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Experimental and theoretical study of Co adsorbed at the surface of Cu: Reconstructions,
charge-density waves, surface magnetism, and oxygen adsorption
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We have deposited in ultrahigh vacuum Co on top of clean, well-ordered Cu surfaces. The deposition of Co is
followed by Auger spectroscopy and by low-energy-electron diffraction. At room temperatures, Co does not diffuse
into the substrate: Co grows in two-dimensional islands to form the first layer and from then on the growth is layer
by layer. The system Co-Cu(100) shows a c(2X2) reconstruction when the Cu surface is clean and a p(2)&2)
reconstruction when certain impurities are present at the interface. The system Co-Cu(111) shows no reconstruction
and the Co grows forming an hcp lattice. The reconstructions of the Co-Cu(100) system are interpreted as being due
to ferromagnetic-induced charge-density waves as a detailed electronic-structure calculation reveals. The
magnetization and exchange splitting of one layer of Co on top of the Cu(100) surface are very similar to the Co bulk
values. We have also studied the adsorption of oxygen in the Co-Cu(100) system for different Co coverages. Our
results indicate that as far as oxygen is concerned, the reactivity of Co is not affected by its state of aggregation.

I. INTRODUCTION

In the last decade there has been an important
and increasing effort in solid-state research aimed
at improving the understanding of the various as-
pects of single-crystal transition-metal surf aces.
Photoemission experiments as well as detailed
theoretical calculations have contributed to the
knowledge of the electronic structure of some
clean transition-metal surfaces. ' Also the reac-
tivity of single-crystal transition-metal surfaces
has been an important subject of research, since
it appears as an approach to study catalysis. ' The
electronic configuration of atoms and molecules
absorbed at the metal surface, ' as well as the
variation of the reactivity with the presence of de-
fects' (steps, kinks, vacancies, etc.) at the metal
surface, is by now well characterized.

In order to be closer to the actual structure of a
real catalyst, we study in this work the behavior
of monolayer and submonolayer reactive transition
metal (Co) deposited on top of a single-crystal
surface of a nonreactive metal (Cu). This is a
partial approach to study the influence of the state
of aggregation on the activity of a catalyst. This
kind of system is closer to the structure of an
actual catalyst than the usually studied single-
crystal transition-metal surface, since a real
catalyst contains small clusters of a reactive met-
al deposited on top of an inert substrate (SiO„
Al, O„etc.) .

This work is organized as follows. In Sec. II we
describe the experimental procedure to deposit in
ultrahigh vacuum, Co on top of Cu. This deposi-
tion is controlled by Auger electron spectroscopy
(AES), as well as by ultraviolet photoemission

(UPS) and low-energy-electron diffraction (LEED).
This technique indicates that the presence of Co
induces two kinds of reconstructions Tc(2x 2) or
P (2 x 2)] in the system for the (100) surface orien-
tation of Cu and none for the (111) surface orienta-
tion. In Sec. III, we develop a theoretical model
for the electronic structure of the Co-Cu system.
Both the c(2x 2) and p(2x 2) reconstructions of
the Co-Cu(100) system are predicted by our mod-
el. These reconstructions are interpreted as being
due to ferromagnetic induced charge-density waves
(CDW' s). In Sec. IV, we study the adsorption of
oxygen on the Co-Cu(100) system. We study the
dependence of the 0, adsorption with the thickness
of the Co overlayer, varying from less than one
monolayer to several (-10) layers. Finally, in
Sec. IV, some final remarks and conclusions are
made.

II. EXPERIMENTAL CHARACTERIZATION
OF THE Co-Cu SYSTEM

All measurements were performed in a UHV

system equipped with a four-grid I EED optics, a
single-pass cylindrical mirror analyzer (CMA) for
AES, a light source for UPS, and the usual facili-
ties for cleaning the sample and controlling the
residual gas composition. The base pressure was
in the low 10"Torr range, increasing to 8X10"
Torr when performing UPS measurements due to
the helium leaking into the chamber. The light
source for the UPS studies was a Vacuum Genera-
tor windowless discharge lamp. Photoemission
spectra were obtained with the same single-pass
CMA used for Auger spectroscopy. There are
some problems with this way of taking the UPS
spectra. The absence of retardation makes the
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energy window, bE, decrease linearly with the
electron energy. This is responsible for the ab-
sence of the low-energy secondary electron tail in
our spectra (see below).

The Cu surfaces were cleaned by Ar' bombard-
ment (600 eV, 2 pA/cm', 10 min) and ordered by
annealing (800 K, 30 min). The most common im-
purities present were C and S, which could be
easily reduced below the limit of detection (0.005
monolayers). The evaporation of Co was done by
heating a small Co wire in front of the Cu crystal.
The evaporation rate was kept constant and the
deposition dose was carefully controlled by open- .

ing, for fixed periods of time, a shutter which
screens the Co filament source. In this way we
have grown, ' in ultrahigh vacuum, Co on top of two
different clean, well ordered Cu surfaces [the
Cu(100) and Cu(111)]. The deposition of Co has

been followed by AES, LEED, and UPS. For both
Cu-surface orientations, the Co Auger peaks are
very stable, indicating negligible dissolution at
room temperature of Co into the Cu substrate.
Dissolution begins to take place at about 600 K.
We now discuss the two Cu-surface orientations
studied separately.

(i) Co-Cu(100). In Fig. 1 we show the evolution
of the peak-to-peak intensities of the ~~~„~„
(95 eV) and the L„~M»M~, (716 eV) Auger transi-
tions of Co and the )tfzM„~~, (105 eV) Auger tran-
sition of Cu as a function of the Co evaporation
doses. Also, the observed LEED patterns are
shown in this figure. The linear variation of the
Auger peak intensities for both the substrate and
the adsorbate indicates a two-dimensional layer-
by-layer growth of Co. The breaks in the other-
wise linear behavior occur at the same Co evapor-
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FEG. 1. I'eak-to-peak intensities (x 100) of Cu MIM45M45 (105 eV) Auger transition and Co MIM45M45 (95 eV) and

LII~M23M45 (716 eV) Auger transitions versus Co evaporation doses on Cu(100) surface. Intensities are normalized to
the initial value of the L ffg M45M45 (920 eV) Auger transition of Cu. In the upper half of the figure, from left to right,
LEED patterns (at 120 eU) correspond to clean Cu(100), one monolayer of clem. cobalt and one monolayer of cobalt on
a sulfur-contaminated Cu surface.
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ation doses for' both Co and Cu Auger peaks. Since
each break takes place after the same amount of
Co deposited, they indicate the completion of the
different Co layers, the first Co monolayer then
being reached at the first break. Also in Fig. 1,
we show the observed LEED patterns. Before any
Co evaporation, we observe the familiar (1 && 1)
pattern, corresponding to a clean, ordered Cu(100)
surface. After deposition of approximately one-
third of a Co monolayer, a stable c(2x 2) recon-
struction is observed which persists when several
Co layers are deposited. Finally, also in Fig. 1
we show the LEED pattern corresponding to a
P(2 x 2) reconstruction of the Co-Cu(100) system
which is stabilized by the presence of one-third of
a sulfur monolayer near the surface. The p(2 &&2)

LEED pattern was never observed when the sur-
face was clean.

(ii) Co-Cu(ill). We have followed the same pro-
cedure described above for the evaporation of Co
on a clean Cu(111) surface. In Fig. 2, we show the
evolution of the peak-to-peak intensities of the
Auger transitions of both Cu and Co. These curves
have been obtained using the four-grid LEED opt-
ics as a retarding field analyzer for the Auger

electrons; therefore the intensities cannot be di-
rectly compared with those in Fig. 1. The steep
background level on which these reported peak-to-
peak intensities are superimposed has not been
subtracted. The results shown in Fig. 2 indicate
that Co on top of Cu(111) behaves like Co on top
of a Cu(100) surface. The LEED pattern also
shown in Fig. 2 indicates that deposition of Co on
top of a Cu(111) surface does not induce any re-
construction. The analysis of the variation of the
LEED patterns (see Fig. 2) upon adsorption of Co
reveals a change from a threefold symmetry in a
clean Cu surface to a sixfold symmetry when Co
is deposited up to -8 layers. This seems to indi-
cate that Co grows on top of Cu(111) in the hcp
structure rather than in the fcc one.

From the above reported experimental results
we can conclude the following. (a) Co does not
diffuse into Cu at room temperature. %e can heat
the system up to 600 K until appreciable dissolu-
tion of Co occurs. (b) Co deposited on top of a
clean Cu(100) surface gives rise to a c(2&&2) re-
construction. (c) The fact that the stable c(2x 2)
LEED pattern in the Co-Cu(100) system is ob-
served from approximately one-third of a Co
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FIG. 2. Peak-to-peak intensities of Cu and Co Auger transitions as a function of Co evaporation doses on top of
Cu(111) surface. Intensities are referred to clean-Cu 920-eV Auger peak. LEED patterns, in the upper part of the
figure, correspond, from left to right, to a clean Cu(111) surface and to one monolayer of cobalt deposited on it.
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monolayer indicates that Co forms two-dimension-
al islands that grow to form a full monolayer.
From then on, the growth of Co is layer by layer
as the evolution of Auger peaks shows. (d) No re-
construction takes place on the Cu(111) surface
upon adsorption of Co. (e) On the Cu(111) face,
Co grows also layer by layer and, after several
layers, shows the sixfold symmetry, characteris-
tic of the hcp system.
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III. THEORETICAL MODEL

In order to elucidate which mechanism is re-
sponsible for the above-discussed reconstructions,
we have performed a detailed electronic-structure
calculation of the Co-Cu system in the case of one
monolayer of Co.

The calculation has been performed using a re-
alistic tight-binding Hamiltonian, which includes
five d orbitals, three p orbitals, and one s orbital
per atom and interactions between orbitals in
first- and second-nearest-neighbor atoms. The
interaction parameters for Cu have been fitted to
reproduce Burdick's bulk band-structure calcula-
tion. ' They also give a good description' of the Cu

electronic surface structure. The Hamiltonian
parameters for Co-Cu and Co-Co bonds have been
taken to be like those of the Cu-Cu bond, the dif-
ference between Co and Cu being then the energy
of the atomic orbitals.

To calculate the density of states of the Co-Cu
system, we first assume that the Co atoms at the
Co layer are at the hollow positions on top of the
.Cu surface, such that the Co-Cu bond length is
identical to the Cu-Cu bond length. Once the
structure and the Hamiltonian are fixed, we cal-
culate the local density of states at the various
layers of the system. The density of states is cal-
culated using the transfer matrix method. ' In
this method, the atomic wave functions in a layer
form a Bloch function with well defined k» (wave
vector parallel to the surface). In this basis, the
problem is reduced to a one-dimensional one for
each kgb This one-dimensional problem is solved
in real space using the transfer matrix technique,
which gives the Green's function, and from its
imaginary part the density of states is obtained.
Once the density of states is obtained for each key,
integration over the two-dimensional Brillouin
zone gives the density of states.

Results of our calculations for paramagnetic
Co in the Co-Cu(100) and Co-Cu(111) systems are
drawn in Figs. 3 and 4, respectively. The relative
positions. of the Co atomic orbital energies with
respect to those of Cu are fixed by requiring local
charge neutrality everywhere. The density of
states for the Co-Cu(100) and Co-Cu(111) surfaces
were obtained by sampling ten and six representa-
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FIG. 3. Electronic density of states for one unrecon-
structed paramagnetic monolayer of Co on top of a
Cu(100) surface. The heavy line represents the local
density of states at the Co layer, the broken line cor-
responds to the density of states at the underneath Cu
layer and the dotted line represents the density of states
of a Cu(100) free surface. The energies are referred
to the Fermi level and all the curves are normalized to
nine states per atom.
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FIG; 4. Electronic density of states for one paramag-
netic monolayer of Co deposited on topof a clean Cu(111)
surface. The heavy line represents the local density
of states at the Co layer and the broken line represents
the density of states at the underneath Cu layer.

tive points in the two-dimensional Brillouin zone,
respectively. In both Figs. 3 and 4, we see that
the d bands of Cu and Co are -3 eV apart; in other
words, the interaction between the d orbitals in the
Cu substrate and the Co overlayer is rather weak.
This is due to the fact that the d orbital energy of
Co is 3 eV higher than the corresponding energy
of Cu, as local charge neutrality requires. In
Fig. 3, we have also drawn the density of states
at a free Cu(100) surface. We see immediately
in this figure that the effect of the Co layer on the
Cu d sites is rather weak. In fact the density
of d states at the Co layer in the systems Co-
Cu(100) and Co-Cu(111) is very similar to a two-
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dimensional single layer of Co.
In order to see if our calculation gives a good

description of the Co-Cu system, we have per-
formed an ultraviolet photoemission measurement
(the resolution in energy at the Fermi level being~= 0.3 eV) of the Co-Cu(100) system for various
Co coverages. Our experimental results, along
with theicalculated densities of states, are drawn
in Fig. 5. We see that there is a fairly good agree-
ment between theory and experiment, Both give
an important Co-associated increase of states near
the Fermi level. The difference spectrum between
8 =1 and 0, Fig. 5(b), indicates that the energy
difference between the d bands of Cu and Co is
about 2 eV. The discrepancy between theory and
experiments near E~ might be due to the fact that
the calculation is for a paramagnetic unrecon-
structed Co overlayer (see below).

From the experimental results discussed above
and in the preceding section, we can conclude
that one layer of Co in the Co-Cu system behaves
essentially like a two-dimensional transition
metal. In a system like this, CDW instabilities
are likely to take place as in layer compounds.

In order to investigate whether the reconstruc-
tions found in the Co-Cu(100) system are due to a
CDW, we have first calculated the electronic

(a) (b) M

states of a two-dimensional simple cubic lattice
of Co for the Hamiltonian described above. Con-
stant-energy contours for the bands with dominant
d character are drawn in Fig. 6. In this figure,
we notice that if the Fermi level were near the
constant-energy contour label 9, we would get a
nesting'0 of the Fermi lirie [see Fig. 6(c}]and then
a CDW compatible with the p(2 x 2) reconstruction.
On the other hand, we see in Fig. 6(d) that the
nesting of the Fermi line would give rise to a
c(2x2) reconstruction. Also pockets of electrons
between the points I' and K of the Brillouin zone
[see Fig. 6(e}jwould give rise to CDW's (Ref. 11)
compatible with both the p(2 x 2) and the c(2x 2)
reconstructions.

The existence of dispersionless constant-energy
contours may be due to the strict two-dimension-
ality of our cal.culation. In order to see whether
this is so, we have analyzed the full Co-Cu(100)
system. In this case, we cannot draw constant-

A5
L
O

1-
(0

hl

Z

8 =2.0

8=i.o

8=o.s

-CLEAN Cu

(c) M 9 8 9 8 K

iM/

L

, 7nWS 7(7n
(e) M 15 13 13 16 K

20
18

14

12 II 0 13

(b)

-9
ENERGY (eV)
-6

I I' I

14

FIG. 5. (a) Heavy lines: ultraviolet photoemission
spectra (h v =21.2 eV) of the Co-Cu(100) system for dif-
ferent Co coverages (indicated by 6). Dotted line: theo-
retical calculation of the electronic density of states.
(b) Difference spectrum (x 1) between the spectrum cor-
responding to one monolayer of Co (8 =1) and that cor-
responding to the clean Cu(100) surface.

FIG. 6. Contours of constant energy .for the five d
bands of Co in a two-dimensional simple square lattice.
The arrows indicate increasing energies. The energy
difference between two adjacent constant-energy con-
tours is 0.07 eV except in the two top panels where it is
0.14 eV.
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FIG. 7. Densities of state at the Co layer for the
unreconstructed paramagnetic Co-Cu(100) system for
different 0 points in the two-dimensional Brillouin zone,
(a) Density-of-state curves along MH. (b} Density of
state curves along HF . The energy scale is as in Fig.
3.

energy contours since the d levels of Co hybridize
with the s-p bands of Cu (see Fig. 3). We have
calculated then the Co-layer local density of states
along several directions in the two-dimensional
Brillouin zone. Results of our calculations are
drawn in Fig. 7.

In Fig. V(a), we show the densities of states
along the line JI/I-H in the Brillouin zone. We ob-
serve a peak in the density of states at -0.4 eV be-
low the paramagnetic Fermi level (origin of ener-
gies in the figure), whose position is independent
of Pyy This is related indeed to the dispersionless
constant-energy contour in Fig. 6(d). On the other
hand, we observe in Fig. 7(b) a peak in the density
of states at --0.6 eV, whose position does not
change along the line II-I': It is related to the
dispersionless constant-energy contour in Fig.
6(c). We believe that this behavior is independent
of the Hamiltonian and is due to the symmetry of
the problem. If we consider the Co orbital d

(z being the normal to the surface) it can be seen
that the only intralayer d-d interaction allowed

by symmetry is the d -d interaction, which
would give the following dispersion relation if
hybridization is neglected,

E =2 V (cosh„v/a+ cosh, m/a),

where V is the nearest-neighbor d -d interac-
tion and a is the lattice constant. Equation (1)gives

a dispersionless band along the line M-M as in
Figs. 6(d) and 7(a).

Qn the other hand, it can easily be seen that
Co d„,and d„orbitals give rise to essentially
one-dimensional bands along k„and k„respec-
tively, then being responsible for the dispersion-
less bands in Figs. 6(c) and 7(b).

As we can see in Fig. 7, the "dispersionless
peaks" are 0.4 and 0.6 eV below the paramagnetic
Fermi level, respectively. If Co is paramagnetic,
these peaks are too far from the Fermi level to
give rise to a Peierls distortion. In our calcula-
tion, there are two electrons per Co atom between
0 and -0.4 eV; then although it is difficult to fix
the position of the Fermi level very accurately,
we believe that if Co is paramagnetic, by no
means can the Fermi level be at the energy of the
"dispersionless peaks. "

So far we have assumed that Co is paramagnetic.
The Stoner condition for ferromagnetism is

(2)

where U is the Hubbard" electron-electron inter-
action and p(Ez) is the paramagnetic density of
states at the Fermi level.

Condition (2) is satisfied for both the Co-Cu(100)
and Co-Cu(111) systems, since p(E~) is approxi-
mately 2.5 states/eV and U is of the order of 1
eV. We then expect Co to be ferromagnetic in the
Co- Cu system. Anomalous Hall-effect measure-
ments" indicate that a monolayer of Co absorbed
on a nonmagnetic amorphous substrate is ferro-
magnetic at low temperatures.

We have taken then Co to be ferromagnetic,
with the same magnetization' as bulk {o
(nt =5.28 and nk =3.72) and assume a rigid-ex-
change-band approximation. In this case, the
minority-spin Fermi level lies at -0.4 eV below
the paramagnetic Fermi level where the "dis-
persionless peak" compatible with the c{2X2) re-
construction appears Isee Fig. 7(a)]. This result
is also in agreement with directional photoemis-
sion data" for bulk Co, which give an exchange
splitting in the range 0.8-1.1 eV. Our calculation
indicates than that the c(2x 2) reconstruction in
the Co-Cu(100) system is a ferromagnetic induced
charge-density wave. The model is also consistent
with the experimental result concerning the
p(2 x 2) reconstruction of the Co-Cu(100) system.
Electron-acceptor impurities, such as S, can
lower the Fermi level to meet the nesting condi-
tion compatible with the p(2 x 2) reconstruction,
i.e., the "dispersionless peak" in Fig. 7(b).

It should be pointed out that we have also made
the same analysis for the Co-Cu(111) system. We
have found no dispersionless constant-energy con-
tours in agreement with our experimental results
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indicating no reconstruction of this surface.
The coexistence of ferromagnetism and CDW's

has been discussed by Balseiro et al." They have
solved a Hamiltonian of the form

n = l.6
'III

~~ F+ CDW+ SDW

H=g E CtC~+ +Su& btb +Up n&i nn 2 —CDW
n =l.5

F+ CDW+ SDW

+ g gg(q)Ct. ,C,(b,+ bt,), 0

\
2

n= I. 25

where E„is given by (1), C~ (C„)is the electron
creation (annihilation) operator, b, (b,) is the
phonon creation (annihilation) operator, g(q) is
the electron-phonon interaction, and the second
term of (3) gives the elastic energy. The Hartree-
Fock solution of (3) gives the phase diagram" of
Fig. 8. This result indicates the possibility of the
coexistence of ferromagnetism and CDW's. The
results of Ref. 16 indicate that the important con-
dition to get the CDW instability is the existence
of constant-energy contours, the position of the
Fermi level being less important since ferro-
magnetism repopulates the spin subbands such
that one of them'meets the nesting condition lower-
ing the energy of the system.

W
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FIG. 8. Phase diagram (see Ref. 16) for different oc-
cupation numbers n. 8' is the bandwidth and A is pro-
portional to the elastic energy divided by the electron-
phonon matrix element squared. In general, for n & 1
the CDW and the magnetic order interface in a construc-
tive way {see reference for details).

IV. THE ADSORPTION OF OXYGEN
IN THE Co-Cu(100) SYSTEM

In order to study the reactivity of the recon-
structed layer of Co and the influence of the state
of aggregation in the chemical reactivity of Co,
we have studied the adsorption of a simple mole-
cule such as 0, on the clean Cu(100) surface, and
on Cu(100) surfaces with submonolayer and mono-

layer amounts of Co deposited.
The oxygen was admitted into the chamber

through a leak valve and the exposure was cal-
culated from the corrected ion-gauge reading.
The intensity of the oxygen KLL Auger transition
at 512 eV was recorded as a function of the oxygen
exposure. Results for various Co coverages (given
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FIG. 9. Peak-to-peak intensity of the oxygen KLL

Auger transition versus oxygen exposure for different
Co coverages on the Co-Cu(100) system. The intensi-
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ties are normalized to the initial clean Cu920 peak value.
The oxygen partial pressure i.s 2x 10 8 Torr and the ex-
posure i.s given in langmui, rs (1 L =10 ~ Torr sec).
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by 8) and for clean Cu(100) are shown in Fig. 9.
It should be noted that the oxygen peak intensities
are normalized to the initial value of the intensity
of the Cu I„,M„M», (920 eV) Auger transition.

The adsorption of oxygen on clean Cu(100) pro-
ceeds slowly with an initial sticking coefficient
s p 0 04 . This value is in good agreement with
previous results obtained by other groups. " The
oxygen adsorption gives rise to a c(2x 2) LEED
pattern for oxygen exposures much higher than that
shown in the figure. The saturation value of
0»,/Cu», is 0.22, which should correspond to 0.5

monolayer of oxygen if the c(2x2) structure
covers the whole surface.

%'e will discuss separately the Co submonolayer
regime and the multilayer regime.

(i) Several Co monolayers (8&Z). For Co cover-
ages greater than one monolayer (8 =1), we first
notice that the oxygen adsorption does not depend
on the Co coverages. In fact, the curves for
6I = 1.3q 3.0y and 8 monolayers call be superim-
posed. Also, the oxygen adsorption on the re-
constructed monolayer of Co on top of Cu(100)
behaves essentially like the oxygen adsorption
on the two single-crystal Co surfaces that have
been studied [Co(0001) (Ref. 18) and Co(100) (Ref.
19)].

The chemisorption of oxygen takes place in
these surfaces with high initial sticking coefficient
(so=0.8). The adsorption curve in Fig. 9 in-

creases rapidly up to a value of 0», /Cu„,=0.22
for approximately 4 langmuirs. This is followed
by a plateau extending up to about 12 langmuirs,
which corresponds to the formation of the chemi-
sorbed layer.

The LEED pattern does not change during the
chemisorption process; it remains c(2x2) as in
the clean reconstructed Co monolayer. So far,
no I-V profiles have been measured. Therefore
nothing can be said about the atomic structure of
both c(2x2) reconstructed surfaces The. oxygen-
induced c(2X 2) LEED pattern has also been ob-
served on Co(100)."

The chemisorption stage is followed by the nu-

cleation and growth of a surface oxide layer which
corresponds to the slow increase in the oxygen
signal that can be seen in Fig. 9, from approxi-
mately 12 langmuirs. The initial oxidation stage
is very similar for different Co coverages. The
saturation values for complete oxidation depend
on the thickness of the Co film, as can be seen
in Fig. 10. The saturation values for 8-8-10 are
already similar to those of single-crystal Co
surfaces. "' They correspond to a "surface ox-
ide" between two and three layers in width, as
has also been observed in Ni(100)." The lower
saturation value rached for 8 =1.3 corresponds
to 1.3 monolayers of stoichiometric CoO, as can
be easily deduced from our data.

(ii) Submonolayer regime (8&Z). In the Co sub-
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FIG. 10. Intensity of the oxygen KLL Auger peak referred to the intensity of the initial Cu92O peak as a function of oxy-
gen exposure. The oxygen partial pressure is lx10 Torr.
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FIG. 11. Ultraviolet difference photoemission spectrum
(hv=21.2 eV) for 6 L of oxygen chemisorbed on a submono-
layer (8 =0.4) cobalt-covered surface.

monolayer regime (8 &1), the initial stage (see
Fig. 9) is different from that observed for 8 &1.
Here the overall uptake of oxygen proceeds at a
slower rate. It saturates at oxygen exposures ex-
ceeding the range shown in Fig. 9. The firial value
of the ratio 0», /Cu», is 0.22, independent of the
value of 8 provided this is less than 1.

The observed behavior, e.g. , the initial sticking
coefficient, for a given Co coverage can be easily
explained as a linear combination of the curves
corresponding to 8 =0 and 1, with coefficients
equal to the fraction of Co and Cu exposed sur-
faces. The system can be thought of as composed
of a certain part of the surface covered by Co
islands, the rest of the surface being clean Cu.
The oxygen adsorption takes place on the Co
islands with the same kinetic characteristics as
in a full monolayer of Co.

Ultraviolet photoemission studies have also been
carried out for the oxygen chemisorption on dif-
ferent Co layer thicknesses, looking for changes
in the oxygen-cobalt bonding. The results, in the
form of a difference spectrum for 6 langmuirs
of oxygen chemisorbed on the surface covered with
8 =0.4 monol. ayers, are drawn in Fig. 11. The
spectrum shows two peaks at 2 and 6 eV below the
Fermi level, which are common to the oxygen
adsorption in a number of chemisorbed and oxi-
dized metals. " We see no relevant changes in the
binding when going from below the cobalt mono-
layer to various layers.

We can thus conclude that, as far as the inter-
action with oxygen is concerned, there are no
significant differences in the chemical reactivity
when changing the state of aggregation of cobalt.
This indicates that the interaction between cobalt
and oxygen is basically an atomic process. The
adsorption characteristics of oxygen in this sys-
tem, i.e., initial sticking coefficient, chemisorbed

layer and subsequent oxide formation, bonding to
the C o, etc. , can be explained on the basis of
the known behavior of Co(100) and Cu(100) cyrs-
tals.

V. CONCLUDING REMARKS

The work we have discussed above can be sum-
marized in the following points.

(i) Co does not diffuse into Cu at room tempera-
ture. This gives rise to an essentially two-dimen-
sional transition metal where instabilities are
likely to take place. The Co-Cu system is rather
unique since other transition metals diffuse into
bulk Cu at room temperature.

(ii) Cobalt grows on top of Cu, forming two-
dimensional islands until the completion of the
first monolayer. From then on, the growth of Co
is layer by layer.

(iii) The Co-Cu(100) system shows a c(2x2) re-
construction upon adsorption of a fraction of a Co
monolayer and persists when several layers of Co
are deposited. The Co-Cu(ill) system shows no
reconstruction, the Co growing to form an hcp
structure.

(iv) Ultraviolet photoemission spectra taken for
various Co coverages in the Co-Cu(100) system,
are in good agreement with calcul. ated densities
of states for the same system. These results in-
dicate that the interaction between the d orbitals
of Co and Cu is rather weak.

(v) The Stoner condition for ferromagnetism is
satisfied in both Co-Cu(100) and Co-Cu(111) sys-
tems, indicating that a single layer of Co can be
ferromagnetic in agreement with anomalous Hall-
effect measurements. "

(vi) A detailed calculation of the electronic
structure of the Co-Cu(100) system indicates the
existence of a nesting of the minority-spin Fermi
surface which indicates that the c(2x 2) recon-
struction of the Co-Cu(100) system is due to a
ferromagnetic- induced char ge-density wave.

(vii) Our study of adsorption of 0, in the Co-
Cu(100) system indicates that the reactivity of Co
is scarcely affected by its state of aggregation
as far as oxygen is concerned.
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