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Oscillatory exchange coupling between iron layers separated by chromium
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The exchange coupling between Fe layers separated by nonmagnetic Cr is calculated for Fe(Qo/Fe
trilayer structures as a function of the spacer thicknes®r several temperatureb. It is shown that for
perfectly sharp interface¥(N,T) is entirely dominated by short period oscillations for 0<K<500 K and
N varying from 5 to 50 atomic planes. At zero temperature the amplitudedetays a2 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 oscillation¥ blf). A strong temperature dependence of the
coupling strength is obtained for some valued\bfin 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 oscillatidN )of{ S0163-182¢09)03317-2

I. INTRODUCTION standing of the interlayer coupling in Fe/Cr systems, there
are still several aspects which deserve clarification. In many
Fe/Cr systems have been at the forefront of research iRe/Cr specimens, it has been observed #{at) oscillates
magnetic multilayers in recent years. About a decade ago basically with a long period, having maximum antiferromag-
was observed that the exchange couplifmtween Fe layers netic (AF) amplitude~1 mJ/nf. Short-period oscillations
separated by Cr changes sign for different Cr thicknessesof ~2 monolayers are seen only in carefully grown
Later, it was found thal generally oscillates as a function of samples:?*~2 On the other hand, all existing calculations
the spacer thicknesN in metallic multilayers: The rather assuming perfect interfaces find thN) in Fe/Cr/Fe(001)
large period of~18 A observed in early measurements of trilayers is dominated by the short-period oscillations. Addi-
J(N) in Fe/Cr caused surprise and greatly stimulated theionally, the coupling amplitude calculated across AF Cr in-
development of theories and experimettsin addition, the  variably comes out much larger than that mediated by non-
striking “‘giant” magnetoresistance effect was discovered inmagnetic Cr, and the latter is, in turn, much larger than those
Fe/Cr multilayer$. The importance of interface quality and measured so fdf?"?These discrepancies are rightfully at-
crystal ordering of the intervening layer in highlighting dif- tributed to interface inhomogeneities and lack of crystal or-
ferent periods ofl(N) was experimentally evidenced in Fe/ dering in the spacer. Experimentally it has been recognized
Cr/Fe wedge structurés™ Some of the earliest observations that interface mixing always occurs even in the best-grown
of noncollinear spin structures corresponding to 90° coufe/Cr samples. Its amount and extent depend on the substrate
pling of the magnetic layers were made on Fe/Cr/Feemperature during growth, and are difficult to be accurately
sandwiche$? ' and the search for the physical origin and determined*?°
relative importance of this type of coupling in different sys-  There are general rules which provide a systematic way of
tems has further stimulated theories and experimerifs. determining the oscillation periods d{N) for sufficiently
It is well known that the magnetic ground state of Cr islarge spacer thicknesses. According to Ruderman-Kittel-
rather delicate. Bulk Cr exhibits a spin-density-wd@®OW) Kasuya-Yosida RKKY )-like theories they are given by the
antiferromagnetism, which is not commensurate with its latextremal spanning vectors of the spacer Fermi surface
tice. The SDW in Cr originates from Fermi-surface nesting,(FS).2%3! Quantum-well theory, however, predicts additional
which causes a maximum in the noninteracting static spirpossibilities, especially when the spacer FS has more than
susceptibility at a wave vector close tera, whereais the  one sheet? as in the case of Cr. Because of the complexity
Cr lattice constant. Such nesting can be modified by alloyin@f its FS, a complete analysis of all possible individual com-
Cr with different materials, in some cases drastically affectponents of the coupling mediated by Cr is rather involved.
ing its Neel temperaturdfy~311 K’ The presence of the First, because of the large number of Cr FS extrema. Second,
Fe layers in Fe/Cr/F€0Y) trilayers poses magnetic bound- one would need investigate the possibility of occurrence of
ary conditions which affect both the magnetic state &gaf  non-RKKY contributions, coming from critical points asso-
the Cr layer. Interfacial inhomogeneities can also largely afciated with integer linear combinations of the various Cr FS
fect J and the magnetic properties of the Cr spacer layersheets. Besides, for those extrema associated with nesting
especially for small Cr thickness&s'®-2! For sufficiently  between different bands, the stationary phase approximation,
thick Cr layers the SDW is likely to settle. However, long- usually employed in this type of analysis, is somewhat
range magnetic order may be suppressed in relatively thin Gubtler, and in some cases not applicable.
layers, due to frustrations generated by the presence of Contributions coming from several extremal points of the
roughness, interdiffusion, vacancies, and steps at the Fe/@r FS have been calculatéd®* Nevertheless, the determina-
interface!®20.22:23 tion of the most important periodic componentsJ§N) in
In spite of the remarkable progress made in our underFe/Cr/Fe trilayers has not been fully settled. The origin of the
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18 A period has been the subject of recent theoretical de-

bate. There are strong arguments indicating that it comes

from extremal dimensions associated with Meentered el-

lipsoids of the Cr FS334However, since its amplitude is so

much smaller than those of the short-period contributions,

one is led to ask: why does it experimentally dominate the

coupling in so many different samples? What kind of inho- <

mogeneity and how much of it would be required to suppress ?
5

the short-period oscillations so that only a long period is
observed? Another conjecture is related to the fact that, in
principle, each oscillatory component dfbehaves differ- 4|
ently with temperaturé>3° Would it be possible that in the
case of Fe/Cr temperature effects could suppress the short-
period components, revealing others with smaller ampli-
tudes? To help answering such questions it is necessary to

calculateJ(N,T) in these systems. '810 2'0 3'0 4'0 5'0 6'0 7'0 8'0 9'0 100
For spacers with relatively simple Fermi surfaces, the Cr thickness (at. planes)
quantum-well theory predicts that the contributions to
J(N,T) coming from single point singularitiets) of the FIG. 1. Calculated exchange coupling &=0 K for a
spacer FS are asymptoticalliye., for N>1) given by”® Fle/Cr/Fe(OOJ.) trilayer as a function of the number of Cr atomic
planes.
AKkgT sin(w N+
INT)=2 N SsinE;[k -:(( BSN+?;S))] : (1) when a line of coincidence occurs. Therefore, it is necessary
° BT s to know what the real asymptotic behavior &N, T) is in
At T=0 it reduces to Fe/Cr, and beyond what value Nfit actually sets in, before
one can use equations such as Edsor (2) to analyze the
data.
J(N)=ES Assin(wN+ ¢s)/ (BN?+CeN), ) In this paper we show that for perfectly sharp interfaces,

and atT=0 K, the amplitude of the coupling between Fe

where N is the spacer thickness measured in number ofayers across noninteracting Cr, in Fe/CKl) trilayers,
atomic planesB, andw, depend only on geometrical aspects decays adN ™2 for large values oN. The asymptotic be-
of the spacer FS around those singularities; i.e., on the FBavior of J(N) sets in only for rather large Cr layer thick-
velocities and extremal radii along the direction perpendicunessesN>30 atomic planes. Therefore, the use of Eds.
lar to the layers, respectively. On the other haAd, ¢, or (2) to analyze numerical or experimental values of the
and C4 depend also on the degree of confinement of thecoupling for smaller Cr thicknesses is, strictly speaking, in-
carriers in the spacer caused by the magnetic layers, hendegrrect. We have also calculaté(N, T) for several tempera-
on the matching of the electronic states across the interfaceiires, and have found that for perfect interfaces it oscillates
Asymptotic expressions similar to Eq4) and(2) have been as a function oN with short-period oscillations for all tem-
extensively used to analyze both theoretical and experimerperatures investigated. For some valuesNo strong tem-
tal results forJ(N,T). However, it is noteworthy that ap- perature dependence of the coupling strength is obtained in
proaches which rely on fits to results of numerical calcula-€xcellent agreement with experiments. The effect of Fe/Cr
tions or to experimental values of the coupling to obtaininterfacial mixing has also been investigated, and we show
periods, amplitudes, phases, and decay ratd¢NfT) must  that for sufficiently large mixing the short-period oscillations
be viewed with caution for the following reasons: the ex-tend to be suppressed and the long period begins to show up
pected asymptotic regime1/N?, obtained from isolated FS as expected.
singularities, applies solely to zero temperature, ordered
spacers, and depending on the value€gf it sets in only
for relatively large values dfii (N>20-30 atomic planes at
leas}. At finite T, the envelope functions of the oscillatory ~ We have used the formalism developed in Refs. 7 and 35
components vary exponentially witd. For Co/Cu/C¢01)  to calculateJ(N,T), defined as the total-energy difference
trilayers at room temperature, for instance, there is no rangper surface atom between the antiferromagnetic and ferro-
of N in which the coupling amplitude can be correctly de- magnetic configurations of the trilayer. We show results for
scribed by a dependencel/N2.3-3" Furthermore, these fit- the bilinear exchange coupling ter(N, T) which, for per-
tings usually involve several parameters and, in some casefgctly smooth Fe/G001) interfaces, is virtually equal to
they are not unique. J/2.” To calculatel we have used a tight-binding model with

For spacers with more complicated Fermi surfaces, such,p,d orbitals, and hopping up to second-nearest neighbors.
as Cr, where nesting between sheets occurs, the asymptofitie tight-binding parameters for noninteracting Cr were
decay ofJ(N) may be different from the usualNf behav- taken from Ref. 38, and those for ferromagnetic Fe were
ior, depending on the nature of the dominant singuldfity. obtained as in Ref. 39.
As discussed in Ref. 31, the expected rate of decayli\ Results forJ;(N,T=0) in Fe/Cr/F€001) trilayers are
for the extreme case of perfect planar nesting, adN®?  shown in Fig. 1. It is evident that short-period oscillations

Il. RESULTS FOR PERFECT INTERFACES
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FIG. 3. Discrete Fourier transform dfi*2J;(N) for 50<N
<100, showing the periods of the most important oscillatory com-
ponents ofJ;.

M large values oN. The result is shown in Fig. 3, and it clearly
0 20 40 60 80 100 demonstrates that, asymptotically,is dominated mainly by
Cr thickness (at. planes) . . . ioe . .
three periods which are identified by the major peaks in the
FIG. 2. Dependences of;(N)XN (a), J;(N)XN? (b), and figure. Short-period oscillations are the most important ones.
J1(N)X N32 (c), on the numbeN of Cr atomic planesJ, has been | hey come from the same FS nestings that cause the SDW in
calculated at zero temperature, and is measured in mRy/surfadef. involving the electron and hole octahedralike FS pieces
atom. centered around th& and H points of the bcc Brillouin
zone, respectively. Normally, such nesting is described as
dominate the calculated coupling at zero temperature for alerfectly planar, but this is clearly an approximation. In fact,
values ofN. Our values agree very well with those obtainedby observing it along th€001) direction, one realizes that it
in Ref. 28 forN< 20 atomic planes, but they are 20—60 timeshas critical points in the linek,= =k, k,=0, andk,=0,
larger than the experimentally observed first AF peaks. It isvherex, y, andz are the usual cubic directions. The critical
noteworthy that the coupling calculated across interacting Cpoints located in the linek,= =k, are maxima, and those
is even largef®!® On the other hand, curiously, the maxi- located ink,=0, and ink,=0 are minima. These stationary
mum coupling amplitude measured in good-quality samplegoints are responsible for the short-period oscillations in
showing short-period oscillations is3 times smaller than J(N,T); the maxima and the minima lead to oscillatory com-
that observed in specimens where only a long period iponents ofJ(N) having periods of=2.05, and 2.01 atomic
apparent® For thin Cr spacers the observed short oscilla-planes, respectively.
tions show up superimposed to the long-period oscillation, A revealing result is shown in Fig. 4 where the calculated
suggesting that some degree of interfacial disorder is stilhesting surface is depicted around its critical points in order
present in those samples. to determine the character of each singularity. The maximum
Before discussing the possible reasons for these disagrekeads to a contribution which, &=0 K, has the usual 2
ments between theory and experiments, we first address tlasymptotic behavior. On the other hand, it is clear from Fig.
question of how the coupling across noninteracting Cr reallyd(b), that the minimum associated with the nesting singular-
behaves asymptotically. To determine the correct asymptotiity at k,=0 is extremely shallow along one of the principal
behavior of J;(N,0) we have calculated the coupling for axis directions. As a result, the corresponding effective mass
large values ofN, and plottedJ;(N) XN, J;(N)XN?, and is nearly infinite, thereby justifying thi ~*? asymptotic de-
J1(N)x N2 as functions oN. It is clear from Fig. 2 that, at cay rate found in Fig. 2. We notice in Fig(@, however, that
T=0 K, the oscillatory coupling across noninteracting Cr inthe envelope bound of the first group of oscillations is clearly
Fe/Cr/Fg001) trilayers decays asymptotically all~*? ~ smaller than the asymptotic limiting value. This means that
rather thanN~2 or N~! as assumed earlié¥?"“°The pos- the asymptotic dependeneel/N*? is reached for Cr thick-
sibility of finding a N~%2 decaying rate has been envisagednesses>30 atomic planes. Consequently, in practice, this
by Koelling, provided the dominant contribution Jocomes dependence may not be observed, because the SDW antifer-
from a particular type of nesting where a line of coincidenceromagnetism is expected to settle for smaller Cr
occurs®® Below, we shall show that this is precisely what thicknesse$3?° presumably affecting thed™>? behavior.
happens in noninteracting Cr. Before doing so, since wed herefore, assuming perfect interfaces, it is not correct, or at
know the asymptotic behavior of; we can estimate the least not rigorous, to use asymptotic expressiolesived for
relative amplitude of its most important oscillatory compo- noninteracting Orto analyze numerical or experimental val-
nents, by taking the discrete Fourier transfétof N¥2J, for  ues of J(N) in Fe/Cr/F€00)) trilayers for Cr layer thick-
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effects in both calculations come solely from the temperature
0.993201

R dependence of the Fermi function. No spin fluctuations in the
0.16 ':'ggig'g' ) ferromagnetic layers are taken into account, which is a rea-
' = sonable approximation for the range of temperatures consid-
ered, namelyl much smaller than the Fe Curie temperature.
To verify our numerical approach we have thoroughly
tested both the energy and Brillouin-zone numerical integra-
Stions involved in our calculations af(N,T). We have per-
formed the energy integration in the complex plane, using
Matsubara frequencies at finite temperatures and Gauss-
Legendre quadrature 8t=0 K. For the two-dimensional
nesses<30 atomic planes. It is also unwise to use them toBrillouin-zone integration we have used the number of spe-
analyze experimental results fa(N), showing short period cial k points’® necessary to ensure a relative precision of
oscillations, forN>30 atomic planes because for such thick-10"2 in our final results. The short-period contributions are
nesses the Cr spacer layer is probably magnetic. The fact thabt suppressed in our calculations fio= 300 K, and this is
it is possible to find good fits of calculated or experimentalsupported by the results of Ref. 28, which compare ex-
results using Eqq1) and(2) does not mean that the param- tremely well with ours, particularly foN ranging between
eters obtained are necessarily trustworthy. However, in thos&0 and 20 atomic planes. The results of Ref. 28 were ob-
samples where the short period contributions are suppresseained for a temperature comparable to 235 K using spin-
and the long period is prominer@(N) is no longer expected density-functional theory to calculate the change in total en-
to decay asymptotically abl~%? as we have found al  ergy between the ferromagnetic and antiferromagnetic
=0 K. In this case, it is possible tha(N,T) follows Eq.  configurations of the trilayer.
(1) for sufficiently large values oN because, as mentioned  There is consensus about the fact thatTat0 K, the
earlier, there are strong indications that the long-period conshort-period oscillations dominate the coupling in Fe/Cr/Fe
tribution comes from isolated FS singularities. Nevertheless(001) trilayers with perfect interfaces, for all values of
before using Eq(1) to analyze the coupling, one must be N.1%273444Estimated ratios between the short- and long-
certain that, in practice, the asymptotic regime has beeperiod amplitudes vary from=5 to 10. In fact, from the
reached and that a SDW state is not present in the Cr spachkeights of the peaks in Fig(ld) we obtain a ratio of~7, for
layer for such thicknesses. large values ofN. Therefore, in order to become impercep-
We now turn to the temperature dependence of the couible at T=300 K for N>7, as found in Ref. 42, the short-
pling. We have calculated; for several temperatures and Cr period contribution would need to decay much faster than the
spacer thicknesses. For temperatures between 0 and 500 Iéng period one. The temperature dependencéd isf gov-
and Cr layer thicknesses varying from 5 to 50 atomic planesgrned by geometrical aspects of the spacer Fermi surface and
we have found, assuming perfect interfaces, that the couplinigy the confining strength of the magnetic layers. These quan-
is entirely dominated by short-period oscillations. Our resultgities are determined by the electronic structure of the
contrast with those of Ref. 42, where it was found that fortrilayer, which seems to be reasonably well described in all
temperature§ =300 K the long period oscillation prevails these calculations. It is unlikely that small differences be-
for Cr thicknesses>7 atomic planes. This is very surprising, tween the band structures could lead to such a radical change
since their theoretical framework is the same as ours, and thef behavior. Therefore, the reason why our results and those
band structures used are only slightly different. Temperaturef Ref. 28 differ from Ref. 42 remains a mystery.

kx

FIG. 4. Nesting of the electron and hole octahedralike Cr F
sheets along th€001) direction (see text, calculated around its
extrema, located in the lindg=Kk, (&) andk,=0 (b), respectively.
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FIG. 6. Calculated exchange coupling considering different interface mixings. Results are obtalne@0&t K as a function of the
number N of Cr atomic planes(a) Interface mixing restricted to two atomic planes, comparison between different concentrations:
Fe/Ch_,Fe,/Fe _,Cr,/Cr/F€00)) trilayers withp=1 (triangleg, p=0.9 (squares andp=0.75(filled circles; (b) Interface mixing with
different spatial extents: mixing confined to two atomic planes witk0.75 (filled circley, and four atomic planes, i.e.,
Fe/Cr_,Fe,/Cr_qFe,/Fe,_Cry/Fe,_,Cr,/Cr/Fg00)) trilayers, withp=0.80 andg=0.75 (open circles (c) Comparison with perfect
interfaces corresponding fw=q=1 (triangles andp=0.80, q=0.75 (open circles

As shown in Fig. 5, we have obtained a very strong re-theories>® except for theC term, which has been incorpo-
duction of the coupling as a function of temperature for someated later and shown to be very important in Co/Cu
values ofN. Our results agree very well with experimental systems? In fact, the experimental data obtained in Ref. 46
observationé>46 1t should be pointed out, however, that the were very well fitted by this expression even though it was
latter were made on samples showing basically a long periodnnecessarily assumed that 0.
oscillatoryJ(N). In this case one may argue that it would be
reasonable to analyze the experimental data with (Eg.
since the conditions for using it seem to be at least partially
satisfied. It is clear from Eq$l) and(2) that when the cou- The quality of interfaces in multilayer systems depends on
pling shows only one periodic component, coming from anthe substrate temperature during layer deposition. Experi-
isolated singularity of the spacer FS, its temperature depementally, it is very difficult to avoid the occurrence of inter-
dence can be written, for sufficiently large valuesNifas  face inhomogeneities in these systems. As far as the oscilla-
J(N,T)/I(N,0)=(T/Ty)/sinh(T/Ty), where Tglsz(BN tory coupling between magnetic layers is concerned, we
+C). The same temperature dependence is obtained dynow that variation of interfacial quality alters the degree of
Ruderman-Kittel-Kasuya-Yosida and earlier quantum-welicarrier confinement in the spacer, causing a phase change

Ill. EFFECT OF INTERFACIAL MIXING
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and an overall reduction of the coupling strength. It may also ' ' ' ' ‘ '
modify the relative contributions of the different periodic
components ofIl(N). In fact, it has been explicitly shown
that the amplitude of the short-period oscillationsJON) in
Fe/Cr can be strongly attenuated by interfacial roughiess.

The temperature of optimélayer-by-layey growth varies
from system to system, and for Fe(@01) multilayers it is
T=300°C. Nevertheless, even under optimal conditions, the
Cr growth on F€001) leads to formation of a Cr-Fe alloy in
approximately three interfacial atomic plarfég.he alloying
is an asymmetric effect which happens only when Cr is de-
posited on Fe but not vice versa. According to scanning tun-
neling studies, for the 300 °C growth condition, the Cr con-
centration in Fe seems not to exceed 10%. However, Auger
spectroscopy estimates that it can be as much as?0%.

It is reasonable to attribute the large difference between
calculated and measured values of the coupling in Fe/Cr sys- -10 5 é 1'1 1'4 1'7 2'0 2'3
tems to the probable existence of inhomogeneities in the
samples. However, one must quantitatively verify their effect
in the calculated results. With this purpose, we have investi- FIG. 7. Comparison between the valuesJgfN), calculated at
gated the effect of mixing at the Fe/Cr interface by treatingT=300 K for Fe/Ci_,Fg,/Cr,_qFe,/Fe,_Crq/Fe,_,Cr,/Cr/
the interfacial Fe/Cr atomic planes as disordered alloys comnFe (00]) trilayers, withp=0.80 andq=0.75 (open circle} as a
patible with a given concentration profile. We restrict our-function of N, and the corresponding average values obtained by
selves to moderate interfacial admixtures, and assume that(i#1(N))=[J1(N—1)+2J3;(N)+J;(N+1)]/4 (filled diamonds.
takes place at either two or four atomic planes of the Fe/Cfhese results give an idea of the combined effect of interface mix-
interface. The effect of disorder is treated within the averagdnd and the presence of steps at the Fe/Cr interface.
t-matrix approximation which, in the dilute limit, is equiva-
lent to the coherent-potential approximation used in Refs. 4tablish reasonable agreement with experimental data. One
and 48. Our results are presented in Fig. 6. First, we calculateossibility to close such a gap would be to assume larger
the coupling as a function of the Cr spacer thickness assung@mounts of interface mixing. However, one should note that
ing that the interface mixing is confined to two atomic the presence of steps, which has been ignored in our calcu-
planes, considering Fe/Cr alloys with different concentralations, but are probably present in real samples, also con-
tions at the interface. More specifically, in Figapwe ex-  tributes to diminish the interlayer coupling amplitude, and its
amine Fe/Cy_,Fe,/Fe _,Cr,/Cr/Fe(001) trilayers, wittp  short-period oscillatory (_:omponeri‘l%‘.‘glf the steps are suf-
=1.0, 0.9, and 0.75. It is evident that the overall amplitudeficiently large it is possible to assess their effect by taking
of the coupling decreases, and the short-period oscillationdverages of the coupling calculated for different spacer thick-
tend to be progressively washed out with increasing interfanesses. A rough estimate, assuming thickness fluctuations of
cial mixing. However, the reduction in the coupling ampli- £1 atomic plane, can be obtained by taking a simple aver-
tude in Fe/Cr is not so dramatic as found in Co/Cuage (J(N))=[J(N—1)+2J(N)+JI(N+1)]/4, as depicted
multilayers®® In Fig. 6(b) we investigate the effect of broad- in Fig. 7. We notice that the presence of steps at the Fe/Cr
ening the region in which the interface mixing occurs. Weinterface, combined with interface mixing, practically re-
compare results of the previous calculation corresponding te1oves the residual short-period oscillations, reducing the
p=0.75 with the case in which the mixing is confined to four coupling amplitude even further, in agreement with what has
atomic planes, more precisely with Fe/CyFe,/ been found in Ref. 18. .Nevertheless, the calculated value at
Cr,_4Fe/Fe _(Crq/Fe,_,Cry/Cr/Fe (001) trilayers, with the first AF peak remains a factor of five larger than those
p=0.80 andq=0.75. We note that upon increase of the measured.
spatial extent of the interface mixing, the overall amplitude
of t_he poupling decreases further,_and a phase shift in the IV. CONCLUSIONS
oscillations becomes apparent. This is expected because, as
mentioned earlier, both the amplitudes and phases of the os- We have calculated the coupling between Fe layers sepa-
cillatory components of the interlayer coupling depend onrated by noninteracting Cr in Fe/Cri@®1) trilayers as a
the degree of carrier confinement in the spacer caused by thignction of the Cr layer thickness for several temperatures.
magnetic layers, which is obviously affected by interfaceWe have found that for perfectly sharp interfaces the short-
mixing. Finally, to assess the overall effect of interface mix-period oscillations are the dominant contributions)¢(d!, T)
ing we compare in Fig. @) the latter results corresponding for 0<T<500 K and }(N=30 atomic planes. We have
to p=0.80 andg=0.75 with those for perfect interfaces. Itis also shown that at zero temperature the amplitudd(df)
clear that the short-period oscillations are substantially supdecays ad ™~ for large values oN, rather than asl~2 or
pressed by interface mixing. However, the calculated couN™! as usually assumed. This behavior is caused by the par-
pling amplitude is effectively reduced only by approximately ticular type of singularity in the nesting of the Cr k&ong
a factor of 3 for the maximum amount of interface mixing the linesk,=0 andk,=0) which is responsible for one of
which we have considered. This is still not sufficient to es-the dominant short-period oscillatory contributionsJ(N).

Cr thickness (at. planes)
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It must be pointed out, however, that the 32 asymptotic  interface mixing reduces the overall coupling strength, as
decay, predicted for noninteracting Cr, happens for suchvell as the relative importance of its short-period oscillatory
large values ofN that, in practice, the Cr layer would de- components, and also causes a phase shift in the oscillations
velop a SDW antiferromagnetism which presumably affectof the interlayer coupling. However, our results indicate that
this type of behavior. Our results obtained at finite temperamoderate interface mixing alone does not seem to be suffi-
tures show a strong temperature dependence of the couplirgent to bring theory in accord with experiment. The com-
strength for some values of the Cr spacer thickness, in verpined effect of the presence of steps and moderate mixings at
good agreement with experiments. the Fe/Cr interface leads to better, but still far from perfect
All existing calculations, including ours, for Fe/Cr/ agreement. Therefore, either there is something important
Fe (002 trilayers with perfect interfaces have found inter- missing in all existing calculations or currently the samples
layer coupling strengths which are at least an order of maghave far more inhomogeneities than they seem to. We stress
nitude larger than those experimentally observed at the firgdhat our results are for trilayers and, therefore, apply to mul-
AF peaks. On the other hand, it is currently very difficult, if tilayers with sufficiently thick Fe layers only.
not impossible, to avoid the appearance of inhomogeneities
in Fe/Cr interfaces. The absence of strong short-period oscil-
latory components, and the existence of a relatively large
biquadratic contribution in the measured coupling are strong We have benefitted from very helpful discussions with J.
evidence of the presence of inhomogeneities in the samplé&lathon, D. M. Edwards, M. S. Ferreira, and A. Umerski.
We have assessed the reduction of the coupling amplitudéhis work has been financially supported by the CNPq and
due to their presence at the interfaces. We have found th&INEP of Brazil.
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