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Exchange coupling has been studied in Fe whisker/Cr/Fe~001! systems that were grown in a perfect
layer by layer mode. The exchange coupling through Cr was found to be very sensitive to alloying
at the Fe whisker/Cr~001! interface. It will be shown that the observed reversed phase of the short
wavelength oscillations compared to those predicted byab initio calculations can be caused by
alloying at the Fe whisker/Cr~001! interface. In order to test this point, we have grown samples with
the Cr/Fe~001! interface intentionally alloyed by codepositing the Cr and Fe atoms during the
formation of the last Cr atomic layer. The strength of the exchange coupling has also been
investigated in systems fabricated with heterogeneous spacers using bcc Cu~001! and fcc Ag~001!.
Cu and Ag layers have been inserted between the Cr spacer and the Fe~001! film. The strength of
the antiferromagnetic coupling was found to be substantially increased due to the presence of Cu at
the Cr/Fe~001! interface. It will be argued that the observed increase in the exchange coupling is
caused by an increased asymmetry in spin dependent reflectivity at the Cr/Cu/Fe interface. ©1997
American Institute of Physics.@S0021-8979~97!45908-X#
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INTRODUCTION

We have carried out quantitative studies of the excha
coupling through Cr~001! using Fe whisker/Cr/Fe~001!
samples.1,2 Our objective was to grow samples having t
best available interfaces, to measure quantitatively
strength of the exchange coupling, and to compare that c
pling strength withab initio calculations which included ex
plicitly the presence of spin-density waves in Cr.3

Scanning electron microscopy with polarization analy
~SEMPA!,4 Brillouin light scattering~BLS!, and magneto-
optical Kerr effect ~MOKE!1 studies have shown that F
whisker/Cr/Fe~001! systems possess well defined sh
wavelength oscillations in the exchange coupling. BLS a
MOKE studies1,2 have shown that the exchange coupling
Fe whisker/Cr/Fe samples can be well described by bilin
and biquadratic exchange coupling terms,

E52J1 cos~u!1J2 cos
2~u!, ~1!

whereu is the angle between the surface magnetic mome
of the facing ferromagnetic layers. This is in agreement w
early ab initio calculations by Stoeffler and Gautier.5 How-
ever, the most recent calculation by Stoeffler’s group6 indi-
cates that for samples with ideal interfaces the approac
saturation follows the Slonczewski’s proximity magnetis
model7 in which the approach to saturation is asymptotic
There are even more profound differences between the
perimental results and the theoretical predictions.2 The cou-
pling between the Fe and Cr atoms at the Fe/Cr interfac
expected to be strongly antiferromagnetic8 and since the pe
riod of the short wavelength oscillations is close to 2 ML o
would expect antiferromagnetic~AF! coupling for an even
number of Cr atomic layers and ferromagnetic~FM! cou-
pling for an odd number of Cr atomic layers. For the peri
of l52.11 ML, the first phase slip in the short waveleng
coupling is predicted to occur at 24 ML.

Surprisingly, the SEMPA9 and BLS10 measurements
showed that the phase of the short-wavelength oscillation
exactly opposite to that expected. It is also important to n
that the measured strength of the exchange coup
uJmaxu;1.0 ergs/cm2,1 was found to be much less than th
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obtained from first principals calculations,uJ1u530 ergs/cm.5

These facts represent a significant disagreement betwee
periment and theory.

Recent quantitative BLS and MOKE studies2,11,12 have
shown that the origin of this behavior is closely linked wi
the structural properties of the Fe whisker/Cr~001! interface.
The angular resolved Auger spectroscopy~ARAES!,2,11,12

STM,13 and proton induced Auger electron spectroscop14

have shown that the formation of the Fe/Cr~001! interface is
far more complicated than expected. The above studies
vealed very clearly that the Cr undergoes interface mix
when the substrate temperature is adjusted for optim
growth. However, the quantitative conclusions based on
STM technique differ significantly from those based on A
ger spectroscopy. The STM studies indicated that the a
exchange mechanism between Fe and Cr persists up to
atomic layers, and the atomic concentration of Cr in Fe d
not exceed 10%. The ARAES and proton induced A
showed that the interface mixing was confined mostly to
two Fe interface atomic layers, and nearly 50% of Cr ato
were mixed with Fe at the substrate temperature of 300
The proton AES studies14 also showed that the atom ex
change replacement process does not proceed apprec
beyond the Fe/Cr interface. This result is in agreement w
recent x-ray diffraction studies using a tunable synchrot
radiation source.15

The results of our ARAES studies have shown that
Cr–Fe interface mixing depends on the substrate tempera
during the initial stages of the Cr growth. But the interfa
mixing remains even at relatively low substrate tempe
tures,;20% atTsub5100 °C. One should point out that in
terface alloying is an asymmetric effect:16,17 it happens only
when Cr is deposited on Fe; interface alloying does not oc
when Fe is deposited on Cr, see further discussion in Re

We have pointed out that the above differences betw
the experimental results and theoretical predictions of
exchange coupling through Cr~001! spacers can be caused b
interface alloying.2,12 Ab initio calculations by Stoeffler and
Gautier showed that the exchange coupling through Cr~001!
81(8)/4350/3/$10.00 © 1997 American Institute of Physics
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is significantly affected by interface alloying.3 The calcula-
tions that were carried out using a 2 ML 75% Fe–25% Cr,
25% Fe–75% Cr ordered alloy which turned out to be p
ticularly interesting. The orientation of the Cr atomic m
ments are magnetically frustrated by the lack of a shar
defined chemical environment. The fact that the mixed
layer ~75% Fe–25% Cr! remains as a part of the ferroma
netic layer is not surprising, but a strong ferromagnetic c
pling between the magnetic moments of the mixed Cr ato
layer ~75% Cr–25% Fe! and the adjacent Fe moments a
definitely unexpected. It is the second Cr atomic layer t
has its magnetic moment oriented antiparallel to the Fe la
Magnetically speaking the Cr spacer lost one atomic lay
Thus the parity is changed: an odd number of Cr atom
layers gives rise to AF coupling and an even number of
layers results in FM coupling. The calculated strength of
short wavelength coupling in the sample with intermixed
terfaces was found to be close to that obtained in our m
surements.

The purpose of the studies presented in this article i
shed further light on the role of heterogeneous interface
Fe/Cr/Fe~001! systems.

RESULTS AND DISCUSSION

We have tried to avoid interface mixing by decreasi
the substrate temperature during the growth of the first
atomic layer. We found that the quality of subsequent
layers was noticeably affected once the initial substrate t
perature was decreased below 100 °C. The dependenc
the exchange coupling on the parity of the number of
layers remained unchanged for samples that grew in a la
by-layer mode. This result ought to be expected since
interface mixing was always present. Not being able to
feat interface mixing directly we decided to use hetero
neous Cr spacers.

~a! In the first series of experiments the last atomic la
of Cr~001! was prepared by codepositing Cr and Fe togeth
The reflection high energy electron diffraction~RHEED! in-
tensity oscillations and RHEED patterns showed that
Cr–Fe alloyed layer was atomically flat. In our studies,
used the following concentrations: Cr 85%–15% Fe and
65%–35% Fe. The BLS studies, see Fig. 1, together with
MOKE measurements showed that the sign of the excha
coupling was not changed by adding an alloyed atomic la
of Cr–Fe on the top of the already deposited Cr spa
Therefore, it follows that an additional alloyed layer of C
does not participate in the parity rule affecting the sign of
exchange coupling. This is consistent with the behavior
interface alloying at the Fe/Cr interface. Based on the Sto
fler and Gauthier calculations, one can expect that the m
netic moment of the alloyed atomic layer is oriented para
to the adjacent Fe layer and consequently the sign of
exchange coupling is unaffected by it.~b! Another two het-
erogeneous Cr spacers were prepared for testing the effe
interface composition on the exchange coupling strength
whisker/11 Cr/1–2 Cu/Fe~001! and Fe whisker/11 Cr/1–2
Ag/Fe specimens were grown, where the integers repre
the number of MLs. The growth of Ag atTsub5105 °C re-
sulted in nearly perfect layer by layer growth. The growth
J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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Cu atTsub565 °C was less perfect but still showed well d
fined RHEED oscillations, even for the second anti-Bra
condition, indicating that the atomic deposition of the C
layers was reasonably smooth. The behavior of excha
coupling in both of Fe whisker/11 Cr/1–2 Cu/Fe~001!
samples is most surprising, see Fig. 2. The strength of
exchange coupling in these samples was increased two
compared to that observed in samples having simple Cr
terfaces. This is an unexpected result. In all our previo
studies, using Fe/Cu/Fe~001! structures with a wide range o
heterogeneous Cu spacers, the exchange coupling wa
ways decreased significantly due to the presence of allo
atomic layers inside the nonmagnetic spacer.18 This system-
atic behavior led us to conclude that atomic heterogeneit
the spacer leads to an additional electron scattering pote
and results in a decreased spin transport between the f

FIG. 1. Magnetic excitation frequency vs applied magnetic field for
system Fe whisker~001!/NCr/1 mixed/20 Fe/20 Au, where the integers d
note the number of monolayers~ML !. The mixed layer consisted of 65% C
and 35% Fe. SM—surface mode; E—bulk edge modes; TF—Fe thin
modes. The solid lines were calculated using saturation magnetization
sities 4pMs521.4 kOe for both bulk Fe and the Fe thin film; cubic aniso
ropy constantsK154.763105 ergs/cc for bulk Fe andK153.53105 ergs/cc
for the Fe thin film; uniaxial surface anisotropy constantsKu50.5 ergs/cm2

for the bulk Fe andKu51.0 ergs/cm2 for the Fe thin film.~a! N511 ML Cr,
JEX5J122J2520.87 ergs/cm2. ~b! N512 ML Cr, JEX510.25
ergs/cm2.
4351Heinrich et al.

to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/japo/japcr.jsp



in

e
, t
t w
e
s
m
ele
ty
g
rid
e
n
th
er
un
pi
or

in
sed
-
hat

.
nd
o an
tical
is

re-
the
rtant

n-

gi-
k.

v,

v. B

sti-

s of

of

K.

ett.

p,

D.
magnetic layers. The situation for Fe/Cr/Cu/Fe~001! is defi-
nitely different. During the recent Fe/Cr workshop, held
Strasbourg, Sussanne Mirbt presented calculations19 that are
in accord with the measured exchange coupling for our h
erogeneous Cr spacers. In fact, by complete coincidence
calculations were carried out for the same structures tha
used. The enhanced coupling strength is due to a chang
the spin dependent reflectivity of the Cr spacer electron
the Cr/Cu/Fe interface. The presence of the Cu ato
changes the spin dependent interface potential. The Cu
trons will hybridize with both Fe and Cr. Since the majori
spin Fe band~which participates in the exchange couplin!
lies closest to the Cu conduction band the effect of hyb
ization will be most pronounced for the majority spin F
band. The hybridization with Cu results in a downward e
ergy shift that moves the Fe majority spin band below
Fermi level.20 An energy gap is created at the Cu/Fe int
face, and consequently the majority spin electrons in Cr
dergo a nearly perfect reflection. The states for minority s
electrons are very little affected by the Cu, and theref

FIG. 2. Longitudinal MOKE studies of heterogeneous Cr spacers.~a! Fe
whisker/11 Cr/20 Fe/20 Au~001!. J1520.4 ergs/cm2, J250.18 ergs/cm2. ~b!
Fe whisker/11 Cr/2 Cu/20 Fe/20 Au~001!. J1520.86 ergs/cm2, J250.3
ergs/cm2. The integers represent the number of atomic layers.J1 andJ2 were
obtained by fitting the critical fieldsH1 andH2 using the microscopic cal-
culations for samples grown on Fe whiskers~Refs. 2 and 21!. Note that the
sample reached full saturation forH.H1.
4352 J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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their reflectivity is left unchanged. It follows that the sp
reflectivity asymmetry is increased leading to an increa
coupling. The situation with Cr/Ag~001! heterogeneous spac
ers is less dramatic. The exchange coupling is somew
decreased by the presence of Ag,J151.3 and 1.0 ergs/cm2 in
$11 Cr~001!% and $11 Cr,2 Ag~001!% spacers, respectively
Calculations show that the spin reflectivities for minority a
majority spin electrons are somewhat decreased leading t
overall decrease in the exchange coupling. The theore
calculations by Mirbt can explain our results very well. Th
implies that the coupling through Cr~001! is affected by the
spin dependent reflectivities at the interfaces. The spin
flectivities are typical parameters closely associated with
paramagnetic behavior and this therefore raises an impo
question: ‘‘Is the origin of the spin density wave in Cr~001!
intrinsic, or is it extrinsic even in samples having a low de
sity of atomic steps?’’
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