
established taking into account the magnetization an layer
thickness.

At T = 5K, the total magnetic moment of the Tb-Dy-Co
layer is defined by the rare-earth component moment.
Thus, in the absence of external magnetic field, magnetic
moments of the Tb-Dy-Co and FeNi layers are antipar-
allel. Strong external field arranges magnetic moments
of layers parallel to each other. In addition, as it was
illustrated by so-called ,spin springs* [16,17], a domain
boundary type magnetic inhomogeneity is formed in the
interlayer region. Its energy may be estimated using the
known expression oy, = 4(AKU)1/ 2 where A is the exchange
interaction constant, K, is the anisotropy constant [18].
Substitution of A and K, taken from the literature and
corresponding to the Tb-Dy-Co and FeNi layers into this
expression showed that o, will be higher by an order of
magnitude, if inhomogeneity is formed in the FeNi layer (for
example, 0.2erg/cm? and 2.5 erg/cm?, respectively). This
result suggests that the boundary is formed in the FeNi
layer.

Let’s compare the remagnetization process of the sample
with hysteresis loop segments starting from the maximum
positive field. As the external field decreases, magnetic
moments within the FeNi layer are rotated, the interlayer
magnetic interface disappears and the magnetic moments
of the Tb-Dy-Co and FeNi layers again turn out to be

9 Physics of the Solid State, 2025, Vol. 67, No. 6

arranged antiparallel. External field reversal and increase
stabilize the magnetic moment orientation of the FeNi layer,
but a particular field strength leads to remagnetization of the
Tb-Dy-Co layer.

Analysis of the hysteresis loops measured at T = 5K for
samples with different compositions of the Tb-Dy-Co layer
made it possible to plot the dependence of the exchange
bias field Hep, on composition (Tb- Dy ratio) (Figure 2).

It is shown that an increase in the Dy concentration
leads to a considerable decrease of H.,. Possible causes
of this dependence may include composition dependence
of both M of the Tb-Dy-Co layer and magnetization vector
orientation with respect to the sample plane. On the
one hand, the magnetic moment of Dy atom is higher
than that of Tb. On the other hand, sperimagnetic
structure is inherent in the Tb-Dy-Co type amorphous
films and the effective magnetization depends on the
angular opening of sperimagnetism cone that can also
depend on the Tb-Dy ratio [19-21]. Magnetization vector
orientation with respect to the sample plane is in turn
defined by the competition between the perpendicular
magnetic anisotropy and form anisotropy depending on M.
Figure 3 shows the hysteresis loops for the TbyyCoso,
(Tb32Dyes )20Cogo and Dy,pCogp films measured when the
external magnetic field is oriented in the sample plane
along EA and perpendicular to the sample plane at
T=5K.

For the Tb-Co film, a loop measured with the external
magnetic field oriented perpendicular to the sample plane
has a shape typical of a so-called ,supercritical state,
which a system of domains corresponds to in the absence
of an external field. Magnetic moments in this system
deviate from normal at the angle ¢ smaller than 90°, their
planar components are the same and normal components
are alternating [18,22,23]. ¢ may be estimated using
cos @ = M;/Ms, where M; is the residual magnetization,
M; is the saturation magnetization. In this case M; = 0.8Ms,
which corresponds to ¢ ~ 37°. For the (Tb3;Dyeg)20Cosg0
film, the shapes of the loops measured in two directions and
the values of M; are very close to each other (Figure 3, ),
and for the DyyCogp film, the loops indicate that the
magnetization is oriented in the sample plane (Figure 3,c¢).
Thus, an increase in the Dy concentration leads to an
increase in the planar magnetization components without
an external field at T = 5K. This result in turn suggests
that the planar component in the Tb-Dy-Co layer is not a
governing factor of Hep (Figure 2). Such factor is possibly
the coercive force H; of the Tb-Dy-Co layer assuming
that the interlayer magnetic inhomogeneity is localized not
exclusively in the FeNi layer, but also partially in the
Tb-Dy-Co layer, in this case H¢, will also depend on the
magnetic hardness of the Tb-Dy-Co layer. Figure 4 shows
the dependence of H; on the composition, it can be seen
that the variation of H. has the same trend as Hep, as the Dy
concentration increases (Figure 2).

Temperature dependences M, and H. of the Tb-Dy-Co
layers have their minimum and maximum, respectively,
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Figure 3. Hysteresis loops measured when the external magnetic field is oriented along and perpendicular to the sample plane for
TbyyCosgo ((1), (Tb32Dy6g)2()COg() (b) and Dy»oCogo (C) films at T = 5K. Film thickness is 20 nm.

near Tcomp, Which is typical of ferrimagnetic materials. As
an example, Figure 5 shows M.(T) and H.(T) for the
Dy20Cogp film. Similar dependences were observed for the
Tb-Dy-Co films with all compositions addressed in the work.

As follows from the data in Figure 1, an increase in
the temperature of the Tb-Dy-Co/FeNi two-layer sample
leads to a change of the hysteresis loop shape, which
reflects the change of the film remagnetization scenario.
Within the given temperature range, the magnetization of
the FeNi layer varies a little as opposed to the Tb-Dy-Co
layer (Figure 5). This modifies the Zeeman energy balance,
magnetic anisotropy of layers and interlayer exchange re-
sulting in the change of the layer remagnetization sequence.
If, at T < 200K, the magnetization orientation of the FeNi
layer changed first as the field decreased after magnetization
of the sample by the maximum field, then, at T > 200K,
the Tb-Dy-Co layer is remagnetized first (Figure 1).
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Figure 4. Dependence of the coercive force on composition (Tb-
Dy ratio) of the (TbxDyi00—x)20Coso (20nm) films at T = 5K.
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Figure 5. Temperature dependences of magnetization and

coercive force for the Dy, Cogp film.

Thus, the temperature range below the compensation
temperature may be divided into two layer remagnetization
sequence regions (Figure 6,a). Let’s consider the causes
of change of the remagnetization sequence in greater detail
using a two-layer system with a magnetically hard Dy,oCogg
layer as an example. In both regions with a positive field
higher than 15kOe, the system attains the saturation, where
the magnetic moments of both layers are codirectional.
Unlike the classical spin spring case [16], remagnetization
of the first of the layers always takes place even at the
field direction, in which the system was magnetized before
the saturation. In region I, remagnetization starts from the
magnetically soft FeNi layer. At T = 5K, magnetization
of the FeNi (~ 800G) layer is approximately three times
as high (Figure 6, a), and the thickness is two times as high
than those of the Dy-Co layer, therefore, the Zeeman energy
of the FeNi layers is much higher. But the coercive force
of the Dy-Co layer is three orders of magnitude as high
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Figure 6. Temperature dependence of the saturation magnetization — a; hysteresis loops for the Dy»Coso(20 nm)/FeyoNigo(40 nm) film

at different temperatures — b, ¢, d, e, the field is applied in the film plane.
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Figure 7. Scheme of magnetic moment remagnetization of the structure layers in the first and second temperature regions.
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Figure 8. Hysteresis loops for the DyzCosgy(20nm)/

FeyoNigo(40nm) film demonstrating the system remagnetization
sequence change as the sample temperature varies. In the text, the
hysteresis loops are analyzed for motion from positive to negative
fields.

as that of FeNi (Figure 5). Eventually, in this case it is
more energetically favorable for the Dy-Co/FeNi two-layer
structure if the energy gain resulting from the disappearance
of the interlayer magnetic inhomogeneity is induced by
the FeNi layer remagnetization.

Subsequent sign reversal and increase in the external field
facilitate stabilization of the FeNi layer magnetization ori-
entation and Dy-Co layer remagnetization at [H| > 10kOe
(Figure 6, b). In the second temperature region (T > 10K),
the situation is reversed — the magnetically hard Dy-Co
layer is the first to respond to the field strength change. This
is because both the magnetic moment and coercive force

of the Dy-Co layer decrease as the temperature increases
(Figure 6,a). This modifies the Zeeman energy balance,
magnetic anisotropy of layers and interlayer exchange,
consequently, the Dy-Co layer remagnetization becomes
energetically favorable, while the magnesium orientation of
the FeNi layer remains stabilized by the external magnetic
field. When the field direction changes, the Dy-Co/FeNi
system is remagnetized as a whole in relatively weak field,
and as the field further increases, the Dy-Co layer is
remagnetized with newly formed magnetic inhomogeneity
near the layer interface (Figure 6,c¢ d). Scheme of re-
magnetization in different temperature regions is shown in
Figure 7.

A temperature region, where the remagnetization se-
quence is changed, is of particular interest. Figure 8 shows
the hysteresis loops measured successively during system
cooling at 10 K intervals. Sample remagnetization processes
corresponding to the loops measured at 10K and 40K
(Figure 8,4, ¢) are described above.

The layer remagnetization sequence probably changes
within some temperature interval, rather than suddenly
at a particular temperature. Thus, when analyzing the
hysteresis loop measured at T = 20K, it is difficult to say
with certainty which of the layers starts to be remagnetized
first as the field decreases from the maximum negative
value (third quadrant). This may be caused by some
inhomogeneity in the sample area of the interlayer interface
composition induced by interdiffusion between layers. Some
loop asymmetry (difference in the shape of partial hysteresis
loops in the first and third quardrants) may also result from
magnetic history of the sample during measurements. In
particular, before measuring the hysteresis loop at T = 20K,
the sample was magnetized to saturation at T = 40K and
cooled to 20K in this state. Probably in this case a magnetic
configuration of the interlayer interface, that facilitates some
behavior asymmetry of the sample in the unlike magnetic
field, was ,,frozen®.
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Figure 9. Temperature ranges of different layer remagnetization sequence regions in the Tb-Dy-Co/FeNi films with different compositions
of the Tb-Dy-Co film layer. Upper diagrams are for the Tb-Dy-Co layer thickness of 20 nm, lower ones are for 40 nm.
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At T > Teomp, the total magnetic moment of the
Tb-Dy-Co layer is defined by the Co sublattice’s magnetic
moment. Thus, in the absence of the external magnetic
field, magnetizations of the Tb-Dy-Co and FeNi layers are
ferromagnetically ordered and act as a unit when the field
changes (Figure 1,d and 6, ¢).

Change in the composition and thickness of the
magnetically hard Tb-Dy-Co layer doesn’t modify the
Tb-Dy-Co/FeNi film remagnetization scenario, but shifts
the boundaries of the temperature regions, where the layer
remagnetization sequence is modified (Figure 9).

4. Conclusion

The study has demonstrated that the planar component of
magnetization in the Tb-Dy-Co layer of exchange-coupled
Tb-Dy-Co/FeNi two-layer films was not a factor defining
the magnitude of the exchange bias field H¢,. Coercive
force of the Tb-Dy-Co layer most likely acts as such factor.
The layer remagnetization sequence depends on the sample
temperature and is defined by the Zeeman energy balance,
magnetic anisotropy of layers and interlayer exchange.
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