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Stable and metastable structures of Co on Cu„001…: An ab initio study

R. Pentcheva and M. Scheffler
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin-Dahlem, Germany

~Received 12 August 1999!

We report results of density-functional theory calculations on the structural, magnetic, and electronic prop-
erties of (131) structures of Co on Cu~001! for coverages up to two monolayers. In particular we discuss the
tendency towards phase separation in Co islands and the possibility of segregation of Cu on top of the Co film.
A sandwich structure consisting of a bilayer Co film covered by 1 monolayer of Cu is found to be the
lowest-energy configuration. We also discuss a bilayerc(232) alloy which may form due to kinetic reasons,
or be stabilized at strained surface regions. Furthermore, we study the influence of magnetism on the various
structures and, e.g., find that Co adlayers induce a weak spin-density wave in the copper substrate.
ng

.
a

th
ba
w

ra
er
t
i

ice
l
ak
a

n

ug

s
a

i

y-
e
e
i

L’
by
e
n

r
ea
w

te

by
nder
for
al

r a
st
er,

was

e-
ted

balt

of
his
he
et

tic

m-
or

at the
bi-

ri-
n

s, a
ns

of
s

ting

ed
I. INTRODUCTION

Heteroepitaxial structures of Co and Cu exhibit intrigui
magnetic properties such as giant magnetoresistance,1 inter-
layer exchange coupling,2 and surface magnetic anisotropy3

Since these properties are closely related to the surface
interface morphology, identification and understanding of
atomic structures and energetics of the adsorption of co
on the copper surface are of great interest. Specifically
discuss in this paper the@001#-surface orientation. Thin films
deposited on a substrate of a different material are gene
subject to strain arising from the different lattice paramet
of the adsorbate and substrate. Our calculations show tha
lattice constant of a ferromagnetic fcc bulk phase of Co
2.8% smaller than that of a fcc Cu crystal, while the latt
constant of a hypothetical nonmagnetic fcc cobalt crysta
4.3% smaller than that of the copper crystal. Here we t
the fcc structure of cobalt, because it has been shown th
thick epitaxial cobalt film on Cu~001! can be characterized i
terms of a tetragonally distorted face-centered-cubic~fct!
phase.4 The lattice mismatch between cobalt and copper s
gests a small tensile strain. However for ultrathin films@Q
,2 monolayers~ML’s !# the comparison of the bulk phase
of adsorbate and substrate is not necessarily very relev
For example total-energy calculations5 show that the equilib-
rium lattice constant of an unsupported Co monolayer
14.1% @nonmagnetic~NM! case# and 12.2%@ferromagnetic
~FM! case# smaller than the Cu bulk lattice constant, impl
ing that an ultrathin film might be subject to a much strong
tensile strain than a thick overlayer. The relation betwe
lattice mismatch and relaxation of the interlayer spacing w
be discussed in Sec. IV below.

While experimental studies of coverages above 2 M
show that growth proceeds in an almost perfect layer-
layer mode, for the initial two layers a deviation from th
Frank-van der Merwe growth mode and a strong depende
on the growth conditions was reported.6 Angle-resolved
x-ray photoemission spectroscopy~ARXPS! data7 indicate
that the second layer begins to form before the first laye
completed. Assuming the coexistence of areas of cl
Cu~001! surface and of monolayer and bilayer islands, a lo
energy electron diffraction~LEED! analysis8 estimated that
for a total coverage of one monolayer and deposition ra
PRB 610163-1829/2000/61~3!/2211~10!/$15.00
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ranging between 0.016 and 0.33 ML/s the area covered
bilayer islands at room temperature is 20–40%. Fassbe
et al.6 performed STM experiments at room temperature
a total coverage of 1.35 ML’s and report that the fraction
layer filling depends strongly on the deposition rate. Fo
low ~0.003 ML/s! deposition rate they found that the fir
layer was closed and 0.35 ML were in the second lay
while for a high deposition rate~0.3 ML/s! 15% of the sur-
face was still uncovered and about 50% of the surface
already covered by bilayer high islands.

X-ray photoemission scattering~XPS!,7 Auger electron
scattering~AES!, and scanning tunnel microscope~STM!
measurements9 show an increase of the Cu signal and d
crease of the Co signal upon annealing which was interpre
as segregation of substrate material on top of the co
layer. Similar results were reported for Fe/Cu~001!.10 This
effect was explained in terms of the lower surface energy
Cu compared to Co. We note that the application of t
argument to thin film systems is not trivial because of t
energy cost of the additionally created Cu/Co interface. Y
our studies show that in the case of Co on Cu~001! the con-
tribution of the interface energy is very small~see Sec. III!.

The impact of morphological changes on the magne
properties of Co/Cu~001! was recently investigated with
x-ray magnetic circular dichroism~XMCD! and magneto-
optical Kerr effect~MOKE! ~Ref. 11! experiments. At a co-
balt coverage of 1.8 ML’s a sudden jump of the Curie te
perature was measured which changed strongly with time
a subsequent heat treatment. The authors speculated th
critical thickness coincides with the thickness at which
layer cobalt islands coalesce.

Depending on growth conditions~temperature, deposition
rate!, significantly different structures are observed expe
mentally. Although the magnetic properties of Co o
Cu~001! have been the subject of many theoretical studie
systematic theoretical analysis of the different configuratio
and their relative stability is still lacking. Moreover, most
the calculations12,13 have used slabs with atomic position
frozen to the bulk coordinates of the substrate, neglec
thus the structural relaxation of the clean Cu~001! surface
and of the Co/Cu~001! adsorbate system.

In this paper we focus on the behavior of Co on Cu~001!
under thermodynamic equilibrium conditions. We perform
2211 ©2000 The American Physical Society
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2212 PRB 61R. PENTCHEVA AND M. SCHEFFLER
density-functional theory calculations considering a vari
of configurations (u<2 ML’s!. In particular we discuss two
aspects: the formation of multilayer cobalt islands and sa
wich structures with a copper capping. For each system
performed a full structure optimization and establish the
lation between the energetic trends and the structural, m
netic, and electronic properties. The paper is organized
follows: The details of the calculations are given in Sec.
In Sec. III we discuss the stability of the systems agai
separation in multilayer islands and the influence of the c
ping layer. The structural~Sec. IV!, magnetic~Sec. V!, and
electronic~Sec. VI! properties of mono- and bilayer coba
films on Cu~001!, as well as of the corresponding copp
capped systems are investigated. Finally in Sec. VII we
dress the similarities and differences between Co/Cu~001!
and Co/Cu~111! referring to STM andab initio results for
the @111# orientation.14 The results are summarized in Se
VIII.

II. CALCULATIONAL DETAILS

Our calculations are performed using density-functio
theory~DFT!. The exchange-correlation functional is treat
within the local-density approximation~LDA !,15 and for the
magnetic systems we performed spin-polarized calculat
within the local spin-density approximation~LSDA!. We
also examined the possible importance of nonlocal excha
correlation effects by employing the generalized-gradient
proximation ~GGA! in the parameterization of Perdew
Burke, and Ernzerhof.16 The results show that for our stud
LDA and GGA give the same structural and energetic tren
More details on this issue will be discussed in the Append

The Kohn-Sham equation was solved applying the fu
potential linearized augmented plane wave~FP-LAPW!
method.17,18The surface is simulated by repeated slabs se
rated inz direction by a vacuum region. Co is adsorbed
both sides of the substrate. The thickness of the vacu
region between the slabs, corresponding to 6 Cu lay
(10.65 Å), is found to be sufficient to avoid interactions
the Co atoms. The interlayer distancesd12 and d23 were
optimized19 with a damped Newton dynamics and the rela
ationsDd12/d0 and Dd23/d0 are given with respect to th
interlayer spacing of a Cu crystal,d0. Referring the Co-Cu
and for Co bilayer systems even the Co-Co interlayer d
tances to the interlayer spacing of Cu is probably not
optimum choice, but it is well defined and has been the co
mon practice for such adsorbate systems. We therefore
this convention here as well.

The lattice constant for the fcc copper crystalaCu
53.55 Å, obtained from a nonrelativistic calculation,
1.6% smaller than the measured one (3.61 Å), 0.1%
which reflects our neglect of zero point vibrations in t
theory. The lateral lattice parameter of the Cu substrate
set to the calculated lattice constant for a fcc copper crys
We chose a muffin-tin~MT! radius ofRCu

MT52.20 bohr for
the Cu atoms and a slightly smaller radiusRCo

MT52.15 bohrs
for the Co atoms to prevent overlap of the MT spheres du
the strong relaxation found for some systems.

The stability of various systems is analyzed with resp
to the formation energy. Assuming that the slab is in therm
equilibrium with a Co and a Cu crystal, acting as reservo
y
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of Co and Cu atoms, the formation energy in eV per
31)-unit cell is defined as

Ef5
1

2A
~Eslab2NCuECu

bulk2NCoECo
bulk!, ~1!

whereA is the area of the surface unit cell of the consider
slab20 and the factor 2 accounts for the presence of two s
faces of the slab.NCu andNCo are the number of Cu and C
atoms in the slab supercell andECu

bulk andECo
bulk are the ener-

gies of a Cu or a Co atom in the respective fcc bulk cryst
at the theoretical equilibrium lattice constants. Thus fo
pure Cu slab (NCo50) Ef is the Cu surface energy, and for
pure cobalt slab (NCu50) with ai5aCo it is the surface en-
ergy of cobalt.

The LAPW wave functions within the muffin tins~MT’s!
were expanded in spherical harmonics with angular mome
up to l max

wf 510. Nonspherical contributions to the electro
density and potential within the MT’s were considered up
l max
pot.54. The cutoff for the Fourier-series expansion of t

interstitial electron density and potential was chosen to
Gmax512.0 bohrs21. Extensive convergence tests with r
spect toki-point set and the energy cutoff for the basis s
were performed for a five-layer Co~001! slab at the lattice
constant of copper and relaxed interlayer distance. The
sults are shown in Table I. A numerical accuracy of 6%
the formation energy is achieved withEcut512.8 Ry, while
Ecut515.6 Ry is needed for an accuracy of 1%. Thus a c
off parameter of 15.6 Ry was chosen throughout the ca
lations. The Brillouin-zone integration was performed with
special point set generated after the scheme of Monkh
and Pack.21 We obtained an accuracy of the Brillouin-zon
integration better than 1% by using 21ki points in the irre-
ducible wedge of the Brillouin zone~IBZ! ~see Table I!.

The bulk energies needed as a reference to determine
formation energy@see Eq.~1!# were calculated using the
same LAPW parameters as in the slab calculations. For
bulk calculation 104k points in the IBZ were used.

Prior to investigating the effects of adsorption of coba
we checked the required thickness of a copper slab, to en
a good representation of the properties of the clean Cu~001!
surface. The surface energies, work functions and interla

TABLE I. Convergence tests performed within LDA for a five
layer slab of Co~001! strained at the lattice constant of copper a
interlayer distance optimized forNki

528. The surface energyEf

and work functionf are given as a function of the plane-wav
cutoff Ecut and the number ofki points in the irreducible part of the
Brillouin zoneNki

.

Nki
Ecut@Ry# Ef @eV/(131) cell# f@eV#

6 15.6 1.50 5.27
15 15.6 1.51 5.29
21 15.6 1.51 5.29
28 15.6 1.51 5.28
36 15.6 1.51 5.28
45 15.6 1.51 5.28
21 12.8 1.58 5.31
21 13.8 1.53 5.29
21 17.5 1.50 5.27
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PRB 61 2213STABLE AND METASTABLE STRUCTURES OF Co ON . . .
relaxations for slabs of three, five, seven, and nine layer
copper are compared in Table II. For a five-layer slab
relaxation between surface and subsurface layer
23.01% is close to the experimental value obtained by m
dium energy ion scattering~MEIS!,22 (22.4%) while the
LEED result23 is smaller (21.160.4%). The calculated
work functionf54.78 eV is in good agreement with exper
ment: 4.5960.05 eV,24 4.76 eV,25 and 4.7760.05 eV.26

A further requirement of the thickness of the slab is th
the interaction of the Co layers on both sides of the s
trough the substrate is negligible for the questions of c
cern. To test the strength of this interaction we studied
formation energy and work function for 1 ML Co o
Cu~001! @1Co/Cu~001!# as a function of the substrate thick
ness. The results are summarized in Table III. Both the
mation energy and work function converge quickly with t
substrate thickness. On the basis of these results we conc
that a five-layer copper slab represents a good approxima
of the Cu~001! surface.

III. FORMATION ENERGY AND STABILITY

In order to identify the equilibrium configuration of Co o
Cu~001! we investigate in this section the tendency towa
separation in multilayer islands and the influence of a cop
capping layer. The studied systems include the cl
Cu~001! surface, a monolayer and bilayer thick cobalt fil
on Cu~001! denoted by 1Co/Cu~001! and 2Co/Cu~001!, re-
spectively, as well as the corresponding capped systems
1Co/Cu~001! and 1Cu/2Co/Cu~001!. Additionally we inves-
tigated a bilayer Co-Cu-c~232! alloy. The calculated
formation energies and the work functions are given in Ta
IV. We consider several ways in which a total coverage
1-ML Co can be arranged on a Cu~001! surface. The energy
of a system consisting of more than one domain, nam
regions of clean copper surface and regions covered by l
cobalt islands, is simply given by the weighted sum of t
formation energy of the clean Cu~001! surface and those o

TABLE II. DFT-LDA results for the surface energyEf, work
functionsf, and relaxationDd12/d0 of the clean Cu~001! surface
are given as a function of the number of slab layersNlayer, Nk

521,Ecut515.0 @Ry#.

Nlayer Ef @eV/~131! cell# f@eV# Dd12/d0@%#

3 0.79 4.91 22.93
5 0.78 4.78 23.01
7 0.78 4.83 23.10
9 0.78 4.82 23.11

TABLE III. Formation energy and work functions for 1Co
Cu~001! with optimized interlayer distances as a function of t
number of substrate layersNlayer.

Nlayer Ef @eV/~131! cell# f@eV#

3 1.767 5.31
5 1.754 5.31
7 1.753 5.30
9 1.759 5.30
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the Co island. Under the assumption that the islands
large, the contributions of the step edges and side facet
the islands are negligible and were not taken into accoun
schematic presentation of the different structures is given
Fig. 1 together with energy changes with respect to the c
where the whole surface is covered by a monolayer-th
(131)-cobalt layer.

Our calculations show that a monolayer film, Fig. 1~a!,
would separate into a clean Cu~001! surface and a bilaye
island, Fig. 1~b!. For the nonmagnetic case the gain in ener
is DENM50.59 eV/~131! cell and for the ferromagnetic cas
it is DEFM50.41 eV/~131! cell. This result can be explaine
in terms of the higher coordination of the cobalt atoms in
bilayer film and correlates with the substantial broadening
the cobaltd band and the strong relaxation between Co la
ers in 2Co/Cu~001! as will be discussed later in this pape
Concerning the effect of magnetism, we see that it redu
but does not change the tendency towards formation of
layer islands.

Experimental studies7,9 show that copper segregates on
the surface after annealing. Therefore we study here the
fluence of a copper capping layer on stability. Covering 1C
Cu~001! with a monolayer of copper, Fig. 1~d!, reduces the
energy of the system byDENM50.49 eV/~131! cell. Com-
pared to the cobalt terminated systems the copper-cap
systems gain less spin-polarization energy because of the
bridization with the capping layer. Consequently the ene
gain due to a capping layer for the magnetically orde
system is lower than the one for the nonmagnetic: (DEFM

50.33 eV/~131! cell!. The influence of the capping layer o
the magnetic properties of the copper covered systems
be discussed in Sec. V. Sau´l and Weissmann27 recently cal-
culated the surface segregation energy of 3d impurities ~Fe,
Co, Ni! in Pd, Ag, and Cu. They found, in agreement wi
our results, that embedding in the bulk of the host materia
connected with a substantial gain in energy both for nonm
netic and magnetic impurities/~layers!, the effect being
weaker for the latter. We also note that the copper capp
layer in the 1Cu/1Co/Cu~001! and 1Cu/2Co/Cu~001! systems
has properties similar to the clean Cu~001! surface; for ex-
ample, we find that the work functions of the systems

TABLE IV. Formation energiesEf and the work functionsf for
various structures.

System Ef @eV/~131! cell# f@eV#

Cu~001! 0.78 4.78

1Co/Cu~001! NM 1.75 5.31
1Co/Cu~001! FM 1.51 5.16

2Co/Cu~001! NM 1.55 5.38
2Co/Cu~001! FM 1.42 4.88

1Cu/1Co/Cu~001! NM 1.27 4.89
1Cu/1Co/Cu~001! FM 1.18 4.81

1Cu/2Co/Cu~001! NM 1.14 4.74
1Cu/2Co/Cu~001! FM 1.12 4.82

bilayer Co-Cu-c(232)-alloy NM 1.48 5.18
bilayer Co-Cu-c(232)-alloy FM 1.36 4.97
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2214 PRB 61R. PENTCHEVA AND M. SCHEFFLER
fCu(001)54.78 eV, f1Cu/1Co/Cu(001)54.89 eV, and
f 1Cu/2Co/Cu(001)54.74 eV.

Recent combined STM and reflection high-energy el
tron diffraction ~RHEED! experiments28 detected ordered
c(232) regions when a total coverage of 1-ML Co w
deposited on Cu~001! at room temperature and subsequen
annealed at 450 K. Motivated by these results, we studie
configuration, where starting from 1Co/Cu~001! every other
Co atom is replaced by a Cu atom in the substrate la
underneath. In this way a bilayerc(232) alloy,29 shown
schematically in Fig. 1~c!, is formed. We find that this con
figuration is by 0.28 eV/~131! cell ~nonmagnetic! and 0.15
eV/~131! cell ~ferromagnetic case! more favorable than the
(131) monolayer in Fig. 1~a!. However, it is a metastabl
structure because transition into a cobalt monolayer cove
by copper, 1Cu/1Co/Cu~001! in Fig. 1~d!, leads to an energy

FIG. 1. Schematic diagram of the different adsorbate configu
tions for a Co coverage ofQ51.0 ML. The formation energy
changes for configurations~b!–~e! in the nonmagneticDENM and
ferromagnetic caseDEFM is given with respect to formation energ
of the close packed monolayer high island shown in~a!.
-

a

er

ed

gain of 0.22 @eV/~131! cell# ~nonmagnetic! and 0.18 eV/
~131! cell ~ferromagnetic case!. Thus the bilayerc(232)
alloy lies energetically between the 1Co/Cu~001! and 1Cu/
1Co/Cu~001! systems and it may be stabilized kineticall
This surface alloy might also represent a favorable confi
ration with respect to surface strain relief. Indeed ac(2
32) pattern was observed experimentally preferentially
the middle of large islands.30

We also studied whether the cobalt (131) layer will pre-
fer to be buried deeper in the substrate. Our calculations
the 1Cu/1Co/Cu~001! and 2Cu/1Co/Cu~001! systems show
that there is no additional energy gain through covering
system with a thicker copper layer.

The segregation of Cu on the surface is typically e
plained by the lower surface energy of Cu~001! compared to
Co~001!. Still this argument is only applicable if the inter
face energy were small and thus negligible. In order to c
culate the energy cost to create an interface we studied t
different systems with one, two, and three cobalt interlay
in copper bulk, marked as (•••Cu/1Co/Cu•••),
(•••Cu/2Co/Cu•••) and (•••Cu/3Co/Cu•••), respectively.
Here the lateral parameter is set to the copper bulk va
while the interlayer distances are relaxed. The interface
ergiesEI are calculated analogously to the formations en
gies @compare Eq.~1!#. In order to subtract the effect o
elastic strain due to the lattice mismatch of the two mater
we use as a reference energy for cobalt the bulk energy o
cobalt withai5aCu and relaxedaz ,31 instead of the one of
fcc cobalt at the cobalt lattice constant. Table V lists t
results for nonmagnetic and ferromagnetic cobalt interlay
It shows that the values ofEI for a cobalt bilayer and trilayer
are very close, i.e., the interface energy converges quic
with the thickness of the cobalt layer. The interface energ
indeed significantly smaller than the difference of the surfa
energies of the clean Cu~001! surface@Ef50.79 eV/~131!
cell# and a thick Co~001! film with a lateral parameter fixed
to the lattice constant of copper and relaxed interlayer d
tances @ENM

f 51.21 eV/~131! cell32 and EFM
f 51.11 eV/

~131! cell32#. For this reason the common argument th
simply the surface energy difference of cobalt and cop
explains the segregation of substrate material on the sur
works in the case of Co on Cu~001!.

In analogy to the Co terminated system, the single
layer capped by Cu shown in Fig. 1~d! will tend to separate
into a clean Cu~001! surface and a double Co layer capp
by Cu, Fig. 1~e!. Still the energy gain due to phase separat
@DENM50.31 eV/(131) cell,DEFM50.23 eV/(131) cell#
is only about half the energy gain for the system with Co
the surface. We can summarize that both the magnetic or
ing and the capping layer weaken the tendency towards
balt clustering butqualitativelywe observe the same beha

-

TABLE V. Interface energies given in@eV/~131! cell# for non-
magnetic (ENM

I ) and ferromagnetic (EFM
I ) systems as a function o

the cobalt interlayer thickness.

System ENM
I EFM

I

•••Cu/1Co/Cu••• 0.163 0.113
•••Cu/2Co/Cu••• 0.044 0.066
•••Cu/3Co/Cu••• 20.005 0.046
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PRB 61 2215STABLE AND METASTABLE STRUCTURES OF Co ON . . .
ior with and without magnetism.
Yet we need to find out whether the bilayer film will b

stable or if higher cobalt islands may form. In order to d
termine the formation energy of aN-layer (N.2)-thick co-
balt island we assume that each of theintermediatecobalt
layers has an energy of a bulk atom in a tetragonal co
crystal withai5aCu and fully relaxedaz .31 The elastic en-
ergy contribution is the difference between the energy
cobalt bulk at the fcc cobalt lattice constant and the energ
fct cobalt as described above and amounts to 0.11 eV~NM!
and 0.08 eV~FM! per cobalt atom. Thus the formation e
ergy of aN-layer cobalt film is

ENCo/Cu(001)
f 5E2Co/Cu(001)

f 1~N22!Eelast.. ~2!

For a total coverage of 1 ML the formation energy of
configuration consisting of clean Cu~001! surface and a
N-layers-high cobalt island is given by

ENCo-island
f 5

1

N
ENCo/Cu(001)

f 1
N21

N
ECu(001)

f . ~3!

An analogous expression for the formation energy holds
the copper capped systems. The formation energy of the
romagnetically ordered capped and uncapped system
plotted in Fig. 2 as a function of cobalt-island heightN. In
the following we will concentrate on the Cu-terminated sy
tems because, as can be seen from Fig. 2, they are al
lower in energy. The substantial energy gain due to sep
tion of a monolayer-thick cobalt film in bilayer islands wa
already discussed above. Yet further separation in higher
balt islands brings only a small energy gain, e.g., the g
due to separation from bilayer in trilayer islands for the C
terminated islands is about 0.03 eV/~131! cell. We note that
this energy gain is mainly due to the increase of the cl
Cu~001! surface. Moreover the cost of the island face
which was not taken into account in the present discuss
grows with island height. Because of the small energy g

FIG. 2. Formation energy of different ferromagnetically order
configurations for a total cobalt coverage of 1 ML as a function
the cobalt island thicknessN. The structures consist of clea
Cu~001! and a compact island withN Co layers (s) or N Co layers
capped by copper. The area covered by the cobalt islands is 1/N of
the whole surface. Especially for the copper terminated systems
separation in higher than bilayer cobalt islands is unlikely beca
of a negligible energy gain.
-

lt

f
of

r
r-
is

-
ys
a-

o-
in
-

n
,
n,
,

as shown in Fig. 2, and the increasing cost of the sidew
the formation of islands higher than bilayer is unlikely. W
conclude that the ferromagnetically ordered configuration
Fig. 1~e!, which is by 0.56 eV/~131! cell more favorable
than the one in Fig. 1~a!, represents the thermodynamic equ
librium structure.

IV. STRUCTURAL PROPERTIES

In the previous section we identified the bilayer cob
island covered by a copper capping layer as the thermo
namically stable structure. However, crystal growth rep
sents a situation which is more or less far from thermo
namic equilibrium therefore not only the equilibrium
structure but also other, metastable, structures~e.g., those
shown in Fig. 1! may occur. In this section we present th
results of a geometry optimization for monolayer and bilay
(131) as well as copper-capped systems. The Co films
assumed to grow pseudomorphically on the Cu~001! surface,
adopting the lateral spacing of the Cu crystal. The calcula
relaxation of the interlayer spacing for the nonmagnetic a
ferromagnetic systems is given in Table VI. We remind t
reader that all relaxations are given with respect to the in
layer spacing in copper bulk.

The first interlayer spacing in the monolayer film,dCo-Cu,
shows an inward relaxation of 4.7% for the nonmagne
case, which reduces to 3.0% for the ferromagnetic film.
the same time the interlayer spacing between the first
second substrate layer, which is contracted by 3.0% for
clean Cu~001! surface, expands back to the bulk valu
20.3% ~0.0%! for the nonmagnetic~ferromagnetic! system.
This result can be explained in terms of the bond-cutt
model. Due to the missing bonds of the surface atoms
strength of the remaining bonds to the subsurface laye
enhanced, giving rise to an inward relaxation.33 The bond

f

he
e

TABLE VI. RelaxationDd12/d0 andDd23/d0 of the interlayer
spacing in percent for the first two layers compared to the lat
parameter of Cu bulk,d0.

Method Dd12/d0 Dd23/d0

@%# @%#

1-ML Co/Cu~001!
FP-LAPW NM 24.7% 20.3%
FP-LAPW FM 23.0% 0.0%
LEED ~Ref. 36! 26.0% 26.0%
LEED ~Ref. 8! 22.5% 21.4%

2-ML Co/Cu~001!
FP-LAPW NM 217.0% 0.0%
FP-LAPW FM 213.4% 20.8%
LEED ~Ref. 8! 22.0% 24.2%

1-ML Cu/1-ML Co/Cu~001!
FP-LAPW NM 27.0% 23.0%
FP-LAPW FM 25.6% 22.0%

1-ML Cu/2-ML Co/Cu~001!
FP-LAPW NM 25.0% 214.8%
FP-LAPW FM 24.6% 212.5%
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strength is also related to thed-band occupation,33 thus
Co-Cu bonds are stronger than Cu-Cu bonds and co
quently upon cobalt adsorption we observe a stronger re
ation of the Co-Cu-interlayer distance, while the Cu-Cu d
tance expands. Previousab initio results34 found a relaxation
of the first interlayer distance of the ferromagnetic 1C
Cu~001! surface of210.4%. The reason for the discrepan
with our result ~which is 23.0%) is in the choice of the
lateral lattice parameter. While we use a non-relativis
treatment of the valence electrons and the corresponding
oretical equilibrium lattice constant of Cu~3.55 Å!, Wu and
Freeman34 used a semirelativistic treatment which gives
noticeably smaller lattice constant~3.52 Å!. Nevertheless, in
their adsorbate study Wu and Freeman34 set the lateral lattice
parameter to the substantially larger experimental va
~3.61 Å!. As a consequence, the strong interlayer relaxa
found by Wu and Freeman34 just reflects that their coppe
surface is under tensile strain. We tested this and ind
could reproduce the effect: When we use a semirelativi
treatment of the valence electrons and still force the Cu s
strate to assume the experimental lattice constant we ob
Dd12/d0527.9% andDd23/d0522.3%.

For the bilayer Co film we obtain a surprisingly stron
contraction of the interlayer distance ofdCo-Co of 217% in
the nonmagnetic case. For the ferromagnetically ordered
tem the contraction is somewhat smaller,213.4%, due to
the magnetovolume effect. These results can hardly be
plained by comparing the lattice constant of the fcc b
phase of Co with that of bulk Cu. Such comparison wou
give a lattice mismatch of24.3% in the nonmagnetic an
22.8% in the ferromagnetic case. Thus in such descrip
one would say that the Co film is strained, but that the eff
is not very large. However, it is questionable whether
comparison of the bulk lattice parameters of the two mat
als, is a good approach for understanding the structural p
erties of ultrathin films withQ<2 ML’s. For example, total-
energy calculations5 based on the FP-LAPW method in film
geometry show that the difference between the equilibri
lattice constant of afree-standingcobalt monolayer and tha
of the Cu substrate is214.1% for a nonmagnetic and
212.2% for a ferromagnetic monolayer.35 Therefore, if we
refer the strain in the Co adlayers to the lattice paramete
the free-standing Co layer, the strain is significant, and
above noted interlayer relaxation then simply reflects the
action of the Co film to this big strain. Indeed, we think th
this description is appropriate~in a qualitative sense! because
for a very thin cobalt film (Q<2 ML’s! the bonding to the
noble metal substrate can only partially replace the bond
missing cobalt neighbors. Thus the adsorbed film will s
bear some resemblance to the free-standing one. The a
result also indicates that the weaker binding to the subst
is balanced by forming a strong bond between the two co
layers.

The competition between Co-Co and Co-Cu bonding
also a driving force for the structural changes in the cap
systems. The hybridization with the copper capping layer
the general effect of weakening the existing Co-Cu a
Co-Co bonds in the 1Co/Cu~001! and the 2Co/Cu~001! sys-
tem, respectively. Consequently, the interlayer distance
tween the cobalt and copper layer increases from24.7%
~NM! and 23.0% ~FM! in 1Co/Cu~001! to 23.0% ~NM!
and22.0% ~FM! in 1Cu/1Co/Cu~001!. Similarly, the strong
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relaxation between the two cobalt layers decreases f
217.0% ~NM! and 213.4% ~FM! in 2Co/Cu~001! to
214.8% ~NM! and212.5% ~FM! in 1Cu/2Co/Cu~001!. On
the other hand, the stronger Co-Co bond induces a we
binding with the capping layer which is reflected in th
smaller inward relaxation of the distance between the c
ping layer and the cobalt film of25.0% for the 1Cu/2Co/
Cu~001! system compared to27.0% for the 1Cu/1Co/
Cu~001! system.

Table VI also contains structural data determined w
LEED. We note, however, that such structural analysis
complicated and not unambiguous, because, as discu
above, in the Co/Cu~001! system several domains and/
metastable structures may coexist. In the absence of kn
edge about these various structures and their energies, i
peared to be a reasonable choice for Clarkeet al.36 to assume
that Co on Cu~001! will form a full Co monolayer. And
based on this assumption they determined an inward re
ation of 26% for bothdCo-Cu and dCu-Cu. Our work, how-
ever, shows that the 1Co/Cu~001! system is unstable with
respect to the formation of bilayer islands and capped bil
ers structures. In a more recent LEED study Cerdaet al.8

assumed the coexistence of regions of clean Cu~001!, Co
monolayer and Co bilayer islands, but Co layers with a
capping layer, which we find to have the lowest total ener
were not considered. Thus in both experimental analyses
model assumptions did not include all relevant systems.

V. MAGNETIC PROPERTIES

The layer-resolved magnetic moments in the four syste
studied, 1Co/Cu~001!, 2Co/Cu~001!, 1Cu/1Co/Cu~001!, and
1Cu/2Co/Cu~001! are given in Table VII. To be precise
these are the contributions from the muffin-tin region on
The top layer in 1Co/Cu~001! exhibits an enhanced magnet
moment (MCo(S)51.71mB) compared to the bulk value o
1.52mB , calculated at the equilibrium lattice constant of c
balt. This is due to the larger lateral constant of the epitax
cobalt adlayer and to the reduced coordination on the
face. Further we find that the surface layer of the 2C
Cu~001! system exhibits the same magnetic mome
(1.71mB) as the 1Co/Cu~001! system. In fact, a thick fcc
cobalt film at the lattice constant of copper also has a sim
moment, namely 1.78mB . However, the magnetic momen
of the subsurface Co layer, which binds to the Cu substr
is reduced to 1.47mB . The corresponding magnetic mome
of subsurface cobalt in a thick fcc cobalt film at the latti
constant of copper is 1.62mB . The lower magnetic momen
of subsurface cobalt is a consequence of the higher coo
nation and the strong contraction of the interlayer spac
dCo-Co.

The hybridization with the copper capping layer reduc
the magnetic moment of the first Co layer both in the 1C
1Co/Cu~001! and 1Cu/2Co/Cu~001! systems by abou
0.3 mB compared to the 1Co/Cu~001! and 2Co/Cu~001! sys-
tems. It is interesting to note that both Co layers in 1Cu/2C
Cu~001! have the same magnetic moment (1.38mB) which
can be explained by the fact that Co(S-1) and Co(S-2) have
the same coordination of Co and Cu atoms.

To our knowledge magnetic moments for 1Co/Cu~001!
have not yet been measured due to the already discu
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difficulties in the preparation of a single cobalt monolayer
Cu~001!. Our calculated value of the surface magnetic m
ment of 1Co/Cu~001!, 1.71mB , is slightly lower than that
obtained in previous calculations, e.g., 1.78mB ~Ref. 34! and
1.76mB ~Ref. 12! from FP-LAPW and 1.85mB ~Ref. 13!
from FP-LMTO ~full-potential linearized muffin-tin orbitals!
calculations. The differences are attributed mainly to the
of the experimental lattice constant of copper~3.61 Å! and/or
the lack of considering the interlayer relaxation in Re
12–14~see also Sec. IV!.

The magnetic moments of 1.9 and 2.1 ML’s of Co dep
ited on Cu~001! measured with x-ray magnetic circular d
chroism ~XMCD! are 1.7160.1 mB ~Ref. 37! and 1.77
60.1 mB ,38 respectively. The XMCD spectra were record
at 40 K, but information about the preparation conditio
which could tell whether the Co layers were capped by Cu
not available. Yet, the magnetic moment compares well w
our calculated magnetic moment for 2Co/Cu~001!. With re-
spect to other theoretical work, we note that the same tr
of an enhanced magnetic moment in the surface la
(1.85mB) and a reduced magnetic moment in the subsurf
layer (1.60mB) was found in a previous FP-LAPW calcula
tion for 2Co/Cu~001!.39 In this study the lateral paramete
was fixed to the experimental lattice constant of copper
relaxation of the interlayer spacing was not taken into
count. However, the strong relaxation of the interlayer sp

TABLE VII. Layer resolved local magnetic moments in the fe
romagnetic systems in@mB# as obtained from the slab calculatio
S,S-1,S-2, etc., denote the position of the corresponding layer w
respect to the surface,S being the surface layer andC being the
central layer of the slab.

System Layer M @mB#

1Co/Cu~001! Cu(C) 20.004
Cu(S-2) 20.014
Cu(S-1) 0.024
Co(S) 1.711

2Co/Cu~001! Cu(C) 20.002
Cu(S-3) 20.009
Cu(S-2) 0.016
Co(S-1) 1.472
Co(S) 1.706

Co~001! at aCu Co(C) 1.648
Co(S-1) 1.615
Co(S) 1.783

1Cu/1Co/Cu~001! Cu(C) 20.001
Cu(S-3) 20.008
Cu(S-2) 0.027
Co(S-1) 1.445
Cu(S) 0.040

1Cu/2Co/Cu~001! Cu(C) 20.001
Cu(S-4) 20.007
Cu(S-3) 0.022
Co(S-2) 1.383
Co(S-1) 1.374
Cu(S) 0.035
-

e

.

-

,
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h

d
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e

d
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ing in 2Co/Cu~001! discussed in Sec. IV has a noticeab
influence on the magnetic moments and cannot be neglec

Our results reveal also that the adsorbed cobalt film
duces a small polarization in the substrate. The magn
moment of the copper layer at the interface is positive, e
in 1Co/Cu~001! it is 0.024mB . Then, in the next layer it
switches to a negative value (20.014mB). Also the central
layer of our five-layer Cu slab has a very small negat
moment,20.004mB . The oscillation of the magnetic mo
ment perpendicular to the surface indicates the formation
a spin-density wave. This striking effect is observed for
four studied systems. However, we note that for a deta
investigation of this effect, a thicker substrate slab has to
considered. The magnetic moment induced in the capp
layer is somewhat larger than the one induced in the s
strate layer: 0.040mB in 1Cu/1Co/Cu~001! and 0.035mB in
1Cu/2Co/Cu~001!.

VI. ELECTRONIC PROPERTIES

The calculated electronic properties are consistent w
the above discussed structural and energetic trends. Figu
shows the local density of states~LDOS! of the d bands of
the adsorbate and substrate layers obtained from a nonm
netic calculation. For 1Co/Cu~001! the Cod band is rather
narrow, the LDOS at the Fermi level is very high and t
overlap with the copperd band is small, which reflects tha
the interaction between Co and Cu is not very strong. For
2Co/Cu~001! system thed states of the surface and subsu
face Co layers overlap and theird bands receive a substanti
broadening. At the same time the LDOS at the Fermi leve
lowered. The broadening of the cobaltd bands in 2Co/
Cu~001! is an indication for the strong interaction betwe
the two cobalt layers. The same effect of broadening of thd
band of Co is observed for 1Cu/2Co/Cu~001! compared to
the Cod band in 1Cu/1Co/Cu~001!.

The layer-resolved LDOS of thed bands for the ferro-
magnetic systems is given in Fig. 4. The majority band of
is completely filled and the minority band is only part
filled, reflecting the fact that Co is a strong ferromagnet. F
1CoFM/Cu~001! and 1Cu/1CoFM/Cu~001! the Fermi level
crosses the minorityd band of cobalt almost at its maximum
while for 2CoFM/Cu~001! and 1Cu/2CoFM/Cu~001! the
Fermi level lies in a dip of the Cod bands. A ‘‘harder’’
electronic structure, i.e., lower density at the Fermi leve
typically considered an indication for a more stable syste

Both majority and minorityd bands of copper are occu
pied and lie ca. 2 eV below the Fermi level. Still, the mino
ity and majorityd band have a very different structure wit
the majority band being broader in general. Actually t
band width correlates with the strength of interaction w
the cobalt film: While there is a substantial overlap betwe
the majorityd bands of cobalt and the substrate layer bene
or the capping layer above, the corresponding minority ba
have a very small overlap.

VII. COMPARISON OF CO/CU „001… AND CO/CU„111…

Prior to our work Pedersenet al.14 studied the growth of
Co on the~111! surface of Cu with STM and LMTO calcu
lations. The STM measurements showed that the islands

h
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sist of several cobalt layers with the lowest layer possi
growing subsurface. At elevated temperatures vacancy
lands formed in the terraces close to steps and the subs
material etched from these holes covered the cobalt isla

Comparing the LMTO calculations for nonmagnetic sy
tems with@111# orientation14 with our FP-LAPW results for

FIG. 3. Local density of states of thed bands of the different
atomic layers in the nonmagnetic systems.S,S-1,S-2,S-3 denote
the surface and the subsequent subsurface layers, respectivel
display the contribution from inside the muffin-tin spheres. The
bands are represented with dashed and long-dashed lines, th
bands with a solid line. The calculated LDOS was broadened b
Gaussian with a width of 2s50.2 eV.
y
is-
ate
s.

-

the @001# orientation we note that the general behavior
similar: The systems are unstable against phase separ
and clustering. The energy gain from the separation o
monolayer film in a bilayer island and a clean Cu surface
DE(001)50.59 eV/(131) cell and DE(111)50.39 eV/(1
31) cell, respectively. The corresponding energy gain
the capped systems isDE(100)50.31 eV/(131) cell and
DE(111)50.18 eV/~131! cell.

We
o
Cu
a

FIG. 4. LDOS of thed bands of the different atomic layers i
the ferromagnetic systems.S,S-1,S-2,S-3 denote the surface an
the subsequent subsurface layers, respectively. The contribu
from inside the muffin-tin spheres is displayed. The Co bands
marked with dashed and long-dashed lines, the Cu bands wi
solid line. The calculated LDOS was broadened by a Gaussian
a width of 2s50.2 eV.
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The segregation of Cu onto the surface lowers the ene
of the system for both orientations: for monolayer covera
DE(100)50.49 eV/~131! cell and DE(111)50.30 eV/~131!
cell; for 2 ML’s of Co DE(100)50.42 eV/~131! cell and
DE(111)50.20 eV/~131! cell.

Still in all cases the energy gain is lower for the~111!
surface than the~100! surface. This trend reflects the diffe
ence in coordination numbers: In a bond cutting model
metallic bonding the energy of an atom roughly scales as
square root of the local coordination.40,41Adsorption of a Co
layer or of a Cu capping layer implies a change of coordi
tion of the atoms in the added layer from 4 to 8 for the@100#
and from 6 to 9 for the@111# orientation. And for the atoms
in the layer, which after adsorption becomes the sec
layer, the coordination changes from 8 to 12 for the@100#
and from 9 to 12 for the@111# orientation. Thus the energ
gain is smaller for the@111# orientation than for the@100#
orientation.

VIII. SUMMARY

In summary, we identify a bilayer cobalt island cover
by copper as the lowest energy configuration. Howev
growth is ruled by kinetics. Therefore it is to be expect
that under realistic conditions metastable structures may
ist at surfaces, and some examples were identified in
paper. Total-energy considerations show that the (131) film
tends to separate into areas of bilayer cobalt islands
clean copper surface, and this is indeed in line with exp
mental observations of bilayer growth.7,8,42 Our total-energy
and electron density of states results show that the stab
of the bilayer film is due to the fact that the Co atoms pre
to attain a high coordination of alike atoms. A conseque
of this is the very strong contraction of the interlayer d
tance between the two cobalt layers and the substa
broadening of the cobaltd bands in the adsorbed Co bilay
as compared to thed band of a single Co adlayer.

The segregation of substrate material onto the Co adla
results in a substantial energy gain@e.g., 0.5 eV/~131! cell in
the nonmagnetic case#. We also studied a two-layer surfac
alloy of Co and Cu with ac(232) periodicity. This is found
to be energetically less favorable than a separation into
capped Co bilayer adsorbates, but at strained regions o

TABLE VIII. The formation energiesELDA
f and EGGA

f of the
different configurations calculated within LDA and GGA, respe
tively, given in @eV/~131! cell#. The lateral parameter is set to th
corresponding~LDA or GGA! equilibrium lattice constant of cop
per.

System ELDA
f EGGA

f

Cu~001! 0.78 0.61

1Co/Cu~001! NM 1.75 1.47
1Co/Cu~001! FM 1.54 1.22

2Co/Cu~001! NM 1.55 1.27
2Co/Cu~001! FM 1.48 1.11

1Cu/1Co/Cu~001! NM 1.26 0.99

1Cu/2Co/Cu~001! NM 1.13 0.85
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surface this surface alloy may be stabilized. Indeed, ac(2
32) surface structure was observed in recent combi
STM and RHEED experiments.29

Generally, the ferromagnetically ordered systems
lower in energy than the nonmagnetic, but the relative s
bility of different configurations remains qualitatively un
changed by magnetism and the structural trends are well
scribed by the nonmagnetic systems. For low coveragesQ
,0.25 ML’s! we also find that cobalt may adsor
substitutionally.43,44 However, with increasing coverage th
substitutional adsorption becomes energetically unfavora
compared to the formation of compact islands.
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APPENDIX

For several systems we performed calculations with
LDA ~Ref. 16! and with the GGA.17 The formation energies
for 1Co/Cu~001! ~NM and FM!, 2Co/Cu~001! ~NM and FM!,
1Cu/1Co/Cu~001!, and 1Cu/2Co/Cu~001! are given in Table
VIII. The lateral parameter was set to the lattice constants
copper obtained within the LDA and GGA approach, resp
tively. The LDA value 3.55 Å is 1.7% smaller than the me
sured one, 3.61 Å, while with the GGA the lattice parame
~3.65 Å! is 1.1% bigger than the experimental value~zero-
point vibrations are neglected in the theory!.

The formation energies obtained with the GGA are ge
erally lower than the LDA results and the differences a
between 0.2 and 0.3 eV/~13! cell. This effect was also ob
served previously for the clean copper surface.45 Yet the
trends between the different configurations remain
changed. For example the energy gain from the separatio
a monolayer cobalt film in a bilayer cobalt island and cle
Cu~001! surface is 0.60 eV/~131! cell ~LDA ! and 0.53 eV/
~131! cell ~GGA! for the nonmagnetic systems and 0.4
eV/~131! cell ~LDA ! and 0.36 eV/~131! cell ~GGA! for the
ferromagnetically ordered systems. The equilibrium config
ration of clean copper surface with bilayer cobalt islan
covered by copper@see Fig. 1~f!#, is by 0.79 eV/~131! cell
~LDA ! and by 0.74 eV/~131! cell ~GGA! more favorable
than 1Co/Cu~001! in Fig. 1~a!.

A structural optimization was performed for all system
listed in Table VIII using both approaches, LDA and GG
No noticeable differences were obtained except for the s
tems, containing a bilayer cobalt film, where the contract
of the distance between the two cobalt layers was sligh
stronger with the GGA, e.g., for 2Co/Cu~001!
DdCo-Co

LDA /d0
LDA517% andDdCo-Co

GGA /d0
GGA518.6%. However,

these minor differences do not alter the discussion in S
IV.

The larger lateral parameter in GGA produces a subs
tial enhancement of the magnetic moments, e.g., the sur
magnetic moment of cobalt in 1Co/Cu~001! changes from
1.71mB ~LSDA! to 1.86mB ~GGA! and in 2Co/Cu~001!
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from MCo(S)
LSDA51.71mB and MCo(S-1)

LSDA 51.47mB to MCo(S)
GGA

51.81mB andMCo(S-1)
GGA 51.64mB . This result is not surpris-

ing and is in line with the changes of the magnetic mom
for fcc cobalt bulk from 1.52mB ~LSDA! to 1.69mB ~GGA!.
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In conclusion, both approximations of the exchang
correlation potential, LDA and GGA, lead to the same resu
for the structural, energetic, and magnetic properties of
configurations studied in this work.
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