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Oscillatory exchange coupling between iron layers separated by chromium
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Instituto de Fı´sica, Universidade Federal Fluminense, Nitero´i 24210-340, Brazil

~Received 30 July 1998; revised manuscript received 8 October 1998!

The exchange couplingJ between Fe layers separated by nonmagnetic Cr is calculated for Fe/Cr/Fe~001!
trilayer structures as a function of the spacer thicknessN for several temperaturesT. It is shown that for
perfectly sharp interfacesJ(N,T) is entirely dominated by short period oscillations for 0 K<T<500 K and
N varying from 5 to 50 atomic planes. At zero temperature the amplitude ofJ decays asN23/2 for large values
of N. This behavior is caused by the particular type of singularity in the nesting of the Cr Fermi which is
responsible for one of the dominant short-period oscillations ofJ(N). A strong temperature dependence of the
coupling strength is obtained for some values ofN, in excellent agreement with experiments. The effect of
interface mixing onJ(N) reduces the overall coupling strength, as well as the relative importance of the short
period oscillatory components, and causes a phase shift in the oscillations ofJ(N). @S0163-1829~99!03317-2#
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I. INTRODUCTION

Fe/Cr systems have been at the forefront of researc
magnetic multilayers in recent years. About a decade ag
was observed that the exchange couplingJ between Fe layers
separated by Cr changes sign for different Cr thickness1

Later, it was found thatJ generally oscillates as a function o
the spacer thicknessN in metallic multilayers.2 The rather
large period of'18 Å observed in early measurements
J(N) in Fe/Cr caused surprise and greatly stimulated
development of theories and experiments.3–7 In addition, the
striking ‘‘giant’’ magnetoresistance effect was discovered
Fe/Cr multilayers.8 The importance of interface quality an
crystal ordering of the intervening layer in highlighting di
ferent periods ofJ(N) was experimentally evidenced in F
Cr/Fe wedge structures.9–11Some of the earliest observation
of noncollinear spin structures corresponding to 90° c
pling of the magnetic layers were made on Fe/Cr
sandwiches,12–14 and the search for the physical origin an
relative importance of this type of coupling in different sy
tems has further stimulated theories and experiments.15,16

It is well known that the magnetic ground state of Cr
rather delicate. Bulk Cr exhibits a spin-density-wave~SDW!
antiferromagnetism, which is not commensurate with its
tice. The SDW in Cr originates from Fermi-surface nestin
which causes a maximum in the noninteracting static s
susceptibility at a wave vector close to 2p/a, wherea is the
Cr lattice constant. Such nesting can be modified by alloy
Cr with different materials, in some cases drastically affe
ing its Néel temperatureTN;311 K.17 The presence of the
Fe layers in Fe/Cr/Fe~001! trilayers poses magnetic bound
ary conditions which affect both the magnetic state andTN of
the Cr layer. Interfacial inhomogeneities can also largely
fect J and the magnetic properties of the Cr spacer lay
especially for small Cr thicknesses.15,18–21 For sufficiently
thick Cr layers the SDW is likely to settle. However, lon
range magnetic order may be suppressed in relatively thin
layers, due to frustrations generated by the presence
roughness, interdiffusion, vacancies, and steps at the F
interface.19,20,22,23

In spite of the remarkable progress made in our und
PRB 590163-1829/99/59~17!/11424~8!/$15.00
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standing of the interlayer coupling in Fe/Cr systems, th
are still several aspects which deserve clarification. In m
Fe/Cr specimens, it has been observed thatJ(N) oscillates
basically with a long period, having maximum antiferroma
netic ~AF! amplitude'1 mJ/m2. Short-period oscillations
of '2 monolayers are seen only in carefully grow
samples.9,24–26 On the other hand, all existing calculation
assuming perfect interfaces find thatJ(N) in Fe/Cr/Fe~001!
trilayers is dominated by the short-period oscillations. Ad
tionally, the coupling amplitude calculated across AF Cr
variably comes out much larger than that mediated by n
magnetic Cr, and the latter is, in turn, much larger than th
measured so far.19,27,28These discrepancies are rightfully a
tributed to interface inhomogeneities and lack of crystal
dering in the spacer. Experimentally it has been recogni
that interface mixing always occurs even in the best-gro
Fe/Cr samples. Its amount and extent depend on the subs
temperature during growth, and are difficult to be accurat
determined.21,29

There are general rules which provide a systematic wa
determining the oscillation periods ofJ(N) for sufficiently
large spacer thicknesses. According to Ruderman-Kit
Kasuya-Yosida~RKKY !-like theories they are given by th
extremal spanning vectors of the spacer Fermi surf
~FS!.30,31 Quantum-well theory, however, predicts addition
possibilities, especially when the spacer FS has more t
one sheet,32 as in the case of Cr. Because of the complex
of its FS, a complete analysis of all possible individual co
ponents of the coupling mediated by Cr is rather involve
First, because of the large number of Cr FS extrema. Sec
one would need investigate the possibility of occurrence
non-RKKY contributions, coming from critical points asso
ciated with integer linear combinations of the various Cr
sheets. Besides, for those extrema associated with ne
between different bands, the stationary phase approxima
usually employed in this type of analysis, is somewh
subtler, and in some cases not applicable.32

Contributions coming from several extremal points of t
Cr FS have been calculated.33,34Nevertheless, the determina
tion of the most important periodic components ofJ(N) in
Fe/Cr/Fe trilayers has not been fully settled. The origin of
11 424 ©1999 The American Physical Society
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18 Å period has been the subject of recent theoretical
bate. There are strong arguments indicating that it com
from extremal dimensions associated with theN-centered el-
lipsoids of the Cr FS.33,34 However, since its amplitude is s
much smaller than those of the short-period contributio
one is led to ask: why does it experimentally dominate
coupling in so many different samples? What kind of inh
mogeneity and how much of it would be required to suppr
the short-period oscillations so that only a long period
observed? Another conjecture is related to the fact that
principle, each oscillatory component ofJ behaves differ-
ently with temperature.35,36 Would it be possible that in the
case of Fe/Cr temperature effects could suppress the s
period components, revealing others with smaller am
tudes? To help answering such questions it is necessa
calculateJ(N,T) in these systems.

For spacers with relatively simple Fermi surfaces,
quantum-well theory predicts that the contributions
J(N,T) coming from single point singularities~s! of the
spacer FS are asymptotically~i.e., for N@1) given by35

J~N,T!5(
s

AskBT sin~vsN1fs!

N sinh@kBT~BsN1Cs!#
. ~1!

At T50 it reduces to

J~N!5(
s

As sin~vsN1fs!/~BsN
21CsN!, ~2!

where N is the spacer thickness measured in number
atomic planes.Bs andvs depend only on geometrical aspec
of the spacer FS around those singularities; i.e., on the
velocities and extremal radii along the direction perpendi
lar to the layers, respectively. On the other hand,As , fs ,
and Cs depend also on the degree of confinement of
carriers in the spacer caused by the magnetic layers, he
on the matching of the electronic states across the interfa
Asymptotic expressions similar to Eqs.~1! and~2! have been
extensively used to analyze both theoretical and experim
tal results forJ(N,T). However, it is noteworthy that ap
proaches which rely on fits to results of numerical calcu
tions or to experimental values of the coupling to obta
periods, amplitudes, phases, and decay rates ofJ(N,T) must
be viewed with caution for the following reasons: the e
pected asymptotic regime}1/N2, obtained from isolated FS
singularities, applies solely to zero temperature, orde
spacers, and depending on the values ofCs , it sets in only
for relatively large values ofN (N.20–30 atomic planes a
least!. At finite T, the envelope functions of the oscillator
components vary exponentially withN. For Co/Cu/Co~001!
trilayers at room temperature, for instance, there is no ra
of N in which the coupling amplitude can be correctly d
scribed by a dependence}1/N2.35–37 Furthermore, these fit
tings usually involve several parameters and, in some ca
they are not unique.

For spacers with more complicated Fermi surfaces, s
as Cr, where nesting between sheets occurs, the asymp
decay ofJ(N) may be different from the usual 1/N2 behav-
ior, depending on the nature of the dominant singularity31

As discussed in Ref. 31, the expected rate of decay is}1/N
for the extreme case of perfect planar nesting, and}1/N3/2
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when a line of coincidence occurs. Therefore, it is necess
to know what the real asymptotic behavior ofJ(N,T) is in
Fe/Cr, and beyond what value ofN it actually sets in, before
one can use equations such as Eqs.~1! or ~2! to analyze the
data.

In this paper we show that for perfectly sharp interfac
and atT50 K, the amplitude of the coupling between F
layers across noninteracting Cr, in Fe/Cr/Fe~001! trilayers,
decays asN23/2 for large values ofN. The asymptotic be-
havior of J(N) sets in only for rather large Cr layer thick
nesses:N.30 atomic planes. Therefore, the use of Eqs.~1!
or ~2! to analyze numerical or experimental values of t
coupling for smaller Cr thicknesses is, strictly speaking,
correct. We have also calculatedJ(N,T) for several tempera-
tures, and have found that for perfect interfaces it oscilla
as a function ofN with short-period oscillations for all tem
peratures investigated. For some values ofN a strong tem-
perature dependence of the coupling strength is obtaine
excellent agreement with experiments. The effect of Fe
interfacial mixing has also been investigated, and we sh
that for sufficiently large mixing the short-period oscillation
tend to be suppressed and the long period begins to show
as expected.

II. RESULTS FOR PERFECT INTERFACES

We have used the formalism developed in Refs. 7 and
to calculateJ(N,T), defined as the total-energy differenc
per surface atom between the antiferromagnetic and fe
magnetic configurations of the trilayer. We show results
the bilinear exchange coupling termJ1(N,T) which, for per-
fectly smooth Fe/Cr~001! interfaces, is virtually equal to
J/2.7 To calculateJ we have used a tight-binding model wit
s,p,d orbitals, and hopping up to second-nearest neighb
The tight-binding parameters for noninteracting Cr we
taken from Ref. 38, and those for ferromagnetic Fe w
obtained as in Ref. 39.

Results for J1(N,T50) in Fe/Cr/Fe~001! trilayers are
shown in Fig. 1. It is evident that short-period oscillatio

FIG. 1. Calculated exchange coupling atT50 K for a
Fe/Cr/Fe~001! trilayer as a function of the number of Cr atom
planes.
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dominate the calculated coupling at zero temperature fo
values ofN. Our values agree very well with those obtain
in Ref. 28 forN,20 atomic planes, but they are 20–60 tim
larger than the experimentally observed first AF peaks. I
noteworthy that the coupling calculated across interacting
is even larger.28,19 On the other hand, curiously, the max
mum coupling amplitude measured in good-quality samp
showing short-period oscillations is'3 times smaller than
that observed in specimens where only a long period
apparent.24 For thin Cr spacers the observed short osci
tions show up superimposed to the long-period oscillati
suggesting that some degree of interfacial disorder is
present in those samples.

Before discussing the possible reasons for these disag
ments between theory and experiments, we first address
question of how the coupling across noninteracting Cr re
behaves asymptotically. To determine the correct asympt
behavior of J1(N,0) we have calculated the coupling fo
large values ofN, and plottedJ1(N)3N, J1(N)3N2, and
J1(N)3N3/2 as functions ofN. It is clear from Fig. 2 that, at
T50 K, the oscillatory coupling across noninteracting Cr
Fe/Cr/Fe~001! trilayers decays asymptotically asN23/2,
rather thanN22 or N21 as assumed earlier.28,27,40The pos-
sibility of finding a N23/2 decaying rate has been envisag
by Koelling, provided the dominant contribution toJ comes
from a particular type of nesting where a line of coinciden
occurs.31 Below, we shall show that this is precisely wh
happens in noninteracting Cr. Before doing so, since
know the asymptotic behavior ofJ1 we can estimate the
relative amplitude of its most important oscillatory comp
nents, by taking the discrete Fourier transform41 of N3/2J1 for

FIG. 2. Dependences ofJ1(N)3N ~a!, J1(N)3N2 ~b!, and
J1(N)3N3/2 ~c!, on the numberN of Cr atomic planes.J1 has been
calculated at zero temperature, and is measured in mRy/su
atom.
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large values ofN. The result is shown in Fig. 3, and it clearl
demonstrates that, asymptotically,J1 is dominated mainly by
three periods which are identified by the major peaks in
figure. Short-period oscillations are the most important on
They come from the same FS nestings that cause the SD
Cr, involving the electron and hole octahedralike FS pie
centered around theG and H points of the bcc Brillouin
zone, respectively. Normally, such nesting is described
perfectly planar, but this is clearly an approximation. In fa
by observing it along the~001! direction, one realizes that i
has critical points in the lineskx56ky , ky50, andkx50,
wherex, y, andz are the usual cubic directions. The critic
points located in the lineskx56ky are maxima, and those
located inky50, and inkx50 are minima. These stationar
points are responsible for the short-period oscillations
J(N,T); the maxima and the minima lead to oscillatory com
ponents ofJ(N) having periods of'2.05, and 2.01 atomic
planes, respectively.

A revealing result is shown in Fig. 4 where the calculat
nesting surface is depicted around its critical points in or
to determine the character of each singularity. The maxim
leads to a contribution which, atT50 K, has the usualN22

asymptotic behavior. On the other hand, it is clear from F
4~b!, that the minimum associated with the nesting singul
ity at ky50 is extremely shallow along one of the princip
axis directions. As a result, the corresponding effective m
is nearly infinite, thereby justifying theN23/2 asymptotic de-
cay rate found in Fig. 2. We notice in Fig. 2~c!, however, that
the envelope bound of the first group of oscillations is clea
smaller than the asymptotic limiting value. This means t
the asymptotic dependence}1/N3/2 is reached for Cr thick-
nesses.30 atomic planes. Consequently, in practice, t
dependence may not be observed, because the SDW an
romagnetism is expected to settle for smaller
thicknesses,23,20 presumably affecting theN23/2 behavior.
Therefore, assuming perfect interfaces, it is not correct, o
least not rigorous, to use asymptotic expressions~derived for
noninteracting Cr! to analyze numerical or experimental va
ues of J(N) in Fe/Cr/Fe~001! trilayers for Cr layer thick-

ce

FIG. 3. Discrete Fourier transform ofN3/2J1(N) for 50<N
<100, showing the periods of the most important oscillatory co
ponents ofJ1.
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PRB 59 11 427OSCILLATORY EXCHANGE COUPLING BETWEEN IRON . . .
nesses,30 atomic planes. It is also unwise to use them
analyze experimental results forJ(N), showing short period
oscillations, forN.30 atomic planes because for such thic
nesses the Cr spacer layer is probably magnetic. The fact
it is possible to find good fits of calculated or experimen
results using Eqs.~1! and~2! does not mean that the param
eters obtained are necessarily trustworthy. However, in th
samples where the short period contributions are suppre
and the long period is prominent,J(N) is no longer expected
to decay asymptotically asN23/2 as we have found atT
50 K. In this case, it is possible thatJ(N,T) follows Eq.
~1! for sufficiently large values ofN because, as mentione
earlier, there are strong indications that the long-period c
tribution comes from isolated FS singularities. Neverthele
before using Eq.~1! to analyze the coupling, one must b
certain that, in practice, the asymptotic regime has b
reached and that a SDW state is not present in the Cr sp
layer for such thicknesses.

We now turn to the temperature dependence of the c
pling. We have calculatedJ1 for several temperatures and C
spacer thicknesses. For temperatures between 0 and 50
and Cr layer thicknesses varying from 5 to 50 atomic plan
we have found, assuming perfect interfaces, that the coup
is entirely dominated by short-period oscillations. Our resu
contrast with those of Ref. 42, where it was found that
temperaturesT>300 K the long period oscillation prevail
for Cr thicknesses.7 atomic planes. This is very surprisin
since their theoretical framework is the same as ours, and
band structures used are only slightly different. Tempera

FIG. 4. Nesting of the electron and hole octahedralike Cr
sheets along the~001! direction ~see text!, calculated around its
extrema, located in the lineskx5ky ~a! andky50 ~b!, respectively.
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effects in both calculations come solely from the temperat
dependence of the Fermi function. No spin fluctuations in
ferromagnetic layers are taken into account, which is a r
sonable approximation for the range of temperatures con
ered, namelyT much smaller than the Fe Curie temperatu

To verify our numerical approach we have thorough
tested both the energy and Brillouin-zone numerical integ
tions involved in our calculations ofJ(N,T). We have per-
formed the energy integration in the complex plane, us
Matsubara frequencies at finite temperatures and Ga
Legendre quadrature atT50 K. For the two-dimensiona
Brillouin-zone integration we have used the number of s
cial ki points43 necessary to ensure a relative precision
1022 in our final results. The short-period contributions a
not suppressed in our calculations forT5300 K, and this is
supported by the results of Ref. 28, which compare
tremely well with ours, particularly forN ranging between
10 and 20 atomic planes. The results of Ref. 28 were
tained for a temperature comparable to 235 K using sp
density-functional theory to calculate the change in total
ergy between the ferromagnetic and antiferromagn
configurations of the trilayer.

There is consensus about the fact that, atT50 K, the
short-period oscillations dominate the coupling in Fe/Cr/
~001! trilayers with perfect interfaces, for all values o
N.19,27,34,44 Estimated ratios between the short- and lon
period amplitudes vary from'5 to 10. In fact, from the
heights of the peaks in Fig. 1~b! we obtain a ratio of'7, for
large values ofN. Therefore, in order to become imperce
tible at T>300 K for N.7, as found in Ref. 42, the short
period contribution would need to decay much faster than
long period one. The temperature dependence ofJ is gov-
erned by geometrical aspects of the spacer Fermi surface
by the confining strength of the magnetic layers. These qu
tities are determined by the electronic structure of
trilayer, which seems to be reasonably well described in
these calculations. It is unlikely that small differences b
tween the band structures could lead to such a radical cha
of behavior. Therefore, the reason why our results and th
of Ref. 28 differ from Ref. 42 remains a mystery.

S

FIG. 5. Temperature dependence ofJ1(N) for selected Cr thick-
nesses:N55 ~squares!, N510 ~full circles!, andN523 ~triangles!.
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FIG. 6. Calculated exchange coupling considering different interface mixings. Results are obtained atT5300 K as a function of the
number N of Cr atomic planes.~a! Interface mixing restricted to two atomic planes, comparison between different concentra
Fe/Cr12pFep /Fe12pCrp /Cr/Fe~001! trilayers withp51 ~triangles!, p50.9 ~squares!, andp50.75 ~filled circles!; ~b! Interface mixing with
different spatial extents: mixing confined to two atomic planes withp50.75 ~filled circles!, and four atomic planes, i.e.
Fe/Cr12pFep /Cr12qFeq /Fe12qCrq /Fe12pCrp /Cr/Fe~001! trilayers, with p50.80 andq50.75 ~open circles!. ~c! Comparison with perfect
interfaces corresponding top5q51 ~triangles! andp50.80, q50.75 ~open circles!.
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As shown in Fig. 5, we have obtained a very strong
duction of the coupling as a function of temperature for so
values ofN. Our results agree very well with experiment
observations.45,46 It should be pointed out, however, that th
latter were made on samples showing basically a long pe
oscillatoryJ(N). In this case one may argue that it would
reasonable to analyze the experimental data with Eq.~1!,
since the conditions for using it seem to be at least parti
satisfied. It is clear from Eqs.~1! and~2! that when the cou-
pling shows only one periodic component, coming from
isolated singularity of the spacer FS, its temperature dep
dence can be written, for sufficiently large values ofN, as
J(N,T)/J(N,0)5(T/T0)/sinh(T/T0), where T0

215kB(BN
1C). The same temperature dependence is obtained
Ruderman-Kittel-Kasuya-Yosida and earlier quantum-w
-
e

d

ly

n
n-

by
ll

theories,3,6 except for theC term, which has been incorpo
rated later and shown to be very important in Co/C
systems.36 In fact, the experimental data obtained in Ref.
were very well fitted by this expression even though it w
unnecessarily assumed thatC50.

III. EFFECT OF INTERFACIAL MIXING

The quality of interfaces in multilayer systems depends
the substrate temperature during layer deposition. Exp
mentally, it is very difficult to avoid the occurrence of inte
face inhomogeneities in these systems. As far as the osc
tory coupling between magnetic layers is concerned,
know that variation of interfacial quality alters the degree
carrier confinement in the spacer, causing a phase cha
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and an overall reduction of the coupling strength. It may a
modify the relative contributions of the different period
components ofJ(N). In fact, it has been explicitly shown
that the amplitude of the short-period oscillations ofJ(N) in
Fe/Cr can be strongly attenuated by interfacial roughnes18

The temperature of optimal~layer-by-layer! growth varies
from system to system, and for Fe/Cr~001! multilayers it is
T5300 °C. Nevertheless, even under optimal conditions,
Cr growth on Fe~001! leads to formation of a Cr-Fe alloy in
approximately three interfacial atomic planes.21 The alloying
is an asymmetric effect which happens only when Cr is
posited on Fe but not vice versa. According to scanning t
neling studies, for the 300 °C growth condition, the Cr co
centration in Fe seems not to exceed 10%. However, Au
spectroscopy estimates that it can be as much as 40%.29

It is reasonable to attribute the large difference betw
calculated and measured values of the coupling in Fe/Cr
tems to the probable existence of inhomogeneities in
samples. However, one must quantitatively verify their eff
in the calculated results. With this purpose, we have inve
gated the effect of mixing at the Fe/Cr interface by treat
the interfacial Fe/Cr atomic planes as disordered alloys c
patible with a given concentration profile. We restrict ou
selves to moderate interfacial admixtures, and assume th
takes place at either two or four atomic planes of the Fe
interface. The effect of disorder is treated within the avera
t-matrix approximation which, in the dilute limit, is equiva
lent to the coherent-potential approximation used in Refs
and 48. Our results are presented in Fig. 6. First, we calcu
the coupling as a function of the Cr spacer thickness ass
ing that the interface mixing is confined to two atom
planes, considering Fe/Cr alloys with different concent
tions at the interface. More specifically, in Fig. 6~a! we ex-
amine Fe/Cr12pFep /Fe12pCrp /Cr/Fe(001) trilayers, withp
51.0, 0.9, and 0.75. It is evident that the overall amplitu
of the coupling decreases, and the short-period oscillat
tend to be progressively washed out with increasing inte
cial mixing. However, the reduction in the coupling amp
tude in Fe/Cr is not so dramatic as found in Co/C
multilayers.48 In Fig. 6~b! we investigate the effect of broad
ening the region in which the interface mixing occurs. W
compare results of the previous calculation correspondin
p50.75 with the case in which the mixing is confined to fo
atomic planes, more precisely with Fe/Cr12pFep /
Cr12qFeq /Fe12qCrq /Fe12pCrp /Cr/Fe ~001! trilayers, with
p50.80 andq50.75. We note that upon increase of t
spatial extent of the interface mixing, the overall amplitu
of the coupling decreases further, and a phase shift in
oscillations becomes apparent. This is expected becaus
mentioned earlier, both the amplitudes and phases of the
cillatory components of the interlayer coupling depend
the degree of carrier confinement in the spacer caused b
magnetic layers, which is obviously affected by interfa
mixing. Finally, to assess the overall effect of interface m
ing we compare in Fig. 6~c! the latter results correspondin
to p50.80 andq50.75 with those for perfect interfaces. It
clear that the short-period oscillations are substantially s
pressed by interface mixing. However, the calculated c
pling amplitude is effectively reduced only by approximate
a factor of 3 for the maximum amount of interface mixin
which we have considered. This is still not sufficient to e
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tablish reasonable agreement with experimental data.
possibility to close such a gap would be to assume lar
amounts of interface mixing. However, one should note t
the presence of steps, which has been ignored in our ca
lations, but are probably present in real samples, also c
tributes to diminish the interlayer coupling amplitude, and
short-period oscillatory components.48,49 If the steps are suf-
ficiently large it is possible to assess their effect by tak
averages of the coupling calculated for different spacer th
nesses. A rough estimate, assuming thickness fluctuation
61 atomic plane, can be obtained by taking a simple av
age ^J(N)&5@J(N21)12J(N)1J(N11)#/4, as depicted
in Fig. 7. We notice that the presence of steps at the Fe
interface, combined with interface mixing, practically r
moves the residual short-period oscillations, reducing
coupling amplitude even further, in agreement with what h
been found in Ref. 18. Nevertheless, the calculated valu
the first AF peak remains a factor of five larger than tho
measured.

IV. CONCLUSIONS

We have calculated the coupling between Fe layers se
rated by noninteracting Cr in Fe/Cr/Fe~001! trilayers as a
function of the Cr layer thickness for several temperatur
We have found that for perfectly sharp interfaces the sh
period oscillations are the dominant contributions toJ(N,T)
for 0<T<500 K and 1<N<30 atomic planes. We hav
also shown that at zero temperature the amplitude ofJ(N)
decays asN23/2 for large values ofN, rather than asN22 or
N21 as usually assumed. This behavior is caused by the
ticular type of singularity in the nesting of the Cr FS~along
the linesky50 andkx50) which is responsible for one o
the dominant short-period oscillatory contributions toJ(N).

FIG. 7. Comparison between the values ofJ1(N), calculated at
T5300 K for Fe/Cr12pFep /Cr12qFeq /Fe12qCrq /Fe12pCrp /Cr/
Fe ~001! trilayers, with p50.80 andq50.75 ~open circles!, as a
function of N, and the corresponding average values obtained
^J1(N)&5@J1(N21)12J1(N)1J1(N11)#/4 ~filled diamonds!.
These results give an idea of the combined effect of interface m
ing and the presence of steps at the Fe/Cr interface.
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It must be pointed out, however, that theN23/2 asymptotic
decay, predicted for noninteracting Cr, happens for s
large values ofN that, in practice, the Cr layer would de
velop a SDW antiferromagnetism which presumably affe
this type of behavior. Our results obtained at finite tempe
tures show a strong temperature dependence of the cou
strength for some values of the Cr spacer thickness, in v
good agreement with experiments.

All existing calculations, including ours, for Fe/C
Fe ~001! trilayers with perfect interfaces have found inte
layer coupling strengths which are at least an order of m
nitude larger than those experimentally observed at the
AF peaks. On the other hand, it is currently very difficult,
not impossible, to avoid the appearance of inhomogene
in Fe/Cr interfaces. The absence of strong short-period o
latory components, and the existence of a relatively la
biquadratic contribution in the measured coupling are str
evidence of the presence of inhomogeneities in the sam
We have assessed the reduction of the coupling ampli
due to their presence at the interfaces. We have found
s

s

.
a

.
u

-

k

n

.

h

s
-

ing
ry

g-
st

es
il-
e
g
le.
de
at

interface mixing reduces the overall coupling strength,
well as the relative importance of its short-period oscillato
components, and also causes a phase shift in the oscillat
of the interlayer coupling. However, our results indicate th
moderate interface mixing alone does not seem to be su
cient to bring theory in accord with experiment. The com
bined effect of the presence of steps and moderate mixing
the Fe/Cr interface leads to better, but still far from perfe
agreement. Therefore, either there is something import
missing in all existing calculations or currently the sampl
have far more inhomogeneities than they seem to. We st
that our results are for trilayers and, therefore, apply to m
tilayers with sufficiently thick Fe layers only.
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