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Magnetic properties of exchange-coupled trilayers of amorphous rare-earth-cobalt alloys

S. Wüchner, J. C. Toussaint, and J. Voiron
Laboratoire Louis Ne´el, C.N.R.S., BP 166, 38042 Grenoble Cedex 9, France

~Received 22 November 1996!

From amorphous thin films from alloys of rare earths~Gd, Sm!, yttrium or zirconium with cobalt we have
prepared trilayers with very clean interfaces appropriate for the study of magnetic coupling. The sandwiches
were typically Y-Co/Gd-Co/Y-Co and Sm-Co/X/Sm-Co8 (X5Gd-Co, Co-Zr, Co!. The three individual layers
are coupled magnetically by exchange interactions between cobalt moments throughout the entire sample. This
coupling associated with the specific properties of the given alloy~magnetic moment, anisotropy, coercivity!
leads to ferrimagnetic or ferromagnetic structures of the magnetization of adjacent layers and to novel mag-
netization processes. For systems consisting of magnetically hard external layers with different coercivities and
a soft central layer (Sm-Co/X/Sm-Co8, X5Gd-Co, Co-Zr!, the influence of the central layer’s thickness and
type of the material on coupling and magnetization processes have been studied quantitatively. Numerical
simulations using a one-dimensional model for describing the magnetization processes observed in sandwich
systems fit the magnetization curves of these model systems particularly well.@S0163-1829~97!01318-0#
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I. INTRODUCTION

The considerable advances in modern deposition te
niques during the last two decades render possible the
duction of synthetic materials whose properties differ fro
the bulk properties. We are particularly interested in comp
ite thin magnetic films where the individual layer thickness
are near the domain wall width or the exchange length of
material. Hence such a layer might represent either a si
magnetic domain or a wall between two domains.

By superposing layers made from different rare-ear
transition-metal alloys one can obtain multilayers presen
a wide range of magnetic properties. Chemical structure
the constituent alloys and thicknesses of the individual lay
determine magnetic moment, anisotropy, and coercivity
can be chosen in order to produce a sample with desig
magnetic properties.

Some trilayer systems which associate hard and soft
terials have been studied:1–5 they are composed of interme
tallic compounds of cobalt and rare earths. Their main ch
acteristic is that they contain cobalt in each layer, wh
leads to strong exchange interactions throughout the w
sample, while the rare-earth moments are coupled either
allel for light rare earth or antiparallel for heavy rare earth
the cobalt moments. As a result the system could exhibi
zero applied field a macroscopic ferrimagnetic arrangem
if the magnetization direction alternates in successive lay
or a macroscopic ferromagnetic arrangement if the magn
zation direction is the same in all layers. When a magn
field is applied, the magnetization of some layers rever
with the creation of extended Bloch walls parallel to t
interfaces.

In this paper, we present a systematic study of the m
netization processes of ferromagnetic and ferrimagn
Sm-Co/X/Sm-Co8 systems, where Sm-Co and Sm-Co8 are
hard materials andX represents a soft material like Co-Zr o
Gd-Co. The magnetic properties such as the reversal field
soft or coercive layers are studied as a function of the
layer’s thickness. These magnetization processes are s
550163-1829/97/55~17!/11576~10!/$10.00
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lated using a one-dimensional model, which appears to
particularly well adapted to these model systems made
amorphous materials. In the case of ferromagnetic system
is even possible to describe numerically the magnetiza
reversal of coercive Sm-Co layers, coupled in these syst
to a soft layer. Then, the mechanism of magnetization rev
sal is associated to Bloch wall propagation from the s
layer into the hard layer.

II. SAMPLES AND TECHNIQUES

The sandwiches Y-Co/Gd-Co/Y-Co were prepared fro
targets of Y0.33Co0.67 and Gd0.33Co0.67 by dc triode sputter-
ing, under a residual argon pressure of 0.1 Pa~initial vacuum
1025 Pa!. The glass substrates were cooled to liquid nitrog
temperature, in order to produce amorphous films. A qua
oscillator was used to control the thicknesses. To avoid
oxidation of the films, layers of 10 nm of Si3N4 were de-
posited as both underlayer and overlayer. In order to hav
well-defined in-plane anisotropy, magnetic-field anneal
was performed on all the samples.

The sandwiches Sm-Co/X/Sm-Co8 (X5Gd-Co, Co-Zr,
Co! were prepared by magnetron sputtering at the IBM R
search Center in San Jose from targets of Sm, Zr0.05Co0.95,
and Gd0.37Co0.63 under a residual Ar pressure of 0.4 Pa~ini-
tial vacuum 1026 Pa! and deposition rates of 0.1 nm/s.
quartz oscillator was used to control the thicknesses
;50 nm for the external layers and between 50 nm and
nm for the central layers. The samples were protected wi
10 nm thick tantalum layer. An easy direction magnetizat
was induced by placing a permanent magnet next to the
con substrates and thus applying a field parallel to the fi
surface during deposition. The Sm-Co layers are, in fa
multilayers obtained by alternate deposition of very thin
and Sm films, giving a different coercive field for each lay

The obtained layer thicknesses and chemical struc
have been verified by Rutherford backscattering. A SQU
magnetometer, a vibrating-sample magnetometer, an
transverse~TMOKE! and longitudinal~LMOKE! magneto-
11 576 © 1997 The American Physical Society
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55 11 577MAGNETIC PROPERTIES OF EXCHANGE-COUPLED . . .
optical Kerr effect magnetometer were used for the magn
characterization of the sandwiches.

III. CHARACTERISTIC MAGNETIZATION LOOPS
OF THE THREE STUDIED TYPES OF TRILAYERS

The magnetization curves measured along the easy d
tion for these sandwich systems show several transitions
function of the magnetic field. These transitions correspo
to the consecutive magnetization reversal of each individ
layer, the critical fields depending on the layer’s coercivit
and the coupling between layers.

Y-Co/Gd-Co/Y-Co. The system Y-Co/Gd-Co/Y-Co is
composed of three magnetically soft layers where the
external layers are the same. One of its main characteri
is the lack of magnetocrystalline anisotropy. The cobalt m
ments are exchange coupled throughout the entire thick
of the sample, while there is antiferromagnetic coupling
tween Gd moments and Co moments. As the Gd momen
larger than the Co moment for the present concentrations
alternating orientations of the magnetization in adjacent l
ers results in a macroscopically ferrimagnetic system in z
applied field.

Figure 1 shows the magnetization curve
YCo1.9/GdCo2.3/YCo1.9 ~100 nm/90 nm/100 nm! at 300 K.
At high field, the magnetizations of all the layers point in t
external field direction. In this state, the cobalt moments
the Y-Co layer are oriented parallel to and the cobalt m
ments in the Gd-Co layers are oriented antiparallel to
field direction. As the orientation of the cobalt moments th
differs in neighboring layers, we suppose that there exis
Bloch wall at each interface. When the applied field is d
creased we observe a curvature in the magnetization cur
low field and a transition for a positive field value. Both c
be accounted for by the existence of the two Bloch walls
zero field, the system possesses a well-defined remanen
ment: all the cobalt moments in the sample are aligned o
the Bloch walls have disappeared, thus minimizing the to
energy. At the transition magnetization reversal takes pl
in the layer with the smallest magnetic moment~in this ex-
ample in the Gd-Co layer!.

Within the sample YCo1.9/GdCo2.3/YCo1.9 ~100 nm/300
nm/100 nm! the magnetization of the Y-Co layers, which
oriented antiparallel to the applied field in the low field r

FIG. 1. Magnetization curve atT5300 K for a Y-Co/Gd-Co/
Y-Co sample.
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gion, is reversed at the critical field valuem0Ht;3 mT. This
behavior can be observed by transverse Kerr effect meas
ments@Fig. 2~a!# which show a jump of the Kerr signal at th
transition, followed by gradual increase and saturation of
signal for fields above the transition field. This experimen
result can be explained assuming the presence of an exte
domain wall whose thickness decreases while the app
field is increased, until all the cobalt moments in the Y-C
layers point into the field direction. The Bloch walls can
well be observed using longitudinal Kerr effect@Fig. 2~b!#
which reflects mainly the magnetization component of cob
in the film plane and perpendicular to the applied field. B
low the transition field the component perpendicular to
applied field is zero indicating a single domain state of ea
layer. Immediately above the transition, the signal is ma
mum. Its subsequent decrease at increasing field corresp
to a continuous shrinkage of the wall thickness. This is
perimental evidence for the existence of a plane Bloch w
parallel to the sample surface.

When the external field is applied perpendicularly to t
easy direction, no transition appears, but progressive rota
of the magnetization of each layer towards the field direct
are observed creating a wall at each interface within the
balt sublattice.4

Sm-Co/Gd-Co/Sm-Co8. Figure 3 shows the hysteres
cycle measured for the sample SmCo3.3/GdCo1.62/SmCo6.3

FIG. 2. By magneto-optical Kerr effect measurements us
l567 nm, mainly the magnetic moments of cobalt are observ
exploring a depth of roughly 50 nm underneath the sample surf
~a! Reversal of cobalt magnetic moments is reflected by an ev
tion of the transverse Kerr signal which is roughly proportional
the magnetization component due to cobalt parallel to the app
field. ~b! Changes in the longitudinal Kerr signal depend mainly
the magnetization component in the plane and perpendicular to
applied field.
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11 578 55S. WÜCHNER, J. C. TOUSSAINT, AND J. VOIRON
~45 nm/43 nm/50 nm!. In the saturated state, the moments
the Sm-Co layers and the Gd moments are aligned with
external field direction, while the Co moments within th
Gd-Co layer point in the opposite direction. Consequen
there exists a Bloch wall near each interface, while ther
none at zero field. As the applied field is decreased, the
vature of the magnetization curve at low field and the tr
sition at a positive field value are once again the signatur
the existence of the domain walls in the saturated state. C
trary to the behavior of Y-Co/Gd-Co/Y-Co, which is als
ferrimagnetic, in the Sm-based system, it is always the m
netization of the soft central layer which is returned at
transition, even when it carries the biggest moment. For
reason the magnetization changes its sign at the transitio
the sample presented in Fig. 4, for which the central la
has a thickness of 530 nm. In zero field all the cobalt m
ments are aligned after suppression of the Bloch walls. S
sequent application of a field with inverse sign does
change the total magnetic moment, indicating a single
main configuration for each layer. Further increase of
external field induces a second transition atH1. This transi-
tion corresponds to magnetization reversal in the less c
cive Sm-Co layer and gives rise to the creation of one Blo

FIG. 3. Magnetization curve atT510 K with minor loop for a
Sm-Co/Gd-Co/Sm-Co8 sample. It is typical of the ferrimagneti
system with a relatively thin central layer~43 nm!.

FIG. 4. Magnetization curve at T510 K for a
Sm-Co/Gd-Co/Sm-Co8 sample, with a thick central layer~530 nm!.
The inset shows the magnetization process in the one-wall sta
f
e

y
is
r-
-
of
n-

g-
e
is
for
r
-
b-
t
-
e

r-
h

wall in the Gd-Co layer minimizing the strong exchange
teractions between cobalt moments. The last transition
H2 corresponds to the magnetization reversal in the m
coercive Sm-Co layer accompanied by the creation o
Bloch wall at the second interface.

SmCo/X/Sm-Co8 (X5Co-Zr,Co). As an example for a
system exhibiting only parallel coupling~ferromagnetic sys-
tem!, Fig. 5 shows the hysteresis cycle measured
SmCo3.5/Co0.95Zr0.05/SmCo6.3 ~44 nm/195 nm/43 nm!. In
the saturated state, all the cobalt moments are aligned
the external field. During the decrease of the applied fi
down to zero, the total magnetic moment remains const
indicating single domain configurations for each layer. Inv
sion of the field direction causes the total moment to
crease. A first transition atHt is due to magnetization rever
sal in the magnetically soft central layer with concurre
creation of a domain wall at each interface. The followi
transitions atH1 andH2 are due to reversal of the magnet
moments in the external Sm-Co layers, each being accom
nied by the suppression of a domain wall.

IV. MAGNETIZATION REVERSAL IN A MAGNETICALLY
SOFT EXCHANGE-COUPLED LAYER

We have studied in particular the magnetization rever
in a magnetically soft layer within a sandwich with exchan
coupled layers. In our samples this situation correspond
the smallest value of transition fields~notedHt in the fig-
ures!. For systems consisting of two magnetically hard e
ternal layers and a soft central layer (Sm-Co/X/Sm-Co8,
X5Gd -Co, Co-Zr, Co! the transition always corresponds
magnetization reversal in the soft layer. For the sandwic
Y-Co/Gd-Co/Y-Co consisting of soft materials only, magn.

FIG. 5. Magnetization curve atT510 K with a minor loop for a
Sm-Co/Co-Zr/Sm-Co8 sample and schematic diagram of domai
and walls in this typical ferromagnetic system.



s

o
y-
te
h

etic

the
d

o,
all
ive
nge
up-
nge
tire

.
er
n-
ion

on
e-

ical
pe-
e of
s a
the
ires
yer
on

Co
lly
ivi-
m
ss

he

the
nm

ers

ve

s

er

55 11 579MAGNETIC PROPERTIES OF EXCHANGE-COUPLED . . .
tization of the layer~s! with smallest magnetic moment i
reversed.

For the systems Y-Co/Gd-Co/Y-Co and SmC
Gd-Co/Sm-Co8 the antiferromagnetic coupling between la
ers leads to a transition atHt.0 between the saturated sta
and a macroscopically ferrimagnetic state, if the sample

FIG. 6. Transition field as a function of the soft central lay
thickness for the three systems Sm-Co/X/Sm-Co8 (X5Co, Co-Zr,
Gd-Co!.

FIG. 7. Magnetization reversal fields atT510 K of the coercive
Sm-Co layers in ferromagnetic system (Sm-Co/Co-Zr/Sm-Co8) and
ferrimagnetic system (Sm-Co/Gd-Co/Sm-Co8) as a function of the
central layer thickness.~a! Reversal fieldH1 of the less coercive
Sm-Co layer.~b! Reversal fieldH2 of the most coercive Sm-Co
layer.
/

as

been saturated in positive field. For saturated ferromagn
systems SmCo/Co-Zr/Sm-Co8 and SmCo/Co/Sm-Co8, inver-
sion of the field is necessary for magnetization reversal in
soft central layer (Ht,0 after saturation in a positive applie
field!.

In a noncoupled system magnetization reversal in Y-C
Gd-Co, Co-Zr, or Co would simply take place for a sm
negative field value corresponding to the material’s coerc
field. Magnetization reversal in the same layer but excha
coupled in a sandwich is accompanied by creation or s
pression of domain walls at the interfaces due to excha
coupling between cobalt moments throughout the en
sample. The transition fieldHt is thus determined by the
balance between Bloch wall energy and Zeeman energy1,2,4

A single domain configuration always corresponds to a low
energy for small external field values. The sign of the tra
sition field depends on the orientation of the magnetizat
with respect to the orientation of the cobalt moments.

The experimentally observed transition fields depend
the thicknesst of the soft layer whose magnetization is r
versed and decreases whent is increased~Fig. 6!. The tran-
sition field drops from;34 mT down to;0.8 mT when the
thickness of the Gd-Co layer in SmCo/Gd-Co/Sm-Co8 is in-
creased from 43 nm to 530 nm. This phenomenon is typ
of systems with reduced dimensions, where there is com
tition between surface energy terms due to the existenc
domain walls, on the one hand, and field energy, which i
volume term, on the other. Magnetization reversal in
Co-Zr or Co central layers in a saturated sample requ
creation of two walls, at the interfaces. The thinner the la
the more difficult this process is, accounting for the variati
of Ht as a function of the thicknesst.

V. MAGNETIZATION REVERSAL IN MAGNETICALLY
HARD EXCHANGE-COUPLED LAYERS

Let us now focus on magnetization reversal in the Sm-
layers within the sandwich systems with two magnetica
hard external layers. They present different intrinsic coerc
ties which are obtained by different concentrations of S
and Co.H1 andH2 denominate the reversal fields of the le
and the more coercive layer, respectively.

The reversal fieldsH1 andH2 of the Sm-Co layers within
the ferrimagneticsystem SmCo/Gd-Co/Sm-Co8 ~e.g., at 10
K ;110 mT for SmCo4.1 and;328 mT for SmCo8.2) are
superior to the coercive fields of uncoupled films with t
same concentrations~70 mT and 209 mT!. The observed
reversal fields are not affected when the thickness of
central Gd-Co layer is varied between 43 nm and 530
~Fig. 7!.

On the contrary, the reversal fields of the Sm-Co lay
within the ferromagnetic systems SmCo3.5/Zr0.05Co0.95/
SmCo6.3 ~44 nm/t/43 nm! and SmCo3.0/Co/SmCo6.3 ~46 nm/
t/45 nm! are almost in every case inferior to the coerci
fields of uncoupled films with the same concentrations~451
mT for SmCo3.0, 342 mT for SmCo3.5, and 100 mT for
SmCo6.3). In addition to this, the reversal fieldsH1 andH2
~Fig. 7! depend on the thicknesst of the central layer and
decrease significantly ast is increased. This behavior ha
been observed for thicknessest up to ;500 nm, while the
thickest sample of the series (t;1mm) does not fit in this
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11 580 55S. WÜCHNER, J. C. TOUSSAINT, AND J. VOIRON
line any more (m0H1550 mT, m0H25235 mT for cobalt
andm0H1560 mT,m0H25500 mT for Co-Zr!.

The difference between the behaviors of ferri- and fer
magnetic systems can be explained by taking a closer loo
the domain structures which depend on the type of coup
between layers.

In the ferrimagneticcase, the reversal process of ea
Sm-Co layer is accompanied by the creation of a wall in
Gd-Co layer. In particular, the reversal of the less coerc
Sm-Co layer atH1 is accompanied by the creation of a wa
whose energyg1 depends on the field valueH1, which ex-
plains the shift of the reversal field from 70 mT to 110 m
due to coupling. AtH2 magnetization reversal in the mor
coercive Sm-Co layer leads to creation of another dom
wall in the central layer, the corresponding wall energyg2
being much bigger thang1 as uH2u.uH1u. This is in agree-
ment with the larger shift of the reversal fields observed
these Sm-Co layers between uncoupled and coupled film

In the ferromagneticcase magnetization reversal in th
Sm-Co layers atH1 andH2 is accompanied by suppressio
of one wall, respectively~except for samples with extremel
thin central layers!, which does explain that the fieldsH1 and
H2 are inferior to the coercive fields of the correspondi
uncoupled layers. However, this view does not account
the decreasing values ofH1 andH2 as the central layer be
comes thicker, because the thinner the wall the larger
energy. The reversal mechanism in the coercive layers
only be understood by taking into account the coupling w
the neighboring soft layer.

FIG. 8. Measured~circles! and simulated~dashed lines! magne-
tization curves in the one-wall state of Sm-Co/Co-Zr/Sm-Co8 ~44
nm/t/43 nm! samples with layer thicknessest between 46 nm and
470 nm.
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In order to reverse magnetization of a Sm-Co layer with
a ferrimagnetic system containing Gd-Co, nucleation beg
in the coercive layer and leads to creation of a wall inside
soft material. But in the case of a ferromagnetic system~the
central layer of which must be sufficiently broad! a wall
already exists at the interface between the soft and
Sm-Co layer. The nucleation has already taken place in
soft layer and there is propagation of this existing wall in
the coupled magnetically hard layer. This mechanism
magnetization reversal in the Sm-Co layer consists rathe
progressive rotation within the exchange coupled entity s
layer–hard-layer than in pure nucleation inside the coerc
layer. Such a behavior will be justified in Sec. VII by nu
merical simulations.

VI. MAGNETIZATION PROCESS
IN THE ONE-WALL STATE

The magnetization processes of the sandwich systems
pend on the initial configuration of their magnetic momen
achieved by the temperature cycles or series of exte
fields that have been applied.

In the trilayers of the Sm-Co/X/Sm-Co8 type, composed
of magnetically hard external layers exhibiting different c
ercivities and a magnetically soft central layerX, a configu-
ration can be stabilized where the magnetic moments in
Sm-Co layers point in opposite directions. This state is
tained by applying to a saturated sample a magnetic fi
H1,H,H2 of opposite sign. For samples saturated in po
tive field, the configuration is stable between2H2 andH1.
In this state, the Sm-Co layers are single domain with op
site magnetizations and the exchange coupling at the in
faces forces the cobalt moments of the central layer~Gd-Co,
Co-Zr, Co! close to the two interfaces to be oriented in o
posite directions. The magnetic moments of this layer
oriented in the manner of a 180° Bloch wall extended o
the entire sample surface, but whose external faces are r

These materials~Gd-Co, Co-Zr! only present very weak
anisotropies~induced by a magnetic field during depositio!
and the intrinsic wall thickness of these systems is far big
than the central layer thicknesses. The real extension of
domain wall is, in fact, imposed by the central layer thic
ness. In zero external field, the magnetic moments rotate

FIG. 9. Zero-field susceptibilities in the one-wall state
Sm-Co/X/Sm-Co8 (X5Co, Co-Zr, Gd-Co! samples as a function o
the thickness of the central layer squared.
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formly between the two ends of the layer and the energy
such a wall is given by the expressiong5JS2p2/(at),
whereJ is the exchange integral between cobalt atoms,a the
lattice parameter, andt the wall width corresponding to th
layer thickness. Thus, the smaller the layer thickness,
higher the energy. An applied magnetic field makes the m
ments rotate towards the field direction. Taking into acco
that the materials are amorphous, one expects a rever
rotation process which only depends on the central laye
the system.

The measured hysteresis is small (;0.2 mT!, in agree-
ment with a rotation processes without considerable pinn
The observed susceptibilities at zero external field for
series Sm-Co/Co-Zr/Sm-Co8 ~Fig. 8! and Sm-Co/Gd-Co/
Sm-Co8 (x570 for t582 nm,x52050 fort5530 nm at 4.2
K! increase strongly when the central layer thicknesst is
augmented. Figure 9 shows that the zero-field susceptib
varies as the square of thicknessx;t2. Only the samples
with the thickest central layer measured do not follow t
curve (x5840 for t5975 nm Co-Zr,x51032 for t5930
nm Co at 10 K!.

It is possible to evaluate the zero field susceptibility~at
T50 K! for a 180° domain wall without anisotropy an
imposed thickness. The model7 supposes a one-dimension
array of exchange coupled moments, where the first and
last spin have fixed orientations (u150°, uN5180°). In zero
field the angle of the direction of a magnetic moment w
respect to the easy axis is a linear function of the layer th
ness. The calculation is valid in low fields.

The result

xp5
m0M

2t2

4p2A

is in agreement with the experimental data f
Sm-Co/X/Sm-Co8 (X5Co-Zr, Co, Gd-Co! where anisotropy
of the central layer is negligible. The susceptibilities o
tained by this expression are of the same order of magni
as the measured susceptibilities@e.g., for the sample witht
~Co-Zr!5470 nm#, usingA52.15310–11 J/m~Ref. 8! the
calculated susceptibility is 430 compared to a measu
value (x5740). The model also helps to understand why
largest susceptibility (x52050) has been observed in sy
tems with Gd-Co:xp is inversely proportional to the ex
change constantA, the Curie temperature for Gd-Co bein
inferior to that for Co-Zr. Moreover, the magnetization
Gd-Co is the largest.

VII. DESCRIPTION OF THE MAGNETIZATION
PROCESSES BY NUMERICAL SIMULATION

So far a qualitative description of the magnetization p
cesses observed in the trilayers has been undertake
means of simple domain configurations generated by the
plied field cycles and the external magnetic field. Numeri
simulations seem to be the right tool to give a quantitat
description of these systems, because it allows us to take
account the number of layers in the system, the character
properties of each layer~magnetic moment, exchange, a
isotropy and thickness! as well as the value of the exchang
coupling at the interfaces.
f
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A. Principles of calculations

We have undertaken numerical simulations based o
one-dimensional~1D! model. Such 1D models have bee
successfully used by Camleyet al.9–11 to investigate theo-
retically the magnetic phases of supperlattices made of
kinds of ferromagnetic layers antiferromagnetically coup
at the interfaces, such as the~Gd/Fe! n system. Since the
studied trilayers are obtained by superposition of amorph
films, we consider the magnetic properties to be invari
inside a plane parallel to the interfaces and to depend only
the z coordinate perpendicular to this plane. A on
dimensional model appears particularly well adapted to
simulation of amorphous sandwiches systems.

The magnetic configuration of each layer can thus
modeled by a chain perpendicular to the film surface cons
ing of N magnetic moments separated by the interatom
distancea (a5V1/3; V, atomic volume!. We suppose that the
rotating spins remain inside a plane parallel to the interfac
Their orientation is given by their angular position with r
spect to the in-plane easy axis. The magnetization curves
calculated using the spin configuration minimizing the s
tem’s energy:

E5E11E21E31E121E23,

where

Ea52(
i51

Na

2JaSa iSa i112maB(
i51

Na

cosu i1Ka(
i51

Na

sin2u i ,

a51, 2, or 3

is the total energy for each layer. The first term is the e
change energy~whereJa is the exchange integral betwee
cobalt moments andSa i the cobalt spin!, the second term
~wherema is a magnetic moment for a unit containing on
cobalt atom! is the field energy for external field parallel t
the easy axis and the last term describes the macrosc
anisotropy induced in these amorphous materials by app
tion of a magnetic field during deposition. We do not co
sider rare-earth–rare-earth interactions, which are m
smaller than cobalt-cobalt interactions and we suppos
rigid rare-earth-cobalt coupling for each alloy. Dipolar e
ergy is also neglected because the moments remain insid
plane. This model takes into account the exchange at
interfacesE125J12S1N1S21, E235J23S2N2S31.

B. One layer simulations

Sm-Co/Co-Zr/Sm-Co8 has been the most extensive
studied system among the trilayers. The two Sm-Co lay
are made from hard materials and the abrupt reversal of t
magnetization shows that their magnetic configurations
single domain, having their magnetization in the direction
applied field or in opposite direction. It is then possible
simulate only the magnetic configurations of the cent
layer, taking into account the moment configurations in
external layers by boundary conditions such asu150° or
180° anduN50° or 180°. This approximation is equivalen
to infinite anisotropy in the hard Sm-Co layers and ide
exchange coupling at the interfaces.
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We have simulated the magnetization curves
Sm-Co/tCo-Zr/Sm-Co8 for t546 nm, 87 nm, 150 nm, 195
nm, 285 nm, and 470 nm by chains consisting
NCo-Zr5195, 370, 640, 830, 1215, and 2000 spins, suppos
an interatomic distancea50.235 nm. We dispose of exper
mental data for the magnetic moment of Co-
(mCo-Zr51.55mB /f.u.) and the anisotropy field in the plan
(m0Ha,3 mT!. Compared to exchange, anisotropy can th
be neglected (KCo-Zr50). The exchange integralJ between
cobalt moments remains the only parameter to be adjuste
order to describe the magnetization processes for all
samples.6

The magnetization processes observed in the state
one domain wall have been simulated with the bound
conditionsu150° anduN5180°. Figure 8 shows that all th
magnetization curves measured for samples with differ
central layer thicknesses are perfectly described by our si
lations where the exchange between cobalt moments
been set toJ5340 K. The slopes in low field and th
changes of curvature and saturation behavior of experime
and calculated curves agree nicely. Figure 10 presents
corresponding magnetic moment configurations obtained
simulation, plotting their angleu i as a function of their po-
sition i in the chain. These configurations depend for
same material~characterized bymCo-Zr, JCo-Zr, KCo-Zr) on
the thicknesst simulated by the number of moments in th
chainN. Inside a thin sample, the wall occupies the ent
layer thickness in low applied fields, whereas in a thick la
the wall occupies a small percentage of the total layer th
ness for the same field value~e.g., 20 mT!. Inside a thick
layer only a small variation of the external field is necess
to move the wall from one interface to the other resulting
a higher susceptibility. The underlying magnetization p
cesses consist rather in rotation of the magnetic momen
the layer than in a real shift of the wall. The wall thickne
shrinks as the applied field is increased, an effect which
also predicted by the analytical model.1,2

The transition corresponding to magnetization reversa
the magnetically soft layer Co-Zr is accompanied by creat
or annihilation of a wall at each interface, when the magne
moments of the hard layers point in the same directi
Simulations have been performed using the boundary co
tionsu15uN50° and the same exchange constantJ5340 K
as in the state with one domain wall. The simulated cur
show a satisfactory agreement with the measured magne
tion curves~Fig. 11!, except for the thinnest Co-Zr layers~46
nm and 87 nm!. Indeed, due to the strong exchange coupl
at the interfaces, it is no longer possible to neglect the ex
sion of the walls located near the interfaces into the h
Sm-Co layers. To describe the magnetization process,
then necessary to simulate three layers with real parame
for the hard materials.

C. Three layer simulations

Sm-Co/Co-Zr/Sm-Co8. Calculations taking into ac
count the three layers have been performed to describe m
netization curves of the thinnest samples of t
Sm-Co/Co-Zr/Sm-Co8 series. The less coercive SmCo6.3
layer is simulated with parametersNSm-Co5165,
JSm-Co5120 K, andKSm-Co50.18 K, while the most coercive
f

f
g

s

in
e

ith
y

nt
u-
as

tal
he
y

e

r
-

y

-
in

is

n
n
ic
.
i-

s
a-

g
n-
d
is
rs

g-

SmCo3.5 layer is described with NSm-Co85157,
JSm-Co85120 K, andKSm-Co851.6 K. The values of aniso
tropy constants were deduced from the magnetization m
surements carried out on individual layers of the same co
position. Figure 12 shows the results for the sample wit
87 nm thick Co-Zr layer. The whole hysteresis cycle is w
described. As expected, the magnetization process assoc
with the reversal of the soft Co-Zr layer is in better agre
ment with the experimental data than those with one la
simulations. Calculation results also show sudden reversa

FIG. 10. Calculated spin configurations of the Co-Zr layer
Sm-Co/Co-Zr/Sm-Co8 samples in the one-wall state. The angleu
between the magnetic momentSi and the applied field is plotted a
a function of the numberi of the moment in the chain. The simu
lations were done using the boundary conditionsu150° and
uN5180° and the parametersJ5340 K, K50, N5370, 830, and
2000 corresponding to thicknesses 46 nm, 195 nm, and 470 n
the Co-Zr layer.
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FIG. 11. Measured~rhombus! and simulated~dashed line! magnetization curves at the transition of Sm-Co/Co-Zr/Sm-Co8 between the
single domain state and two-wall state for different Co-Zr layer thicknesses. One-layer simulations were performed to describe t
magnetization reversal. The boundary conditionsu150° anduN50° are used to take into account the coupling to Sm-Co hard layers
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magnetic moments of the Sm-Co layers at fields which
very close to the experimental reversal fields. It could app
surprising to simulate so accurately the reversal of magn
zation of coercive materials. But this behavior is in agre
ment with the mechanism proposed for ferromagnetica
coupled sandwich systems, which is a propagation of
Bloch walls existing mainly in the soft layer into the ha
layers. The reversal fields do not depend on the coercivit
the hard materials but rather in their anisotropy and the
cility of the wall existing in the soft Co-Zr layer to propaga
in Sm-Co layers. The different extension of the walls in t
two hard layers of Sm-Co are shown in Fig. 12. Final
simulations using the dynamic Landau-Lifshitz-Gilbert equ
e
ar
ti-
-
y
e

of
-

,
-

tion for micromagnetics are now in progress for these s
tems: they evidence that the Sm-Co reversal fields incre
as the Co-Zr soft layer thickness is decreased,12 as observed
experimentally.

Y-Co/Gd-Co/Y-Co. Simulation using this one-
dimensional model also succeeds in the description of
system Y-Co/Gd-Co/Y-Co which is composed of three ma
netically soft layers. In order to simulate its magnetizati
processes, it is absolutely necessary to simulate the evolu
of configuration of the magnetic moments in the three c
stitutive layers simultaneously.

Exchange and anisotropy constants characterizing
magnetic properties of Y-Co and Gd-Co have similar valu
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In this system, without coercivity, the magnetization in t
layer with the smallest moment is reversed at the transit
In the case of thicknesses 140 nm/60 nm/140 nm, the m
netization of Gd-Co is reversed.

Figure 13~a! presents measured and calculated magn
zation curves at temperatures 10 K and 300 K of
YCo1.9/GdCo2.3/YCo1.9 ~140 nm/60 nm/140 nm! sample.
Good agreement is obtained using in the calculation for e
Y-Co layer at T510 K the parametersNY-Co5465,
JY-Co5250 K, KY-Co50, mY-Co50.97mB /Co and for the
Gd-Co layerNGd-Co5160, JGd-Co5140 K, KGd-Co50.0035
K, mGd-Co521.64mB /Gd0.43Co, SGd-Co50.7. The effect of
the temperature is simulated by taking into account
corresponding variation of the magnetic moments. Thus
room temperature, mY-Co(300 K)50.78mB /Co, mGd-Co
520.80mB /Gd0.43Co at SGd-Co50.56. The transition is
more or less sharp depending on the anisotropy of the Gd
layer. Higher anisotropy leads to steeper transitions.
magnetic moments used in the calculation are taken f
measurements on uncoupled films.

The corresponding spin configurations@Fig. 13~b!# show
that the wall spreads out on both sides of the interface
expected when there is a soft material on either side. If
take the wall thicknessd to be the zone where the spin
rotate through 145°, we deduce from the simulated confi
rations wall thicknessesd(5T)55.4 nm andd(0.05T)557
nm, which confirms the wall width variation with applie

FIG. 12. ~a! Simulation of the whole magnetization curve of th
Sm-Co/87 nm Co-Zr/Sm-Co8 sample. Three layer simulations we
performed, taking into account parameters of magnetic mom
exchange and anisotropy of each layer.~b! Corresponding calcu-
lated spin configurations.
n.
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field in agreement with Kerr observations~Fig. 2!. It is also
the same order of magnitude as the wall thicknesses ded
for the same system using the analytical model.2

VIII. CONCLUSION

In the systems presented here, composed of only th
magnetic layers of amorphous rare-earth-cobalt alloys, s
eral distinct magnetic states can be generated at zero ap
field. We have studied magnetization reversal in a soft la
and the concurrent creation of Bloch walls that spread
over the entire sample surface and where the participa
moments rotate inside a plane parallel to the interfaces.
have also analyzed reversal of a coercive layer coupled
romagnetically to a neighboring soft layer. This reversal
due to propagation of a wall already present in the soft la
and depends mainly on the anisotropy of the hard la
rather than its intrinsic coercivity. In these systems comb
ing hard layers and soft layers a state presenting only
Bloch wall in the central layer can be stabilized. The susc
tibility in this state depends on the layer thickness and
intrinsic properties of this soft layer are in agreement w
the above mentioned analytical model.

For these amorphous samples a one-dimensional m
provides an excellent approximation for the description
the observed magnetization processes by means of nume
simulation. Among these, calculations using a unique se
parameters describe the totality of the magnetization p

t,

FIG. 13. ~a! Measured~dots! and simulated~solid lines! magne-
tization curves at T510 K and 300 K of the
YCo1.9/GdCo2.3/YCo1.9 ~140 nm/60 nm/140 nm! sample.~b! Cor-
responding calculated spin configurations at 10 K.
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cesses of all the samples Sm-Co/Co-Zr/Sm-Co8 not only in
the one-wall state but also for the transition between
single domain state and the state with two walls.

These samples with well-defined chemical and magn
properties appear to be real model systems where the d
l.

.
.

e

ic

scription by micromagnetic relations is suited particula
well.
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