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Motivated by recent experiments, the effect of the interlayer exchange interdgtjpnon the magnetic
properties of coupled Co/Cu/Ni trilayers is studied theoretically. Here the Ni film has a lower Curie tempera-
ture T¢ 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=cF ¢ y; 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=T¢ 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 approp®0163-18209)51446-X]

Recently, the element specific magnetization and the lon- To take into account the collective magnetic excitations
gitudinal susceptibility of magnetic epitaxial Co/Cu/Ni (spin waves, magnohswe apply a many-body Green's-
trilayers grown on C(001) have been measuréd.The two  function approach, and use the so-called Tyablil@RPA)
ferromagnetic Ni and Co films are coupled by the indirectdecoupling® Since within this method interactions between
exchange interactiod e, across the nonmagnetic Cu layer, magnons are partly taken into account, the whole tempera-
which exhibits an OSCiIIatory behavior as a function of thEture range of interest up to the Curie temperature can be
thickness dc, of the spacer, and an overall decay like considered. A Heisenberg-type Hamiltonian on ar(G6d)
deg ->~* The thicknesseey; anddc, of the Niand Co films  thin film with d=dy+de, monolayers(ML) is assumed

are chosen in such a way that for a vanishing interlayer couyith |ocalized magnetic momentg; = ;S /S on lattice
pling the Ni film has a lower Curie temperature than the Cogjtagi-

film, i.e., Tcni(dn)<Tccddco): Jinter iNduces for T

>Tc i @ considerable magnetization in the Ni film, which 1

has been measured to vanistB0—40 K aboveTc y;. In H=—2= > Ji S sj—E B u;
this work we show that the induced strong Ni magnetization 207 [

can theoretically only be obtained properly by taking into

account magnetic fluctuations in the Ni film. If these fluctua- 1 i - , _
tions are neglected in the calculatidrisr example within a * 2 .EJ rS[”' w030 ) (1 )] @
mean-field theoryMFT) approach], the resulting induced i#]

tude Smaller. Vice versa. the. nelect of thess fluctuation@UaNUM-mechanical spins with spin quantum numer
requires an unrealistic large value @, to yield the ob- =1 are assumed. Due to the dipole interaction the magneti-

served shiftAT of M (T) to larger temperatures. Generally, 220N M(T)=(S) is directed in plane, determining the
spin fluctuations diminish the magnetization of a two-duantization aX|sz(_ direction. The e_xtern_al magnetic field
dimensional(2D) magnetic system more strongly than for B=(0,0B) is applied parallel to this axis];; are the ex-
bulk magnet$:” An external magnetic field suppresses thechange couplings between nearest-neighbor spin pairs which
action of these fluctuations, resulting in a stronger increas@re chosen in such a way that they yield the observed Curie
of the magnetization in 2D than in bulk systems. Similarly, temperatures for the separate., decoupleflayers. We put

in case of a coupled trilayer the interlayer coupling reducedcoco= 398 K per bond to obtaiff ¢ c(2)=435 K for a Co

the fluctuation effect, since it acts as an external magnetilm with dc,=2 ML.! To account for the diminished inter-
field. Consequentlyd;.; has a pronounced effect on the Ni face magnetic state of the Ni film, we distinguish between
film magnetization. The magnetic behavior of such a systengxchange couplings in the interface layers and the film inte-

can be used to study the action of the strong 2D spin flucrior layers. WithJ\jié""2°*=30 K and J\jje"°" =172 K per
tuations. bond one obtains for a Ni film witll;=5 ML Tc \i(5)
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=267 K2 These numbers for the exchange couplings are T ' :
somewhat lower than the corresponding values obtained 0.4F. —,, -00K
from the bulk Curie temperatures. In addition an interlayer §
exchange couplingd;,i; across the nonmagnetic Cu spacer
layer between Ni and Co spins in the interlayers next to Cu is
assumed. Positive as well as negative value gf, can be
considered, thus preferring parallél{;.,>0) or antiparallel
(Jinter<0) magnetized Ni and Co film. The last term in Eq.
(1) is the magnetic dipole coupling between spinsand u;
separated by vectors=r;—r;, denotingr =|r|. The slowly
converging oscillating lattice sums are converted into rapidly 0.0 . ,
converging ones with the help of Ewald summatidrayer- ) 200 300 400
dependent magnetic momentsare assumetf In particular T(K)
we put uyl®*%=0.46ug, uiy*"*'=0.61ug, and suc,
=2.02ug for all Co layers, whergug is the Bohr magneton.
Lattice anisotropy terms are not considered here.

For the calculation of the layer-dependent magnetization
M;(T), i=1...d, we consider the following two-times
(commutatory Green'’s functions, which are written in spec-

tral representation &s'?
+—(n) _//at . (QZ\n o _ + . ~(n) temperature of the single Ni film. In addition experimental results
Gij (w,kp (s ’(Sl) S >>“"kH (s G >>“"kH' for the Ni magnetization are displayed for a single 4.8 ML Ni film
@ capped with Cu*bilayer” ), as well as for a Co/Cu/Ni trilayer with
Here thei,j refer to layer indices. Because we assume ferdni=4.8 ML, dco=2.8 ML, anddc,=2.8 ML (Ref. 2.
romagnetically ordered layers, the lateral periodicity has
been used to apply a Fourier transformation into the 2D mogi”teffrlc’dscres ﬁtcomziibé%li@g(‘]ﬁte’);/Flor e;<aﬂmple,
mentum spacek; being the 2D wave vector. The Green’s ~ e _ esufts - - Such a valué T0linter

functions are determined by solving the familiar equation ofoompares well V\gtﬂs various results measured formerly with
motion. Higher order Green'’s functions are approximated b ifferent methods: * Corresponding resuilts have been deter-

. . . “mined by us also from a MFT approach. For the same value
:)hoele-l—iﬁ?:rlg(g;giﬁgk()j?COUp“né for the exchange and di of Jiner the calculatedAT(Ji,e;) Obtained from this ap-

proximation is about ten times smaller than the value result-
Z ot . (N /2 + .My — M. +—(n) ing from the Green’s-function method.
(SISGCTN =S USHETN =MD G, 3) gWe stress that this strong difference is a result of the 2D
character of the magnetic trilayer system. The action of an

i.e., spin operator§ are replaced by their expectation val- external magnetic field fofF =T is much more pronounced
uesM;(T). Different integerm=<2S—1 have to be consid- for a 2D magnet than for a corresponding bulk sysfefor
ered in order to calculate different spin quantum numbershe coupled trilayer system under consideration the interlayer
S*! The equations of motion lead to a setcbéoupled linear  coupling Jin, acts similar as an external magnetic field.
equations for the Green’s functions. With the help of theTherefore, for temperaturds=Te \; close to the Curie tem-
spectral theorem the respective expectation valaesorre- perature of the single Ni film already a smalle, is suffi-
lation functi0n$<(SjZ)”SfS|+> are determined. The magneti- cient to induce a marked Ni magnetization and the corre-
zation M;(T) is obtained from the usual relations betweensponding temperature shift T. In contrast, within a MFT
spin operators. By comparison with a recent quantum Mont@approach the exchange coupling alone results in a finite rem-
Carlo calculation of a Heisenberg monolayer in an externahnent magnetization for a 2D magnet, and does not need the
magnetic field® it was shown that the applied Green’s- support of the dipole coupling or an external magnetic field.
function method vyields a satisfactory result for theln this case a small interlayer coupling adds simply to the

—

B exp. bilayer
@® exp. irilayer

M, (n/atom

FIG. 1. Ni magnetizatiorM ;(T) for a Co/Cu/Ni trilayer as a
function of the temperatur@ calculated by the Green’s-function
sapproach. Different interlayer couplings,c, (in K/bond) are as-
sumed as indicated. An epitaxial trilayer with;=5 Ni anddc,
=3 Co monolayergML) is assumed. The values for the exchange
couplings within the Ni and Co films and the corresponding mag-
netic moments are given in the texiic \j=267 K is the Curie

magnetizatiort?° strong Ni-Ni exchange coupling and results in a correspond-
In Fig. 1 we present results for the Ni magnetizationingly small value ofAT.
Mpi(T) as a function of the temperatufiecalculated with We have tested the assumption that the interlayer cou-

different interlayer couplings); ;. We consider a Co/ pling acts similar as an external magnetic field. The results of
Cu/Ni trilayer with dy;=5 Ni, dc,=3 Cu, anddc,=3 Co  M;(T) for a single(i.e., decoupled Ni film with dy;=5
monolayers, respectively. For comparison experimental reML, with an external magnetic field acting exclusively on
sults for the same system are also shéwhhe layer- the topmost Ni layer with a strengB= J;,,1e,/ i, are prac-
dependent magnetization®;(T), i=1...d, are deter- tically the same as for the corresponding coupled trilayer
mined from an iterative procedure. Presented are the Ngystem.

magnetizationdV \;(T) averaged over all Ni layers. We use  Furthermore, we have calculated the induced Ni magneti-
the inflection pointT;,; of My;i(T) as a measure of the cor- zation atT=Tc \; for different thicknessesly; of the Ni
responding temperature shiffT (J;,e() =Tins— Tc ni Of the  film. Results forAT(dy;) are shown in Fig. 2 for two differ-

Ni magnetization with respect to the decoupled case. Onent values of), and for 1=dy;<6 ML. The other cou-
observes that already a small value of the interlayer couplingling parameters are the same. The resultibgolutevalue
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FIG. 3. Ni film susceptibilityxyi(T) as a function of the tem-
perature for different interlayer couplings as indicated. The suscep-
tibility field amplitude is 2 G. The same Co/Cu/Ni trilayer system as

o 0. described in Fig. 1 is assumed. Note that the susceptibility curve for
\O “*~.~O. Jinter=0 is scaled by the factor 1/100.
MFT - \o\\O ; il ; ; ;

inter 'e) pling Jinter,» the susceptibility peak is shifted to higher tem-

0.0 . T o o o peratures. Also, the maximum value ofy(T) reduces
1 2 3 4 5 6 strongly and its corresponding width increases mark&dly.

For a strongl; i, the Ni susceptibility is so small that it may
dNi (ML) be hardly measurable. A singularity @f;(T) will occur at

T=Tc cosince there the induced Ni magnetization, although
small, vanishes in accordance with the vanishing Co magne-
tization. Thus,T¢ ¢, corresponds to the true phase transition
trilayer and the Curie temperatufig yi(dy;) of the single Ni film temperature of "the coupled magnetic Co/Cu/Ni trilayer
as a function of the Ni film thicknesd; . Two different interlayer systemfi

couplingsJine,=1 K and 3 K are assumed, and the other system * |, pats 1 and 2 it was found for the Co/Cu/Ni trilayer
parameters are the same as for Fig. 1. The figure displays the relgystem that the observed Ni remanent magnetizagiam-

tive temperature differencAT scaled byTc \(dy;). In the inset . * *
the absolute temperature shift is given. For comparison we show thgnesabove a temperaturgy;, where Te n<Tyi<Tc co-

respective results fak T calculated by an MFT approach, assuming 8” the othgr hand, either no susceptibility S'gnf”“ or. only a
Jiner=3 K. Experimental results are also given for two different SMall peak inyy;(T) could be measured ax;;. This might
Cu thicknesses# : dc,=2.8 ML; andM: dc,=2.0 ML (the latter b€ due, e.g., to the occurrence of a multidomain state or to a
corresponds to a largek,e,>3 K). magnetic reorientation in the Ni film. A true phase transition
in the thermodynamic sense is reminiscent to a nonanalytical
AT(dy;) exhibits a maximum at aboaty, =4 ML, see inset behavior of_the free energy, resulting |n singularities of, e.g.,
of Fig. 2. For comparison the corresponding results calcuthe correlation length or the susceptibility, as found gk .
lated by the MFT approach are also shown. On the 0thel;ie_gardless of the paruc_ular behavior of the magnetic prop-
hand, therelativetemperature shifs T/T¢ i(dy;), scaled by ~ erties afTy,;, we emphasize that the observed strong induced
the Curie temperatur@c y(dy;) of the single Ni film, in- Ni magnetization and the shift of the Ni susceptibility for
creases by reducing the thickness of the Ni fisee Fig. 2 T=Tc ni due to the interlayer couplingine, is caused by
This indicates the increasing importance of the action of théhe presence of magnetic fluctuations. To compare the mea-
magnetic fluctuations for a decreasing film thickness. Experisured and calculated temperature shift we have assumed
mental results are also displayed for two different Cu spaceTinﬂ*T?\]i '
thicknesses. We have investigated asymmetric trilayers which exhibit
In addition we investigate the longitudinal susceptibility different Curie temperatures for the decoupled Ni and Co
xni(T) of the Ni film. For this purposey;(T) for the ith films, e.g., for single magnetic layers or for a trilayer with a
magnetic layeri=1 . . .d, is calculated from the difference thick nonmagnetic spacer. The interlayer coupliige, in-
of the magnetizationM;(T,B) with B=0 andB=2 G, fluences mainly the magnetization of the Ni film, which has
the lower ordering temperature, wherelsc, stays practi-
cally constant. On the other hand, a symmetric system, e.g. a
Ni/Cu/Ni trilayer with equal Ni film thicknesses or a periodic
multilayer system, has a single Curie temperaflite Here
Jinter Will enhanceT considerably by amounts similar as
In Fig. 3 the Ni susceptibilityyni(T) averaged over all Ni  discussed for the asymmetric trilayer. Indeed this has been
layers is displayed, corresponding to the results of Fig. 1. Aobserved for a Ni/Au multilayer systefrin principle, by an
resonancelike peak fy;(T) is obtained folT=T¢ y; as has  appropriate combination of tri- and multilayers, for instance
been reported previousfyWith increasing interlayer cou- by varying the materials and the thicknesses of the magnetic

FIG. 2. The temperature differenceT (dy;) between the inflec-
tion point of the Ni magnetizatioM \;(T) in the coupled Co/Cu/Ni

IM(T,B) AM(T,B)
B AB “)

X (M=xi(T)=
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and nonmagnetic layers, one might tune the magnetic progsults as calculated by a MFT approach, which neglect these
erties according to possible applications. fluctuations, yield a ten times smaller increase, and cannot
In summary, we have calculated the action of the inter€explain the observed magnetic behavior for the Co/Cu/Ni
layer exchange coupling in a magnetic Co/Cu/Ni trilayer sysdrilayer system. The influence of the magnetic fluctuations
tem by means of a many-body Green’s-function approach fopecomes stronger for smaller Ni film thicknesésese Fig. 2,
a Heisenberg Hamiltoniand; ., induces a considerable indicating the 2D charact_er of the important correlations.
magnetization in the Ni film fof =T ;, and shifts the Ni Note that we have investigated the effect K, on the
susceptibility peak to larger temperatures. Also the width offi@gnetic properties solely by considering thermal fluctua-
the Ni susceptibility increases, whereas its maximum valudions: Other possible influences such as magnetic noncol-
decreases strongly. We have shown that for reasonable v jnearities are not discussed here.
ues ofJi e, the observed strong induced Ni magnetization This work has been supported by the DFG, Sonderfors-
can be obtained only if the magnetic fluctuations in these 2xhungsbereich 290. Discussions with C. Timm are gratefully
systems are taken into account properly. Corresponding rexcknowledged.
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