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Magnetic properties of a CdCu/Ni trilayer on the Cu (100 surface
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Magnetic moments, total energies, and exchange interactions have been calculated @y CNis trilayer
and Cy,/Nis bilayer on the C(LO0) 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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[. INTRODUCTION The coupling was found to be either ferromagnéEd) or
antiferromagneti¢AFM), depending on the spacer thickness
Progress in growing of high-quality multilayers by meansdc, in the trilayer. Also, the exchange coupling followed by
of molecular-beam-epitaxy method has made it possible tthe AT¢ y; had an oscillatory behavior and was found to
design structures with tailor-made magnetic propertiesdecay likedsZ. This functional form gives rise to an as-
Many studies have been devoted to experimental and thesumption that the Ruderman-Kittel-Kasuya-Yoshida
retical investigation of the Co, Ni, and Co/Cu/Ni films on the (RKKY) modet**® of the interlayer exchange coupling
Cu(100 surfacé~8which in this regard have become model is applicable for the studied trilayer. The measured magnetic
systems for understanding of physical phenomena in magnoment of Ni layers in the Gu/Niyg/Cu(100 is
netic materials with reduced dimensionality, including the@/S0 substantially ~reduced in comparison to the
interlayer exchange couplifig2and the giant magnetoresis- C02.8/Cli.g/Nis g/CuU(100) trilayer.
tance effectd® Also, some work has been devoted to an in- It s worth to note that the experimental results of Ney
vestigation of the Curie temperatufe of magnetic layers. etal’’ are in a%reement with the t.heoret|cal pred_|ct.|on of
In Refs. 14,15 thel: of Co and Ni layers on the QLOO) Wang and Milis, where a supehgﬁlglce model corrosvlvzfl_ng of
surface were studied, respectively. Srivastatall® and WO components with a highefc™™ and a lowerTc™ in
Ney et all’ for the first time drew attention to the investiga- the uncoupled case was studied in the framework of the phe-
tion of T of Co/Cu/Ni trilayer on the C{100) surface. The nomenological Ginzburg-Landau theory. According to results

. . . of this work, the magnetic susceptibility of the system with
most important issue here was that two magnetic subsystenﬁlo different T, displays one singularity and one maximum
have quite differenfT in the bulk, TS°=1380K andTy

. ) _near the bulk transition temperatures of each constituent. The
=627 K for bulk fcc Co and Ni, respectively. Thus, there is agphove-mentioned experimental results have also stimulated
fundamental problem of how the magnetization of a systenyeyeral theoretical studies of Co/Cu/Ni/Cu multilayers. In
with coupled Co and Ni layers will behave as a function Ofparticular, Jenseat al? carried out a study of the phenom-
temperature. Results of element-specific magnetization me@na described in Ref. 17 by means of the model calculations,
surements on Co/Cu/Ni trilayers deposited on th¢100  pased on the Heisenberg-type Hamiltonian and a many-body
substrate by means of the x-ray magnet|c—C|rquIar—dphrmsr@reen:S_function approach. Using parameters adjusted in
(XMCD) technique have shown a number of interesting ef-g;ch a way as to reproduce experimental temperature depen-
fects. The authors observed that the magnetization of Co argkence of magnetization in Co/Cu/Ni trilayers, the authors
Ni layers vanished at different temperatures. This behaviogonciude that the observed magnetic properties indicate the
was characterized by two different ordering temperatures, 8trong effect of two-dimensional magnetic fluctuations in
global Curie temperaturé; and the ordering temperature of ipege layered magnetic systems. On the other hand, Wu
Ni layer T¢;, whereTx,<TR!*. In addition, the Curie tem- et a12! have studied this effect in the framework of the
perature of Ni layer in the G/Ni, g/Cu(100) is reduced as itinerant-electron model within the single-band Hubbard
compared to that of Gg/Cu, g/Nis g/Cu(100 when Co lay-  model and employing the spectral-density approach. They
ers were evaporated from the trilayer surface. The enhancestablished a relation between the Curie temperature shift
ment of Ty; in trilayer as compared to bilayehTc i, was  and the strength of the interlayer exchange coupling.

related to the interlayer exchange coupling across the spacer. However, to the best of our knowledge, so far there were
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no attempts to investigate from first-principles the nature of Vacuum Co; Co,Co;Cu;Cu, Cu,;Ni) Ni, Ni, Ni, Ni5 Cu(100) surface
the vanishing magnetization of Co and Ni at different tem-
peratures and to study the oscillatory behavior of the inter-
layer exchange coupling in this trilayer. Thus, we have car-
ried out a number of theoretical calculations of the
magnetization and the total energy for the Co/Cu/Ni trilayer
on the Cy100 surface in the framework of the local-spin-

densny—funcupnal theor}’ using a flrst—pr!nmples. interface FIG. 1. Multilayer structures studied in this work are illustrated
Green's-function technique and the fixed-spin-moment,y an example of the surface geometry of,0Bu, /Nis trilayer on
(FSM) method. The results of the total-energy calculationsihe cy100) surface. Here Codenotes a surface atom, while £o
as well as calculated effective exchange parameters, shoynd Nj denote atoms at the interface towards the Cu spacer.
that there are two distinct energy differences in this system,
the energy difference between a ferromagnéiatiferro-  which is close to the experimental value for this megab1
magnetig and paramagnetic solutions, and the energy differA) \we do not consider a possible lattice relaxation or dis-
ence between a solution where only Ni layers are paramagption at the surface or the interfaces.
netic, while Co layers have nonvanishing magnetic moments, |5 order to be able to carry out calculations for a system
and the energy of a ferromagnetic sample. This is in agregith a predefined magnetic moment in a particular layer, we
ment with an existence of two ordering temperatures insed the fixed-spin-moment method, described in the Appen-
Coz/Cuy /Nis trilayers on Cy100) surface. In addition, there djx. The exchange coupling between the ferromagnetic and
is a magnetic coupling between Co and Ni layers in thisyntiferromagnetic configurations of the multilayers was cal-
system, which oscillates between the AFM to FM as a funcyated from the total energy differences between these two
tion of the thickness of nonmagnetic Cu spacer. solutions. Layer resolved effective exchange paramelgrs
were obtained by means of an expression derived by Liecht-
ensteinet al3? Recently, this expression was used by number
of authors for the study of exchange interactions and Curie
The surface Green's function method used in this workiemperature in systems with reduced dimension&dity?
has been proposed by Lambrecht and Andéfsamd further
de\_/el_oped by Skriver and Rosenga&tds th_e detailed de- IIl. RESULTS AND DISCUSSION
scription of the method may be found in a number of
sources?~?® here we only outline the main features of this We have calculated the total energies and the layer-by-
technique and specify the relevant parameters of our calcdayer distributions of magnetic moments for a number of
lations. The main advantage of the Green’s-function metho&o;/Cuy /Nis trilayers and Cy/Nis bilayers on the C{100)
is that it treats the surface of a semi-infinite sample rathesurface with different thickness of the Cu spacer layérs
than a slab as the model of a surface. The principal-layer=1 to 5. These systems are most close to samples that were
techniqué’ employed by the surface Green's-function examined in Ref. 17, but in our study we neglect such phe-
method allows one to minimize the computational effort. Asnomena as interface roughness and interdiffusion, and con-
a result the calculation time scales linearly with the numbesider only integral numbers of layers of each material. Here
of atomic layers. We have employed the linear muffin-tinwe remark, that in principle the interface roughness can be
orbitals basis sét?° in the tight-binding representatith treated via ensemble average, and the interdiffusion can be
with the orbital quantum number cutdff,,=2. The atomic- accounted for by means of the coherent-potential
sphere approximation is used for the one-electron potentiagpproximatiort®~38 However, this goes beyond the subject
and the core states are treated within the frozen-core approxif the present study.
mation. The local-spin-density approximation is utilized for ~ The surface geometry is presented in Fig. 1. As regards
the exchange-correlation potential within the Vosko-Wilk- the magnetic properties, several constrains were imposed on
Nusair parametrizatioft. In the present implantation, besides the systems. First, we carried out fully self-consistent calcu-
the monopole and dipole, we also include higher multipoldlations for parallel, or ferromagnetic, orientations of all the
contributions to the electrostatic potential. moments in the multilayer. Second, the parallel spin align-
We have used 50§ points in the irreducible part of the ment was assumedside Co and Ni layers, but the antipar-
fcc Brillouin zone for the bulk calculations. The surface Bril- allel, or antiferromagnetic, orientations of moments was pre-
louin zone integrals were evaluated using k3%oints in the  setbetweenCo and Ni layers. In the following we will refer
irreducible part of the two-dimensional Brillouin zone for the to these calculations as self-consistent FM or self-consistent
(100 surface. The energy integrals were carried out in theAFM cases, respectively. Next, we carried out calculations
complex plane using a semi-circular contour with 24 pointswith constrained magnetic moment of Miy;=0, but with
The thickness of the principal layer for the surface is equal tdully relaxed magnetic moment on Co atoms. Here the fixed-
four physical layers. This set of parameters allows us to calspin-moment method described in the Appendix was used,
culate total energy differences between different magnetiand we will call this the constrained ferromagnef€-M)
configurations with the accuracy 0.01 mRy. The lattice pa<calculations. Finally, magnetic moment was suppressed on
rameters for Cu, Ni, and Co are taken to be equal to th&€o as well as on Ni sites, and the paramagn@id) calcu-
calculated equilibrium lattice parameter of GB8.59 A) lations were carried out.

Il. CALCULATION DETAILS
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E (squaresandN=3 ML (triangles thick Cu spacer. Atoms are num-
uf:‘ bered according to Fig. 1. Magnetic moments of Co are shown in
S Ny 1 panel(a). They are given only for FM case. Par{g) shows mag-
- netic moments of Ni aligned ferromagnetically to those of Co.
- w w e w w Panel(c) shows Ni moments for the antiferromagnetic case.
0 1 1 1 1 . .
1 2 3. 4 5 6 (0.57+0.05)ug for Co and Ni, respectively. For the
Spacer thickness N (ML)

Cu/Co/Cu/Ni/Cu structure magnetic moments for Ni and Co
FIG. 2. (a) Averaged magnetic moments of Ni and Co layers in Were slightly reduced and experimental moments of (1.57

the Cy/Nig bilayer (triangles and the Cg/Cuy/Nis trilayer =~ *£0.08)ug for Co and (0.56:0.04)ug for Ni were found.

(squares for Co and circles for Non the C@100 surface as a Thus, our theoretical results are in excellent agreement with

function of the Cu spacer thicknebs(in monolayers Open sym-  available experiments.

bols show calculated magnetic moments, whereas filled symbols |n Fig. 3 we present the layer-by-layer distribution of

correspond to the experimental resuftgb) Difference between the magnetic moments of Ni and Co atoms for the 1 and 3 ML

calculated total energies of various magnetic solutions for thethick Cu spacers. In this figure Galenotes a surface atom
Cuy/Nis bilayer (squarep and the Cg/Cuy/Nis trilayer on the . ; . . '
Cu(100 surface as a function of the Cu spacer thicknBis§in while Co; and Nj denote atoms at the interface with Cu

monolayers The FM solutions are used as the reference energie§pacer’ see Fig. 1. Magnetic moments of QO are displayed
for the bilayers and the trilayers with the same spacer thickness. |Rnly for_the FM case. The Co moments obtained in our AFM
this case magnetic moments of the Co and Ni layers were detef@lculations were found to be close to those of the FM
mined self-consistently. Open circles and open squares denote eh@mples. For the 1 ML Cu spacer the magnetic moment of
ergies of the paramagnetic solutions for the trilayers and the bilaythe surface and the interface Co atoms are increased as com-
ers, respectively. The energy of the constrained ferromagnetipared to their values in the bulld.86ug and 1.6y, re-
solutions for the trilayers are given by the filled triangles. The en-spectively. For the 3 ML Cu spacer only the surface Co
ergy differences between the FM and PM solutions for the bulk fccagtom has a larger magnetic moment. The other Co atoms
Co (11 mRy/atom and Ni(3.6 mRy/atom are shown for compari-  haye magnetic moments that are close to the calculated bulk
son by horizontal lines. See text for more details. value (1.6Lg). Magnetic moment of Ni atoms are shown in
Figs. 3b) and 3c) for the FM and AFM cases, respectively.

In both cases Niatoms have bulklike magnetic moments,
First, we discuss the dependence of the averaged magut for Nis atoms they are reduce@approximately to
netic moments for the GdCuy /Ni5 trilayer on the C(@00) 0.43ug) and are practically independent of the spacer thick-
surface on Cu spacer thickness. Results of calculations areess. This indicates that multiple scattering effects such as
shown in Fig. Za). The calculated magnetic moments for Co confined quantum-well states only have a minor effect on the

and Ni are in good agreement with the experimental resultsnagnetizatior’. The magnetic moments of the Nitoms are
reported in Refs. 17,39. Also, in Refs. 40,41 magnetic moalso reduced and they are different for AFM and FM struc-
ments of Cu/Co/Ni/Cu, Cu/Ni/Co, Cu/Co/Cu/Ni/Cu multi- tures. Besides they depend on the spacer thickness. For the
layers on the C@O00 surface were studied using the AFM case itis 0.4Lg for 1 ML spacer and 0.43g for 3 ML
polarized-neutron-reflection method and no considerable respacer. In the FM case it is 0.48 and 0.4%g for 1 ML and
duction of magnetic moments of Ni layers was observed. FoB-MD-thick Cu spacers, respectively. Note, that calculated
the Cu/Co/Ni/Cu sample the obtained magnetic momentsnagnetization profiles can be described within a superposi-
were close to their bulk values, i.e., (170.20)ug and tion principle of independent binary interface magnetization

A. Magnetic properties of trilayers
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profiles and that the magnetic moments of the interface at-
oms can be estimated from the Slater-Pauling-interface
curve®

Our calculated moments for Ni atoms are in excellent
agreement with the values that were assumed in the study c
Co/Cul/Ni trilayers by Jenseet al,?° where interface Ni at-
oms have magnetic moments Qw46 while interior Ni at-
oms have magnetic moments Ougl Though the magnetic
moment within Co layers (2.02;) used by the authors of
Ref. 20 is higher than our calculated value, this set of mo-
ments made it possible to explain the enhancemefif;ofin
the Ca/Cug/Nis trilayer on the C@00) surface by means of
the model calculations.

Note that theoretical calculations of the magnetization of
Ni and Co layers on the CCQJOO) surface gi\_/e somewhat _ SN s TR TR T o558
different results but they are in agreement with each other in
the sense that magnetic moment of an interface atom as a FIG. 4. Layer-resolved effective exchange paramelgris the
rule is reduced and vice versa, it increases for a surface ator@o, /Cu, /Nig trilayer on the C(100) surface. Atoms are numbered
In particular, Tersoff and Falic8¢investigated Ni thin films  according to Fig. 1. The effective-exchange parameters for the bulk
on the CW100 surface using tight-binding method and fcc Co(14.5 mRy and Ni(4.1 mRy are shown for comparison by
found that the interface Ni atom has a magnetic moment oforizontal linesJg' in Cus/Nis bilayers on the C(L00) surface are
the order of 0.4hg. Ernstet al®3 pointed out that self- very close to those in the trilayer on the energy scale of this figure.
consistence calculations of layer-resolved magnetic moments

in a 3-ML-thick Ni films on the surface using the Korringa- nians with parameters calculated B initio method<48
Kohn-Rostoker Green's-function method give a value ofyyq\ever, such calculations would be very time consuming,

0.46ug for the 'interface Ni .atom. Our resu'lts for the jnter- ?nd they are beyond the scope of the present study. It is also
fa_ce Co and Ni atoms are in agreement with cr_;\lculatlons Olvell known that for most systems the exchange splitting and
Niklasson, Johansson, and Skrivethere magnetic moment

: the local magnetic moments do not vanish above the critical
of a Co atom at Co/Cu interface was found to be close to th :
: X emperature, and approaches based on the calculation of the
magnetic moment of a Co atom in the bulk, but the value o

magnetic moment of Ni atom at Ni/Cu interface was reduceaCurle temperature directly from the energy difference be-

compared to the bulk Ni magnetization. Magnetic profile for Ween the paramagnetic and the ferromagnetic solutions
the Ni layers also agree with that calculated for Cu/Ni/CugrOSSIy overestimate its value. At the same time, it has been
sandwiched445 pointed out earlier that the behavior of the energy difference

From our calculated average and layer-resolved magnetigetween the PM and the FM solutions correlates with the
moments one can see that they depend only weakly on tHeehavior of the Curie temperatuféand we assume this cor-
Cu spacer thickness. There is a small increase of magnetiz@laﬂon in the discussion below. In addition, we calculate
tion of interface Co and Ni atoms for the case of 1 ML Culayer-resolved effective-exchange parametggsthat esti-
spacer, that disappears with the increasing thickness of th®@ate an energy needed for the rotation of one spin moment
spacer. This is so because Co anddNilectrons that mainly at a site in layerA on the angled from the ferromagnetic
contribute to the magnetization, are tightly bounded to theiorientation, and can be related 1@ within the mean-field
sites and, therefore, Co and Niwave functions cannot approximatiorr?3*
overlap directly in case of a thick spacer layer. Thus, it is In Fig. 2(b) the total energies of different magnetic con-
unlikely that the presence of Co can influence strongly thefigurations of Cq/Cuy /Nis trilayer (relative to the energy of
values of local magnetic moments on Ni when the separatiofM configuration are shown as a function of the Cu spacer
between them becomes large, as indeed observed in our caickness. The PM configuration is about 8.56 mRy/atom
culations. higher in energy, and this value is quite close to the PM-FM
energy difference in the bulk fcc Co, also shown in Figh)2
Thus, the global ¢ for the trilayer is going to be close to the
bulk T of Co. The same conclusion may be drawn from the
calculated effective-exchange parameters plotted in Fig. 4 for

In this section we discuss the results of our total-energyCo;/Cus/Nis trilayer. One can see thdl for Co layers is
calculations for different magnetic configurations of quite high, and is close td, of bulk fcc Co, also shown in
Co;/Cuy /Nis trilayer from which we can make some quali- Fig. 4 with the dashed line. Note that our value for the
tative conclusions regarding the behaviorgf. Note that effective-exchange parameter of the bulk fcc @4.5 mRy
the best way of studying theoretically influence of the tem-is in good agreement with earlier calculations of this quantity
perature on magnetic properties of a system would be tthat also leads to th&: in the range 1300—1650 K, depend-
carry out simulations of spin dynamics in the framework ofing on the approximation usé€ljn good agreement with the
ab initio schem&® or using model Heisenberg-type Hamilto- experimental value 1380 K.

15

A—A\Co,/CuyNig/Cu(100)
---- bulk fcc Co
—-— bulk fcc Ni

Jo (mRy}

B. Energetics of different magnetic configurations
in the trilayer
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Let us now analyze results obtained in our fixed-spin- 3
moment calculations for the CFM case, where we deter-
mined wuc, self-consistently but constrain,;=0. One can
see, that the difference in energy between this solution anc
the FM solution is much lower, of the order 2.5 mRy/atom,
as compared to the PM-FM energy difference. This means
that it costs much less energy for the system to demagnetiz._
only Ni layer than to demagnetize the whole system. Noteg
that in our case the energy difference between the CFM anc®
FM solutions is lower than the PM-FM energy difference in
the bulk fcc Ni[3.5 mRy/atom, Fig. @)] in approximately
the same proportion, a&; is lower than thel ¢ of bulk Ni.
Thus, our total-energy calculations show that there are twc
distinct energy differences in this system, the energy differ-
ence between the ferromagnetic and the paramagneti _,
samples, and the substantially smaller energy difference be
tween the ferromagnetic sample and the sample where only
Ni layers are paramagnetic, while Co layers have nonzero FIG. 5. Interlayer exchange coupling in the {Guy/Nis
magnetic moments, and this is in complete agreement witlrilayer on the C(100) surface as a function of the Cu spacer thick-
Ref. 17, where the magnetization of Co and Ni layers wagessN. The difference of total energies between the AFM and FM
found to vanish at different temperatures. configurations of spins in the Ni layers with respect to the Co layers

This conclusion is also supported by calculated effectiveis shown by the open circles, and the positive sign corresponds to
exchange parameters for Ni layers, Fig. 4. It is clearly seethe FM coupling between the layers. Open squares denote the dif-
that Jl(;li are much smaller thadco, being on the average feren_ce ir_l total e_nergies bgtween ;olu_tions chtk_FO an_d FM
twice as small aggj. in the bulk. This is in qualitative agree- solutions in the bilayer relative to this difference in the trilayer.
ment with the experimental observation f&f;, which is
roughly half of the bulk NiTc. Here again our calculated the interface. However, based on the results of the scanning
bulk effective-exchange parameter for the Ni is in goodtunneling microscopy and on the XMCD experiments Lind-
agreement with previous calculatioffs? It is also known nerdet al>* have shown that the intermixing is limited and it
that the mean-field estimates ®f for the Ni lead to the does not affect the magnetic moments of 4-5 ML Ni films
lower values as compared to the experiment, most probablgn the C100 surface. Giving also the fact that our calcu-
due to the neglect of the Stoner excitations. lations for the trilayers are in very good agreement with the
experiment, as well as having in mind discussion in Sec.
111 B, where we have shown that the presence of Co cannot
influence strongly the values of local magnetic moments on

When one evaporates the Co cap layer, and goes froRj atoms, we attribute the observed disagreement between
Coy/Cu,/Nis trilayer to Cy/Ni bilayer, theory does not tne theory and the experiment in case of a bilayer to the
show any significant differences for magnetic moments of Nifonowing_ As was noted, for example, by Koizuret al,
layers, as can be seen in FigaR The energy difference the intensity of XMCD is proportional to the mean magnetic
between the PM and FM calculations for the bilayer is closenoment of specified elements projected onto the direction of
to the CFM-FM energy difference in trilayef§ig. 2b)],  the incident x rays. Therefore, it is difficult to evaluate the
indicating thatTy; in the trilayer may be close ¢ in the  apsolute values of local magnetic moments from this type of
bilayer. The experimental results reported in Refs. 17,3%xperiments. Thus, the discrepancy between theoretical and
show that the temperatures at which Ni magnetization vanexperimental results may be caused by noncollinearity of
ishes in the bilayers and trilayers are indeed close to eaclacal moments inside the Ni films, for example, due to the
other (AT¢ y; is much smaller than the difference betweenfact that bilayers are not fully saturated.
the T{; and T of the bulk Nj. At the same time, according This suggestion is also supported by the calculated
to the experiment the interlayer exchange coupling effectgffective-exchange parameters shown in Fig. 4. It is seen that
TRi and this effect is also qualitatively seen in our calcula-J, of surface and interface Ni atoms are rather small and,
tions. The difference in total energies between solutions witliherefore, it is easy to rotate these moments from the direc-
uni=0 (CFM solutiong and FM solutions in the bilayer tion of global magnetization. Therefore, these moments must
relative to this difference in the trilayer depends weakly onhave stronger tendency towards fluctuations as compared, for
the thickness of the spacer Cu layer, but it clearly oscillateexample, to the bulk Ni. Our conclusion is in accordance
(see Fig. % as a function of this thickness. with the conclusions of Ref. 20 where strong magnetic fluc-

A substantial decrease of Ni magnetization in the bilayerguations in the Ni layers play an important role in the expla-
as compared to that of the trilayers is observed in the experiration of the experimental observations. At the same time,
ment, and this disagrees with our calculated trends. One re#hese fluctuations can be at least partially suppressed in the
son for the reduced magnetic moments of Ni layers observegresence of Co layers due to the interlayer exchange cou-
experimentally may be an intermixing of Ni and Cu atoms atpling. Note that the experiment was carried out for the spacer

O a= EAFM _ EFM

CwNi Co/CuNi
27 O A=AEqy ou— ABry oru

1 2 3 4 5 6
Spacer thickness N (ML)

C. Effect of Co cap layer and exchange coupling
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thickness 2.8 ML. The experimental interlayer exchangegratefully acknowledged. The work of A.M.N.N. was sup-

coupling in this case is in fact close to its maximal vatGe, ported by the U.S. DOE through contract W-7405-ENG-6.

and may be sufficient to align Ni moments along one direcPart of the calculations was carried out at the Joint Super-

tion. computer Center of RAS. lLA.AA. and A.M.N.N. are also
In Fig. 5 we show calculated interlayer exchange couplinggrateful to the Swedish Foundation for International Coop-

for the trilayer as a function of the Cu spacer thickness. Ireration in Research and Higher Educati@TINT). E.LI.

qualitative agreement with the experim&ntur results indi- and Yu.Kh.V. thank the Netherlands Organization for Scien-

cate that in the case with 2 ML Cu spacer the AFM align-tific ResearchGrant 047-008-016and the Russian Founda-

ment of magnetic moments between Co and Ni layers igion for Basic Researchd&rant 01-02-16156for financial

favorable energetically, while in the case of thicker Cu spacsupport.

ers the system can change the magnetic state, and the FM, as

well as the AFM alignments between spins in the Co and Ni  AppPENDIX: THE FIXED-SPIN-MOMENT METHOD

layers are possible. Note that periods of these oscillations

agree with those for the energy differences between the FM In order to understand different aspects of magnetism it is

and CFM solutions with and without Co cap layers. Finally, Sometimes a great advantage to be able to constrain the mag-

we note that Co and Ni layers are FM coupled in the case ofetic moment to specified values. Experimentally this can be

a 1-ML-thick Cu spacer, while one may expect the AFM achieved by applying an external field to the sample. In the-

coupling from the extrapolation used in Ref. 17. The obviousoretical first-principles calculations the problem is formally

reason for this is that Co and Ni still feel each other directlyto minimize the functional

through such a thin spacer, as is also seen from our calcu-

lated layer resolved magnetic moments, Sec. Il A, and, _ _ _

therefore, RKKY theory cannot be applied for the analysis of FIn(r).m(r)]=ELn(r),m(r)] 'u(f n(r) N)

this situation.

- h
2 hq

) ) , ) . whereE[n(r),m(r)] is the total energy spin-density func-
In conclusion, we have investigated magnetic propertiesisnai and,,h are the Lagrangian multipliers with respect to

of the Co/Cu/Ni trilayers and Cu/Ni bilayers on the( @00 4 charge densitg(r) and the magnetization density(r).
surface by means of the first-principles Green’s-functionB minimizing F[n(r), m(r)], in the case of a non-site-

technique and the fixed-spin-moment method. The average pendent magnetizatidn,—h, with respect to the spin-

magnetic momentgw) for Co/Cu/Ni trilayers are in good PP )
agreement with the experimental results, but there is poqﬂg\egqgg?t densities (r), wherem(r)=n"(r)—n (r), we

agreement for Cu/Ni/Cu bilayers. We suggest that this could
be due to the fact that Ni films are not fully saturated in the SF
bilayers. —
We have also studied layer-resolved magnetic moments an
and effective-exchange parameters of Co and Ni in the trilayThe conventional fixed-spin methtd* makes use of this
ers. Total energy of different magnetic configurations werespin-dependent chemical potential using two different Fermi
calculated as a function of Cu spacer thickness. We havivels in order to fix the number of particles of the two spin
found two distinct energy differenceSE in this system, channels separately. The disadvantage with this method,
AE™PM and AEFWCFM where FM denotes fully self- which can be shown to be identical to applying a uniform
consistent calculations, while CFM stays for the self-external magnetic field, is that it is not possible to fix the
consistent calculations for the Co layers with the constraingcal moments at individual sites. Another possibility of con-
that magnetization of Ni layers is zero. The effective ex-straining the magnetization is by applying external fields lo-
change parameters in Co and Ni layers are also very differcally at individual atomic sites or layers. In this way we can
ent. The existence of these distinct energy scales is in corrghange the moments of specified regions. However, one ma-
spondence with two critical temperatures experimentall)jor pr0b|em in app|y|ng an external exchange field is to de-
observed in Co/Cu/Ni trilayers on C100 surface. At the termine the actual field strength that has to be applied to
same time, the Co and Ni layers are exchange coupled. Thisroduce a specified local magnetization density. A solution to
coupling is relatively strong for 1 ML Cu spacer, but de- this problem is to guess a field and perform the electronic-
creases and oscillates for larger thickness. structure calculation until a self-consistent solution is found
with a specific magnetic moment. If the moments are too
high or low a new calculation has to be performed with
smaller or higher field strengths. The process is repeated un-
The collaboration between Sweden and the former Sovietil a solution with the desired moment distribution is
Union was supported by The Royal Swedish Academy ofachieved. If only a single global external exchange field is
Sciences. We are grateful to the Swedish Research Councédpplied this might possibly be achievable. However, if we
Natural and Engineering Sciences, for financial support. Supwvant to specify several individual moments the method is
port from the Swedish Foundation for Strategic Research igmpractical. To circumvent this problem we have developed

f m(r)—MQ), (A2)
IV. CONCLUSIONS

=uxh. (A2)
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a fixed-spin-moment scheme where the external field is au- vP(Mq,n)=Cp{[mg(n)—Mg]—[mg(n—1)—Mg]}.
tomatically adapted during each self-consistency cycle of the (A5)
density-functional minimization in order to achieve an effi-

cient convergence to a solution with a predefined siteC,, C,, andCp are the proportionality constants that have
dependent magnetic-moment distribution. The external exto be chosen in an appropriate way in order to achieve fast
change field is balanced according to a so-called Plxonvergenc&® The spin- and site-dependent one-electron
regulator, which is a standard technique used in contropotential, which is applied during the next self-consistency
theory>® The applied field is determined by three terrtisa  cycle, is given by

P term proportional to the difference between the actual mo-

mentmg(n) at a specific sit&) and iterationn and the de- + vt PID

sired m%menMQ, Vo(nN,Mq,r=Vg(n,r)=V-=(Mq,n), (AB)

VP(Mgq,n)=Cp[Mg(n)—Mg], (A3)  Where
(if) anl term proportional to the integrated difference over all D o | 5
previous iterations, V7™ (Mq,n)=V"(Mgq,n)+V(Mq,n)+V (MQ,n)(,An
n
VI(MQ'”):CIiZO [Mg(n)—Mql, (Ad) s the PID regulated external exchange fialgh(n,r) is the

unconstrained spin-dependent one-electron potential. The
(iii ) and finally theD term that is proportional to the differ- presented fixed-spin-moment method above is straightfor-
ential, i.e., the change of the moment difference between twward to implement and has worked very efficiently in our
iterations, calculations.
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