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Magnetic properties of a CoÕCuÕNi trilayer on the Cu „100… surface
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Magnetic moments, total energies, and exchange interactions have been calculated for Co3 /CuN /Ni5 trilayer
and CuN /Ni5 bilayer on the Cu~100! substrate by means of the interface Green’s-function technique within the
basis set of linear muffin-tin orbitals. We find that Co and Ni layers in the trilayer are exchange coupled, and
observe that the energy difference between the ferromagnetic and the paramagnetic samples is substantially
larger than the energy difference between the ferromagnetic sample and the sample where only Ni layers are
paramagnetic, while Co layers have nonvanishing magnetic moments. These results are in agreement with
recent experiments, where it was observed that the magnetization of Co and Ni layers vanishes at different
temperatures, and the difference oscillates as a function of thickness of nonmagnetic spacer layer. Magnetic
moment profiles, as well as layer-resolved effective exchange parameters, were calculated and discussed.
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I. INTRODUCTION

Progress in growing of high-quality multilayers by mea
of molecular-beam-epitaxy method has made it possible
design structures with tailor-made magnetic propert
Many studies have been devoted to experimental and t
retical investigation of the Co, Ni, and Co/Cu/Ni films on th
Cu~100! surface1–8 which in this regard have become mod
systems for understanding of physical phenomena in m
netic materials with reduced dimensionality, including t
interlayer exchange coupling9–12 and the giant magnetoresis
tance effects.13 Also, some work has been devoted to an
vestigation of the Curie temperatureTC of magnetic layers.
In Refs. 14,15 theTC of Co and Ni layers on the Cu~100!
surface were studied, respectively. Srivastavaet al.16 and
Ney et al.17 for the first time drew attention to the investig
tion of TC of Co/Cu/Ni trilayer on the Cu~100! surface. The
most important issue here was that two magnetic subsys
have quite differentTC in the bulk, TC

Co51380 K andTC
Ni

5627 K for bulk fcc Co and Ni, respectively. Thus, there is
fundamental problem of how the magnetization of a syst
with coupled Co and Ni layers will behave as a function
temperature. Results of element-specific magnetization m
surements on Co/Cu/Ni trilayers deposited on the Cu~100!
substrate by means of the x-ray magnetic-circular-dichro
~XMCD! technique have shown a number of interesting
fects. The authors observed that the magnetization of Co
Ni layers vanished at different temperatures. This beha
was characterized by two different ordering temperature
global Curie temperatureTC and the ordering temperature o
Ni layer TNi* , whereTNi* ,TNi

bulk . In addition, the Curie tem-
perature of Ni layer in the Cu2.8/Ni4.8/Cu~100! is reduced as
compared to that of Co2.8/Cu2.8/Ni4.8/Cu~100! when Co lay-
ers were evaporated from the trilayer surface. The enha
ment ofTNi* in trilayer as compared to bilayer,DTC,Ni , was
related to the interlayer exchange coupling across the sp
0163-1829/2001/65~2!/024435~8!/$20.00 65 0244
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The coupling was found to be either ferromagnetic~FM! or
antiferromagnetic~AFM!, depending on the spacer thickne
dCu in the trilayer. Also, the exchange coupling followed b
the DTC,Ni had an oscillatory behavior and was found
decay likedCu

22. This functional form gives rise to an as
sumption that the Ruderman-Kittel-Kasuya-Yoshi
~RKKY ! model11,18 of the interlayer exchange couplin
is applicable for the studied trilayer. The measured magn
moment of Ni layers in the Cu2.8/Ni4.8/Cu~100! is
also substantially reduced in comparison to t
Co2.8/Cu2.8/Ni4.8/Cu~100! trilayer.

It is worth to note that the experimental results of N
et al.17 are in agreement with the theoretical prediction
Wang and Mills,19 where a superlattice model consisting
two components with a higherTC

higher and a lowerTC
lower in

the uncoupled case was studied in the framework of the p
nomenological Ginzburg-Landau theory. According to resu
of this work, the magnetic susceptibility of the system w
two differentTC displays one singularity and one maximu
near the bulk transition temperatures of each constituent.
above-mentioned experimental results have also stimul
several theoretical studies of Co/Cu/Ni/Cu multilayers.
particular, Jensenet al.20 carried out a study of the phenom
ena described in Ref. 17 by means of the model calculatio
based on the Heisenberg-type Hamiltonian and a many-b
Green’s-function approach. Using parameters adjusted
such a way as to reproduce experimental temperature de
dence of magnetization in Co/Cu/Ni trilayers, the autho
conclude that the observed magnetic properties indicate
strong effect of two-dimensional magnetic fluctuations
these layered magnetic systems. On the other hand,
et al.21 have studied this effect in the framework of th
itinerant-electron model within the single-band Hubba
model and employing the spectral-density approach. T
established a relation between the Curie temperature
and the strength of the interlayer exchange coupling.

However, to the best of our knowledge, so far there w
©2001 The American Physical Society35-1
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no attempts to investigate from first-principles the nature
the vanishing magnetization of Co and Ni at different te
peratures and to study the oscillatory behavior of the in
layer exchange coupling in this trilayer. Thus, we have c
ried out a number of theoretical calculations of t
magnetization and the total energy for the Co/Cu/Ni trilay
on the Cu~100! surface in the framework of the local-spin
density-functional theory using a first-principles interfa
Green’s-function technique and the fixed-spin-mom
~FSM! method. The results of the total-energy calculatio
as well as calculated effective exchange parameters, s
that there are two distinct energy differences in this syst
the energy difference between a ferromagnetic~antiferro-
magnetic! and paramagnetic solutions, and the energy dif
ence between a solution where only Ni layers are param
netic, while Co layers have nonvanishing magnetic mome
and the energy of a ferromagnetic sample. This is in ag
ment with an existence of two ordering temperatures
Co3/CuN /Ni5 trilayers on Cu~100! surface. In addition, there
is a magnetic coupling between Co and Ni layers in t
system, which oscillates between the AFM to FM as a fu
tion of the thickness of nonmagnetic Cu spacer.

II. CALCULATION DETAILS

The surface Green’s function method used in this w
has been proposed by Lambrecht and Andersen22 and further
developed by Skriver and Rosengaard.23 As the detailed de-
scription of the method may be found in a number
sources,24–26 here we only outline the main features of th
technique and specify the relevant parameters of our ca
lations. The main advantage of the Green’s-function met
is that it treats the surface of a semi-infinite sample rat
than a slab as the model of a surface. The principal-la
technique27 employed by the surface Green’s-functio
method allows one to minimize the computational effort.
a result the calculation time scales linearly with the num
of atomic layers. We have employed the linear muffin-
orbitals basis set28,29 in the tight-binding representation30

with the orbital quantum number cutoffl max52. The atomic-
sphere approximation is used for the one-electron poten
and the core states are treated within the frozen-core app
mation. The local-spin-density approximation is utilized f
the exchange-correlation potential within the Vosko-Wi
Nusair parametrization.31 In the present implantation, beside
the monopole and dipole, we also include higher multip
contributions to the electrostatic potential.26

We have used 505k points in the irreducible part of the
fcc Brillouin zone for the bulk calculations. The surface Br
louin zone integrals were evaluated using 136k points in the
irreducible part of the two-dimensional Brillouin zone for th
~100! surface. The energy integrals were carried out in
complex plane using a semi-circular contour with 24 poin
The thickness of the principal layer for the surface is equa
four physical layers. This set of parameters allows us to
culate total energy differences between different magn
configurations with the accuracy 0.01 mRy. The lattice
rameters for Cu, Ni, and Co are taken to be equal to
calculated equilibrium lattice parameter of Cu~3.59 Å!
02443
f
-
r-
r-

r

t
,

ow
,

r-
g-
s,
e-
n

s
-

k

f

u-
d
r

er

r

l,
xi-

e

e
.
o
l-
ic
-
e

which is close to the experimental value for this metal~3.61
Å!. We do not consider a possible lattice relaxation or d
tortion at the surface or the interfaces.

In order to be able to carry out calculations for a syst
with a predefined magnetic moment in a particular layer,
used the fixed-spin-moment method, described in the App
dix. The exchange coupling between the ferromagnetic
antiferromagnetic configurations of the multilayers was c
culated from the total energy differences between these
solutions. Layer resolved effective exchange parametersJ0
were obtained by means of an expression derived by Lie
ensteinet al.32 Recently, this expression was used by numb
of authors for the study of exchange interactions and Cu
temperature in systems with reduced dimensionality.33–35

III. RESULTS AND DISCUSSION

We have calculated the total energies and the layer-
layer distributions of magnetic moments for a number
Co3/CuN /Ni5 trilayers and CuN /Ni5 bilayers on the Cu~100!
surface with different thickness of the Cu spacer layersN
51 to 5. These systems are most close to samples that
examined in Ref. 17, but in our study we neglect such p
nomena as interface roughness and interdiffusion, and c
sider only integral numbers of layers of each material. H
we remark, that in principle the interface roughness can
treated via ensemble average, and the interdiffusion can
accounted for by means of the coherent-poten
approximation.36–38 However, this goes beyond the subje
of the present study.

The surface geometry is presented in Fig. 1. As rega
the magnetic properties, several constrains were impose
the systems. First, we carried out fully self-consistent cal
lations for parallel, or ferromagnetic, orientations of all t
moments in the multilayer. Second, the parallel spin alig
ment was assumedinsideCo and Ni layers, but the antipar
allel, or antiferromagnetic, orientations of moments was p
setbetweenCo and Ni layers. In the following we will refer
to these calculations as self-consistent FM or self-consis
AFM cases, respectively. Next, we carried out calculatio
with constrained magnetic moment of NimNi50, but with
fully relaxed magnetic moment on Co atoms. Here the fix
spin-moment method described in the Appendix was us
and we will call this the constrained ferromagnetic~CFM!
calculations. Finally, magnetic moment was suppressed
Co as well as on Ni sites, and the paramagnetic~PM! calcu-
lations were carried out.

FIG. 1. Multilayer structures studied in this work are illustrat
by an example of the surface geometry of Co3 /CuN /Ni5 trilayer on
the Cu~100! surface. Here Co1 denotes a surface atom, while Co3

and Ni1 denote atoms at the interface towards the Cu spacer.
5-2
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MAGNETIC PROPERTIES OF A Co/Cu/Ni TRILAYER . . . PHYSICAL REVIEW B 65 024435
A. Magnetic properties of trilayers

First, we discuss the dependence of the averaged m
netic moments for the Co3/CuN /Ni5 trilayer on the Cu~100!
surface on Cu spacer thickness. Results of calculations
shown in Fig. 2~a!. The calculated magnetic moments for C
and Ni are in good agreement with the experimental res
reported in Refs. 17,39. Also, in Refs. 40,41 magnetic m
ments of Cu/Co/Ni/Cu, Cu/Ni/Co, Cu/Co/Cu/Ni/Cu mult
layers on the Cu~100! surface were studied using th
polarized-neutron-reflection method and no considerable
duction of magnetic moments of Ni layers was observed.
the Cu/Co/Ni/Cu sample the obtained magnetic mome
were close to their bulk values, i.e., (1.7060.20)mB and

FIG. 2. ~a! Averaged magnetic moments of Ni and Co layers
the CuN /Ni5 bilayer ~triangles! and the Co3 /CuN /Ni5 trilayer
~squares for Co and circles for Ni! on the Cu~100! surface as a
function of the Cu spacer thicknessN ~in monolayers!. Open sym-
bols show calculated magnetic moments, whereas filled sym
correspond to the experimental results.17 ~b! Difference between the
calculated total energies of various magnetic solutions for
CuN /Ni5 bilayer ~squares! and the Co3 /CuN /Ni5 trilayer on the
Cu~100! surface as a function of the Cu spacer thicknessN ~in
monolayers!. The FM solutions are used as the reference ener
for the bilayers and the trilayers with the same spacer thicknes
this case magnetic moments of the Co and Ni layers were de
mined self-consistently. Open circles and open squares denot
ergies of the paramagnetic solutions for the trilayers and the bi
ers, respectively. The energy of the constrained ferromagn
solutions for the trilayers are given by the filled triangles. The
ergy differences between the FM and PM solutions for the bulk
Co ~11 mRy/atom! and Ni ~3.6 mRy/atom! are shown for compari-
son by horizontal lines. See text for more details.
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(0.5760.05)mB for Co and Ni, respectively. For the
Cu/Co/Cu/Ni/Cu structure magnetic moments for Ni and
were slightly reduced and experimental moments of (1
60.08)mB for Co and (0.5060.04)mB for Ni were found.
Thus, our theoretical results are in excellent agreement w
available experiments.

In Fig. 3 we present the layer-by-layer distribution
magnetic moments of Ni and Co atoms for the 1 and 3 M
thick Cu spacers. In this figure Co1 denotes a surface atom
while Co3 and Ni1 denote atoms at the interface with C
spacer, see Fig. 1. Magnetic moments of Co are displa
only for the FM case. The Co moments obtained in our AF
calculations were found to be close to those of the F
samples. For the 1 ML Cu spacer the magnetic momen
the surface and the interface Co atoms are increased as
pared to their values in the bulk~1.86mB and 1.67mB , re-
spectively!. For the 3 ML Cu spacer only the surface C
atom has a larger magnetic moment. The other Co ato
have magnetic moments that are close to the calculated
value (1.61mB). Magnetic moment of Ni atoms are shown
Figs. 3~b! and 3~c! for the FM and AFM cases, respectivel
In both cases Ni3 atoms have bulklike magnetic moment
but for Ni5 atoms they are reduced~approximately to
0.43mB! and are practically independent of the spacer thi
ness. This indicates that multiple scattering effects such
confined quantum-well states only have a minor effect on
magnetization.5 The magnetic moments of the Ni1 atoms are
also reduced and they are different for AFM and FM stru
tures. Besides they depend on the spacer thickness. Fo
AFM case it is 0.41mB for 1 ML spacer and 0.43mB for 3 ML
spacer. In the FM case it is 0.49mB and 0.45mB for 1 ML and
3-MD-thick Cu spacers, respectively. Note, that calcula
magnetization profiles can be described within a superp
tion principle of independent binary interface magnetizat
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FIG. 3. Layer-resolved distribution of magnetic moments in t
Co3 /CuN /Ni5 trilayer on the Cu~100! surface for N51 ML
~squares! andN53 ML ~triangles! thick Cu spacer. Atoms are num
bered according to Fig. 1. Magnetic moments of Co are shown
panel~a!. They are given only for FM case. Panel~b! shows mag-
netic moments of Ni aligned ferromagnetically to those of C
Panel~c! shows Ni moments for the antiferromagnetic case.
5-3
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profiles and that the magnetic moments of the interface
oms can be estimated from the Slater-Pauling-interf
curve.5

Our calculated moments for Ni atoms are in excelle
agreement with the values that were assumed in the stud
Co/Cu/Ni trilayers by Jensenet al.,20 where interface Ni at-
oms have magnetic moments 0.46mB , while interior Ni at-
oms have magnetic moments 0.61mB . Though the magnetic
moment within Co layers (2.02mB) used by the authors o
Ref. 20 is higher than our calculated value, this set of m
ments made it possible to explain the enhancement ofTNi* , in
the Co3/Cu3/Ni5 trilayer on the Cu~100! surface by means o
the model calculations.

Note that theoretical calculations of the magnetization
Ni and Co layers on the Cu~100! surface give somewha
different results but they are in agreement with each othe
the sense that magnetic moment of an interface atom
rule is reduced and vice versa, it increases for a surface a
In particular, Tersoff and Falicov42 investigated Ni thin films
on the Cu~100! surface using tight-binding method an
found that the interface Ni atom has a magnetic momen
the order of 0.45mB . Ernst et al.43 pointed out that self-
consistence calculations of layer-resolved magnetic mom
in a 3-ML-thick Ni films on the surface using the Korringa
Kohn-Rostoker Green’s-function method give a value
0.46mB for the interface Ni atom. Our results for the inte
face Co and Ni atoms are in agreement with calculations
Niklasson, Johansson, and Skriver5 where magnetic momen
of a Co atom at Co/Cu interface was found to be close to
magnetic moment of a Co atom in the bulk, but the value
magnetic moment of Ni atom at Ni/Cu interface was reduc
compared to the bulk Ni magnetization. Magnetic profile
the Ni layers also agree with that calculated for Cu/Ni/
sandwiches.44,45

From our calculated average and layer-resolved magn
moments one can see that they depend only weakly on
Cu spacer thickness. There is a small increase of magne
tion of interface Co and Ni atoms for the case of 1 ML C
spacer, that disappears with the increasing thickness of
spacer. This is so because Co and Nid electrons that mainly
contribute to the magnetization, are tightly bounded to th
sites and, therefore, Co and Nid-wave functions canno
overlap directly in case of a thick spacer layer. Thus, it
unlikely that the presence of Co can influence strongly
values of local magnetic moments on Ni when the separa
between them becomes large, as indeed observed in ou
culations.

B. Energetics of different magnetic configurations
in the trilayer

In this section we discuss the results of our total-ene
calculations for different magnetic configurations
Co3/CuN /Ni5 trilayer from which we can make some qua
tative conclusions regarding the behavior ofTc . Note that
the best way of studying theoretically influence of the te
perature on magnetic properties of a system would be
carry out simulations of spin dynamics in the framework
ab initio scheme46 or using model Heisenberg-type Hamilto
02443
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nians with parameters calculated byab initio methods.47,48

However, such calculations would be very time consumi
and they are beyond the scope of the present study. It is
well known that for most systems the exchange splitting a
the local magnetic moments do not vanish above the crit
temperature, and approaches based on the calculation o
Curie temperature directly from the energy difference b
tween the paramagnetic and the ferromagnetic soluti
grossly overestimate its value. At the same time, it has b
pointed out earlier that the behavior of the energy differen
between the PM and the FM solutions correlates with
behavior of the Curie temperature,49 and we assume this cor
relation in the discussion below. In addition, we calcula
layer-resolved effective-exchange parametersJ0 that esti-
mate an energy needed for the rotation of one spin mom
at a site in layerL on the angleu from the ferromagnetic
orientation, and can be related toTc within the mean-field
approximation.32,34

In Fig. 2~b! the total energies of different magnetic co
figurations of Co3 /CuN /Ni5 trilayer ~relative to the energy of
FM configuration! are shown as a function of the Cu spac
thickness. The PM configuration is about 8.56 mRy/at
higher in energy, and this value is quite close to the PM-F
energy difference in the bulk fcc Co, also shown in Fig. 2~b!.
Thus, the globalTC for the trilayer is going to be close to th
bulk TC of Co. The same conclusion may be drawn from t
calculated effective-exchange parameters plotted in Fig. 4
Co3/Cu3/Ni5 trilayer. One can see thatJ0 for Co layers is
quite high, and is close toJ0 of bulk fcc Co, also shown in
Fig. 4 with the dashed line. Note that our value for t
effective-exchange parameter of the bulk fcc Co~14.5 mRy!
is in good agreement with earlier calculations of this quan
that also leads to theTC in the range 1300–1650 K, depend
ing on the approximation used,50 in good agreement with the
experimental value 1380 K.

FIG. 4. Layer-resolved effective exchange parametersJ0 in the
Co3 /Cu3 /Ni5 trilayer on the Cu~100! surface. Atoms are numbere
according to Fig. 1. The effective-exchange parameters for the
fcc Co ~14.5 mRy! and Ni ~4.1 mRy! are shown for comparison by
horizontal lines.J0

Ni in Cu3 /Ni5 bilayers on the Cu~100! surface are
very close to those in the trilayer on the energy scale of this figu
5-4
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Let us now analyze results obtained in our fixed-sp
moment calculations for the CFM case, where we de
mined mCo self-consistently but constrainmNi50. One can
see, that the difference in energy between this solution
the FM solution is much lower, of the order 2.5 mRy/ato
as compared to the PM-FM energy difference. This me
that it costs much less energy for the system to demagne
only Ni layer than to demagnetize the whole system. N
that in our case the energy difference between the CFM
FM solutions is lower than the PM-FM energy difference
the bulk fcc Ni @3.5 mRy/atom, Fig. 2~c!# in approximately
the same proportion, asTNi* is lower than theTC of bulk Ni.
Thus, our total-energy calculations show that there are
distinct energy differences in this system, the energy dif
ence between the ferromagnetic and the paramagn
samples, and the substantially smaller energy difference
tween the ferromagnetic sample and the sample where
Ni layers are paramagnetic, while Co layers have nonz
magnetic moments, and this is in complete agreement w
Ref. 17, where the magnetization of Co and Ni layers w
found to vanish at different temperatures.

This conclusion is also supported by calculated effecti
exchange parameters for Ni layers, Fig. 4. It is clearly s
that J0

Ni are much smaller thanJ0
Co, being on the average

twice as small asJ0
Ni in the bulk. This is in qualitative agree

ment with the experimental observation forTNi* , which is
roughly half of the bulk NiTC . Here again our calculate
bulk effective-exchange parameter for the Ni is in go
agreement with previous calculations.32,50 It is also known
that the mean-field estimates ofTC for the Ni lead to the
lower values as compared to the experiment, most prob
due to the neglect of the Stoner excitations.

C. Effect of Co cap layer and exchange coupling

When one evaporates the Co cap layer, and goes f
Co3 /Cux /Ni5 trilayer to Cux /Ni bilayer, theory does no
show any significant differences for magnetic moments of
layers, as can be seen in Fig. 2~a!. The energy difference
between the PM and FM calculations for the bilayer is clo
to the CFM-FM energy difference in trilayers@Fig. 2~b!#,
indicating thatTNi* in the trilayer may be close toTC in the
bilayer. The experimental results reported in Refs. 17
show that the temperatures at which Ni magnetization v
ishes in the bilayers and trilayers are indeed close to e
other ~DTC,Ni is much smaller than the difference betwe
the TNi* andTC of the bulk Ni!. At the same time, accordin
to the experiment the interlayer exchange coupling effe
TNi* and this effect is also qualitatively seen in our calcu
tions. The difference in total energies between solutions w
mNi50 ~CFM solutions! and FM solutions in the bilaye
relative to this difference in the trilayer depends weakly
the thickness of the spacer Cu layer, but it clearly oscilla
~see Fig. 5! as a function of this thickness.

A substantial decrease of Ni magnetization in the bilay
as compared to that of the trilayers is observed in the exp
ment, and this disagrees with our calculated trends. One
son for the reduced magnetic moments of Ni layers obser
experimentally may be an intermixing of Ni and Cu atoms
02443
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the interface. However, based on the results of the scan
tunneling microscopy and on the XMCD experiments Lin
nerdet al.51 have shown that the intermixing is limited and
does not affect the magnetic moments of 4–5 ML Ni film
on the Cu~100! surface. Giving also the fact that our calc
lations for the trilayers are in very good agreement with
experiment, as well as having in mind discussion in S
III B, where we have shown that the presence of Co can
influence strongly the values of local magnetic moments
Ni atoms, we attribute the observed disagreement betw
the theory and the experiment in case of a bilayer to
following. As was noted, for example, by Koizumiet al.,52

the intensity of XMCD is proportional to the mean magne
moment of specified elements projected onto the direction
the incident x rays. Therefore, it is difficult to evaluate t
absolute values of local magnetic moments from this type
experiments. Thus, the discrepancy between theoretical
experimental results may be caused by noncollinearity
local moments inside the Ni films, for example, due to t
fact that bilayers are not fully saturated.

This suggestion is also supported by the calcula
effective-exchange parameters shown in Fig. 4. It is seen
J0 of surface and interface Ni atoms are rather small a
therefore, it is easy to rotate these moments from the di
tion of global magnetization. Therefore, these moments m
have stronger tendency towards fluctuations as compared
example, to the bulk Ni. Our conclusion is in accordan
with the conclusions of Ref. 20 where strong magnetic flu
tuations in the Ni layers play an important role in the exp
nation of the experimental observations. At the same tim
these fluctuations can be at least partially suppressed in
presence of Co layers due to the interlayer exchange c
pling. Note that the experiment was carried out for the spa

FIG. 5. Interlayer exchange coupling in the Co3 /CuN /Ni5
trilayer on the Cu~100! surface as a function of the Cu spacer thic
nessN. The difference of total energies between the AFM and F
configurations of spins in the Ni layers with respect to the Co lay
is shown by the open circles, and the positive sign correspond
the FM coupling between the layers. Open squares denote the
ference in total energies between solutions withmNi50 and FM
solutions in the bilayer relative to this difference in the trilayer.
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thickness 2.8 ML. The experimental interlayer exchan
coupling in this case is in fact close to its maximal value17

and may be sufficient to align Ni moments along one dir
tion.

In Fig. 5 we show calculated interlayer exchange coupl
for the trilayer as a function of the Cu spacer thickness
qualitative agreement with the experiment17 our results indi-
cate that in the case with 2 ML Cu spacer the AFM alig
ment of magnetic moments between Co and Ni layers
favorable energetically, while in the case of thicker Cu sp
ers the system can change the magnetic state, and the F
well as the AFM alignments between spins in the Co and
layers are possible. Note that periods of these oscillati
agree with those for the energy differences between the
and CFM solutions with and without Co cap layers. Fina
we note that Co and Ni layers are FM coupled in the cas
a 1-ML-thick Cu spacer, while one may expect the AF
coupling from the extrapolation used in Ref. 17. The obvio
reason for this is that Co and Ni still feel each other direc
through such a thin spacer, as is also seen from our ca
lated layer resolved magnetic moments, Sec. III A, a
therefore, RKKY theory cannot be applied for the analysis
this situation.

IV. CONCLUSIONS

In conclusion, we have investigated magnetic proper
of the Co/Cu/Ni trilayers and Cu/Ni bilayers on the Cu~100!
surface by means of the first-principles Green’s-funct
technique and the fixed-spin-moment method. The avera
magnetic momentŝm& for Co/Cu/Ni trilayers are in good
agreement with the experimental results, but there is p
agreement for Cu/Ni/Cu bilayers. We suggest that this co
be due to the fact that Ni films are not fully saturated in t
bilayers.

We have also studied layer-resolved magnetic mome
and effective-exchange parameters of Co and Ni in the tri
ers. Total energy of different magnetic configurations w
calculated as a function of Cu spacer thickness. We h
found two distinct energy differencesDE in this system,
DEFM-PM and DEFM-CFM, where FM denotes fully self-
consistent calculations, while CFM stays for the se
consistent calculations for the Co layers with the constr
that magnetization of Ni layers is zero. The effective e
change parameters in Co and Ni layers are also very di
ent. The existence of these distinct energy scales is in co
spondence with two critical temperatures experimenta
observed in Co/Cu/Ni trilayers on Cu~100! surface. At the
same time, the Co and Ni layers are exchange coupled.
coupling is relatively strong for 1 ML Cu spacer, but d
creases and oscillates for larger thickness.
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APPENDIX: THE FIXED-SPIN-MOMENT METHOD

In order to understand different aspects of magnetism
sometimes a great advantage to be able to constrain the
netic moment to specified values. Experimentally this can
achieved by applying an external field to the sample. In t
oretical first-principles calculations the problem is forma
to minimize the functional

F@n~r !,m~r !#5E@n~r !,m~r !#2mS E n~r !2ND
2(

Q
hQS E m~r !2MQD , ~A1!

where E@n(r ),m(r )# is the total energy spin-density func
tional andm,h are the Lagrangian multipliers with respect
the charge densityn(r ) and the magnetization densitym(r ).
By minimizing F@n(r ), m(r )#, in the case of a non-site
dependent magnetizationhQ5h, with respect to the spin-
dependent densitiesn6(r ), wherem(r )5n1(r )2n2(r ), we
have that

dF

dn6 5m6h. ~A2!

The conventional fixed-spin method53,54 makes use of this
spin-dependent chemical potential using two different Fe
levels in order to fix the number of particles of the two sp
channels separately. The disadvantage with this meth
which can be shown to be identical to applying a unifo
external magnetic field, is that it is not possible to fix t
local moments at individual sites. Another possibility of co
straining the magnetization is by applying external fields
cally at individual atomic sites or layers. In this way we c
change the moments of specified regions. However, one
jor problem in applying an external exchange field is to d
termine the actual field strength that has to be applied
produce a specified local magnetization density. A solution
this problem is to guess a field and perform the electron
structure calculation until a self-consistent solution is fou
with a specific magnetic moment. If the moments are
high or low a new calculation has to be performed w
smaller or higher field strengths. The process is repeated
til a solution with the desired moment distribution
achieved. If only a single global external exchange field
applied this might possibly be achievable. However, if w
want to specify several individual moments the method
impractical. To circumvent this problem we have develop
5-6
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a fixed-spin-moment scheme where the external field is
tomatically adapted during each self-consistency cycle of
density-functional minimization in order to achieve an ef
cient convergence to a solution with a predefined s
dependent magnetic-moment distribution. The external
change field is balanced according to a so-called P
regulator, which is a standard technique used in con
theory.55 The applied field is determined by three terms:~i! a
P term proportional to the difference between the actual m
mentmQ(n) at a specific siteQ and iterationn and the de-
sired momentMQ ,

VP~MQ ,n!5CP@mQ~n!2MQ#, ~A3!

~ii ! anI term proportional to the integrated difference over
previous iterations,

VI~MQ ,n!5CI(
i 50

n

@mQ~n!2MQ#, ~A4!

~iii ! and finally theD term that is proportional to the differ
ential, i.e., the change of the moment difference between
iterations,
. D

y,
O

s.

ys

y,

ks

w

ys

F.
la

.

ur

ck
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VD~MQ ,n!5CD$@mQ~n!2MQ#2@mQ~n21!2MQ#%.
~A5!

CP , CI , andCD are the proportionality constants that ha
to be chosen in an appropriate way in order to achieve
convergence.56 The spin- and site-dependent one-electr
potential, which is applied during the next self-consisten
cycle, is given by

VQ
6~n,MQ ,r !5VQ

6~n,r !6VPID~MQ ,n!, ~A6!

where

VPID~MQ ,n!5VP~MQ ,n!1VI~MQ ,n!1VD~MQ ,n!,
~A7!

is the PID regulated external exchange field.VQ
6(n,r ) is the

unconstrained spin-dependent one-electron potential.
presented fixed-spin-moment method above is straight
ward to implement and has worked very efficiently in o
calculations.
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47M. Uhl and J. Kübler, Phys. Rev. Lett.77, 334 ~1996!.
48N. M. Rosengaard and B. Johansson, Phys. Rev. B55, 14 975

~1997!.
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