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Magnetic behavior of sputtered GdÕCo multilayers
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We have experimentally and theoretically explored the magnetic behavior at low field of Gd/Co sputtered
multilayers. Magnetization measurements and simulations qualitatively agree only when the Gd layer is sub-
stituted by an alloyed GdCo layer close to the eutectic composition. The formation of this GdCo alloy,
previously evidenced by experiments of composition depth profiles, is consistent with the observed compen-
sation temperatures. Likewise, a certain reduction of the effective Co layer thickness due to alloy formation is
taken into account and improves the agreement between theoretical calculations and measurements of magne-
tization versus temperature for various multilayers.
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I. INTRODUCTION

Magnetic layered systems exhibit fascinating proper
which have attracted significant attention. This is not o
due to their fundamental interest, but also because of t
applications in magnetic storage devices and sensors.
nomena such as giant magnetoresistance and interlayer
netic coupling have aroused a great theoretical interest
opened new ways for the design of novel devices. In part
lar, magnetic multilayers with antiferromagnetic~AF! cou-
pling are attractive systems to study interface coupling, m
netic transitions induced by an applied magnetic field~spin
flop!, and present a nontrivial behavior of magnetization v
sus temperature.

The periodic stacking of two distinct ferromagnetic ma
rials with antiparallel or AF interlayer coupling gives rise
a variety of magnetic configurations.1 Multilayers composed
of a rare-earth~RE! element, such as Gd, and a transiti
metal like Fe or Co are an interesting example of such s
tems. Due to their very different ordering temperatures, co
plex magnetic configurations depending on the structural
rameters, temperature, and magnetic field may occur.2–8

Gd/Fe multilayers have been more extensively inve
gated. The first experimental study of this system was p
sented by Morishitaet al.3 The possibility of having a com
pensation point for certain layer thicknesses stimulated m
experimental9–11 as well as theoretical work in this system
Camley and Tilley2,12 developed a model to study ide
Gd/Fe multilayers, showing the existence of different ma
netic phases as a function of the magnetic field, tempera
and structural parameters. If a magnetic field is applied p
allel to the layers, they found that below the Curie tempe
ture of Gd three main phases appear: the Gd-aligned ph
where Gd magnetic moments are parallel to the magn
field and Fe moments are antiparallel; the aligned-Fe ph
with Fe moments in the field direction and Gd mome
antiparallel to it; and the twisted or canted phase, where
and Gd moments are away from the field direction. Comp
son of the magnetization dependence with the temperatu
real samples and theoretical calculations was first reporte
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Motokawa5; later works comparing experiments an
simulations4,6,13–15 confirmed the suitability of the mean
field approach to account for the magnetic behavior of s
systems.

Gd/Co multilayers have not been so thorough
studied.7,8,16,17They are far from ideal samples with abru
interfaces: in a recent work18 the existence was shown o
strong asymmetric interdiffusion that consequently leads
severe Co alloying throughout the Gd layer up to a com
sition near the eutectic point (Gd0.63Co0.37). Interestingly, it
seems that when the eutectic composition is reached, fur
alloying is prevented, and the resulting composition pro
turns out to be rather squared, composed of alternating
and Gd0.63Co0.37 alloy layers. The alloy layer is clearly amo
phous as a consequence of the strong amorphization rea
previously noticed by Hufnagelet al.19 As to the magnetic
behavior of the alloy layer, it was also shown18 that the eu-
tectic alloy layer is a 4f ferromagnet with a spontaneou
magnetization at 4 K of about 1660 emu/cm3 and a Curie
temperature ofTC5180 K.

In this article, we compare magnetization measureme
with theoretical calculations which support nominal Gd/C
multilayers being actually composed of a thinned pure
layer and an alloy layer of composition close to that of t
eutectic alloy (Gd0.63Co0.37). This alloy is ferromagnetic
with a Curie temperature around 180 K, i.e., 100 K low
than that of pure Gd, thus lowering the multilayer compe
sation temperature with respect to the expected value fo
ideal Gd/Co system. To attain a qualitative agreement of
overall temperature dependence of the magnetization,
had to assume a reduced effective thickness of the Co la
with respect to the nominal value.20 Such thinning of Co
layers was verified with x-ray reflectivity measurements
the multilayers.

II. EXPERIMENT

Samples were grown in a multitarget sputtering syst
equipped with pure Co~99.99%! and Gd~99.9%! targets on
unheated glass substrates. The background pressure
©2002 The American Physical Society24-1
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around 431027 torr. rf sputtering was carried out in pur
argon~2.5 mtorr!. Growth rates were 5 Å/s and 1.4 Å/s fo
Gd and Co, respectively; these values were obtained f
thickness calibration of single films. Conventional x-ray d
fraction u/2u scans using CuKa radiation were made fo
structural determination. The magnetization was measu
using a vibrating sample magnetometer~VSM! with applied
fields up to 15 kOe in the film plane from 80 K to 300 K
Hysteresis curves of the samples were obtained using
transverse magneto-optic Kerr effect~T-MOKE!, with ac
magnetic fields in the film plane~up to 130 Oe! from 10 K
to 300 K. Low-angle x-ray reflectivity demonstrated
chemical modulation perpendicular to the film plane
all multilayers. Auger electron spectroscopy~AES! under 5
keV electron irradiation combined with ion bombardme
(Ar1;80 Å/h) was used for depth analysis of the film com
position. It indicated a strong asymmetric Co diffusion in
the Gd deposit to build an eutectic alloy layer and, con
quently, a nearly squared profile. Bulk composition measu
ments were done in a scanning electron microscope w
energy-dispersive x-ray~EDX! microanalysis.

III. MODEL AND CALCULATIONS

We use a modified version of the molecular field mod
proposed by Camley and Tilley2,12 with appropriate param
eters for Co, Gd, and the GdCo alloy. To set such parame
we suppose the multilayer is made of alternating hcp slab
material A ~Gd or GdCo alloy! and materialB ~Co! with
abrupt interfaces. Each slab of materialX is composed ofNX
atomic layers. We model one atomic layeri by its magnetic
momentMi which can rotate freely in the plane parallel
the interfaces. This means that we neglect the out-of-pl
magnetization in the slabs composing the bilayer, which
reasonable assumption due to the strong shape anisotrop
mimic the periodicity in the growth direction, we consider
slab of NA1NB two-dimensional~2D! magnetic moments
with periodic boundary conditions. The 2D magnetic m
mentMi is given by

Mi5mBgni^Si&, ~1!

wheremB is the Bohr magneton,g is the Lande´ factor,ni is
the atomic areal density of layeri, and ^Si& is the thermal-
averaged value of the spin in layeri. This latter quantity is
calculated within the mean-field approximation, i.e., by e
ploying the Brillouin functionBS(x):

^Si&5SiBS~x!, ~2!

wherex5gmBSiHi /kBT. HereHi is the effective magnetic
field in layer i, kB is the Boltzmann constant, andT is the
temperature. We only consider exchange interactions
tween nearest-neighbor layers; thus, the effective magn
field in layer i is

Hi5~Ji ,i 11^Si 11&1Ji ,i 21^Si 21&!/gmB1Hext , ~3!

whereJi j is the exchange coupling interaction between la
ers i and j and Hext is the external applied magnetic field
Therefore Eqs.~2! and~3! are to be solved self-consistentl
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For the cases considered in this work the external field
much smaller than the molecular field, so it can be neglec
for the calculation of̂ Si&.

When a finite external fieldHext is applied, the relative
orientation of the magnetic field and the spins in each laye
obtained by minimizing the sum of the exchange energyEex
and the Zeeman energyEZ :

Eex1EZ52
1

2 (
i

~niJi ,i 111ni 11Ji 11,i !^Si&^Si 11&cos~u i

2u i 11!2gmBni^Si&Hextcosu i , ~4!

whereu i is the angle between the orientation of the exter
manetic field and the averaged value of the spin^Si& in the
i th layer.

The minimization procedure is as described by Cam
and Tilley2,12: ~i! A random spin configuration is generate
~ii ! a spin i of the configuration is chosen randomly an
rotated into the direction of the effective fieldHi ; ~iii ! the
last step is repeated until a self-consistent spin configura
is obtained. As this procedure only minimizes locally t
energy, a large number of initial configurations genera
randomly is explored to ensure that the ground state is fou
Then the magnetization in the field direction is calculated

M ~T!5 (
i 51

NA1NB

gmBni^Si&cosu i /~NAdA1NBdB!, ~5!

which we compare to the experimental values.
To set the parameters appearing in the former equati

we first discuss the case of pure-Gd and- Co multilayers.
assume the slabs are made of hcp-Co and hcp-Gd bulk
als grown in the~001! direction. This assumption is based o
the following fact: we have grown Gd and Co thin film
using the same sputtering conditions employed in multilay
and we have observed that both Co and Gd films are hig
textured with theirc axis perpendicular to the substrate.
the model we employ this is just a simple means of sett
the structural parameters. Thus, the atomic layers are s
rated a distanced5c/2, i.e., dGd52.8925 Å and dCo
52.035 Å, and the areal densities arenGd50.874 57
31015 atom/cm2 andnCo51.832 8331015 atom/cm2.

As for the magnetic parameters, we take the atomic val
of the spins,SGd57/2 andSCo52. The interaction exchang
constants employed in the model are given byJGd51.2
310215 erg, JCo54.8310214 erg, and for the interface cou
pling we have chosen a value between the exchange
plings JGd and JCo , Jint522.1310215 erg. The bulk ex-
change couplings are set to reproduce the bulk Cu
temperatures of Gd and Co when modeling a multilayer w
both slabs of the same material.

With respect to the eutectic alloy, we note that for th
composition the Co atoms are not magnetic. Therefore
chose to model it as if it were Gd with lower density,Neut
50.85nGd . The factor 0.85 is the volume fraction of G
atoms in the eutectic alloy. The coupling for the eutec
alloy is JGd0.67Co0.33

55.5310216 erg, which as before, wa

chosen to reproduce the Curie temperatureTC5180 K.
4-2
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IV. MAGNETIZATION MEASUREMENTS AND ANALYSIS
OF Gd „50 Å…ÕCo„X… MULTILAYERS

Figure 1 presents a plot of the measured magnetizatio
a function of temperature in a set of Gd(50 Å)/Co(X) for
different nominal Co layer thicknesses (tCo). Some curves
show the characteristic compensation tempera
(Tcomp)—a signature of antiferromagnetic coupling betwe
the layers—below which the magnetization of the Gd la
dominates over that of the Co layer. As already observed
other authors,14,2 for Gd thicknesses (tGd) smaller than a
certaintCo value the compensation point disappears and
magnetization is dominant for all temperatures. We ha
chosen the present range of values to study the cross
between these two behaviors, where a small variation
structural parameter may produce a qualitative change in
magnetic properties of the sample, thus being an interes
system to assess the validity of our suppositions. Suc
sensitive behavior is also observed in the simulations; h

FIG. 1. Magnetization at 300 Oe measured as a function
temperature in a series of Gd(50 Å)/Co(X) multilayers of 20 re-
peats for different nominal thicknesses of the Co layer (X). Nomi-
nal cobalt thicknesses areX556 Å (d), 70 Å (s), 105 Å (j),
and 140 Å (h).

FIG. 2. Low-field magnetization calculated as a function of te
perature in a series of Gd(50 Å)/Co(X) multilayers modelled with
pure Gd and Co layers. Co thicknesses are displayed over
curves.
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ever, calculated curves with pure Gd layers~Fig. 2! show
marked differences with respect to the measured curves
particular, the compensation point, when present, appea
much higher temperatures.

But as we mentioned in Sec. II, elemental depth profi
obtained by AES show that our Gd/Co samples are actu
comprised of Co and GdCo alloy layers with compositi
close to the eutectic point (Gd0.63Co0.37). As this alloy has
lower Curie temperature, a substantial reduction in the co
pensation temperatures of GdCo/Co multilayers with resp
to those of pure Gd/Co is to be expected, and we have
plored this theoretically. In Fig. 3 we show theM (T) calcu-
lated curves in a series of multilayers with the same thi
ness of GdCo eutectic alloy layer.

A straightforward comparison of compensation tempe
tures in measurements and simulations is not satisfactory
the same nominal thickness of Co. However, strong evide
indicates that a reduction of the effective Co thickness
necessary: we plot in Fig. 4 the measured layer magnet

f

-

he

FIG. 3. Low-field magnetization calculated as a function of te
perature in a series of Gd0.63Co0.37 (50 Å)/Co(X) multilayers with
eutectic Gd alloy~Curie temperatureTC5180 K). Co thicknesses
are displayed over the curves.

FIG. 4. Magnetization~300 Oe! at room temperature as a func
tion of the Co layer thickness~solid circles!. Open symbols (s)
indicate the calculated magnetization with Gd0.63Co0.37 multilayers.
Note that a linear slope appears above a certain thickness~25–30
Å!; see text.
4-3
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tion of the same series of multilayers at room temperat
~300 K! together with the calculated values for saturated
layers of the nominal thickness. We have chosen 300 K
cause at this temperature, higher than the compensa
point, the total magnetization is expected to be only tha
the Co layers. Clearly the theoretical points fall along
straight line, but the experimental points begin to show
linear behavior above 25–30 Å. This can be considered
reduction of the Co thickness from the magnetic point
view, so in our calculations we should consider a reduct
of the Co magnetic layer thickness to find an agreement w
experiment. If we now take such a reduction into acco
and compare the experimental magnetization of sam
Gd(50 Å)/Co(X) ~Fig. 1! to calculated magnetization curve
of multilayers Gd0.63Co0.37(50 Å)/Co(X230 Å) ~Fig. 3!,
very good overall qualitative agreement is found, which
even quantitative as to the compensation temperatures.

In order to investigate such thinning effects in the C
layers, we have analyzed the x-ray reflectivity scans to in
the actual Co layer thickness. This has been accomplis
with simulations using a standard code21 and a model struc-
ture consistent with AES profiles. Figure 5 contains typi
reflectivity scans and the simulations. Note the existence
Bragg peaks up to sixth order. The inset displays the fit
values of the Co thickness inferred from simulations a
function of nominal values. Interestingly, every multilayer
characterized by Co layers whose thickness is reduced a
stantial amount~15–28 Å! compared to nominal values.

As to an explanation for the reduced Co thickness,
data point to a twofold origin. First, alloying of the Gd laye
must have reduced the actual Co thickness from the nom
values to a certain extent.20 However, from density data,22

we estimate that in a Gd(50 Å)/Co(X) multilayer the de-
crease in the nominal Co thickness is not more than 10
This value compares too low with the measured reduction
15–28 Å. Second, interdiffusion may have formed a w
interface. In fact, elemental AES profiles provided an up
estimate of about 2 nm. A detailed study of the magne
interface is underway. However, the present combined
fects can explain the effective Co layer thickness.

With respect to the observed quantitative discrepan

FIG. 5. Grazing x-ray reflectivity scan as a function of 2u angle
for a multilayer nominally Gd~50 Å!/Co~56 Å! ~dots! and the cor-
responding simulation~solid lines!. The inset displays the Co thick
ness inferred from the fits for the series Gd(50 Å)/Co(X).
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between simulations and experiments, some comments
due. First, experimental values ofMS(300 K) of Gd/Co
nibikater~ML ! samples are much below the calculated on
Besides, we have grown by sputtering pure Co single fil
and measuredMS(300 K)51130 emu/cm3, 22% lower than
the expected value. This has been observed by other gro
and it is supposedly related to a reduced mass density an
an incomplete saturation arising from the sample grow
Similar values are obtained in multilayers in which a thin
layer was inserted at the interface in order to avo
interdiffusion.18 As our purpose with the simulations was
corroborate the key role played by the change of composi
and the reduced effective Co thickness, we chose no
modify the rest of parameters in the calculations, in order
to mask the importance of the ones studied here. Obviou
the introduction of more adjustable parameters will impro
numerical agreement, but this is not our main focus in
present work.

Second, the observed rounding of experimentalM (T)
aroundTcomp is not reproduced in the simulation. We thin
this must be related to the details of the wide interface
gion. As stated in Sec. III, we have modeled an abrupt in
face profile, having in mind that the main role of this regio
is to produce an AF coupling between Gd and Co slabs.
expect as well that modeling an interface with a smooth p
file, when more detailed data of the interface region
available, may account for the smooth shape of the exp
mental curves.

Finally, we find that theM (T) curves are fairly repro-
duced with this model except for samples with very thin C
layers. For these samples large quantitative discrepancie
cur at temperatures much lower than theTcomp, where ex-
perimental values are far lower than that of the simulat
‘‘Gd-aligned’’ phase. This difference increases with reduci
Co layer thickness. From Auger spectroscopy we know t
very thin Co layers~nominally 10 Å! are oxidized; this prob-
ably reduces the spontaneous magnetization at low temp
ture (GdO2 is a paramagnet!.

FIG. 6. Compensation temperatures from calculations
Gd0.63Co0.37 (50 Å)/Co(X) multilayers with eutectic Gd alloy (s)
and experimental values from low-field magnetization
Gd(50 Å)/Co(X) (d) and from the magneto-optic Kerr effect o
the same samples (j).
4-4
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As a summary, in Fig. 6 we show the experimental valu
of Tcomp from VSM measurements and from the magne
optic Kerr effect, as well as calculated values. It can be s
how this simple model accurately predicts the compensa
temperatures once the reduced Co thickness and formatio
the GdCo eutectic alloy are considered.

V. MAGNETIZATION MEASUREMENTS AND ANALYSIS
OF Gd„X…ÕCo„70 Å… MULTILAYERS

In this section we study the magnetization of a series
multilayers with fixed Gd thickness in a range of Co thic
ness where compensation behavior is observed. Figure~a!
shows the experimental results for a set of multilayers wit
nominal Co thickness of 70 Å. In three of the four cas
displayed there is a clear compensation point, all below
K. This can be explained by assuming the existence of Gd
alloy instead of pure Gd in the samples, like for the resu
presented in the previous section. To confirm this last
sumption, we have modeled the magnetization versus t
perature for pure Gd/Co multilayers with the same nomi
thicknesses of the Gd layer; the curves are shown in

FIG. 7. ~a! Experimental low-field magnetization of a series
Gd(X)/Co(70 Å) multilayers as a function of temperature. The G
layer thickness ranges from 50 to 200 Å.~b! Calculated magnetiza
tion as a function of temperature in a series of Gd(X)/Co(70 Å)
multilayers with pure Gd layers of the same thickness values.
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7~b!. Only one of the simulated samples shows a clear co
pensation below room temperature. Another important d
agreement is the behavior for the sample with the thick
Gd layer: the experimental magnetization curve of Gd~200
Å!/Co~70 Å! @Fig. 7~a!# is rather flat from 200 to 300 K,
whereas the corresponding theoretical curve in Fig. 7~b! still
has a strong temperature dependence in the same range
indicates that the nominal Gd layer has a Curie tempera
~180 K! much lower than that of pure Gd and in agreeme
with the Curie temperature of the eutectic alloy Gd0.63Co0.37.
Thus the Curie point of multilayers with large Gd thick
nesses can serve as a check of the alloy formation by m
of Co interdiffusion. A substantial reduction of the Cur
point within the Gd layers of Gd/Fe multilayers has al
been reported,23 without indicating a possible origin; in this
work we give an explanation of such behavior in a simi
system. On the other hand, at room temperature we have
observed the same quantitative discrepancy for the satura
magnetization as in the series with fixed Gd layer thickn
~Sec. IV!.

Following the procedure of the previous Section, we ha
calculated the correspondingM (T) curves for a series o
GdCo(X)/Co(40 Å) multilayers~Fig. 8!. The compensation
points experimentally observed are not reproduced if
only consider the change in composition of the RE layer.
for the series with fixed Gd thicknesses, a reduction in
Co layer is necessary to achieve an agreement. More in
estingly, this is reached for the same Co reduction emplo
in the previous section, which points to the validity of o
explanation. In summary, the actual compensation poin
again quantitatively reproduced only if the eutectic alloy a
the reduced effective thickness are both considered.

Again, discrepancies in the detailed shape of the mag
tization curve may arise from the effect of a wide interfa
and/or significant magnetocrystalline fields. More detai
explanations will require knowledge of the interface stru
ture ~elemental and magnetic profiles! and including in the
model magnetocrystalline effects. To this respect, the Gd
system seems more complex than Gd/Fe multilayers wh
simple model calculations are in fine agreement with mag

FIG. 8. Calculated magnetization as a function of temperatur
a series of Gd0.63Co0.37 (X)/Co(40 Å) multilayers with Gd alloy
layers of the same thicknesses~50 to 200 Å!.
4-5
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tization data.23 However, we would like to point out that th
compensation point, when present, is given correctly wit
our approach. This indicates that the key parameters gov
ing its behavior are the net magnetic moments in the ato
layers and the exchange coupling constants, rather than
precise structure of the interfaces.

VI. CONCLUSIONS

Calculations of the low-field magnetizationM (T) in mul-
tilayers with antiparallel interface coupling are consiste
with the behavior of real sputtered Gd/Co samples. Follo
ing previous composition experiments, the use of an eute
Gd alloy in the layering with Co is proved to successfu
account for the compensation temperatures of real sam
Further experimental evidence that was necessary to exp
the compensation point is a thinned magnetic Co layer, p
n

J.

tt.

n.

tt.

in
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sumably as a result of the strong interdiffusion. Semiqua
tative agreement is achieved in the case of thick Co lay
where both pure Co and Gd0.63Co0.37 layers are well formed,
but is not good for very thin Co layers. The picture is co
sistent for series of multilayers made either with a fixed
layer thickness or with a fixed Co thickness. The cruc
features of the system—namely, the overall dependenc
magnetization with temperature and the appearance of c
pensation points—can be explained by a model that corre
accounts for the net magnetic moment in the atomic layer
reduced because of the alloy formation—and the excha
coupling, modified for the same reason.
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