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Enhanced induced magnetization in coupled magnetic trilayers
in the presence of spin fluctuations
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Motivated by recent experiments, the effect of the interlayer exchange interactionJinter on the magnetic
properties of coupled Co/Cu/Ni trilayers is studied theoretically. Here the Ni film has a lower Curie tempera-
ture TC,Ni than the Co film in case of decoupled layers. We show that by taking into account magnetic
fluctuations the interlayer coupling induces a strong magnetization forT*TC,Ni in the Ni film. For an increas-
ing Jinter the resonancelike peak of the longitudinal Ni susceptibility is shifted to larger temperatures, whereas
its maximum value decreases strongly. A decreasing Ni film thickness enhances the induced Ni magnetization
for T*TC,Ni . The measurements cannot be explained properly by a mean-field estimate, which yields a ten
times smaller effect. Thus, the observed magnetic properties indicate the strong effect of two-dimensional
magnetic fluctuations in these layered magnetic systems. The calculations are performed with the help of a
Heisenberg Hamiltonian and a Green’s-function approach.@S0163-1829~99!51446-X#
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Recently, the element specific magnetization and the
gitudinal susceptibility of magnetic epitaxial Co/Cu/N
trilayers grown on Cu~001! have been measured.1,2 The two
ferromagnetic Ni and Co films are coupled by the indire
exchange interactionJinter across the nonmagnetic Cu laye
which exhibits an oscillatory behavior as a function of t
thickness dCu of the spacer, and an overall decay lik
dCu

22 .2–4 The thicknessesdNi anddCo of the Ni and Co films
are chosen in such a way that for a vanishing interlayer c
pling the Ni film has a lower Curie temperature than the
film, i.e., TC,Ni(dNi),TC,Co(dCo). Jinter induces for T
.TC,Ni a considerable magnetization in the Ni film, whic
has been measured to vanish;30240 K aboveTC,Ni . In
this work we show that the induced strong Ni magnetizat
can theoretically only be obtained properly by taking in
account magnetic fluctuations in the Ni film. If these fluctu
tions are neglected in the calculations@for example within a
mean-field theory~MFT! approach5#, the resulting induced
Ni magnetizationMNi(T) for T*TC,Ni is an order of magni-
tude smaller. Vice versa, the neglect of these fluctuati
requires an unrealistic large value forJinter to yield the ob-
served shiftDT of MNi(T) to larger temperatures. Generall
spin fluctuations diminish the magnetization of a tw
dimensional~2D! magnetic system more strongly than f
bulk magnets.6,7 An external magnetic field suppresses t
action of these fluctuations, resulting in a stronger incre
of the magnetization in 2D than in bulk systems. Similar
in case of a coupled trilayer the interlayer coupling redu
the fluctuation effect, since it acts as an external magn
field. Consequently,Jinter has a pronounced effect on the N
film magnetization. The magnetic behavior of such a sys
can be used to study the action of the strong 2D spin fl
tuations.
PRB 600163-1829/99/60~22!/14994~4!/$15.00
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To take into account the collective magnetic excitatio
~spin waves, magnons!, we apply a many-body Green’s
function approach, and use the so-called Tyablikov~or RPA!
decoupling.8 Since within this method interactions betwee
magnons are partly taken into account, the whole temp
ture range of interest up to the Curie temperature can
considered. A Heisenberg-type Hamiltonian on an fcc~001!
thin film with d5dNi1dCo monolayers~ML ! is assumed
with localized magnetic momentsmi5m i Si /S on lattice
sitesi:

H52
1

2 (
^ i , j &

Ji j Si Sj2(
i

B mi

1
1

2 (
i , j

iÞ j

1

r 5
@mi mj r 223~r mi !~r mj !#. ~1!

Quantum-mechanical spins with spin quantum numbeS
51 are assumed. Due to the dipole interaction the magn
zation Mi(T)5^Si

z& is directed in plane, determining th
quantization axis (z direction!. The external magnetic field
B5(0,0,B) is applied parallel to this axis.Ji j are the ex-
change couplings between nearest-neighbor spin pairs w
are chosen in such a way that they yield the observed C
temperatures for the separate~i.e., decoupled! layers. We put
JCoCo5398 K per bond to obtainTC,Co(2)5435 K for a Co
film with dCo52 ML.1 To account for the diminished inter
face magnetic state of the Ni film, we distinguish betwe
exchange couplings in the interface layers and the film in
rior layers. WithJNiNi

inter f ace530 K andJNiNi
interior5172 K per

bond one obtains for a Ni film withdNi55 ML TC,Ni(5)
R14 994 ©1999 The American Physical Society
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5267 K.2 These numbers for the exchange couplings
somewhat lower than the corresponding values obtai
from the bulk Curie temperatures. In addition an interlay
exchange couplingJinter across the nonmagnetic Cu spac
layer between Ni and Co spins in the interlayers next to C
assumed. Positive as well as negative values ofJinter can be
considered, thus preferring parallel (Jinter.0) or antiparallel
(Jinter,0) magnetized Ni and Co film. The last term in E
~1! is the magnetic dipole coupling between spinsmi andmj
separated by vectorsr5r j2r i , denotingr 5ur u. The slowly
converging oscillating lattice sums are converted into rapi
converging ones with the help of Ewald summation.9 Layer-
dependent magnetic momentsm i are assumed.10 In particular
we put mNi

inter f ace50.46mB , mNi
interior50.61mB , and mCo

52.02mB for all Co layers, wheremB is the Bohr magneton
Lattice anisotropy terms are not considered here.

For the calculation of the layer-dependent magnetizatio
Mi(T), i 51 . . .d, we consider the following two-times
~commutator-! Green’s functions, which are written in spe
tral representation as11,12

Gi j
12(n)~v,ki!5^^Si

1 ;~Sj
z!n Sj

2&&v,ki
5^^Si

1 ;Cj
(n)&&v,ki

.
~2!

Here thei , j refer to layer indices. Because we assume f
romagnetically ordered layers, the lateral periodicity h
been used to apply a Fourier transformation into the 2D m
mentum space,ki being the 2D wave vector. The Green
functions are determined by solving the familiar equation
motion. Higher order Green’s functions are approximated
the Tyablikov ~RPA! decoupling8 for the exchange and di
pole interactions (iÞk):

^^Si
z Sk

1 ;Cj
(n)&&'^Si

z& ^^Sk
1 ;Cj

(n)&&5Mi~T! Gk j
12(n) ,

~3!

i.e., spin operatorsSi
z are replaced by their expectation va

uesMi(T). Different integersn<2S21 have to be consid
ered in order to calculate different spin quantum numb
S.11 The equations of motion lead to a set ofd coupled linear
equations for the Green’s functions. With the help of t
spectral theorem the respective expectation values~or corre-
lation functions! ^(Sj

z)nSj
2Si

1& are determined. The magnet
zation Mi(T) is obtained from the usual relations betwe
spin operators. By comparison with a recent quantum Mo
Carlo calculation of a Heisenberg monolayer in an exter
magnetic field13 it was shown that the applied Green’
function method yields a satisfactory result for t
magnetization.14,15

In Fig. 1 we present results for the Ni magnetizati
MNi(T) as a function of the temperatureT calculated with
different interlayer couplingsJinter . We consider a Co/
Cu/Ni trilayer with dNi55 Ni, dCu53 Cu, anddCo53 Co
monolayers, respectively. For comparison experimental
sults for the same system are also shown.2 The layer-
dependent magnetizationsMi(T), i 51 . . .d, are deter-
mined from an iterative procedure. Presented are the
magnetizationsMNi(T) averaged over all Ni layers. We us
the inflection pointTin f l of MNi(T) as a measure of the co
responding temperature shiftDT(Jinter)5Tin f l2TC,Ni of the
Ni magnetization with respect to the decoupled case. O
observes that already a small value of the interlayer coup
e
d
r
r
is

y

s,

r-
s
-

f
y

s

te
l

e-

i

e
g

Jinter produces a comparably largeDT(Jinter). For example,
Jinter51 K results inDT'30 K. Such a value forJinter
compares well with various results measured formerly w
different methods.4,16 Corresponding results have been det
mined by us also from a MFT approach. For the same va
of Jinter the calculatedDT(Jinter) obtained from this ap-
proximation is about ten times smaller than the value res
ing from the Green’s-function method.

We stress that this strong difference is a result of the
character of the magnetic trilayer system. The action of
external magnetic field forT*TC is much more pronounced
for a 2D magnet than for a corresponding bulk system.7 For
the coupled trilayer system under consideration the interla
coupling Jinter acts similar as an external magnetic fiel
Therefore, for temperaturesT*TC,Ni close to the Curie tem-
perature of the single Ni film already a smallJinter is suffi-
cient to induce a marked Ni magnetization and the cor
sponding temperature shiftDT. In contrast, within a MFT
approach the exchange coupling alone results in a finite r
anent magnetization for a 2D magnet, and does not need
support of the dipole coupling or an external magnetic fie
In this case a small interlayer coupling adds simply to
strong Ni-Ni exchange coupling and results in a correspo
ingly small value ofDT.

We have tested the assumption that the interlayer c
pling acts similar as an external magnetic field. The result
MNi(T) for a single ~i.e., decoupled! Ni film with dNi55
ML, with an external magnetic field acting exclusively o
the topmost Ni layer with a strengthB5Jinter /mNi , are prac-
tically the same as for the corresponding coupled trila
system.

Furthermore, we have calculated the induced Ni magn
zation at T*TC,Ni for different thicknessesdNi of the Ni
film. Results forDT(dNi) are shown in Fig. 2 for two differ-
ent values ofJinter and for 1<dNi<6 ML. The other cou-
pling parameters are the same. The resultingabsolutevalue

FIG. 1. Ni magnetizationMNi(T) for a Co/Cu/Ni trilayer as a
function of the temperatureT calculated by the Green’s-functio
approach. Different interlayer couplingsJinter ~in K/bond! are as-
sumed as indicated. An epitaxial trilayer withdNi55 Ni and dCo

53 Co monolayers~ML ! is assumed. The values for the exchan
couplings within the Ni and Co films and the corresponding m
netic moments are given in the text.TC,Ni5267 K is the Curie
temperature of the single Ni film. In addition experimental resu
for the Ni magnetization are displayed for a single 4.8 ML Ni fil
capped with Cu~‘‘bilayer’’ !, as well as for a Co/Cu/Ni trilayer with
dNi54.8 ML, dCo52.8 ML, anddCu52.8 ML ~Ref. 2!.
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DT(dNi) exhibits a maximum at aboutdNi54 ML, see inset
of Fig. 2. For comparison the corresponding results ca
lated by the MFT approach are also shown. On the ot
hand, therelative temperature shiftDT/TC,Ni(dNi), scaled by
the Curie temperatureTC,Ni(dNi) of the single Ni film, in-
creases by reducing the thickness of the Ni film~see Fig. 2!.
This indicates the increasing importance of the action of
magnetic fluctuations for a decreasing film thickness. Exp
mental results are also displayed for two different Cu spa
thicknesses.

In addition we investigate the longitudinal susceptibil
xNi(T) of the Ni film. For this purposex i(T) for the i th
magnetic layer,i 51 . . .d, is calculated from the differenc
of the magnetizationsMi(T,B) with B50 andB52 G,

x i
zz~T![x i~T!5

]Mi~T,B!

]B
'

DMi~T,B!

DB
. ~4!

In Fig. 3 the Ni susceptibilityxNi(T) averaged over all Ni
layers is displayed, corresponding to the results of Fig. 1
resonancelike peak ofxNi(T) is obtained forT*TC,Ni as has
been reported previously.5 With increasing interlayer cou

FIG. 2. The temperature differenceDT(dNi) between the inflec-
tion point of the Ni magnetizationMNi(T) in the coupled Co/Cu/Ni
trilayer and the Curie temperatureTC,Ni(dNi) of the single Ni film
as a function of the Ni film thicknessdNi . Two different interlayer
couplingsJinter51 K and 3 K are assumed, and the other syst
parameters are the same as for Fig. 1. The figure displays the
tive temperature differenceDT scaled byTC,Ni(dNi). In the inset
the absolute temperature shift is given. For comparison we show
respective results forDT calculated by an MFT approach, assumi
Jinter53 K. Experimental results are also given for two differe
Cu thicknesses:l: dCu52.8 ML; andj: dCu52.0 ML ~the latter
corresponds to a largerJinter.3 K!.
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pling Jinter , the susceptibility peak is shifted to higher tem
peratures. Also, the maximum value ofxNi(T) reduces
strongly and its corresponding width increases marked5

For a strongJinter the Ni susceptibility is so small that it ma
be hardly measurable. A singularity ofxNi(T) will occur at
T5TC,Co since there the induced Ni magnetization, althou
small, vanishes in accordance with the vanishing Co mag
tization. Thus,TC,Co corresponds to the true phase transiti
temperature of the coupled magnetic Co/Cu/Ni trilay
system.5

In Refs. 1 and 2 it was found for the Co/Cu/Ni trilaye
system that the observed Ni remanent magnetizationvan-
ishesabove a temperatureTNi* , where TC,Ni,TNi* ,TC,Co.
On the other hand, either no susceptibility signal or only
small peak inxNi(T) could be measured atTNi* . This might
be due, e.g., to the occurrence of a multidomain state or
magnetic reorientation in the Ni film. A true phase transiti
in the thermodynamic sense is reminiscent to a nonanaly
behavior of the free energy, resulting in singularities of, e
the correlation length or the susceptibility, as found atTC,Co.
Regardless of the particular behavior of the magnetic pr
erties atTNi* , we emphasize that the observed strong indu
Ni magnetization and the shift of the Ni susceptibility fo
T*TC,Ni due to the interlayer couplingJinter is caused by
the presence of magnetic fluctuations. To compare the m
sured and calculated temperature shiftDT we have assumed
Tin f l'TNi* .

We have investigated asymmetric trilayers which exhi
different Curie temperatures for the decoupled Ni and
films, e.g., for single magnetic layers or for a trilayer with
thick nonmagnetic spacer. The interlayer couplingJinter in-
fluences mainly the magnetization of the Ni film, which h
the lower ordering temperature, whereasTC,Co stays practi-
cally constant. On the other hand, a symmetric system, e
Ni/Cu/Ni trilayer with equal Ni film thicknesses or a period
multilayer system, has a single Curie temperatureTC . Here
Jinter will enhanceTC considerably by amounts similar a
discussed for the asymmetric trilayer. Indeed this has b
observed for a Ni/Au multilayer system.4 In principle, by an
appropriate combination of tri- and multilayers, for instan
by varying the materials and the thicknesses of the magn

la-

he

FIG. 3. Ni film susceptibilityxNi(T) as a function of the tem-
perature for different interlayer couplings as indicated. The susc
tibility field amplitude is 2 G. The same Co/Cu/Ni trilayer system
described in Fig. 1 is assumed. Note that the susceptibility curve
Jinter50 is scaled by the factor 1/100.
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and nonmagnetic layers, one might tune the magnetic p
erties according to possible applications.

In summary, we have calculated the action of the int
layer exchange coupling in a magnetic Co/Cu/Ni trilayer s
tem by means of a many-body Green’s-function approach
a Heisenberg Hamiltonian.Jinter induces a considerable
magnetization in the Ni film forT*TC,Ni , and shifts the Ni
susceptibility peak to larger temperatures. Also the width
the Ni susceptibility increases, whereas its maximum va
decreases strongly. We have shown that for reasonable
ues ofJinter the observed strong induced Ni magnetizati
can be obtained only if the magnetic fluctuations in these
systems are taken into account properly. Corresponding
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sults as calculated by a MFT approach, which neglect th
fluctuations, yield a ten times smaller increase, and can
explain the observed magnetic behavior for the Co/Cu
trilayer system. The influence of the magnetic fluctuatio
becomes stronger for smaller Ni film thicknesses~see Fig. 2!,
indicating the 2D character of the important correlation
Note that we have investigated the effect ofJinter on the
magnetic properties solely by considering thermal fluct
tions. Other possible influences such as magnetic non
linearities are not discussed here.

This work has been supported by the DFG, Sonderfo
chungsbereich 290. Discussions with C. Timm are gratefu
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