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Abstract—The quasi-static magnetic parameters of TbFe/NiFe and DyCo/NiFe bilayer exchange-biased films
characterized by unidirectional anisotropy are studied. The characteristic temperatures are determined at which
the unidirectional anisotropy disappears due to processes in the magnetically hard layer. The mechanisms
responsible for the appearance of unidirectional anisotropy associated with the heterophase property of the
magnetically hard layer are analyzed. © 2003 MAIK “ Nauka/lInterperiodica” .

1. INTRODUCTION

The phenomenon of unidirectional anisotropy in
ferromagnets, which manifests itself in a shift of the
magnetic hysteresis loop along the axis of the fields,
was discovered by Meiklgohn and Bean in oxidized
cobalt powders[1]. The physical cause of this phenom-
enon was ascertained at the sametime. The cause of the
unidirectional anisotropy was shown to be an exchange
interaction at the ferromagnet—antiferromagnet inter-
face under the condition of the collinear orientation of
magnetizations of the ferrimagnet and one of the anti-
ferromagnet sublattices. This effect was thoroughly
studied in NiFe/NiFeMn and NiFe/FeMn film systems
in[2-4]. In [5, 6], the (RE-TM)/NiFe bilayer systems
were produced for the first time. Here, (RE-TM) is
DyCo or TbFe, i.e., a ferrimagnet with perpendicular
magnetic anisotropy (PMA), and NiFeisaferromagnet
(permalloy) with uniaxial anisotropy and magnetiza-
tion in the sample plane. These systems, immediately
after evaporation (without annealing), are also charac-
terized by unidirectional anisotropy, and the shift in the
hysteresisloop of NiFe (AH) along the axis of thefields
considerably exceeds the values observed in [1-4] (see
Fig. 1a).

The following circumstance was surprising.
According to the current concepts of the magnetic
structure of ferrimagnetic alloys of RE-TM compensa-
tion compositions, the orientations of the effective
magnetization vectors in separate layers of (RE-
TM)/NiFebilayer filmswe studied are mutually orthog-
onal and, hence, are exchange-unbiased. Therefore, the
features observed in the magnetization reversal curves
for the NiFe layer in these bilayer systems cannot be
interpreted within the conventional concepts.

In this work, we investigated the static magnetic
properties and the temperature dependences of the
static magnetic characteristics in DyCo/NiFe and
TbFe/NiFe bilayer exchange-biased films with unidi-

rectional anisotropy. The study was undertaken with the
aim of elucidating the real magnetic microstructure of
the films of RE-TM ferrimagnetic alloys with compen-
sation compositions. Note that thin ferrimagnetic films
of RE-TM alloys produced in the form of solid solu-
tions over awide concentration range are characterized
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Fig. 1. (a) Typical magnetization reversal curve and (b) the
angular momentum curves of the (1) RE-TM/NiFe and
(2) NiFefilm systems.
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Numerical values of the coercive force and the bias field of
DyCo/NiFe hilayer films at different thicknesses of NiFe

Thickness, nm H., Oe AH, Oe
50 4 60
100 25 26
150 15 14
300 0.7 6
400 0.4 4
700 0.3 2

by the magnetic compensation represented in the con-
centration—temperature plane by the curve Xy(Tcomp),
near which these materials become most magnetically
hard. In the vicinity of the compensation temperature
Teomps these films in general exhibit anomalies: step
magneti zation curves, anomal ous magnetooptic curves,
anomalous Hall dependences, etc., which have not yet
been properly explained. The necessity of interpreting
experimental data requires a search for novel
approaches to the study of thin films of RE-TM ferri-
magnetic alloys. In our opinion, the second layer with
known magnetic properties can be used for this pur-
pose. Therefore, the study of the magnetic phenomena
in (RE-TM)/NiFe bilayer films of (RE-TM) compensa
tion compositions is of general physical interest.

2. SAMPLES AND EXPERIMENTAL
TECHNIQUE

The (RE-TM)/NiFe bilayer exchange-biased films
were produced through thermal evaporation under a
vacuum of ~3 x 107° Torr. Cover glasses were used as
substrates. The RE-TM and NiFe layers were sequen-
tially deposited from three independent evaporators
with ring-shaped cathodes. A ferrimagnet (TbFe or
DyCo) was represented as a film with a perpendicular
magnetic anisotropy of ~3-5 x 10° erg/cm? and a coer-
cive force of ~5—7 kQOe. According to electron micros-
copy [7, 8], the ferrimagnetic layer is an amorphous or
nanocrystalline alloy with agrain size of ~5 nm and the
ferromagnetic layer is an NiFe film with uniaxial
anisotropy in the sample plane. In order to obtain
uniaxial anisotropy in NiFe during evaporation, a dc
magnetic field of 20 Oe was applied in the sample
plane. The ferrimagnet thickness was h = 70 nm, and
the NiFe thickness was varied from 50 to 700 nm. The
bilayer samples were produced in the following
sequences. (i) The ferrimagnetic layer of precompensa
tion or postcompensation composition was evaporated
immediately onto the substrate, and then the NiFe layer
was evaporated. (ii) The NiFe layer was evaporated
immediately onto the substrate, and then the ferrimag-
netic layer was evaporated onto it. We should note that,
in case (i), the crystallite size in the NiFe layer is ~10—
15 nm, because the amorphism (nanocrystallinity) of a
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ferrimagnet (TbFe, DyCo) layer has a significant effect
on the formation of the crystal structure of the permal-
loy layer.

The static magnetic parameters of the magnetization
reversal curves and their temperature dependences
were measured using aloop scopein fieldsup to 250 Oe
at a frequency of 50 Hz. The angular mechanical
momenta were measured at room temperature using a
torsional magnetometer in fields up to 12 kOe. In these
techniques, a field that reverses the magnetism was
applied in the sample plane in the course of the mea-
surements and the ferrimagnetic RE-TM layer was
alwaysin a saturated state (at room temperature).

An extensive technol ogical search was preliminarily
carried out to optimize the growth of the film structures
with exchange unidirectional anisotropy. From the
application viewpoint, the most acceptable values of
the parameters under study were obtained for ferro-
magnetic films with a nickel content of 80-83%, i.e.,
for conventional permalloys with zero magnetostric-
tion.

The table lists the magnetic parameters of the
DyCo/NiFe bilayer films with exchange unidirectional
anisotropy versus the ferromagnetic layer thickness.

3. EXPERIMENTAL RESULTS

The dependences of mechanical momenta L on the
angle ¢ for the DyCo/NiFe bilayer system with unidi-
rectional anisotropy and the NiFe films with uniaxial
anisotropy (Fig. 1b) were measured at room tempera-
ture using a torsiona magnetometer. Similar depen-
dences were also measured for systems with ferrimag-
netic ThFe.

The dependence L(¢)measured in the angle range
from O to 360° can be used to calcul ate the constants of
uniaxial and unidirectional anisotropy (K, and K,
respectively) by a smple method using the following
equations:

L@ +L(o+m) _ o o
> = K,sn2¢, D

L($)— ;(¢ 10 = K,sin2(d —y,). @)

where vy, is the angle between the easy magnetization
axis (EMA) and the direction of unidirectional anisot-
ropy.

The numerical values of K, and K., as well as their
dependences on the NiFe layer thickness, for the
DyCo/NiFe and ThFe/NiFe exchange-biased systems
with unidirectional anisotropy are givenin Fig. 2.

It can be seen from Fig. 2 that the constants of
uniaxial and unidirectional anisotropy of TbFe/NiFe
and DyCo/NiFe film systems are characterized by sim-
ilar dependences on the NiFe film thickness.
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Fig. 2. Dependence of the constants of uniaxia (K) and gL -
unidirectional (K,) anisotropies of the (RE~TM)/NiFe film ’_’_’—'—H_'_‘r‘
system on the NiFe thickness. )
Cor
: . £
Aswas noted above, in contrast to [2—4], the bilayer 4+
exchange-biased films are characterized by a sharp
interface between layers, hence, the specific energy Eg oL
of the surface interaction should be identical for al the
samples and independent of the NiFe layer thickness
(while the magnitude of unidirectional anisotropy is 0 20 40 60 80 100 120
inversely proportional to the NiFe layer thickness [9]). T,°C
We also note that the effective magnetic thickness Ahg _ _ _ -
of the surface exchange interaction between layers (we Fig. 3. Heating—cooling cycle of the TbFe/NiFe film system
calculated in [10]) is~50 nm. aong the (a) EMA and (b) HMA.

The temperature dependences of the coercive force
H. and the bias fields AH for (RE-TM)/NiFe bilayer
films with unidirectional anisotropy upon magnetiza-
tion reversal in an ac field were measured at tempera-
tures from +20 to +140°C. The magnetic field was
applied along both the EMA and hard magnetization
axes (HMA) of the NiFe layer (Figs. 3, 4). It isworth
noting that the static magnetic parameters H, and AH
change insignificantly in the temperature range from
-50 to +60°C, which is important from the application
viewpoint.

An analysis of the curves shown in Figs. 3 and 4
demonstrates that there exists a certain temperature
(~60 and ~90°C for TbFe/NiFe and DyCo/NiFe,
respectively) at which H, and AH change drastically
and the unidirectional anisotropy almost disappears,
i.e., the hysteresis|oop becomes nearly symmetric with
respect to zero field.

Upon magnetization reversal along the HMA, the
hysteresis loop of the TbFe/NiFe bilayer film systemis
not open and is almost symmetric with respect to the
zero applied field H. As the film system is heated from
room temperature to 90°C, the magnetic system does
not exhibit any changes. Inthe range of ~90°C, the hys-
teresis loop is sharply opened, which is characterized

by the coercive force H} . In [11], asimilar change in
the coercive force of DyCo films was observed in the

course of their heating and magnetization reversal Fig. 4. Sameasin Fig. 3 for DyCo/NiFe: (a) alongthe EMA
along the HMA. As compared to the ThFe system, the and (b) along the HMA.

0 20 40 60 80 100 120 140
T, °C
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Fig. 5. Schematic drawings of (&) aportion of the phase dia-
gram and (b) the hypothetical configuration of the magneti-
zation vectors of the phasesin the DyCo/NiFe system.

same transition in DyCo/NiFe is observed at a higher
temperature (~100°C).

4. DISCUSSION

The Dy,,Co/Nig,Fe,q bilayer films produced are
exchange-biased systems. The hysteresis loops mea-
sured for the NiFe layer in the EMA direction are char-
acterized by the bias field AH, whose numerical values
depend on the thicknesses of individual layers (table).
At the same time, the significant perpendicular mag-
netic anisotropy in the DyCo magnetically hard ferri-
magnetic layer, as well as the identical magnetooptical
characteristics measured at different surfaces of the
DyCo uniaxia film, indicate the following circum-
stance. In order to induce the required exchangefield in
the NiFe ferromagnetic film, the DyCo layer must con-
tain percolation regions that emerge to its outer sur-
faces. In these regions, the magnetization vector of the
sublattice of Co atoms should be aligned with the film
plane. In our opinion, the exchange interaction of these
regions with permalloy causes unidirectional exchange
anisotropy. Thus, the static magnetic characteristics of
the NiFe alloy layer can serve as an indicator of the
magnetic microstructure of the DyCo aloy layer.
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We believe that the magnetic inhomogeneity of
DyCo (the regions comprising the mgjor portion of the
aloy in which the magnetization vector of the sublat-
tice of Co atomsis perpendicular to the film plane and
the regions in which the magnetization vector of the
sublattice of Co atoms is paralel to the film plane) is
associated with the heterophase composition of these
alloys. Indeed, according to the results of electron
microscopy (micrographs), the DyCo thin films [7, 8]
are either amorphous or nanocrystalline heterophase
alloys. To answer the question what is the local phase
composition of the heterophase DyCo alloy films under
study, one should consider athermodynamically stable
phase diagram of the DyCo crystalline alloys. We note
that the melting diagrams of the RE-TM (Ho, Th, Dy,
Er, Gd, etc.)—(Fe, Co) alloys are similar to one another
and that they present a number of stoichiometric com-
pounds. RE,TM;;, RETMs, RE,TM;, RETM,, RETM,,
and RE,TM; [12]. The only difference liesin the tem-
perature range of stability of these stoichiometric com-
pounds.

Figure 5a shows a schematic drawing of the portion
of the room-temperature phase diagram on the coordi-
nates (G, C), where G is the Gibbs thermodynamic
potential and C is the concentration in the range of
compositions closeto that of thefilms studied. Thermo-
dynamic potentials G; in the form of parabolas corre-
sponding to the stoichiometric compounds DyCos,
Dy,Co,, and DyCo; are also shown in Fig. 5a. The
Gibbs potentia of the melt (liquid phase) is plotted by
the dash-dotted curve. The crystalline-to-amorphous or
crystalline-to-nanocrystalline  phase transition is
accompanied, first, by an increase in the absolute val-
ues of the potentials and, second, by broadening of the
parabolas describing the potentials G; of the individual
phases. The superposition of the G; curvesfor alloysin
the nanocrystalline state is shown in Fig. 5a by the
heavy curve. The compositions of the DyCo alloy films
we studied are indicated by arrows. Line AB corre-
sponds to the possible phase composition of the
mechanical mixture of the phases ®; and @,. Since the
stoi chiometric compounds DyCos, Dy,Co,, and DyCo,
are characterized by similar closely packed structures
[12], the crystal structures of the phases @, and ®, are
also similar to each other. However, in contrast to the
crystal structures of the stoichiometric compounds
DyCos, Dy,Co,, and DyCos;, their room-temperature
magnetic characteristics differ significantly [12, 13]. At
room temperature, the magnetization of the Co sublat-
ticein the DyCo crystal is stronger than that of the Dy
sublattice: Mg, > Mp,. In the case of the DyCo; crystal,
the situation is reversed.

Thus, we assume that the dominant phase in the
DyCofilmisthe ®, phase with M, < Mp, at room tem-
perature. The total magnetization M of this phase is
orthogonal to the film plane. In our opinion, it is this
phasethat is responsible for the integral magnetic char-
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acteristics of the Dy,,Co4 aloy film. For the @, phase,
whichisan impurity phase, we have Mg = M, — Mp,. It
is probabl e that the short-range order of the ®, phaseis
close to the stoichiometric compound DyCos. The
small grain size (-5 nm) of the nanocrystalline het-
erophase aloy and the exchange interaction between
the Co sublattices of the @, and @, phases cause M, of
the @, phase to be parald to the film plane. The
assumed configuration of the magnetization vectors of
3d metas in the Dy,,Cos/NigFe;q bilayer films is
shown in Fig. 5b. The exchange interaction between the
magnetization of the Nig,Fe;q layer and M, of the @,
phase causes the unidirectional exchange anisotropy in
the Dy,,Coyg/Nig;Fe;q bilayer films.

We now discuss the temperature dependences
AH(T) of the bias field. The curves AH(T) shown in
Fig. 4 convincingly exhibit asingularity at T ~ 90°C. It
is necessary to pay attention to the fact that no singular-
itiesare observed in the dependences AH(T) at the com-
pensation temperature of the Dy,,Co,g ferrimagnetic
magnetically hard layer (Teom, ~ 27°C). Thisindirectly
indicates once again the fact that the compensation
temperature is controlled by the @, phase, whose M¢,
isorthogonal to the film plane and, hence, does not par-
ticipate in the exchange interaction with the magnetiza-
tion of the permalloy layer.

The disappearance of the hysteresis loop shift for
the Nig,Fe,q layer at T > 90°C indicates that the plane
projection of the magnetization Mg, of the ®; phase
significantly decreases above this temperature. We rea-
son that thisis caused by the magnetic phase transition
in the ®; phase. In our opinion, a number of magnetic
transformations are possible at this temperature: (i) the
transition of the ®; phase to the paramagnetic state
(Curie temperature); (i) T ~ 90°C is a compensation
point of the ®; phase; and (iii) a T ~ 90°C, an orienta-
tional phase transition takes place, at which the magneti-
zation of the ®; phase emerges from the film plane and
becomes paralldl to the Z axis. Similar phase transitions
are characteristic of the stoichiometric RE,TM, com-
pounds [14]. To identify the features of the magnetic
transformation in the Dy,,Cog dloy filmsat T ~ 90°C,
additional experimental techniques need to be invoked.

5. CONCLUSIONS

The static magnetic characteristics of DyCo/NiFe
and TbFe/NiFe bilayer exchange-biased films charac-
terized by unidirectional anisotropy have been studied.
The NiFe layer represents a magnetically soft ferro-
magnetic alloy whose easy magnetization axisisin the
film plane. The ferrimagnetic DyCo layer with integral
perpendicular anisotropy represents a heterophase
nanocrystalline system consisting of at least two
phases. The magnetization vector of the 3d metal sub-
|attice of one of the components of the heterophase fer-
rimagnetic alloy is parallel to the film plane. In our
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opinion, the exchange interaction between the magneti-
zation of the permalloy layer and the planar component
of the magnetization vector of the heterophase magnet-
ically hard aloy causes the unidirectional anisotropy in
the films under study. The magnetic transition observed
at T~ 90°C (where the unidirectional anisotropy disap-
pears in the bilayer films under consideration) takes
place in one of the components of the nanocrystalline
heterophase aloy Dy,,Co,g. This magnetic transforma:
tion in the DyCo dloy films is revedled for the first
time. To ascertain its character, additional methods
need to be invoked.
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