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Interlayer exchange coupling and magnetic anisotropy in prototype trilayers:
Ab initio theory versus experiment
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The magnetic anisotropy energy~MAE! and the interlayer exchange coupling~IEC! of prototype
Cu4Ni8CuNNi9 /Cu(001) trilayers are calculated using anab initio approach based on the experimental lattice
spacings. The results thereof are compared to ferromagnetic resonance experiments which allow for the quan-
titative determination of the MAE as well as the IEC. The tetragonal distortion of the Ni films due to the
pseudomorphic growth leads to a positive MAE of the inner Ni layers favoring an out-of-plane easy axis. At
the Cu/Ni interfaces a negative surface anisotropy is present which is, however, reduced compared to a
Ni/vacuum interface. The MAE is clearly determined by the Ni layers only, whereas the IEC is shown to result
from Ni and Cu layers at the inner Cu/Ni interfaces.
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Nowadays it is well known that ultrathin ferromagnet
layers separated by a nonmagnetic spacer layer may int
via the so-called interlayer exchange coupling~IEC!. This
interaction was found to oscillate between ferromagne
~FM! and antiferromagnetic~AFM! alignments as a function
of the spacer thickness. The IEC defined as the differe
between the free energy for FM and for AFM coupling h
been the subject of many studies. The theoretical underst
ing of the phenomenon nowadays mostly relies on mo
calculations. The most frequently used picture is proba
the Ruderman-Kittel-Yosida~Refs. 1,2! model which ex-
plains the observed oscillation periods to arise from extre
spanning vectors of the Fermi surface~the so-called calipers!
of the spacer material. The magneto-optical Kerr eff
~MOKE!, most widely used, and other static magnetomet
usually yield values of the coupling only for AFM couple
layers, whereas for FM coupling, in most cases, no res
can be obtained. A method which is capable of such a de
mination and sensitive enough to measure down to
monolayer ~ML ! limit is the ferromagnetic resonanc
~FMR!.3,4

In this paper we present simultaneously a theoretical
an experimental study on prototype Cu4Ni8CuNNi9 /Cu(001)
trilayers with the focus on the behavior for small spac
thicknesses in the rangeN52 –10 ML. The Ni/Cu~001! sys-
tem can be viewed as a prototype system, since it im
ments structural as well as magnetic homogeneity. Det
concerning the film preparation under ultrahigh vacuum c
ditions have been discussed elsewhere.4–7 A hard-sphere
model of the trilayers is shown in Fig. 1~a!. In order to have
a limited set of parameters, onlyN was varied between th
different trilayer systems, whereas the thicknesses of the
films were kept constant~8 and 9 ML, respectively!. Ni films
grow pseudomorphically up to at least 15 ML adopting t
Cu in-plane lattice constant. In the vertical growth directi
this leads to a contraction of the Ni film. A quantitative I/V
low-energy electron diffraction~LEED! study8 revealed val-
ues of 2.53(2) Å for the in-plane nearest-neighbor dista
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and 1.70(2) Å for the interlayer separation. Relative to
Cu-bulk interlayer distance of 1.805 Å this means a contr
tion of about25.5% ~if referred to the Ni-bulk value of
1.76 Å its value amounts to23.2%). The question whethe
the pseudomorphic growth continues upon capping the
film with the Cu spacer and, moreover, when the second
film is deposited on top of the spacer has not been discu
in Ref. 8. Since the structure is an important input for theo
this question is—in the present work—addressed via I
LEED experiments carried out after each evaporation s
The I/V-LEED spectra recorded for the specular reflec
~00! beam during the stepwise preparation of
Ni8Cu6Ni9 /Cu(001) trilayer are shown in Fig. 1~b!. From
the position of the Bragg peaks one can extract the avera
vertical interlayer distance. If, on the other hand, the int
layer distance is known—as in the case of the Cu~001!
substrate—relative shifts of the Bragg peaks can be tra
lated directly into changes of the vertical layer separation
shift to higher~lower! energy values indicates a contractio
~expansion! of the interlayer distance. Clearly such a shift
the intensity maxima towardshigher energies can be ob
served after the Ni9 film is deposited. This shift shows th

FIG. 1. ~a! Hard-sphere model of the Cu4Ni8CuNNi9 /Cu(001)
trilayers. ~b! I/V-LEED spectra taken from the specular reflect
~00! beam for ~from bottom to top! Cu~001!, Ni9 , Cu6Ni9, and
Ni8Cu6Ni9.
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vertical contraction of the Ni film discussed already in~Ref.
8!. No changes in the maxima are found after the evapora
of the Cu spacer and the topmost Ni film. Thus, one c
conclude that the contraction of25.5% is present within the
whole trilayer.

The magnetic anisotropy of the trilayers can phenome
logically be described by the part of the free energyE per
unit area being anisotropic with respect to the directions
the magnetizationsM1

W andM2
W in the two films

E5(
i 51

2

~2pMi
22K2',i !dicos2u i2Jinter

MW 1•MW 2

M1M2
. ~1!

Here thedi are the thicknesses of the individual Ni slab
2pMi

2 is the shape anisotropy due to dipole-dipole inter
tion, and K2',i5K2',i

V 1(K2',i
S1 1K2',i

S2 )/di denotes the in-
trinsic uniaxial anisotropy which can be split into a part ar
ing from the film volume (K2',i

V ) and a contribution from the
two surfaces (K2',i

S1 upper surface,K2',i
S2 lower surface!. In

the following we setS15S25S as our Ni films face Cu on
both sides. The anglesu i measure the magnetization dire
tions with respect to the film normal. For 2pMi

22K2',i.0
(,0) the easy axis of magnetization lies in~out of! the film
plane. Within the framework of Eq.~1! the IEC corresponds
to themacroscopiccoupling constantJinter .2 The magnetic
anisotropy energy is defined as the energy difference
tween in- and out-of-plane orientations of the magnetizati
i.e., magnetic anisotropy energy (MAE)5E(u i5p/2)
2E(u i50). Ultrathin Ni films on Cu~001! present a reori-
entation of the easy axis of the magnetization from in to
of plane9 which at room temperature occurs at about 10–
ML.10 Upon capping the Ni film with Cu the reorientatio
thickness is reduced to about 7–8 ML.10 Consequently, both
Ni films in our trilayers exhibit an out-of-plane easy axis7

This configuration was chosen because of enabling on
carry out additional MOKE measurements in the most s
sitive polar geometry.7 The magnetic anisotropy energies
well as the coupling between the two films were determin
by means ofin situ FMR at a microwave frequency of 9 GH
and external magnetic fields up to 15 kOe. Usingin situ
FMR the trilayer can be grownand measured within a step
by-step experiment: First, the bottom Ni9 film capped with
the CuN spacer layer is evaporated and investigated while
a second step, the topmost Cu4Ni8 layers are deposited. Thi
approach allows to ‘‘switch on’’ the IEC within the secon
step and monitor its influence on the FMR signal of t
bottom Ni9 film. Via angular dependent FMR measuremen
i.e., by varying theu i angles of the two magnetizationsMW i ,
before and after the deposition of the topmost layers, one
separate the magnetic anisotropies being proportiona
cos2ui @first term in Eq.~1!# from Jinter which scales with
cos(u12u2) @second term in Eq.~1!#. A detailed description
of this procedure yielding absolute values forJinter was de-
scribed previously.5–7 The measurements were performed
a temperature range of 50–400 K which covers almost
whole range from the low-temperature regime up to the C
rie temperature.
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In using the relativistic spin-polarized screened Korring
Kohn-Rostoker method for layered systems, the theoret
aspects of which are discussed in detail in Ref. 11, the
culations were carried out for the same type of trilayers
which the FMR experiments have been done, namely, th
shown in Fig. 1~a!. For the calculations shown in Fig.
different ~uniform! vertical relaxations of 0%~circles!,
23.5% ~squares!, and 25.5% ~diamonds! of the trilayers
with respect to the Cu~001! substrate were assumed, the la
tice spacingwithin the layers always being that of Cu bulk
Three buffer layers of Cu were found to be sufficient
guarantee reliable matching to the semi-infinite Cu~001! sub-
strate; at least two vacuum layers were used to join up to
semi-infinite vacuum. The MAE is calculated as the sum
differences in the magnetic dipole-dipole energyDEdd and in
the band energyDEB ~intrinsic contribution! between a uni-
form in-plane and a uniform out-of-plane orientation of t
magnetization. The layer-resolved band energy differen
for trilayers withN53 andN59 are presented in Figs. 2~a!

FIG. 2. Layer-resolved band energy differenceDEB for a
trilayer with ~a! N53 and~b! N59. ~c! MAE as a function of the
spacer layer thicknessN for the different vertical relaxations.
6-2
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and 2~b!. The layer numbering starts at the three Cu buf
layers and comprises the trilayer itself, the four Cu capp
layers, and three vacuum layers@the different films within
the slab are separated by dotted lines in Figs. 2~a! and 2~b!#.
One obtains the following results:~i! A sizeable anisotropy
energy only arises from the Ni layers.~ii ! The Ni layers
facing Cu layers show a negative contribution, thus favor
an in-plane easy axis.~iii ! Only the volume part of the N
film presents a positive anisotropy contribution for the ca
that the experimentally derived distortion of25.5% in the
film is assumed. From this it follows that in order to expla
the experimentally observed positive overall MAE~Ref. 7!
the lattice relaxation has to be taken into account. In Fig. 2~c!
the MAE is plotted as a function ofN for the three different
distortions. Note that each data point in Fig. 2~c! corresponds
to the sum ofDEB over all layersincluding the dipole-dipole
energyDEdd shown in this figure as triangles. As can be se
a positive MAE is only revealed for the distorted system
Furthermore, the MAE shows no dependence on the sp
thicknessN. Unlike for many other systems the shape anis
ropy given byDEdd in the investigated system is too small
lead to a negative overall MAE and thusDEB dominates
resulting in a MAE.0. Dividing the theoretical value o
DEdd by the number of Ni layers yields an energy per ato
which amounts to a value of 12.7meV/atom for 2pM .2 As
compared to the experimental value for Ni bulk atT50 K,
namely, 12.1meV/atom, this indicates that the Ni momen
and thus the magnetization are on the average bulklike. T
behavior was experimentally verified via anin situ Super-
conducting quantum interference device investigation wh
showed that only for Ni thicknesses smaller than 5 ML
decrease of theT50 K magnetization with respect to th
bulk value occurs.12

In order to compare the theoretical results to the exp
mentally determined second-order constants given by Eq~1!
one has to identify the energy of the interface Ni layers w
the surface anisotropyK2'

S and the sum of the energy of th
interior Ni layers divided by their number with the volum
contributionK2'

V . As can be seen from Table I a very good
agreement between theory and experiment concerningK2'

V

applies. The experimental value forK2'
Ni/Cu , however, is by

about a factor of 2–3 larger than found theoretically. T
discrepancy most likely results from surface roughn
and/or interface mixing which was not taken into account
the calculations. The driving force for the perpendicular o
entation of the Ni films is therefore the positive volume co
tribution due to the tetragonal distortion. The surface anis
ropy of the Ni/Cu interface—though still being negative—

TABLE I. Volume and surface anisotropy constants (meV/atom)
for Ni/Cu~001! at T50 K. Note that the results from Ref. 10 wer
measured at room temperature.

K2',i
V K2',i

Ni/Cu K2',i
Ni/vacuum

Experiment 70~20!
~Ref. 16!

260(10)
~Ref. 10!

2100(20)
~Refs. 10,16!

Theory 80~20! 220(10) 2100(20) ~Ref. 15!
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reduced with respect to Ni/vacuum which explains t
smaller reorientation thicknesses found for Cu capped
films.10

Now we turn to the IEC. In Figs. 3~a! and 3~b! the calcu-
lated layer-resolved IEC for the experimental lattice rela
ation of 25.5% is plotted for two spacer thicknesses ofN
53 andN59, the layer numbering being the same as in F
2. The main contribution to the IEC stems from Ni and C
layers at or close to the Ni/Cu interface. ForN53 (N59)
the overall IEC energy is,0 (.0) indicating AFM ~FM!
coupling. Figure 3~c! shows the results of the experiment
determination of the IEC for the Cu4Ni8CuNNi9 /Cu(001)
trilayers ~open squares! with N ranging from 2–10. The ex-
perimental values for the Cu4Ni8CuNNi9 /Cu(001) system
ranging fromJinter50 to about 60meV/atom were extrapo-
lated toT50 K in order to compare them to the theoretic
calculations. This extrapolation was done using a
2(T/TC)3/2 functional dependence of the IEC which wa
shown to correctly describe the temperature dependenc
the IEC for various systems.6 In addition to the
Cu4Ni8CuNNi9 /Cu(001) trilayers, results for
Ni7CuNCo2 /Cu(001) trilayers~open circles! are added. Note
that the experimentally determined values for the IEC are
about a factor of 3 larger for the Ni7CuNCo2 /Cu(001) sys-
tems~right y axis compared to the left one!. For a detailed
discussion of the Ni7CuNCo2 /Cu(001) systems, see~Refs. 6
and 7!. An oscillatory behavior is clearly seen for both sy
tems, indicating that—except the strength—the overall
havior is not influenced upon substituting one Ni film wi

FIG. 3. Layer-resolved IEC for a trilayer with~a! N53 and~b!
N59. In ~c! the experimental results for both trilayer systems,
dicated by the open squares and circles, are plotted as functio
the numbers of spacer layersN. The theoretical IEC values~crosses!
have been upshifted on thex axis by 0.7 ML~see text!.
6-3
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Co. The oscillations are also found in theab initio calcula-
tion shown as crosses. However, in order to obtain the
agreement with the experiment the theoretical curve ha
be upshifted by 0.7 ML, which in turn indicates that th
effective experimental thickness seems to be by 0.7
smaller than the nominal evaporation rate. This can easily
understood considering a small amount of interdiffusion
curring during the film growth, a fact that is well known t
happen for Ni as well as Co/Cu~001!.13 In principle, interdif-
fusion effects can theoretically be taken into account in te
of the inhomogenous Coherent Potential Approximation, s
e.g., ~Ref. 14!. The profile, however, can only serve as
parametric, qualitative description as long as no reliable
perimental data to compare with are available.

Although the principal behavior of the IEC found expe
mentally is reproduced by the theory, the absolute strengt
the coupling calculated11 for the Cu4Ni8CuNNi9 /Cu(001)
trilayers has to be scaled by a factor of 1/10 to match
experimental values. It should be noted, however, that
perimentally one makes use of Eq.~1!, i.e., of a ‘‘macro-
scopical’’ Heisenberg ansatz. The fact that the calculated
ues are larger than those obtained from this proced
indicates that the ‘‘experimental’’Jinter displayed in Fig. 3
not necessarily is identical to themicroscopicalIEC. Only a
thermodynamically averaged Heisenberg model would ev
tually lead to an expression as the one introduced in Eq.~1!:

^E&5K (
i , j

Ji j

mW i•mW j

mimj
L ;K J(

i , j

mW i•mW j

mimj
L

;^J&K (
i , j

mW i•mW j

mimj
L →Jinter

MW 1•MW 2

M1M2
. ~2!

In Eq. ~2! themW i refer to magnetic moments at sitesi andJi j
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is the coupling energy between two such moments. Cle
enough also interface roughness not included in the theo
ical description adds to the discrepancy in amplitudes
tween theory and experiment. This becomes evident by c
sidering the fact shown in Fig. 3 that the IEC mainly aris
from the interfaces of the films. The phases of the osci
tions, however, can be expected to be in good agreem
since in both cases the switching between two macrosc
magnetic configurations is mapped.

In summary we have shown for the case of prototy
Cu4Ni8CuNNi9 /Cu(001) trilayers that a combination of ex
periment andab initio theory yields a better understanding
fundamental magnetic properties such as the MAE and
IEC. Due to the included tetragonal distortion the resu
show a quantitative agreement for the volume contribution
the Ni films and thus lead to the experimentally observ
easy axis perpendicular to the film plane. The surface ani
ropy is negative and strongly reduced if the Ni films a
capped by a Cu overlayer. Unlike the MAE which is dete
mined by the Ni layers only and independent of the coupl
between the Ni films, the IEC is strongly influenced by t
Ni and Cu interface layers. The calculations reproduce
oscillatory behavior and the very strong dependence of
number of atomic spacer layers. As discussed above, nam
because of inherent conceptual differences, the theore
IEC will not be identical to the experimentalJinter ~projected
on a Heisenberg Hamiltonian, influence of interface roug
ness and/or interface mixing!; nevertheless the numerica
agreement can be expected to be very good.
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