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Cd hyperfine fields at the bcc FeÕCo interface

V. Bellini, R. Zeller, and P. H. Dederichs
Institut für Festkörperforschung, Forschungszentrum Ju¨lich, D-52425 Ju¨lich, Germany

~Received 23 January 2001; published 24 September 2001!

We presentab initio calculations for the magnetic properties of the~001! and~110! bcc Fe/Co interfaces. The
calculations are performed by the Korringa-Kohn-Rostoker Green’s-function method using the local-density
approximation of density-functional theory. Of central interest is the relation between the hyperfine fields
induced on substitutional Cd probe atoms and the magnetization profile at the interface. We compare the
calculated Cd hyperfine fields with the ones measured by a time-differential perturbed angular correlation
spectroscopic experiment@B. Swinnen, J. Meersschaut, J. Dekoster, G. Langouche, S. Cottenier, S. Demuynck,
and M. Rots, Phys. Rev. Lett.78, 362~1997!#. The comparison suggests that the considered interfaces between
Fe and Co are strongly interdiffused, so that no ‘‘simplified’’ relation exists between the measured hyperfine
fields and the magnetic moments at the interface.
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I. INTRODUCTION

The study of the hyperfine interactions in solids receiv
considerable attention in the last decades both from the
perimental and theoretical side because they provide un
microscopic information about the structural as well as m
netic properties of low-dimensional magnetic systems s
as surfaces, interfaces, and dilute alloys.1–5 The hyperfine
properties arise from the magnetic dipole or electric quad
pole interaction between the nuclear moment and the ex
nal electromagnetic field due to the electrons, and result in
energy splitting of the nuclear levels. Experimental tec
niques differ depending whether they make use of resona
effects working in the ‘‘energy domain’’ measuring direct
the energy splittings, e.g., Mo¨ssbauer effect or nuclear mag
netic resonance~NMR! experiments, or whether they wor
in the ‘‘time domain’’ measuring the precession frequency
the nuclear spins by means of theg radiation emitted by
radioactive nuclei, as it is the case in the perturbed-angu
correlation~PAC! spectroscopy.

Since the information that is supplied by these type
experiments is often very difficult to interpret and far fro
transparent, reliable theoretical calculations are very m
needed in order to provide a theoretical basis for the un
standing of the experimental quantities.Ab initio calculations
for the hyperfine interactions in solids have shown in the p
to be well suited for this scope, and have succeeded to
produce, and explain, qualitatively and often also quant
tively, experiments on, e.g., dilute ferromagnetic alloys,6–8

hcp metals9 and defects in semiconductors.10,11

In the same time the techniques for crystal growth
refined so much that systems like interfaces and overla
on metals can be constructed with high accuracy, and
metastable crystallographic phases can be obtained. On
teresting achievement in this respect was reported by Pri12

who succeeded to stabilize Co grown on~110! GaAs in the
exotic bcc structure, while in the bulk it prefers the hcp stru
ture ~up to T5425 K where it transforms into fcc!. The
hyperfine fields, arising from the interaction between th
nuclear magnetic dipole of a probe atom and the surround
magnetization, might hence be of great help to characte
0163-1829/2001/64~14!/144427~7!/$20.00 64 1444
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these new phases since they act as fingerprints of the cr
structure and magnetic environment in which the nucleus
the probe atom under consideration is embedded.

This work was motivated by a recent paper of Swinn
et al.13 where the hyperfine fields of Cd impurity probe a
oms implanted in (1210) bcc Fe/Co multilayers grown b
molecular beam epitaxy were measured by means of a ti
differential PAC spectroscopy. Using a fitting procedu
based on a model by Stearns,14 the magnetic moment profile
at the Fe/Co interface is deduced from the measured hy
fine field satellites and an oscillatory behavior of both the
and Co moments in the interface region is predicted. As w
already pointed out by other authors,15,16 ab initio calcula-
tions of the magnetic moment profile for the Fe/Co interfa
show instead a monotonic increase of the Fe moment
wards the interface and a saturated constant value for the
moments. This behavior is fully in line with the magnet
properties of Co impurities in bulk Fe17 and with the experi-
mental and calculated Slater-Pauling curve of disorde
FeCo alloys.18 A detailed discussion of the magnetic inte
face profiles and their relation to the corresponding dis
dered alloys has been recently given by Niklassonet al.16

In this paper we address the more challenging problem
calculating the hyperfine fields of Cd probe atoms at diff
ent sites close to the interface. Our aim is to directly comp
with the Cd hyperfine fields measured by PAC experimen
in this way avoiding any unjustified assumption in the inte
pretation of the experimental data. This concerns, e.g.,
assignment of the Cd satellites to sharp interface region
the use of Stearns’ model for the relation between the
hyperfine fields and the moments at the interface. The po
bility of relating hyperfine fields and magnetic moments
FeCo and FeCr alloys by simple models has already b
discussed by Ebertet al.19 who came to the conclusion tha
such models are of limited use because the expansion c
ficients change with the surroundings. The direct compari
of calculated hyperfine fields with measured fields is m
fundamental and can give us a nontrivial information ab
the geometrical structure of the interface, whether it is sh
or weakly interdiffused, with interdiffused regions an
patches of nearly sharp interfaces as it is concluded by Sw
nen et al.,13 or whether it is strongly interdiffused with no
resemblance to the sharp interface, as we will conclude h
©2001 The American Physical Society27-1



en
e
a

C

w

lle
in
it
la
of
he
i-
ve

th

hn

c
lla
nc
is
e
o

nt

o
ni

we
es

b
a

ra
r

ic
s
a

tic
b
on
F
n

by

we

lk,
in

nite

ach
ntil

ld

,
rts
le,

in-
n-
RA
re-
ct

und

he
tiv-
la-

is
in

tion
st

no-
o
is
er
ent

V. BELLINI, R. ZELLER, AND P. H. DEDERICHS PHYSICAL REVIEW B64 144427
The paper is organized as follows: In Sec. II we pres
details of the method used in the calculations, while in S
III we briefly discuss the calculated magnetization profile
the ideal Fe/Co~001! and ~110! interfaces. In Sec. IV we
present as our main result, the hyperfine fields of the
impurities at the Fe/Co~001! and ~110! interfaces that are
compared in Sec. V with the measured values. In Sec. VI
summarize and conclude.

II. THE THEORY

In the present calculations we adopted the so ca
atomic sphere approximation for the potentials, consider
them as spherical inside slightly overlapping spheres w
volumes equal to the one of the Wigner-Seitz cell. Angu
momenta up tol max53 are considered in the expansion
the wave functions, while a multipole expansion of t
charge density up tol 56 is used to take the intercell contr
bution of the potential into account. Brillouin zones ha
being sampled by means of the special-point method.20,21

The exchange and correlation functionals are included in
local-density approximation~LDA !, with the parametrization
given by Vosko, Wilk, and Nusair,22 and relativistic effects
are included in the scalar relativistic approximation~SRA!.

A. The screened Korringa-Kohn-Rostoker method

In order to describe the bcc Fe/Co interfaces with~001!
and~110! orientations we used the screened Korringa-Ko
Rostoker~SKKR! Green’s-function method23–25 for layered
systems. While in the traditional KKR method the free-spa
Green’s function is used, being long ranged and of osci
tory nature, in the screened KKR method the Green’s fu
tion of a reference system is introduced, which, e.g., cons
of a system of repulsive muffin-tin potentials, assumed h
to have a constant height of 4 Ry. The Green’s function
this repulsive system, i.e., the ‘‘screened structure consta

GLL8
r nn8 , decay exponentially in space and lead thus to a sh

ranged coupling. In case of layered systems the scree
property results into aN-scaling effort in the solution of the
Dyson equation; this is of particular importance when
have to tackle very large systems with a reasonable inv
ment of computing time.23–25

To model the bcc Fe/Co interface we considered a sla
5Fe/11Co/5Fe monolayers embedded between two, left
right, bcc Fe half-crystals~see Fig.~1!!. We allowed the po-
tentials of this slab to readjust self-consistently in the ite
tions while the Fe potentials at the two half-crystals we
kept constant to their unperturbed bulk values. No latt
relaxations were included, i.e., the Fe and Co monolayer
the interface region fixed at the bulk Fe distances. This
proximation, as it has been discussed by S˘ ljivanc̆anin and
Vukajlović15 influences only to a minor extent the magne
properties at the interface, since the lattice mismatch
tween Fe and Co is very small; the experimental lattice c
stant of bcc Co observed by Prinz is 5.344 a.u. while the
one is 5.406 a.u. The calculation of the surface Gree
functions of the two bulk Fe half-crystals is achieved
means of decimation techniques.26,27
14442
t
c.
t

d

e

d
g
h
r

e

-

e
-
-
ts

re
f
s’’

rt-
ng

t-

of
nd

-
e
e
at
p-

e-
-
e
’s

B. The impurity calculations

In the case of impurities calculations at the interface
use the KKR-Green’s-function method for impurities.28,29 In
contrast to the usual calculations for impurities in the bu
the Green’s function of the ideal interface, as calculated
Sec. II A, is chosen as the reference system and only a fi
number of potentials~up to the third shell sites! around the
impurity are allowed to be perturbed~such a cluster is indi-
cated by a circle in Fig. 1!. The impurity is then moved
across the interface region as indicated in Fig. 1 and for e
position all the potentials inside the cluster are iterated u
self-consistency is reached.

C. The hyperfine fields

The correct relativistic expression for the hyperfine fie
has been originally derived by Breit,30 and more recently
rederived by Blu¨gel et al.;6 starting from the Dirac equation
the original expression can be uniquely split in three pa
that are the relativistic generalizations of the contact, dipo
and orbital contributions to the hyperfine field. Since sp
orbit coupling is neglected in the SRA, the orbital term va
ishes; moreover dipole terms are usually small. In the S
we are thus left mainly with the contact term, or more p
cisely with the relativistic version of the Fermi conta
term,31 given by the modified Breit’s formula6

Hh f
Breit5

8p

3
mt , ~1!

where the effective magnetization densitymt near the
nucleus is obtained as an average over a small region aro
the nucleus whose diameter is the Thomson radiusr T
5Ze2/mc2. Since the hyperfine fields are determined by t
behavior of the wave functions close to the nucleus, rela
istic effects are already important for elements with re
tively small nuclear charges.

There are two physically different contributions to th
contact term;4,6 the first one arises from the intra-atomic sp
polarization of thes orbitals induced by thed orbitals at the
same site, the second one from the interatomic polariza
induced by thed orbitals of the neighboring atoms. The fir
process acts on both core and valences orbitals, while the

FIG. 1. An interface region composed of 5Fe/11Co/5Fe mo
layers with~001! and~110! orientations is sandwiched between tw
bulk Fe half-crystals~in the above picture only half of the system
depicted!. The arrows indicate that the Cd impurity with the clust
of perturbed neighboring potentials can be positioned in differ
layers at the interface.
7-2
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Cd HYPERFINE FIELDS AT THE bcc Fe/Co INTERFACE PHYSICAL REVIEW B64 144427
second one influences only the valences orbitals, which have
sufficient spatial overlap with the neighbors. As is w
known the core hyperfine field is mainly proportional to t
total magnetic moment of the probe atom, while the vale
hyperfine field has a more complicated behavior. Moreo
since sp impurities in ferromagnets carry only very sma
moments, e.g., 0.025mB for a Cd impurity in Fe, the contri-
bution to the hyperfine field from the core orbitals is sm
and only the valence contribution is significant, i.e., thesd
interatomic polarization effect dominates; the total hyperfi
field has thus mainly a ‘‘transferred’’ character arising fro
the magnetic environment in which the nonmagnetic pro
atom is embedded.

The hyperfine fields~hff! induced on magnetic impuritie
are subjected to the well-known ‘‘core-polarization
problem6,32 arising from the use of the LDA. The LDA erro
results in an underestimation of up to 30% in the core c
tribution to the hff, the valence contribution instead shou
not be affected by this problem. Since in this paper we d
with a nonmagnetic Cd impurity, our results are more or l
free from this LDA ‘‘error.’’ On the other hand the hyperfin
fields induced on the Cd atoms will depend on the magnit
of the magnetic moments of the neighboring Fe and Co
oms; the choice of the lattice constant may therefore, we
discuss it below, affect the results, above all becaus
‘‘weak’’ ferromagnet like Fe is involved. In the present ca
culations we do not include relaxations around the Cd ato
i.e., the Fe and Co atoms retain their ideal bcc lattice p
tions. For 5sp impurities in Fe the relaxation of neighborin
Fe atoms is expected to induce small changes for impur
at the beginning of thesp series~like Cd!.7

III. THE Fe ÕCo INTERFACE

For the understanding of the magnetic moment profile
the Fe/Co interfaces it is important to recall first the behav
of bulk Co and Fe and FeCo alloys. Bulk Co is for all thr
phases~hcp, fcc, and bcc! a strong ferromagnet characterize
by a filled majority band and a moment of about 1.7mB ,
being insensitive to structural and environmental chang
On the other hand, due to the larger extent of the wave fu
tion resulting in stronger hybridization and band broadeni
bcc Fe is a weak ferromagnet with about 0.4–0.5 unoccup
d states in the majority band, leading to a strong sensitiv
of the Fe moment to environmental changes. This can
clearly seen inab initio calculations for disordered Fe12xCox
alloys.18,19With increasing Co concentrations the average
loy moment increases and attains a maximum at about 2
Co, despite the fact that the Co moment, being about 1.7mB
independently of the concentration, is much smaller than
Fe moment. Calculations for the dilute limit of a single C
impurity in Fe show, that around each Co impurity the neig
boring Fe moments increase in a region of at least five
shells17 so that for each Co atom the total alloy mome
increases by about 1mB . All theseab initio calculations are
in good agreement with the experimental information fro
magnetization measurements and neutron scattering, s
ing the high predictability of LDA calculations for the loca
moments.
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In analogy to the alloy, the behavior at the Fe/Co interfa
is characterized by the filling of the local majorityd states of
Fe being driven by the decrease of hybridization and
resulting band narrowing at the interface. The magnetic m
ment profile at the~001! and ~110! Fe/Co interfaces calcu
lated for the LDA bcc Fe lattice constant (alatt
55.205 a.u.) are shown in Fig. 2, while in the inset t
magnetization profile at the~110! interface obtained using
the experimental Fe lattice constant (alatt55.406 a.u.) is
compared with the ‘‘claimed’’ fitted magnetic moment profi
proposed by Swinnenet al.13 The basic feature is that n
oscillatory behavior in the calculated magnetic moment p
files is found, which recalls the behavior of the single C
impurity in Fe. For both orientations the Co moment is pra
tically constant up to the interface, while the Fe mome
monotonically increases to an enhanced value at the in
face, which is for~001! considerably larger than the value
the ~110! interface. The differences between the~001! and
~110! interface can be understood from the different coor
nation numbers of a Fe atom in the first Fe layer~Fe1! at the
interface, having four nearest-neighbor~nn! and one next-
nearest neighbor~nnn! Co atoms at the~001! interface, but
only two nn and two nnn Co atoms in the~110! case. Our
results are in good agreement with earlier calculations15,16

obtained by differentfirst-principlesapproaches.
From the above discussion it is clear that the conclusi

of Swinnenet al. are obviously wrong. We will postpone th
reason for this to Sec. V. Here we will proceed to direc
calculate the hyperfine fields of Co probe atoms at the Fe
interfaces. The aim is to compare with the experimen
‘‘raw’’ data of Swinnenet al. and from this to obtain infor-
mation about the real interface structure.

IV. Cd HYPERFINE FIELDS AT THE Fe ÕCo INTERFACE

In Fig. 3 we show the results for the hff of a Cd prob
atom placed in different layers at the Fe/Co interface for b

FIG. 2. Magnetic moment profiles at the~001! and~110! Fe/Co
interfaces; the bcc Fe LDA lattice constant, i.e.,alatt55.205 a.u.,
is used. In the inset, the profile obtained using the bcc Fe exp
mental lattice constant, i.e.,alatt55.406 a.u., is compared with th
fitted magnetic profile given by Swinnen~Ref. 13!.
7-3
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V. BELLINI, R. ZELLER, AND P. H. DEDERICHS PHYSICAL REVIEW B64 144427
the ~001! and ~110! orientations. Here the LDA lattice con
stant of Fe is used and the Co layers are not relaxed
discussed in Sec. II C, the hff induced on a nonmagn
atom is dominated by the valence contribution, which
known from the literature6 to be proportional to the sma
valences magnetic moment, arising from thes-d hybridiza-
tion between the on-sites orbital of the impurity and the
spinpolarizedd orbitals of the neighboring atoms. Indee
the cores contribution to the hff in Fig. 3 is two orders o
magnitude smaller than the valence one, i.e., only sev
kilogauss. The negative sign of the hff indicates that it
opposite in sign to the external magnetization. The larges
is found when the Cd atom is located in the second Fe la
from the interface~Fe2!; from there the hff decreases esse
tially in three big steps toward the Cd value in bulk bcc C
that is assumed for the~110! geometry already in the secon
Co layer from the interface~Co2!. For the~001! geometry
the Cd field exhibits in the Co slab small oscillations arisi
from analogous but smaller oscillations in the Co magne
moments. They arise from Friedel like oscillations in t
magnetization density, which are induced by the perturba
due to the interfaces.

For a better understanding of the Cd hff shown in Fig.
we present in Fig. 4 calculations for a Cd impurity in a bu
bcc Co matrix. Here we progressively substitute the Co
oms in the first and then in the second shell around the
impurity with Fe atoms~open circles!, focussing the atten
tion to the change of the hff with the number of neighbori
Fe atoms. For each configuration a self-consistent calcula
is carried out, allowing a cluster of three shells around
impurity to be perturbed. Figure 4 clearly shows that the
hff scales more or less linearly with the number of Fe ato
in the first and second shell and is thus basically indepen
of the interaction and exact local arrangement of the Fe
oms. Starting from the Cd value in bulk Co (;2160 kG),
the induced hff of Cd increases~in absolute value! and
reaches with the filling of the two shells a value which
already larger than the one attained by a Cd impurity in b
Fe (;2290 kG; see Fig. 3!. This can be easily explaine
since the Fe atoms inserted in the first two shells are

FIG. 3. Cd hff profile at the~001! ~open squares! and ~110!
~filled squares! Fe/Co interfaces.
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reality still embedded in the Co matrix; in agreement w
the Slater Pauling curve for the FeCo alloys, their magne
moments are thus enhanced due to the presence of the n
boring Co atoms and so is their transferred hff to the cen
Cd atom. A closer inspection of Fig. 4 shows that the sec
shell ~6 atoms! gives an even bigger contribution than th
first shell (8 atoms); this unexpected behavior is to a la
extent a peculiarity of the bcc structure where the sec
shell of atoms is not much more distant (1alatt) than the
first one (0.866alatt). A large contribution of the second
shell even remains, if we substitute only the Co atoms in
second shell by Fe atoms, thus retaining the Co occupan
in the first shell~see Fig. 4!. In this case the contribution o
the second shell of Fe atoms is only slightly decreased.
calculations show that Fe atoms in the third shell have
negligible contribution to the Cd hff~less than 1 kG/atom)
so that to a good extent we can limit our discussions to
first two shells. With this simpletwo-shell model, we can
now understand qualitatively the different behavior of the
hff at the~001! and~110! Fe/Co interface shown in Fig. 3. In
the bcc environment a Cd atom sitting in the Co1 layer h
in the ~001! geometry, four first nn Fe atoms in the Fe1 lay
and only one nnn in the Fe2 layer, which has a considera
smaller moment than the Fe1 atoms. In the~110! geometry,
the Cd atom has two nn and two nnn all of them sitting in t
‘‘high moment’’ Fe1 layer; for this reason in the~110! geom-
etry the ‘‘transferred’’ contribution is bigger than in the~001!
geometry.

In Fig. 4 we report also results for the Cd atom in
substitutional Co or Fe position of an ordered FeCo al
with B2 ~CsCl! structure. In theB2 structure a Fe~Co! atom
has in its nearest neighbor shell only Co~Fe! atoms and in

FIG. 4. Cd hff in a Co matrix as a function of the number
neighboring Fe atoms. At first the Cd atom is placed in bcc bulk
~first left value for zero Fe neighbors of2164 kG) and then the Co
atoms in the first and second shells around the Cd atom are rep
one by one by Fe atoms~open circles!. The filled circles refer to
filling only the second shell with Fe atoms. The hyperfine fields
a Cd impurity at Co~Fe! site in a B2, i.e., CsCl structure, ordere
Fe50%Co50% alloy are also reported~open diamonds!.
7-4
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Cd HYPERFINE FIELDS AT THE bcc Fe/Co INTERFACE PHYSICAL REVIEW B64 144427
the second and third shell only Fe~Co! atoms. Limiting us to
the first two shells, a Cd atom in a Co position ‘‘Cd in C
~B2!’’ must therefore have a similar hyperfine field as a C
atom in bulk Co, when the first shell is filled with Fe atom
analogously the hff of a Cd atom in a Fe position ‘‘Cd in F
~B2!’’ should have a similar hyperfine field as a Cd atom
bulk Co with the second shell filled by Fe atoms. This
indeed the case as shown in Fig. 4, indicating that the
duced hff on the Cd atom is only sensitive to the magne
environment in the first two surrounding shells.

All of the above calculations were performed by using t
lattice constant of Fe (alatt

LDA55.205 a.u.) as obtained in th
LDA from the minimum of the total energy. As anticipated
the preceding section, larger Fe moments and therefore
larger transferred hff should be obtained, if the larger exp
mental Fe lattice constant (alatt

EXP55.406 a.u.) is used. In or
der to verify this we compare in Fig. 5, for the~110! orien-
tation, the Cd hff obtained by using both the ‘‘theoretica
and the experimental Fe lattice constant for the~110! Fe/Co
interface. A substantial increment for the Cd hff in the
side is found, while for the Cd in Co environment the h
values do practically not change, due to the almost satur
Co moments. It is worth to note here that the incremen
the Cd hff value in bulk Fe is about 28% while the change
the bulk Fe magnetic moment~see Fig. 2! is only 8%, i.e.,
2.25mB instead of 2.07mB.

By discussing possible sources of error in the calculati
we have to mention that the generalized-gradient approxi
tion exchange-correlation functional was shown not to i
prove ~as long as the correct lattice constant is used! the
agreement with the experiments.33 On the other hand, sinc
the Cd atom has a larger size than Fe and Co atoms, re
ation around the Cd are expected in the system; a re
calculation of such relaxations for Cd impurities in Fe bu7

leads an outward relaxation of 4.3% of the nearest-neigh
distance and increases the hyperfine field by; 215 kG
(5%).Also relativistic correction arising from non-s contri-
butions~orbital and dipolar terms! are not expected to play
role. For instance the small spin moment means that the

FIG. 5. Cd hyperfine field at the~110! Fe/Co interface calcu-
lated by using the LDA (alatt55.205 a.u., filled squares! and ex-
perimental (alatt55.406 a.u., filled triangles! lattice constant of
bcc Fe.
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bital moment is vanishing small, what we have indeed ve
fied in fully relativistic calculations.

V. COMPARISON WITH THE EXPERIMENTS

We can now proceed to the comparison of the calcula
Cd hyperfine fields with the ones measured by the PAC
periment of Swinnen.13 Experimentally, two main peaks ar
observed in the spectra, at2161 kG and2381 kG; they
are attributed respectively to Cd in bcc bulk Co and Cd
bcc bulk Fe. The theoretical values, deduced from Fig.
agree very well with the experimental values if the expe
mental lattice constant is chosen, leading to2167 kG and
2377 kG, respectively. Additional satellite fields are o
served in the PAC spectra only several kG’s away from
main peaks, in detail at2156 kG and2172 kG for the Co
environment, and at2387 kG and2398 kG around the Fe
main peak. These satellite fields are attributed to Cd pr
atoms either in Fe and Co layers in plateaus near a ‘‘sharp’’
Fe/Co interface. As we can see from our calculations in F
3, if the Cd atom resides at the Fe1 or Co1 interface lay
the shift from the ‘‘bulk like’’ configurations is an order o
magnitude larger, i.e., in both cases about 60–70 kG. Th
fore our calculations are sufficiently accurate to dismiss
interpretation of these peaks in terms of a sharp interfac

On the other hand the experiment shows no well defin
peaks at the two frequencies calculated by us for the sh
Fe/Co interface, located at about1

3 and 2
3 of the distance

between the two peaks for Cd in bulk Fe and Cd in bulk
~with some courage, one might locate two small peaks at
expected positions in the spectrum presented in Ref. 13,
slightly peaking out-off the diffuse background!. As the main
result of this paper we conclude therefore that the Fe
interface is microscopically strongly interdiffused, in co
trast to the conclusion in Ref. 13. In order to support this
have performed a total energy calculation for the excha
of a single Fe1 atom with a single Co1 atom that in line w
our assumption requires a very small energy of 8 m
50.11 eV. Moreover we have studied, how the Cd hyperfi
field in the Co1 and Fe1 layer would be effected by a sin
‘‘wrong’’ Fe and Co atom. As is shown in Fig. 6, the Cd h
on the Co1 layer changes by14 kG, if a Co atom is inserted
as a nearest neighbor in the Fe1 layer, while the Cd hff on
Fe1 layer changes due to an additional nn Fe-atom in
Co1 layer by212 kG. This is qualitatively in line with the
coordination dependence of the Cd hff discussed in Fig
According to this even somewhat larger changes should
sult, if we introduce the additional Fe or Co atom on a n
site ~with respect of the Cd atom at the interface!. What do
we expect from this for the case of strong interdiffusion? T
Cd probe will see a broad distribution in the occupancies
the nn and nnn sites with Co or Fe atoms, so that the c
figurations Fe1 and Co1 for the sharp interface will loo
their dominant weights and the Fe1 and Co1 hff peaks of
will disappear. Due to the linear dependence of the Cd hff
the occupation numbers, they will be replaced by more
less continuous spectrum of hff basically extending betw
the bulk Co and bulk Fe hyperfine field values of Cd. This
compatible with the experimental results and supports
7-5
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above claim being based on the nonobservation of the
and Co1 peaks of the sharp interface.

The problem remaining concerns the interpretation of
sharp satellites observed in the experiments close to the
hff in bulk Co and in bulk Fe. Since the deviations from t
main lines are small, it seems to be natural to assume
satellites arise from Cd probes in slightly perturbed bulk
and bulk Fe environments. Thus one could think of an
impurity as nn or nnn of the Cd probe atom in bulk C
which according to Fig. 4 changes the Cd hff by28 kG as
nn and211 kG as nnn. A similar argument can be put fo
ward for a Co impurity as nn or nnn of the Cd probe in bu
Fe. On the other hand one has to consider here also
limitation of the LDA, which clearly shows up in the differ
ent hyperfine field curves of Fig. 5 as calculated for the
perimental and the LDA lattice constant. This also mea
that in a more accurate calculation lattice relaxations both
the Co layers as well as for the Cd impurity would have to
considered. Dipolar terms should also be included, etc
short the present calculations do not allow to make una
biguous conclusions about the origin of the satellites si
the corresponding shifts are small and could have vari
origins.

FIG. 6. In the presence of a diffused atom (D configurations!
the hyperfine fields at the sharp interface (S configurations! shifted
in the direction as determined by the coordination numbers.
above results refer to the LDA lattice constant of Fe.
e

.
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VI. SUMMARY AND CONCLUSION

We performedab initio calculations for the magnetic
properties at sharp Fe/Co bcc~001! and~110! interfaces, us-
ing the Korringa-Kohn-Rostoker Green’s-function metho
The magnetic moment profile at the interface agrees w
previous theoretical calculations and disagrees with the p
file proposed in a recent PAC experiment of Swinnen13

where using the Stearns model the magnetic moments a
interface are fitted to the measured satellite hyperfine fie
induced on implanted Cd atoms at Fe/Co multilayers. In c
trast to the experiments, where large oscillations approach
the interface region are claimed both at the Fe and Co s
of the interface, the calculated magnetic profiles show
monotonic increase on the Fe side and almost a cons
value at the Co side of the interface. In order to comp
directly to the measured quantity, we performed impur
calculations of Cd probe atoms at the Fe/Co interface,
focused our attention to the hyperfine fields induced on
Cd atoms. While the Cd hyperfine field in ‘‘bulk’’ bcc Fe o
Co magnetic configurations is found to agree well with t
experimental values~on condition that the experimental bc
Fe lattice constant is used in the calculations!, the hyperfine
fields induced on Cd atoms sitting at the Fe and Co interf
layers are found to differ strongly from the experimental h
values of the satellites. In our calculations the Cd hyperfi
fields in the interfacial Fe and Co layers are found to
about 60–70 kG away from the respective Cd values
‘‘bulk’’ Fe or Co, thus lying around1

3 and 2
3 of the distance

between the Cd values in bulk Fe and in bulk Co.
From the nonexistence of these peaks in the experime

spectra we conclude that patches of nearly sharp interfa
can exist only in small amount and that the Fe/Co~110!
interfaces investigated by Swinnenet al.13 are strongly inter-
diffused leading to a continuous spectrum of hyperfine fie
between the values of Cd in bulk Co and Cd in bulk Fe. W
also conclude that our calculated results very likely exclu
the possibility that the observed satellites arise from nea
ideal interface regions. Thus the experiment of Swinn
et al.13 does not allow conclusions about the Cd hyperfi
fields and the moment distribution at thesharpFe/Co inter-
face.
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4H. Akai, M. Akai, S. Blügel, B. Drittler, H. Ebert, K. Terakura, R
Zeller, and P. H. Dederichs, Prog. Theor. Phys. Suppl.101, 11
~1990!.

5G.Y. Guo and H. Ebert, Phys. Rev. B53, 2492~1996!.
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