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Magnetic configurations of a Co monolayer on Cr substrates
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The spin polarization of a single Co monolayer on Cr substrates with low-Miller indices is investigated using
the tight-binding linear muffin-tin orbital method. For all Cr substrates we consider epitaxial growth of Co. The
Co overlayer is ferromagnetic for the~100! and~111! faces while for the~110! direction the stable solution is
a C(232) that gives a zero net magnetization on the Co monolayer. For~100! Cr substrate the effect of the Co
overlayer is to decrease dramatically the Cr polarization in the two monolayers underneath the Co and the
Co-Cr coupling at the interface is found ferromagnetic. In the case of the~111! surface the effect of Co on the
magnetization of the Cr substrate is less pronounced and the Co-Cr coupling is now antiferromagnetic. For the
Co monolayer on the~110! surface we obtain a C(232) solution that gives a zero net magnetization per layer,
while for the Co bilayer on Cr~110! we get a ferromagnetic configuration. In both cases the magnetic moments
at the Cr interface atoms are strongly reduced.
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I. INTRODUCTION

Studies of the growth process at the atomic level are
great interest for any realistic description of the magne
map of supported transition-metal nanostructures. It is o
recently that methods of sample growth, structural charac
ization, and magnetic measurements have been refined t
point that accurate studies have become possible. Moreo
with the increasing sophistication of our understanding
such phenomena as interface anisotropy, giant magnetor
tance, and interlayer coupling, the role of the interface m
netic moments is becoming recognized as increasingly
portant. New impetus in this field has been recently given
the application of scanning tunneling microscopy~STM!
studies to the structural characterization of ultrathin magn
films. In addition new magnetic microscopy techniques ha
emerged, notably magnetic force microscopy, spin-sens
STM, near optical magneto-optical Kerr effect~MOKE!, the
application of advanced lithography, and pattern trans
techniques to the fabrication of nanoscale magnetic elem
based on ultrathin magnetic films.1

Among artificially layered metallic systems, those co
taining magnetic/nonmagnetic and ferromagnetic/antife
magnetic interfaces have received the highest attent
Probably the Fe/Cr interface systems have been the m
extensively studied not only for the fundamental interest
also for the technological applications.2,3 The Co/Cr interface
systems exhibit, in principle, similar favorable conditions b
they have been not so widely analyzed, probably due to
difficulty of producing Co/Cr samples of good quality~Fe
and Cr have in bulk the same bcc structure and nearly
same lattice constant while Co and Cr exhibit different sta
ing and lattice constant in their respective stable bulk c
figuration!. For those reasons the case of Co films depos
on Cr substrate has only begun to be examined.

In the early 1990s Scheureret al.4,5 pointed out that Co
grows in a metastable bcc or tetragonal phase on Cr~100! at
PRB 620163-1829/2000/62~18!/12287~7!/$15.00
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room temperature. These authors have shown, using
energy electron diffraction~LEED! analysis, that cobalt lay-
ers grown at room temperature on Cr~100! nearly reproduce
the structure of the substrate, thus leading to a metast
cobalt bcc phase. This result has been confirmed by diffe
authors.6–8 These authors have shown that in Co/Cr~100! su-
perlattices, the first monolayer~ML ! of Co grows with a
pseudomorphic bcc structure. With increasing Co thickn
the structure relaxes back continuously into the intrinsic h
structure with thec axis in the plane parallel to Cr~110!.6,7

Very recently, Fo¨lsch et al.9 succeeded in preparin
pseudomorphic Co growth on a Cr~110! substrate. Later on
they reported10 investigations by magnetic dichroism in pho
toemission in conjunction with complementary magne
optical Kerr effect~MOKE! measurements. From both ex
periments they concluded that the Co films~9 ML in the
dichroism measurements and 6.5 ML in the MOKE measu
ments! display ferromagnetic order.

These Co/Cr interface systems have not been widely s
ied theoretically even if perfect abrupt interfaces are cons
ered ~perfectly layered materials!. The difficulty of treating
this interface from the theoretical point of view arises mos
from the complex behavior of Cr. Theoretical calculatio
mimic the Cr substrate by considering a slab ofn-Cr layers
as thick as to assure that the magnetic behavior at the in
face does not depend on the slab thickness. For other m
the surface can be simulated by considering only a few l
ers, while for Cr a huge number of monolayers have to
considered~more than 20!, increasing strongly the computa
tional time needed. Also most of the codes work essenti
in the local-density approximation~LDA ! which is not really
suitable to describe, in a satisfactory way, transition-me
elements like Cr or Mn. It is therefore desirable to go ‘‘b
yond LDA’’ 11 in order to get a satisfactory description of th
magnetic properties of a Cr interface. Moreover Cr exhib
an incomensurate spin-density wave~SDW! in bcc bulk12

that has been treated rarely in theoretical studies, and
12 287 ©2000 The American Physical Society
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12 288 PRB 62J. IZQUIERDO AND C. DEMANGEAT
presence of a similar SDW in Cr substrate systems is
pected. So far there exist only a few semiempirical and s
plified ab initio calculations for Cr clean surfaces, while fo
Co/Cr interfaces only very few studies concerning ultrat
Co/Cr multilayers are available.

In order to analyze the dependence of the magnetic
havior of the Co monolayer~ML ! on Cr substrates with crys
tallographic orientation, we have performedab initio tight-
binding linear muffin-tin orbital~TB-LMTO! calculations for
three different faces~100!, ~110!, and ~111!. To perform
these calculations we have replaced the semi-infinite s
strate by a three-dimensional lattice in which a supercell c
sisting of metallic slabs separated by empty space is u
This TB-LMTO code has already produced valuable res
in the case of Fe/V superlattices and for thin V films
Fe~001! and Fe~110!.13 Also, Robleset al.14 have determined
the magnetic polarization of a Co monolayer on Pd~110!.

The paper is organized as follows. In Sec. II we brie
comment on the theoretical model. In Sec. III A, we pres
the results obtained for the Cr substrate, and then in S
III B–III D we report on the magnetic map of, respectivel
Co/Cr~100!, Co/Cr~110!, and Co/Cr~111!. The main conclu-
sions of the present study are summarized in Sec. IV.

II. THEORETICAL MODEL

The calculations are performed using a scalar-relativi
version of the k-space TB-LMTO method15,16 with the
atomic-sphere approximation. This method is usually ba
on the local-spin-density approximation17 of the density-
functional theory.18 Within this approach we have first dete
mined the lattice parameter of Cr bcc bulk by minimizati
of the total energy. The magnetic moment obtained is no
good agreement with experimental results so that, as
cussed by Moroni and Jarlborg,19 it is necessary
to go beyond the local-spin-density approximati
~LDA ! to generalized-gradient-approximation~GGA!. The
Langreth-Mehl-Hu20 and Perdew-Wang21 GGA functionals
have been tested in the present communication and
Langreth-Mehl-Hu was retained because it gave the b
agreement with experimental results.

The Cr substrate has been replaced by an-layer-film of
Cr. We have taken forn a value big enough to reproduce,
the center of the slab, a magnetic moment very similar to
of Cr bulk. On each side of the Cr slab we have added
ML assuming bcc pseudomorphic epitaxial growth, i.e.,
Co atoms are placed in the continuation of the Cr subst
atoms following the bcc structure.

The calculations are performed using an increasing n
ber of k points, until final convergence is obtained for abo
150 k points in the irreducible Brillouin zone. We have als
considered enough layers of empty spheres to assure
there is no interaction between the Co surfaces of adja
supercells22 ~five monolayers of empty spheres!.

We have considered nonmagnetic and different types
magnetic configurations. For the~100! and~110! orientations
both the the in-plane antiferromagnetic C(232) configura-
tion and the ferromagnetic~FM! configuration have been
studied. In order to get reliable energy difference betwe
FM and C(232) configurations we have done all our n
merical calculations for the~100! and ~110! surfaces with
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two inequivalent atoms per plane. Thus the energies de
mined are for the same number of atoms in the unit cell,
same irreducible Brillouin zone; also the same number ok
points have been used. In the case of the~111! substrate,
besides the usual FM configuration we have also conside
several different ‘‘nonferromagnetic’’ configurations di
cussed by Kru¨ger et al.23 in the case of 3d elements on
graphite@same hexagonal surface as~111!#. More recently
Krüger et al.24 have also reported on those ‘‘nonferroma
netic’’ configurations for 3d-transition-metals atoms on
Cu~111! and Ag~111!. Therefore, for this~111! orientation
and for the nonferromagnetic configurations, we had to t
into account in general more than two inequivalent atoms
plane.

III. RESULTS AND DISCUSSION

A. Cr surface

Cr bulk is known to be bcc with an experimental lattic
distance of 5.44 a.u. and shows antiferromagnetic orde
~AF! with a magnetic moment per atom of abo
0.60mB .25–27 Moreover, as discussed in detail by Fawcett12

chromium metal exhibits a great number of complex ma
netic phenomena, and a well-known incommensurate s
density wave~SDW!. The electronic structure calculation
for the incommensurate SDW state itself has seldomly b
carried out28,29 due to the computational difficulties~at least
40 inequivalent Cr atoms for the minimum bcc bulk sh
have to be considered!, and usualab initio calculations for
Cr bulk30,31 have been confined to the commensurate SD
antiferromagnetic state~AF!. Our goal in this work is not to
study extensively the Cr bulk but to examine the effect
crystallographic orientation on Cr surface and Co/Cr int
faces. The presence of the incommensurate SDW in Cr~110!
surface has been found experimentally by Scha¨fer et al.,32

but Niklassonet al.33 calculated that for perfect Fe/Cr inte
faces no nodes of the SDW in the Cr film should appear n
the interface layers. From this work it can be infered that
polarization at the Cr surface and the Co/Cr interface sho
not vary substantially if only the commensurate AF Cr SD
is considered in the calculations.

The first step to study the Cr surface should be to rep
duce the structure and magnetic properties of the Cr b
within our model. We use in ourab initio TB-LMTO study
the GGA aproximation of Langreth-Mehl-Hu20 ~see theoret-
ical model! choosing enough number ofk points to assure
convergence in energy and stability in the magnetic m
ments. The AF arrangement for bcc Cr bulk is obtained
the stable configuration with a magnetic moment of 0.63mB
per atom and a lattice distance of 5.41 a.u. for the ene
minimum. The Cr-Cr distance will be fixed to this value fo
all the following calculations.

We simulate the Cr surface by taking a slab ofn Cr layers
thick enough such that the magnetic properties of the sur
do not vary substantially with the slab size and also to ge
the central Cr layer a similar behavior as in the Cr bulk. C
a very sensitive element and a large number of Cr layers
needed to mimic the bulk in the center. In Fig. 1 we disp
the magnetic moments in a 29-ML Cr slab in the~100! ori-
entation. Only after more than ten Cr underlayers do
aproach bulk conditions. Working with such a large amou
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PRB 62 12 289MAGNETIC CONFIGURATIONS OF A Co MONOLAYER . . .
of layers to simulate Cr surface increase strongly the co
puting time of the calculations.

For all the geometrical orientations@~100!, ~110!, and
~111!# we have considered nonmagnetic and several m
netic configurations at the surface of Cr, but, in princip
only a few of them seem to be probable, i.e., those display
the typical AF structure of Cr bulk at the interior.

In Fig. 2 ~left side! we show the magnetic moments at C
inequivalent sites for~100!, ~110!, and~111! Cr surface, go-
ing from the Cr surface to inner layers of the slab.

Cr(100): The first experimental evidence for FM orde
ing in the Cr~100! surface was provided by Rau an
Eichner34 using electron-capture technique. Afterwar
angle-resolved photoelectron spectrocopy measuremen
Klebanoff et al.35,36 showed the same FM ordering at th
surface with magnetic moments of 2.460.3mB per atom as
well as the AF coupling between Cr~100! surface and the
first Cr underlayer. In our calculation the stable magne
solution for this system is a layer-by-layer AF configurati
for the system~namely layered AF!, which is the only one
that leads to the bulk AF arrangement in the interior of
slab of Cr. The atoms at the surface display high magn
moments (2.68mB , more than four times Cr bulk magnetiza
tion!, and the value of the magnetic moment is reduced
going from the surface to inner layers of Cr to approach
bulk limit after the fifth underlayer. Our results are in qua
tive agreement with earlier semiempirical studies37–41 for
thin films of Cr in this orientation, and in good agreeme
with the TB-LMTO result (2.61mB) of Alden et al.42 How-

FIG. 1. Magnetic profile~in mB) of a 29-layer slab of Cr in the
~100! orientation simulating the Cr~100! surface. The Cr bulk mag
netization (0.63mB in our calculation! is only reached after ten un
derlayers. Typical AF Cr arrangement is also present in the sam
-
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ever, in this work,42 the authors mimic the Cr~100! surface
using thinner slabs of Cr~6 ML! and consider the LDA ap-
proximation that leads, in their work, to magnetic mome
of about 0.40mB for the central layer and 0.21mB for the Cr
bulk in their calculations~far away from the experimenta
0.60mB for Cr bulk!. Our results are also in agreement wi
the experimental data cited above.

Cr(110): In this case, the only simple solution that lea
to AF ordering at the center of the slab is a surface C
32) configuration, and is also the most stable in our cal
lations. In this configuration there are two inequivalent
atoms per layer, and each atom of one type is surrounde
four atoms of the other type. The magnetic moments of
two inequivalent sites are aligned antiparallel so that the
magnetization per layer is zero. The local magnetic mome
per atom at the surface are high (1.80mB) but less that in the
~100! surface, and decrease quickly to recover the Cr b
magnetization after a few Cr underlayers. These data ar
qualitative agreement with semiempirical calculations
Victora et al.40 and the TB-LMTO result (1.39mB) of Alden
et al.42 ~for a 6-ML slab of Cr and using LDA instead o
GGA, as commented in the previous paragraph!. The number

le.

FIG. 2. Local magnetic moments at the inequivalent atoms
the Cr surface~left side! and a Co monolayer on Cr~right side! for
~100!, ~110!, and ~111! orientations~upper, middle, and bottom
panels, respectively! where open bars correspond to Co interfa
and black bars correspond to the Cr slab layers. For~100! and~111!
systems we find a FM configuration as the stable solution of
calculations, while for~110! we obtain a C(232) configuration
~two inequivalent sites per layer! for the minimum in energy. For
this C(232) configuration we display the absolute values of t
magnetic moments at the different sites.
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12 290 PRB 62J. IZQUIERDO AND C. DEMANGEAT
of layers needed to reach de Cr bulk behavior is less tha
the previous~100! surface, mainly due to the different inte
layer distance which in the~110! orientation isA2 times the
interlayer distance in the~100! orientation.

Cr(111): Also for this surface the layered-AF solutio
produces AF ordering in the interior of the slab and is en
getically the most stable. The magnetic moments displa
at the surface atoms are very large (2.52mB) and comparable
in value to the~100! orientation. Moreover, the decrease
the magnetic moments as going from surface to inner lay
is slightly slower than for the~100! case. The interlayer dis
tance in this orientation isA3/3 the distance in~100! orien-
tation.

B. Co ML on Cr „100… substrate

Scheureret al.,4,5 pointed out that Co grows in a meta
stable bcc or tetragonal phase on Cr~100! at room tempera-
ture. More recently other groups6,7 have studied and charac
terized the growth proccess of Co on Cr~100! in Co/Cr~100!
superlattices. Using molecular-beam-epitaxy techniq
~MBE! they have produced superlattices of different thic
ness~5–50 Å!, studying their structure by diffraction tech
niques. For Co depositions equivalent to 2 or more mono
ers the diffraction patterns show that Co grows following
usual hcp stacking, while for a single overlayer of Co
Cr~100! they conclude that the growth is pseudomorphic a
in bcc phase. The forced bcc stacking at very low covera
of Co is due to Cr~100! surface potential and to the goo
fitting of the Co~110! plane on Cr~100!, that gives a reason
able stability of this growth orientation for the first mon
layer of Co on Cr~100!. The competition between th
Cr~100! surface potential and the bulk potential of hcp C
leads to a bcc-hcp face transition for thicker coverages.

Following the experimental data we assume in our cal
lations pseudomorphic bcc growth of a single Co monola
on Cr~100!. The Cr surface is simulated with an-ML slab of
Cr in the ~100! orientation. The central layer of the sla
would be the equivalent of the Cr bulk in the sample. Also
the neighborhood of the central layer Cr should exhibit
characteristic AF bulk magnetic arrangement. This beha
is difficult to obtain taking a few Cr layers in the slab so,
least in this case, a slab of 17 layers is needed to get rea
able stability of our results. The Co atoms in the overla
are placed pseudomorphically on Cr, following the b
stacking with the Co-Cr distance equal to the Cr bulk latt
parameter. Nonmagnetic and several magnetic configurat
of the system have been considered in our calculations,
due to symmetry and the AF arrangement of the Cr bu
only pure FM and layered-AF ones seemed to be reason
for this orientation. Nevertheless, in order to be be compl
we have also considered the C(232) configuration as inpu
in the self-consistent loop: this configuration is unstable a
leads to the solution reported in Fig. 2.

In Fig. 2 ~right side, upper panel! we display the magnetic
moments for the inequivalent sites of Co and Cr in C
Cr~100! sample for the minimum energy configuration. T
Co overlayer is magnetic with a valuable magnetic mom
of 1.46mB . This magnetic configuration is found to be 1
mRy per Co atom more stable than the nonmagnetic s
tion. For the sake of comparison we have also calcula
in
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using the TB-LMTO method the magnetic moment of a fr
standing monolayer of Co cut in the~100! orientation of bcc
stacking and with the same distances as in bulk Cr. T
magnetic moment of Co atoms in this system is 2.15mB , so
the magnetization of Co atoms decrease, not only from
increase of the coordination number but also from the Co
interaction. The hybridization of the Co atoms with the
substrate is reflected in the density of states shown in Fig
Comparing the Co surface atoms with bulk Co, even if
bulk is not bcc, the presence of some structure in the den
of states of Co surface atoms above the Fermi level co
sponds to the interaction with the Cr substrate which ha
strong structure in that area.

The Cr atoms at the interface have a net magnetizatio
0.45mB , and are ferromagnetically coupled with the Co su
face. Hermanet al.43 have found the same ferromagnet
coupling between Co and Cr at the interface of ultrathin C
Cr~100! superlattices. As going to the second underlayer
magnetization of Cr atoms is strongly reduced due to
competing effect of Co-induced ferromagnetic polarizati
and the AF arrangement of Cr in the Cr~100! slab~see the Cr

FIG. 3. Total density of states for Co atoms~left panel! for
different systems: Co monolayer on Cr for~100!, ~110!, and~111!
orientations~first, second, and third graphs! and Co hcp and fcc
bulk ~bottom graph, solid line, and dashed line, respectively!. The
total density of states for the Cr interface atoms in these syst
and Cr bulk is plotted in the right panel. The Co-Cr interaction
the interface is reflected in the structure at the density of st
above the Fermi level of Co interface atoms which is not presen
Co bulk.
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TABLE I. Local magnetic moments (mB) at the inequivalent atoms~two per layer in the double cell! of
a single Co monolayer and a Co bilayer on Cr~110! for the stable configuration in our calculation. CoS and
CoI correspond to surface and interface of Co, while CrI and CrI 2n are Cr atoms at the interface and th
following underlayers. For the Co monolayer we obtain a C(232) solution that gives a zero net magne
zation per layer, while for the Co bilayer on Cr~110! we get a FM configuration.

CoS CoI CrI CrI 21 CrI 22 CrI 23 CrI 24

Co/Cr~110! 1.05/21.05 20.13/0.13 0.38/20.38 20.48/0.48 0.50/20.50 0.52/0.52
Co2 /Cr(110) 1.83/1.83 1.60/1.60 0.13/0.1120.04/20.03 0.01/0.00 20.01/0.00 0.02/20.01
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surface for this orientation!. The effect of the Co overlayer i
extended until a few monolayers in the Cr substrate.

In the experimental studies6,7 the authors noted an expan
sion of the Co-Cr interlayer distance of about 6% as co
pared with the usual Cr bulk lattice. In order to verify th
effects of relaxation in our study for this orientation we ha
considered an expansion of this magnitude in the interf
Co-Cr distance in our samples. The trends obtained are
same and the value of the magnetic moments differs b
factor similar to the relaxation, so that we can conclude t
the possible mismatch in the interface Co-Cr distance is
crucial for the magnetic arrangement of the system.

C. Co ML on Cr „110… substrate

Very recently Fo¨lschet al.9,10 have published two experi
mental papers concerning Co films on Cr~110! substrate. In
the first,9 using MBE techniques, they deposited differe
coverages of Co~from 1 ML to 30 ML thicknesses! on the
Cr~110! surface and then they examined the structural det
by high-resolution low-energy electron diffraction~LEED!
technique. In the second,10 they present a study of the ele
tronic and magnetic properties of these samples by magn
dichroism and MOKE. They observed that Co grows pseu
morphically on Cr~110! from very low depositions~first Co
overlayer! until relatively thick coverages~30 ML!, follow-
ing the bcc stacking of Cr for a deposition of at least ten
ML. They find no significative mismatch between Co-Cr a
Cr-Cr distances at the interface. Diffraction patterns sho
significant two-domain (331) reconstruction due to the la
tice distortion along in-plane atom row directions of Co
Cr. Moreover, the magnetic dichroism measurements sug
an in-plane magnetization of the Co film.

As in the previous case we mimic the system by takin
slab ofn Cr layers simulating the~110! Cr surface and then
putting the Co overlayer pseudomorphically on the Cr s
face. In our calculations we have considered various m
netic configurations obtaining the C(232) solution as the
ground state~4 mRy per Co atom more stable than the no
magnetic configuration!. Simple ferromagnetic configura
tions were not found as stable solutions for this sample in
calculations. When considering the ferromagnetic configu
tion as the input in our model, during the calculation proc
dure it turned to converge towards the C(232) solution.
This C(232) configuration leads to an AF ordering in th
center of the Cr slab as reported in the real system~Cr bulk
is AF!. In Fig. 2 ~right side, middle panel! we present the
absolute value of the local magnetic moments at the
equivalent sites of Co and Cr in the sample. Although the
magnetization of the Co layer for this configuration is ze
-
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the local magnetic moment at each Co atom is 1.05mB . The
magnetic moments at the Cr interface atoms are 0.13mB , and
the magnetization recovers nearly Cr bulk value after a f
underlayers.

Experimental results10 seem to indicate that there exis
an in-plane magnetization on the Co film in a Co9Cr(110)
sample while our theoretical C(232) configuration for a Co
monolayer on Cr~110! @Co1Cr~110!# leads to a nonmagneti
Co surface. To clarify this point we have studied the ma
netic properties of a Co bilayer on Cr~110! @Co2Cr~110!#,
assuming the same pseudomorphic growth as in the prev
case. In Table I we display the local magnetic moments in
the inequivalent sites of the system~two in each layer!, com-
paring them with the results obtained for a single Co ov
layer on Cr~110!. We observe that C(232) is no longer the
stable solution of the system due to the strong ferrom
netism of Co, finding a FM configuration as its ground sta
Co atoms at the surface exhibit a strong magnetiza
(1.83mB), while in the second Co layer the magnetic m
ments are slightly reduced (1.60mB) due to higher coordina-
tion and to the Co-Cr interaction at the interface. Cr coup
ferromagnetically with the Co atoms at the interface w
small magnetization (0.12mB), and several ‘‘dead magneti
Cr layers’’ appear as going to the center of the Cr sl
beginning to recover the AF arrangement of the Cr bulk o
after more than ten underlayers. So, from our calculations
infer that for thicknesses of the Co film of more than tw
monolayers the Co slab may exhibit a ferromagnetic cha
ter with valuable magnetic moments at the surface, in ag
ment with the measurements of Fo¨lsch et al.,10 while for a
Co ML on Cr~110! we obtain only a C(232) ordering at the
Co surface.

D. Co ML on Cr „111… substrate

There is no available experimental data of this syst
either from the structural or electronic point of view. The b
pseudomorphic growth of a single overlayer of Co
Cr~111! seems possible. There is a mismatch of about 1
between Cr-Cr in-plane distance at the Cr~111! surface and
the closest Co-Co distance in hcp Co bulk. So the forced
stacking would come from the competition between the s
face potential of Cr~111! and the stress due to the lattic
missmatch between Cr-Cr in the sample and Co-Co in
bulk, while for thicker coverages, the stress would lead t
reconstruction.

For our calculation we consider, as in the other cas
pseudomorphic growth of a single Co ML on Cr~111!. The
modeling of the theoretical system is similar to the oth
cases, and we have considered nonmagnetic and va
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magnetic configurations~not only the simple FM ones bu
also several more complex solutions proposed by Kru¨ger
et al.23,24! but only the FM configuration survives after a fe
self-consistent loops.

The magnetic moments for each inequivalent Co and
atoms in the sample are shown in Fig. 2~right side, bottom
panel!. The Co surface has a valuable magnetization
1.55mB ~the magnetization of a free standing Co monola
calculated with our method for this orientation is 2.25mB),
while the Cr interface couples now antiferromagnetica
with Co atoms with magnetic moments of 1.20mB . This
magnetic configuration is found to be 26 mRy per Co at
more stable than the nonmagnetic one. The hybridization
tween Co surface atoms and the Cr interface is reflecte
the presence of some strong structure above the Fermi
in the density of states~Fig. 3!. In going deeper in the Cr sla
the magnetization reduces obtaining nearly the Cr bulk va
after a few Cr layers.

The antiferromagnetic coupling at the Co/Cr interface
this orientation is a surprising, feature. To assure that
result is not an artifact due to the small thickness of the
slab, we have studied different samples considering diffe
thicknesses of the Cr slab, and in all the cases we have
tained this behavior for up to 30 layers in the Cr slab. A
other fact is the possible dependence of the results on
Co-Cr distance at the interface, but we have calculated th
systems considering a small~from 5% to 15%) reduction or
expansion of the interface distance and the antiferromagn
coupling was still present. This behavior could be due to
different coordination for Co and Cr at the interface for t
different orientations. In the~111! direction the average co
ordination number for the Cr interface atoms is reduced
compared with~100! orientation. This means that the mea
number of Co neighbors of each Cr atom is less in the~111!
orientation than in the~100!. This could be the reason for th
different behavior for these two different systems.
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IV. SUMMARY

In this paper we have reported the magnetic map of a
monolayer on Cr substrates. For the~100! and ~110! orien-
tations the Co overlayer reduces dramatically the polar
tion of the Cr substrates not only at the Co-Cr interfaces
also more deeper inside the substrate, while for~111! orien-
tation Cr atoms at the interface have a valuable magnet
tion. For the~100! Cr substrate we have obtained a ferroma
netic coupling at the Co-Cr interface. This is in agreem
with previous calculations by Hermanet al.43 displaying fer-
romagnetic coupling at the Co-Cr~100! interfaces in Co/Cr
superlattices. In the case of a Co monolayer grown epita
ally on a Cr~111! substrate the Co-Cr coupling is antiferro
magnetic. For one Co ML on Cr~110! a C(232) arrange-
ment for the Co surface is obtained, while for the Co bilay
on Cr~110! the Co surface display FM ordering. Our resu
for the Co bilayer are in agreement with the experimen
measurements of Fo¨lsch et al.10 for thin films of Co on
Cr~110!. Unfortunately no structural experimental data
available for the first steps of growth of Co ML on Cr~110!.

We hope that the present results will give some new
petus to the experimentalist because—to date—the exp
mental results on these systems are very scarce.
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