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Magnetization reorientation in ferrimagnetic Gd27.5Fe59Co13.5/Dy28Fe60Co12 double layers

R. Sbiaa, H. Le Gall, and J. M. Desvignes
CNRS-LPSB, 1 Place A. Briand, 92195 Meudon, France

~Received 27 June 1997; revised manuscript received 26 September 1997!

We present experimental results on magnetization reversal for double-layer~GdFeCo/DyFeCo! magneto-
optical films. The structure of interest consists of a 40 nm DyFeCo layer with perpendicular magnetization and
a 50 nm layer of GdFeCo with in-plane magnetization. A transition from in-plane to perpendicular orientation
of the magnetization in GdFeCo film caused by the effect of exchange interaction with DyFeCo has been
observed in just a small temperature range. For higher temperatures, the exchange effect becomes smaller and
GdFeCo magnetization returns back to in-plane orientation. On the basis of a micromagnetic model, we predict
a change in orientation of GdFeCo magnetization from in-plane to perpendicular when it is coupled to DyFeCo
film in a certain temperature range. This transition is sensitive to the magnetic properties of each layer that are
dependent on temperature and on the values of compensation and Curie temperatures of both GdFeCo and
DyFeCo films.@S0163-1829~98!05314-4#
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I. INTRODUCTION

Amorphous rare-earth transition-metal~RE TM! alloys
have been considered the more important candidates
magneto-optical~MO! storage technology. The magnet
multilayers of such alloys are the subject of strong inter
with the possibility to increase the data transfer rate1,2 or to
achieve high storage density by magnetic super-resolu
methods~MSR!.3–7 The MSR is a thermomagnetic effe
based on a local optical aperture thermally induced in a
nar magnetic layer by the laser spot during the readout
cess.

More recently, Murakaniet al.6 have proposed a new typ
of MSR consisting of two layers, one with in-plane magn
tization ~readout layer! and the other with perpendicula
magnetization~memory layer!. Those systems are calle
‘‘mixed’’ exchange coupled double layers~ECDL’s!.

Nishimura and co-workers8 have worked with the sam
MO double layer and conclude that it is difficult to achieve
transition from in-plane to perpendicular magnetization
readout layer without an initializing layer inserted betwe
film 1 and film 2.

In this paper we use MO measurements to study the
cesses of magnetization reversal in a double layer of film
~GdFeCo! and film 2~DyFeCo!. We investigate the influenc
of both the composition and thickness of film 1 on the ma
netization profile of the two films. It shows that the magn
tization of GdFeCo rotates from in plane to perpendicular
the film orientation in a special temperature range that
pends both on double-layer composition and thickness. S
of the bilayers studied in a previous work9 show a transition
from ferromagnetic to antiferromagnetic coupling of the la
ers. In this study, we present a bilayer system that underg
a transition from being a mixed system~in plane/
perpendicular! to being a perpendicular system.

To explain this unusual result we use a micromagne
model to calculate the angular orientationu(z) of the in-
plane film at different positionz. We find thatu(z) is very
sensitive to the magnetic parameters of the two layers, wh
in turn depend strongly on the temperature.
570163-1829/98/57~13!/7887~5!/$15.00
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Films of GdFeCo/DyFeCo were rf sputtered in an arg
environment onto Corning glass substrates and coa
against corrosion with 10 nm of Si3N4 overlayer. The mag-
netic hysteresis curves of monolayers and bilayers were m
sured by MO Faraday rotation under a magnetic field up
18 kOe. The saturation magnetization was measured at
bient temperatureTamb with vibrating sample magnetomete
and calculated by mean-field theory10–13 from Tamb to the
Curie temperatures of film 1 (TC1) and film 2 (TC2).

The compositions of the MO layers were analyzed
electron probe microanalysis. The compositions of the t
films were adjusted in order to obtain film 1 and film 2 ric
in Gd and Dy, respectively. It means that their compensa
temperatures~TCP1 andTCP2! are both greater thanTamband
so their intrinsic MO hysteresis loops are inverted becaus
the range of composition we have used~about 70 at. % TM!
Faraday rotation~FR! is caused mainly by the TM sublattic
magnetization.14,15

II. MAGNETIZATION PROCESS

We study a magnetic double layer, where the easy ax
in-plane in film 1, GdFeCo, while it is perpendicular to th
plane in film 2, DyFeCo. The angular orientationu(z) of
magnetization in this double-layer system is assumed to v
spatially only along thez coordinate running through th
film thickness. The anglec(z) of the magnetization from the
x axis ~Fig. 1! has been supposed equal top/2 to simplify
the total energy density that is given by16,17

E5E
0

t1FA1S du

dzD
2

2K1 sin2 u1M1H cosuGdz

1E
2t2

0 FA2S du

dzD
2

1K2 sin2 u1M2H cosuGdz, ~1!

whereA1,2, M1,2, K1,2, and t1,2 are the exchange constan
the saturation magnetization, the effective anisotropy ene
and the thickness in the planar film 1 and perpendicular fi
2, respectively. The effective anisotropyK1,2 corresponds to
7887 © 1998 The American Physical Society
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the intrinsic uniaxial anisotropy~KU1,0 in film 1 andKU2
.0 in film 2! corrected by the demagnetizing contributio
2pM1,2.2 The values ofK1 andK2 are positive.

III. MAGNETIC PROPERTIES OF Gd 27.5Fe59Co13.5

AND Dy28Fe60Co12

Gdx(FeCo)12x are ferrimagnetic amorphous alloys with
compensation temperatureTCP1 and Curie temperatureTC1
steeply dependent on the concentration.11–13 We have pre-
pared a 50 nm-thick layer of Gd27.5Fe59Co13.5 in the same
deposition conditions as the exchange coupled double la
By MO Faraday rotation we measure its compensation
Curie temperatures which are 190 °C and 320 °C, resp
tively. The saturation magnetizationM1 of film 1 was mea-
sured by a vibrating sample magnetometer at room temp
ture and is equal to 180 emu/cm3.

A 40 nm-thick Dy28Fe60Co12 amorphous alloy exhibits a
uniaxial anisotropy in a direction perpendicular to the pla
of sample. The hysteresis curves measured by MO Fara
rotation show an inversion of sign atTCP2 equal to 70 °C. Its
Curie temperatureTC2 is 170 °C and its saturation magne
zation at room temperatureM2 is equal to 30 emu/cm3.

In Fig. 2, experimental FR hysteresis curves
Gd27.5Fe59Co13.5/Dy28Fe60Co12 bilayer are represented fo
various sample temperatures. This method utilizes the
effects to sense especially the TM moments of both film
and film 2 as a function of the applied field that is perpe
dicular to sample plane. The film 2 with easy axis perp
dicular to the sample plane, switches atHC2 but M1 rotates
coherently up to saturation fieldHS1 , The fieldsHS1 and
HC2 are the saturation and coercive fields of film 1 and fi
2, respectively in the exchange coupled double layer syst
that means we have to take into account the exchange i
action between the layers.9,17 This situation observed at room
temperature occurs until 75 °C whenHS1 andHC2 have the
same magnitude and another kind of hysteresis curves
pears. From 25 °C to 88 °C we obtain a simple situation t
has been evoked in part of a previous work.9

Figure 3 shows representations of hysteresis loops
have been observed experimentally fromTamb to 88 °C. The
increase ofHC2 with temperature is due to the increase of t
coercive field of film 2~with no exchange coupling with film

FIG. 1. Geometry of two magnetooptical layers with in-pla
and perpendicular anisotropies.
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1! near its compensation temperatureTCP2 , and the effect
caused by film 1 to film 2 that is observed experimenta
between 85 °C and 88 °C by a relatively slow reversal p
cess of film 2 magnetization and a beginning of the reori
tation of film 1 magnetization out plane as shown schem
cally by a hysteresis loop with small remanence.

The curves observed at moderate temperature~from 90 °C
to 95 °C! in Fig. 2, show an unusual situation with thre
hysteresis loops, two of which are similar and symmet
about theH50 axis. Similar results have been observed

FIG. 2. Experimental hysteresis curves at various temperat
for Gd27.5Fe59Co13.5 ~500 Å!/Dy28Fe60Co12 ~400 Å!.

FIG. 3. Magnetization process proposed for the bilayers w
mixed anisotropies, forT525 °C ~a! andT between 75 and 88 °C
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other authors in perpendicular/perpendicular exchan
coupled bilayer systems.18–20 To explain this phenomenon
we begin first by a decomposition of this hysteresis loop
two parts as is sketched in Fig. 4. This is the only poss
combination that can give us a description of this case
loops. As it has been described by Kobayashiet al.,19 the
two similar and small hysteresis loops represent a reve
process of just one layer~film 1 in our case! and are shifted
from H50 axis by the exchange bias fieldHb due to film 2
~Fig. 2!. On the other hand, we have to take into account
mutual exchange interaction that begins at the interface
propagates in film 2 depending on the characteristic of
two films.21 The amplitude of the MO signal of the sma
hysteresis loop is equal to twiceF1 , the remnant FR of film
1, as shown in Fig. 2 (T590 °C). It is clear thatF1 is
higher for temperature 90 °C than for 92 °C, so the perp
dicular characteristic of film 1 is sensitive to the temperatu
A second important result of this work is that the transiti
from in plane to perpendicular orientation of film 1 induc
by the exchange-coupling interaction with perpendicu
magnetization film 2 occurs just in a narrow temperat
range. We note that the transition from in plane to perp
dicular orientation in GdFeCo film 1 is evident in the tem
perature range between 75 °C and 88 °C.

IV. THEORETICAL PREDICTION OF MAGNETIZATION
TRANSITION

The temperature dependencies of the magnetic param
M1,2, K1,2, andA1,2 in films 1 and 2, respectively, are ca

FIG. 4. Representative MO hysteresis loops for bilayer and c
responding in-plane and perpendicular magnetization single l
for T590 to 95 °C.

FIG. 5. Calculated saturation magnetization versus tempera
for Gd27.5Fe59Co13.5 and Dy28Fe60Co12 monolayer films calculated
from mean-field theory.
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culated by mean-field theory. In a previous work21 we have
determined numericallyu(z) by changing just one of the
magnetic parameters and supposing all the others to be
stant. In this study all parameters except the magnetic
plied field ~which is fixed at zero! become variable becaus
of their great dependence on temperature. Figure 5 sh
dependencies on temperature of saturation magnetization
films 1 and 2~M1 and M2!. The uniaxial anisotropiesKU1
and KU2 of both layers are determined from the pa
model10–13 and the exchange stiffnessesA1 and A2 depen-
dencies on temperature are determined by mean-field th
and the Heisenberg model of the exchange ene
density.12,22

In Fig. 6, we show the magnetization distribution from t
bottom of film 2 to the surface of film 1 at three differe
temperatures. ForT550 °C and 100 °C, the in-plane an
perpendicular characteristics are slightly modified in films
and 2, respectively. But at 80 °C the magnetization of e
film is nearly perpendicular. In another step, we have cal
lated the mean values of angleu(z) in films 1 and 2 that are
really measured in FR geometry and so to be compared
experimental FR measurements. In Fig. 7, we represent
mean values of the magnetization projection in film 1, t
experimental values have been measured from FR hyste

r-
er

re

FIG. 6. Calculated profile of magnetization direction at vario
temperatures for Gd27.5Fe59Co13.5 ~500 Å!/Dy28Fe60Co12 ~400 Å!.

FIG. 7. Temperature dependence of in-plane component of m
netization in ECDL structure.
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loops at remanence, normalized after substrate FR
DyFeCo from bilayers one. We establish that temperat
rangeDT predicted by micromagnetic model slightly di
placed from experimental temperature range. In this mo
we have not taken into account diffusion between the t
MO layers. On the other hand, perpendicular magnetiza
of film 2 has been deposited with optimal composition; i.
the film has high perpendicular anisotropy and a compen
tion temperature not far fromTamb. Consequently, a sma
variation of its thickness causes a change of its intrinsic m
netic properties.23,24 In micromagnetic model it is preferre
to add an interfacial energy term due to the formation o
few atomic layers between GdFeCo and DyFeCo, as
used by Smith and Cain.25

At higher temperatures~more than 95 °C!, we again find a
simple hysteresis loops characteristic of two exchan
coupled magnetic layers with in-plane and perpendicu
magnetization, respectively, as schematically sketched
Fig. 8. The switching fieldHC2 decreases when temperatu
increases until 125 °C at whichHC2 becomes zero. Fo
higher temperatures (T.TC2), the signal of film 2 disap-
pears and we obtain a situation with just an in-plane m
netic film 1. We note the change of the FR sign at 197
corresponding to the compensation temperature of film 1
an exchange-coupled double-layer situation.

The unusual hysteresis loop observed
Gd27.5Fe59Co13.5/Dy28Fe60Co12 bilayer at 90 °C until 95 °C
have been observed again in another bilayer~Fig. 9!. The
only difference between the two bilayers is just the thickn
t1 of the in-plane film 1 and that it has been reduced to

FIG. 8. Representative MO hysteresis for bilayer and co
sponding in-plane and perpendicular magnetization single layeT
595 °C).
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nm in the second one. Consequently, the transition from
plane to perpendicular orientation of the GdFeCo magnet
tion appears at room temperature and occurs at about 15
We note that at 25 °C, the FR at no external field~rema-
nence! is essentially zero. This and other confirmation for t
reorientation of the magnetization of GdFeCo from in pla
to out plane by exchange coupling with DyFeCo; i.e., in th
case the sublattice magnetization of Fe and Co in the
layers are equal in magnitude and opposite in direction~one
film is rich in TM and the other is rich in RE!.

V. CONCLUSION

A transition from in-plane to perpendicular magnetizati
of the GdFeCo layer occurs in a temperature range as a r
of a strong exchange effect with the DyFeCo perpendicu
layer. The particular values of bothTCP1 andTCP2 and, con-
sequently, the temperature dependence of magnetic pro
ties of the two layers is of great importance for the existen
or nonexistence of this transition and the range of tempe
tures at which it occurs.

In our Gd27.5Fe59Co13.5/Dy28Fe60Co12 bilayer, the micro-
magnetic calculation has predicted a transition in a sm
temperature range that is slightly translated from experim
tal DT values~experimentallyDT is of 20 °C!. We think it is
because in the theoretical model an interface energy t
must be added to explain the diffusion between the two l
ers. This temperature induced transition depends both
thickness and on the intrinsic properties of the two layers

-

FIG. 9. Experimental hysteresis curves at various temperat
for Gd27.5Fe59Co13.5 ~350 Å!/Dy28Fe60Co12 ~400 Å!.
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