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Surface and interface properties for the Cu/W(110) system and their efFect on oxygen adsorption
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The results of angle-resolved ultraviolet photoemission measurements and electronic-structure calcu-
lations are presented for Cu adsorbed on the W(110) surface. Data as a function of Cu coverage suggest
the existence of sets of surface and interface states resulting from the Cu-W interaction. Calculations
corroborate this suggestion and identify the surface and interface character and orbital symmetries of
the states. Near the zone boundary along the I -H symmetry line, these states lie in gaps in the projected
bulk band structure for the W(110) surface and are localized either within the Cu overlayer (surface
states) or shared between the Cu and first W layer (interface states). Reasonable agreement is obtained
between experiment and theory. We also performed low-energy electron difFraction and measured the
behavior of the surface and interface states with 02 coverage. We conclude that the enhancement of the

02 dissociative sticking coefficient for the 1-monolayer Cu film results from an increase in the
precursor-state accommodation coupled with the ability of Cu to displace easily giving 02 continued ac-
cess to the more active W surface.

I. INTRODUCTION

The unique chemical behavior associated with a metal
monolayer (ML) adsorbed on the surface of a differe tn
metal has attracted considerable recent attention from
the surface science community. ' Nevertheless, few exam-
ples exist where this unique behavior has been directly re-
lated to the fundamental structural, electronic, or
mechanical properties of the bimetallic surface. Consider
the recent series of papers by Gomer and co-workers con-
cerning the interaction of Oz with the Cu/W(110) bime-
tallic system. These authors find that the precursor-
mediated dissociative sticking coeScient for low-
coverage 02 has values of approximately 0.5 for the clean
surface, 1.0 for 1 ML Cu/W(110), and 0.5 for the second
Cu ML. Further reductions are found for thicker Cu
overlayers, and the clean Cu(111) value has been mea-
sured to be about 10

To understand the origin of the unusual behavior of
the 1-ML case, Gomer et al. both investigated its elec-
tronic properties by angle-integrated uv photoemission
and analyzed the competition between the Cu and W for
0 bonding. Although subtle differences are noted be-
tween the 1- and 2-ML photoemission results, these au-
thors find no obvious source of the unit-sticking
coefticient for 1 ML Cu.

Close inspection of the Cu-coverage dependence of the
photoemission data of Gomer et al. reveals evidence for
the formation of interface states similar to those reported
for growth of Cu and Ni on Ru(0001). ' In order to ex-
plore whether these states might be responsible for the
unique 1 ML Cu/W(110) 02 chemistry, we report here
the results of a detailed study of the electronic proper-
ties of the Cu/W(110) bimetallic system. We identify
the states that show the angle-resolved ultraviolet photo-

emission (ARUPS) fingerprint for surface and interface-
state behavior, map their dispersion along a selected sym-
metry line in the surface Brillouin zone (SBZ), and com-
pare the results to surface electronic-structure calcula-
tions using the linearized augmented-plane-wave (LAPW)
method. We find several localized Cu-W interface states
and Cu surface states in the region near the zone bound-
ary at H. Agreement between experiment and theory is
demonstrated, which allows the degree of surface or in-
terface localization and the orbital makeup of these states
to be identified.

We probe the possible role of the surface and interface
states in 02 dissociation by observing the changes in these
states as 02 is chemisorbed. We find that all surface-
localized states are rapidly "poisoned" by adsorbed O. In
other words, the surface states decrease in amplitude
while the bonding-antibonding combination of interface
states decreases in amplitude and then separates, moving
the antibonding component toward the Fermi level. Us-
ing LEED, we find that 0 chemisorption results in some
surface rearrangement as indicated by the appearance of
outboard satellites along the [1TO] direction. We suggest
that the unique increase in the 02 dissociative sticking
coefficient observed for the 1 ML Cu/W(110) system re-
sults from better energy transfer from the Oz to the
lighter Cu surface atoms coupled with the ability of the
Cu atoms to displace. This displacement allows 02 con-
tinued access to the more active W surface.

II. EXPERIMENTAL AND THEORETICAL
TECHNIQUES

A. Experimental techniques

The W(110) surface was cleaned by the well-established
procedure involving heat treatment in 02 followed by a
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vacuum anneal. The O2 exposures were done in a back-
ground pressure of 2X10 Torr at 2000 K for 4 min
with the sample heated from the back by electron bom-
bardment. This procedure was usually done at the end of
the day to allow the vacuum system to recover. Vacuum
annealing consisted of e-beam heating the sample to 2300
K for 30 sec. Sample heating to temperatures less than
1600 K was accomplished by passing current through
two 0.5-mm W rods approximately 10 mm in length,
which were spot welded to the back of the crystal. Sam-
ple cleanliness was monitored by Auger electron spec-
troscopy.

Cu was evaporated onto the W(110) surface from
high-purity Cu in a resistively heated, commercial W-
wire basket. The Cu source was "broken in" by melting
the Cu such as to wet the basket followed by an extensive
bake at 1100 K. Following this procedure, no contam-
inants could be detected as a result of Cu deposition. The
rate of deposition was controlled by varying the voltage
across the basket and was monitored by a line-of-sight
UTI 100C quadrupole mass spectrometer. The Cu cover-
ages were established by temperature-programmed
desorption (TPD). All the data presented here involved
films that were deposited at 90 K and annealed to 600 K.

ARUPS energy distributions were measured using a
Vacuum Generators ADES-400 system with an unpolar-
ized He-discharge lamp. The energy resolution of the
electron analyzer was approximately 0.1 eV and the an-
gular acceptance was about +1'. For most of the work
reported here, the HeI photons (h v=21.2 eV) impinged
on the sample surface at an incident angle of 10 and the
photoelectrons were detected at various polar angles cor-
responding to k~~ values along the I -H symmetry line in
the SBZ. The azimuthal detection angle to establish this
SBZ symmetry orientation was established by low-energy
electron diffraction (LEED).

B. Theoretical technique

performed for Cu atoms at long bridge, short bridge, and
pseudothreefold adsorption sites as illustrated schemati-
cally in Fig. 1. The lowest energy corresponds to the
long-bridge site, with the Cu nuclei at a height of 3.77
bohr above the outer layer of W nuclei. It is for this
geometry that we report energy-level dispersions below.
The calculations were semirelativistic, ' and represented
the effects of exchange and correlation with the local
density-functional exchange-correlation potential" based
on the Wigner interpolation formula. ' Further details
can be found in Ref. 13.

III. RESULTS

1 ML Cu/W(110) (b) k„
"P-A
- 1.0

- 0.5

As has been discussed earlier, an experimental finger-
print of electronic states that are localized at the inter-
face is an ARUPS feature whose intensity rises monotoni-
cally with overlayer coverage up to 1 ML and then
remains constant relative to substrate emission with fur-
ther deposition. In order to select possible candidates, we
begin by identifying Cu-derived features in the
ARUPS energy-distribution curves (EDC's). Figure 2
shows a series of such curves taken at intervals along the
I -H symmetry line in the SBZ for both the clean and the
1 ML Cu/W(110) surfaces. These EDC's are given in
terms of their k~~ values relative to that corresponding to
the zone boundary at H, i.e., the value zero represents k~~

The surface electronic-structure calculations utilized
the LAPW method' modeling the 1 ML Cu/W(110) ad-
sorption system as a five-layer W slab with pseudomorph-
ic Cu adlayers on the exposed (110) surfaces. The W
atoms of the slab were placed at bulk W positions. In the
absence of actual structural measurements for the pseu-
domorphic Cu overlayer, total-energy calculations were
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FIG. 1. A schematic representation of the (110) surface of a
bcc lattice showing adsorbate atoms in the long-bridge or nor-
mal bcc site (i), one of the pseudo-threefold sites (ii), and in the
short-bridge site (iii).

ELECTRON BINDING ENERGY (eV)

FIG. 2. He I ARUPS energy-distribution curves as a function
of position in the SBZ along the I -H symmetry line, where

k~~ /k~ H refers to the ratio of the k
~~

value relative to its value at
the H zone boundary, for a clean W(110) and (b) 1 ML
Cu/W(110). The intensities for the clean W(110) results have
been expanded by a factor of 2. The horizontal arrow (b)
identifies the 0.82k-„~data.
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=0 or the I point, while 1.0 represents the k~~ value at H.
Figures 2(a) and 2(b) show that significant changes in

the clean W spectrum results from the addition of the Cu.
A major double-peaked feature can be seen near k~~=0
centered at a binding energy near —3.0 ev. This struc-
ture rapidly decreases in intensity as the midzone is ap-
proached and appears to enhance the intensities of the
dispersing clean-surface features seen beyond the mid-
point. Dispersing structures at low binding energies can
also be seen that appear to cross the Fermi energy near
the H point. Further insight into the properties of these
various states can be obtained by studying their behavior
with respect to Cu coverage.

Figure 3 shows ARUPS EDC's corresponding to
k~~

=0.82k& H, as function of Cu coverage. The same k~~

for 1-ML coverage is indicated in Fig. 2(b} by an arrow.
In order to make the interfacial nature of the various
structures stand out, it is useful to normalize the EDC's
relative to emission from the clean W surface. This can
be done because Cu emission near the Fermi edge is
negligible. Thus, the data presented in Fig. 3 are normal-
ized to have the same Fermi-edge intensity.

From Fig. 3, the three main structures can be seen to
grow monotonically above the W substrate contribution
with Cu coverage. At this kII, the broad feature (possibly
consisting of two separate peaks) just below the Fermi
edge has an average binding energy (BE) of approximate-
ly —0.25 eV, a sharp intermediate peak appears at
—2. 12 eV, and the third broad feature lies near —3.5 eV.
In going past the 1-ML Cu coverage (1.2 ML for the dis-
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FICJ. 3. Her ARUPS results at the 0.82k& 0 point in the SBZ
as a function of Cu coverage. The displaced curve is for a Cu
coverage of 1.2 ML and shows the appearance of a new feature
for the Cu in excess of 1 ML marked by the horizontal arrow.
The vertical solid arrows show the interface-state position and
the dotted arrows the surface-state position predicted by the
calculations.

placed curve of Fig. 3},another feature grows in at a BE
of about —3.0 eV while the other structures slightly de-
crease in intensity. Throughout the growth of the second
ML (not shown in Fig. 3), it is found that —0.25 and
—2.12 eV features slowly diminish in intensity while the
structure at —3.5 eV remains virtually constant in inten-
sity. The structure at about —3.0 eV continues to
strengthen. This overall behavior is strongly suggestive
of the existence of interface states that can be verified by
calculations on the clean and 1-ML Cu systems.

In the calculations, we examine the wave functions,
searching for those whose values are significant only in
the outer two layers on either side of the seven-layer film.
States which have appreciable values for both of the
outer two layers (i.e., which are shared between the Cu's
and the outermost W's) are referred to as interface states,
while those which are appreciable only on the Cu over-
layer itself are Cu surface states. As a criterion for sin-
gling out such states, we look for levels for which the
probability of finding an electron in two outermost muSn
tins on either side of the film relative to the sum over all
muSn tins exceeds 80%. The set of states fitting this cri-
terion near 0.82k& H is shown in Fig. 3 by the arrows
with solid lines representing states with interface charac-
ter and dotted ones showing those that are principally Cu
surface states. As can be seen, the agreement is reason-
ably good except for the predicted levels at about —1.5
and —2.60 eV, which essentially bracket the observed
peak near —2.12 eV.

A more complete description of the surface or interface
states fitting our criterion at 0.83k& H is given in Table I.
Here we list the binding energies, the relative surface or
interface localization, and the relative symmetry charac-
ter for each state. Each of the states listed in Table I ap-
pears in the calculation as a pair of levels split in BE by a
few hundredths of an eV or less. This splitting is indica-
tive of the magnitude of the interference effects resulting
from the use of a slab model of only a few layers in thick-
ness. In Table I, the values listed represent the average
BE for these split states.

We can also follow the behavior of these various states
along the I -H symmetry line in the SBZ and compare
with the experimental results. This comparison is shown
in Fig. 4 for 13 points in the SBZ between I and H. We
note first from Table I that the calculations predict six
closely spaced pairs of states at 0.83k& H, which have the
surface and interface character discussed above —these
states are indicated by the solid circles on Fig. 4. The
first state, which has interface character (i.e., is localized
on the Cu and outermost W layers), has a binding energy
of —0.18 eV at 0.83k&H and crosses the Fermi level

close to the zone boundary. This state loses its localiza-
tion near the zone center at a binding energy of approxi-
mately —0.7 eV. The symmetry of this state is predicted
to be a mixture of d~ and d6. Another state is predicted
at a binding energy of —1.57 eV at the 0.83k& H point
with a principally der symmetry. This state disperses to
higher binding energies in going toward I and splits near
H. States having interface character are also predicted at
binding energies near —3.1 and —4.05 eV dispersing to
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Binding'
energy (eV)

TABLE Ie Oe 83k' 8 o

Surface or interface
character (%)

Cu-site symmetry'
character (%%uo)

—0.18
—1.57
—2.61
—2.88
—3.10
—4.05

Cu+W'o'
99
97
94
93
81
88

CU

40
74
93
91
65
58

W(o)

60
26

7
9

35
42

80

36
17

d~
58
10
30
35
64
65

d5
42
10
70
65

'Binding energies are referenced to Ef and are rounded to three significant figures.
Muffin-tin electron densities for both Cu and outer-W-layer muffin tins (W' ') have been normalized to

the sum of contributions from all layer muffin tins.
'These numbers were obtained by integrating ~gi ~' in each muffin tin and expressing the result as a
percentage of g, f ~P, ~i for all muffin tins.
do. refers to orbitals with d z 2 symmetry characterization, while d~ refers to d„,and dy„and d5

refers tod„y and d 2x —y

lower binding toward the zone boundary. The first of
these states also has mixed d~ and d 5 symmetry, while
the second has a significant additional do component. In
analogy with our findings for the 1ML Cu/Ru(0001) sys-
tem, the interface states appear as two sets of bonding-
antibonding pairs resulting from the strong Cu-W d-state
hybridization. Finally, two states are predicted with
binding energies centered at near —2.5 eV, which are
highly loca1ized on the Cu overlayer, i.e., Cu surface
states. These states are predicted to disperse to lower
binding energies near H and have mixed d m and d 5 sym-
metries.

The dispersion behavior of those experimental features,
which have enough contrast to be definitively identified,
is shown in Fig. 4 as solid lines. Here we see a reasonable
agreement between calculations and experiment for both

of the interface states, although the experiment indicates
two states instead of one for the antibonding combination
near the Fermi level. However, the agreement for the Cu
surface states and the interface state at —1.57 eV is con-
siderably less satisfying. Only one state can be clearly
identified in this binding-energy region, and it disappears
prior to reaching H. In contrast, the calculations show
the maximum degree of surface localization at the H
point implying that these states should be seen with
highest intensity at the zone boundary.

With respect to the possibility of an electronic effect in
the adsorption of 0 on 1 ML Cu/W(110), we show in Fig.
5 ARUPS results for 1.1 ML Cu/W(110) as a function of
02 exposure. The top curve is similar to that shown for a
slightly higher coverage in Fig. 3, i.e., the shoulder near
—3.0 eV is not as strong as for the 1.2-ML coverage case

0.0a
LLJ

a
C)
R
Cl

—5.0

UJ

1 ML Cu/W(110)
o 0

o
S

8
o

0

0 o

8

0

o 0
0

0
00

o o o o o o o
o 0 0

o o

0
8 o o o o 0

0 o o o

I I g
I

g

IS

~I SS

(is
Vl
R
LJJ

LU)
UJ
lK

1.1 MI Cu/W(110}

8 ~4 r-R

\

~ gt
, 1

'1 ~

\ ~

l.

t g I.

0 Exp. —L
2

.00
.03
.06
.17
2.2
Clean W

—10.0
40 60 80 100

(BRILLOUIN-ZONE POSITION)/kp p (/o)

FIG. 4. A direct comparison of the calculated behavior of
the surface and interface states along the I -H line, measured as
a percentage of the k

l~

value at the H zone boundary, for 1 ML
Cu/W(110). Open circles indicate the positions of the various
states making up the band structure, while the solid circles
show those states which have relative surface or interface locali-
zations greater than 80%. The horizontal arrows to the right
give the surface or interface character of the predicted states.
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FIG. 5. The ARUPS results for (1.1 ML Cu)/W(110) taken at
the 0.82k-„H point as a function of O~ exposure. The solid

curve represents the clean W(110) result.
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of Fig. 3. As this surface is exposed to 02, several effects
are evident in Fig. 5. There is a dramatic decrease in the
intensity of all three of the major surface or interface
structures and this "poisoning" is very sensitive to 0 cov-
erage. It has been shown earlier that the initial sticking
coefficient for Oz on 1 ML Cu/W(110) is approximately
one. Therefore, the low-exposure values shown in the
data of Fig. 5 directly translate into coverage, i.e., 0.06
ML O results in more than a 50% decrease in the intensi-
ty of all surface or interface features. Low-02 exposures
simply reduce the intensity of the near-Fermi-edge struc-
ture, while the higher exposures appear to shift the
feature to lower binding energies such that it crosses the
Fermi level. A similar behavior can be seen for the
feature near —3.5 eV but the shift is in the opposite di-
fection. In contrast, the poisoning of the feature near
—2.0 eV is complete for the 2.2-L exposure (1 langmuir
= 1 X 10 6 Torr sec) with no appreciable shift in peak po-
sition. In addition, we see that the shoulder near —3.0
eV identified with the Cu in the second layer is not appre-
ciably affected by 0 adsorption.

Finally in Fig. 6, we show the effect of 0 adsorption on
the LEED pattern for two of the exposures of Fig. 5.
Figure 6(a) shows the results for the clean 1.0 ML
Cu/W(110) surface. Except for an increase in the bright-
ness of the spots, the pattern is identical to that seen for
the clean W(110) surface, indicating that the overlayer
growth is pseudomorphic. ' An 02 exposure of. 0.06 L re-
sults in the LEED pattern of Fig. 6(b), which indicates a
slight increase in the background intensity and the ap-
pearance of outboard-satellite spots in the [110] direc-
tion. Figure 6(c) shows the results of a 2.2-L Oz exposure
and is characterized by a slightly broadened and consid-
erably weaker set of (1X1) and satellite spots and a
significantly increased intensity in the background.

(a) (b)

[1101

= [001]

FICz. 6. LEED results for 0& interacting with 1 ML
Cu/W(110). (a) a (1 X 1) LEED pattern identical with that from
clean W(110) (except more intense); (b) the effect of a
0.06-L 0& exposure, (c) the patterns for a 2.2-L 02 exposure.

IV. DISCUSSION

In investigating the electronic properties of the
Cu/W(110) bimetallic system, we find behavior very simi-
lar to that first characterized for Cu/Ru(0001), although
the agreement between experiment and the calculations
illustrated in Fig. 4 is not as good as that found for either
the Cu/Ru(0001) or the Ni/Ru(0001) systems. The
overall agreement for the dispersion behavior is seen to
be good in Fig. 4, but significant discrepancies in the
binding-energy values are evident. Our present calcula-
tions predict the existence of two Cu surface states and
four interface states at the 0.83k& H point, while the ex-

perimental results show evidence for only one surface
state and the antibonding component of the interface
states appears as a doublet. In addition, the experimental
results show the intensity of the Cu surface state decreas-
ing near the H point, while the calculations indicate good
localization at that point. This discrepancy must be due
to a photoemission transition matrix element effect rather
than a discrepancy in the predicted degree of localization.
The binding-energy values are in good agreement for the
interface-state feature near the Fermi level, but
discrepancies of several tenths of an eV are seen for all
other features. This lack of detailed agreement is not
surprising, considering that our LAPW calculations do
not include spin-orbit coupling. For example, relativistic
effects account for level splittings of 0.5 to 1.0 eV in the
electronic structure W(001).'

We have no explanation for the results reported recent-
ly by Lilienkamp, Koziol, and Bauer, ' in which no evi-
dence was found for Cu/W(110) interface states. These
authors performed ARUPS principally along the I -H
and 1 -M symmetry lines and found "nothing comparable
(to the interface states reported in Ref. 6) at any thick-
ness, emission azimuth and angle. " It is difficult to com-
ment on this statement since the only coverage-
dependence data presented in Ref. 16 are for normal
emission where surface and interface-state behavior tend
to have the least contrast. However, even at this point in
the SBZ, we find the fingerprint of Cu/W(110) interface
states when we exercise sufhcient care.

Qualitatively, the conclusions drawn from the
experimental-theoretical comparison of Fig. 4 are similar
to those reached for the Cu/Ru(0001) system. There are
three sets of states resulting from Cu adsorption. There
are virtually pure Cu surface states, and there are bond-
ing and antibonding Cu-W interface states whose split-
ting is a measure of the degree of Cu 3d —W 4d hybridiza-
tion. In principle, this splitting would include contribu-
tions from both the hybridization interaction and the en-

ergy offset between the Cu3d band and the W4d one.
However, the W d bands split into an occupied manifold
whose centroid is close to that of the Cu 3d band, and an
unoccupied manifold well above the Fermi level (Ef for
W lies in a valley in the density of states, as is charac-
teristic of bcc crystals). Ignoring hybridization involving
the unoccupied manifold of W4d, the offset between the
interacting Cu and W d bands is small. Corresponding-
ly, the interface-state wave functions are evenly shared by
Cu and outer-layer W atoms, and the splitting of the
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bonding and antibonding levels can be attributed essen-
tially entirely to Cu-W hybridization. This is similar to
the situation for Cu/Ru, for which the Cu3d —Ru4d
band offset near the zone edge is also small, and less simi-
lar to the Ni/Ru case where the overlayer 3d bands lie
higher.

Near the point H in the SBZ, Fig. 3 indicates that the
bonding-antibonding splitting of the Cu-W interface
states is roughly 3.0 eV. For Cu/Ru(0001), the splitting
was 2.2 eV. Although some of this difference is due to
the fact that the Cu-W interface states are not quite as
"interfacial" (i.e., evenly shared between the Cu and
outermost W layers) as for Cu/Ru (Table I), ' the net
result is that the feature corresponding to the antibond-
ing combination of interface states is closer to the Fermi
energy for Cu/W ( ——0.5 eV) than for Cu/Ru ( ——l. 5
eV) at this point in the SBZ. States near the Fermi level
have more of a "frontier" character, ' and this, coupled
with their partial ~ symmetry, is what prompted our in-
vestigating the possibility of a chemical involvement of
the interface states.

In the W band structure there is a band gap that opens
up near the zone boundary along the symmetry line I -H.
A similar gap is seen for Ru and Cu' near K. From Fig.
4, we see that this gap for W is approximately 4 eV while
the calculated gaps for Ru and Cu are found to be about
2.3 (Ref. 7) and 1.6 (Ref. 19), respectively. The Cu-
substrate hybridization interaction is seen in Fig. 4 to
open up a similar gap in the bimetallic overlayer systems
near the zone boundary. However because this interac-
tion is smaller than for the substrate-substrate interac-
tion, the gap is narrower, which pulls the states out of the
bulk bands and isolates them as impuritylike states on the
outermost layers (i.e., interface states). As one moves
along the I -H line toward I, the gap narrows and the
surface or interface states become members of the bulk
bands (near the 0.60k r H point in Fig. 4) losing their sur-

face or interface localization and disappearing from the
photoemission spectra.

The zone-boundary gaps for bulk Cu, Ru, and W (1.6,
2.2, and 3.0 eV, respectively) scale approximately as the
d-band widths in these transition metals (3.0, 6.0, and 9.0
eV, respectively). ' Again, the bonding-antibonding split-
ting of the interface states, which is a measure of the
strength of the Cu-substrate hybridization interaction,
scales as 1.6, 2.2, and 3.0 eV for Cu/Cu, Cu/Ru, and
Cu/W, respectively.

With respect to the chemical nature of the Cu/W sur-
face, we see that, as a result of the strong Cu/W hybridi-
zation, the electronic properties of the Cu overlayer take
on a more W-like appearance. Indeed, the local Cu d
density of states has a small component that resides
above the Fermi level, which means that this layer is no
longer entirely noble in character. From an electronic
standpoint, Cu has taken on an appearance more like that
of Ni. These are, of course, greatly oversimplified char-
acterizations. However, it seems reasonable to expect
that the Cu overlayer on W(110) would have an altered
chemical behavior as compared to bulk Cu.

Characterizing the effect of Cu's altered electronic
makeup on surface chemical behavior is difficult because

of the presence of the more active W substrate. This
effect is dramatically illustrated by the 0/Cu/W(110)
work reported earlier by Gomer and coworkers. As
mentioned before, 1 ML of Cu facilitates the dissociative
sticking of 02 on the bimetallic surface, increasing the
sticking coefficient to a value near 1 from about 0.5 for
clean W(110) and increasing the saturation 0 coverage
from about —,

' to more than —,
' ML. However, 0 chem-

isorbed on overlayer Cu is a metastable situation since
the competition for the oxygen is strongly weighted to-
ward W. At temperatures just above 300 K this metasta-
bility manifests itself as a segregation of the Cu into 3D
islands interspersed with islands of chemisorbed 0 having
local 0 coverages near one, a coverage which is impossi-
ble to achieve simply by 02 exposures. This tendency for
Cu-atom displacement with 0 chemisorption is evident
even at low temperatures in the LEED results of Fig.
6(b).

The appearance of outboard satellites in the pattern of
low-coverage 0 chemisorbed on 1 ML Cu/W(110) is con-
sistent with the 0 producing a modulation in the Cu
overlayer lattice spacing along the [110]direction with a
superperiod of approximately 15 lattice spacings. The
displacements would be such as to result in a [110]lattice
spacing, which, on the average, is smaller than for the
pseudomorphic case. These regions are then separated
by misfit dislocations as seen, for example, for 2 ML of
Cu on the Ru(0001) surface. A similar situation is also
seen during growth of the second ML of Cu on the
W(110) surface where the Cu-Cu interaction is no longer
able to support the large interfacial strain caused by the
natural misfit between the W(110) pseudomorphic sites
and those of the closest-matched Cu(111) lattice. In both
cases, the situation is similar to that discussed by Novaco
and McTague ' for the periodic strains seen at strained
heterogeneous interfaces.

The fact that the periodic strains suggested by the
LEED pattern of Fig. 6(b), and shown schematically in
Fig. 7, are perpendicular to the direction of maximum
misfit strain —a pseudomorphic Cu(111) lattice is
strained by only about 2% in the [110]direction and by
almost 25%%uo in the [001] direction on the W(110)
surface —leads one to suspect that the Cu atoms move
more easily along the [110]direction than along [001].
In order to investigate this idea, we carried out total-
energy calculations corresponding to placement of the

[110]

FICs. 7. A schematic LEED pattern corresponding to the
data of Fig. 5(b). The outboard satellites indicate a superlattice
period of approximately 15 in the [110]direction.



45 SURFACE AND INTERFACE PROPERTIES FOR THE. . . 1817

pseudomorphic Cu overlayer lattice at various sites on
the W(110) surface. Figure 1 illustrates Cu adatoms at
the long-bridge site (i), (the normal next-layer bcc site) on
this surface, at one of the pseudothreefold sites (ii), and at
the short-bridge site (iii). The calculations indicate that
bonding at the first two of these sites is favored by rough-
ly 0.7 eV relative to the short bridge, while the long
bridge is favored over the pseudothreefold site by only
about 50 meV. Thus, the Cu adatoms are relatively free
to move along the [110] direction between the long
bridge and pseudothreefold sites, which implies that the
phonon properties for the Cu/W(110) bimetallic system
should be highly anisotropic.

The situation becomes less well defined for higher 0
coverages. Figure 6(c) shows the LEED pattern resulting
from a 2.2 L 02 exposure at 90 K. Under this condition,
the (1X1) and satellite spots have been broadened, and
there has been a considerable increase in the intensity of
the diffuse background. Clearly, high-coverage 0 causes
virtually a random disordering of the overlayer, and we
suggest that it is this disordering effect that is largely re-
sponsible for the poisoning of the surface and interface-
state intensities with 0 coverage that is illustrated in Fig.
5.

Using the above conclusions to make a statement on
the origin of the increase in dissociative sticking
coefficient for 02 on the 1 ML Cu/W(110) surface is a ri-
sky exercise. Our experiments involving 0 adsorption
only probe the system in its steady-state configuration
and, because the structures are unknown, calculations are
not presently possible even in this state. Dissociative
sticking is a multistep process of considerable complexity
that includes at least the accommodation into one or
more mobile precursor states —the search over the sur-
face for an "active" dissociation site and the dissociation
at this site into two chemisorbed 0 atoms. At this point,
it is not at all clear just which of these is rate limiting for
the overall process.

Lin, Sharnir, and Gomer suggest that the rate-limiting
step for 0 adsorption is the initial accommodation into
the mobile precursor state and that increased dissociative
sticking for the 1 ML Cu/W(110) is a consequence of the
existence of soft translational phonon modes for this case.
These authors state that there is some support for this
contention in that the LEED pattern for saturation 02
exposures is dramatically disturbed for the 1-ML case,
while little effect is seen for 2 ML. We have confirmed
the LEED results and show that the chemisorbed 0 on
the 1 ML Cu/W(110) causes some surface rearrangement
as evidenced by the appearance of outboard satellites
along the [110]direction. Our calculations show that Cu
displacement along this direction requires little energy.
We now discuss in a bjt more detail the possible conse-
quences of this behavior on 02 dissociative sticking.

As we mentioned above, dissociative sticking occurs in
at least two steps: first, initial accommodation into the
mobile precursor state and second, the dissocation into
chemisorbed 0 atoms. With respect to accommodation,
there are two important factors involved: (1) the mass of
the incoming molecule relative to the "effective" mass of
the surface atoms involved in the energy-loss process and

(2) the attractive interaction potential between the sur-
face and molecular species. According to the hard-cube
model of gas-surface interactions, for a low-temperature
surface and for molecules approaching the surface at nor-
mal incidence, accommodation will occur when the well
depth U of the interaction potential is greater than the
mean translational energy of the incident gas molecule u~
times the quantity (p —1) /4p, where p is the ratio of the
molecular mass to the "effective" mass of the surface in-
teraction.

The effective mass for the collision is determined by the
average range over which substrate atoms collectively
cooperate in the collisional-loss process. This range can
be approximated by the product of the velocity of sound
in the substrate material and the average time over which
the repulsive interaction takes place. It is this aspect of
the accommodation process that is related to the phonon
character of the substrate material. Everything else being
equal, the "softer" the phonon spectrum the smaller the
velocity of sound and the closer the effective mass value is
to the mass of a surface atom, i.e., the interaction looks
more ljke a bjnary colljsjon.

In analyzing the collisional behavior of Ar scattered off
a W surface (which is reasonably close to 02/W) an
effective mass value of 760 amu was obtained. Thus
from the relationship above, accommodation would re-
quire an attractive potential-well depth greater than ap-
proximately five times the incident molecular kinetic en-

ergy (again, assuming normal incidence). In contrast, as-
suming the same phonon properties, a Cu overlayer
would require a well depth of only about 1.5 times the in-
cident energy. If the phonon spectrum for the Cu over-
layer is softer than for W, this well-depth requirement
would be diminished further. From this crude analysis, it
seems clear that regardless of the details of the phonon
properties the Cu overlayer will act as a good
impedance-matching layer and increase the initial accom-
modation of 02 into the precursor state.

The second aspect of dissocative sticking is, of course,
the availability of sites which are reactive to the dissocia-
tion process. We have seen how the inclusion of a Cu
overlayer can increase the accommodation, and this pro-
cess can be anticipated to be about as effective for the
second Cu ML as the first. The second ML is found to
have an initial dissociative sticking coefficient of about
0.5. However, this value is only maintained to an 0 cov-
erage of about S%%uo, above which the value rapidly de-
creases approaching that for bulk Cu for 0 coverages
above about 15%. This behavior is probably more the
result of the presence of a small number of defects in the
2-ML Cu film rather than its unique chemical character.
It seems clear then that the 1-ML case has a unique
enhancement in reactivity for 02 dissocation from the
precursor state. This conclusion, along with our LEED
results and binding-site calculations, leads us to believe
that the origin of the 1-ML reactivity is the ability of Cu
atoms to displace in the presence of an 02 molecule and
increase the molecule's access to the active substrate.

The effect is illustrated in Fig. 8. Here we see that
moving neighboring Cu atoms to opposite pseudo-
threefold sites opens enough space for an 02 molecule to
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FIG. 8. A schematic representation of the fact that an 02
molecule can access the underlying W(110) surface if neighbor-
ing Cu atoms are moved into pseudo-threefold adsorption sites.
The W and Cu atomic radii correspond to their values for bulk
solids, i.e., 1.34 and 1.28 A, respectively, and the individual 02
atom radii are set to be as large as possible in order to contact
the displaced Cu. This procedure results in 0 radii of 0.67 A.

nestle between Cu atoms and gain access to the underly-
ing % surface. The 02 atomic radii in this figure have
been chosen to bring them in contact with the neighbor-
ing Cu atoms, which results in a value for the radius of
0.67 A. This compares with a tabulated value of 0.62 A
for the doubly bonded oxygen molecule. Thus, it seems
plausible that the 02 molecule could have an increased W
interaction as a result of the ability of surface Cu atoms
to move along the [110]direction.

The effects that we have just described depend both on
the fact that Cu is a smaller atom than W (giving it space
to-move in a pseudomorphic structure) and on the fact
that Cu is basica1ly a spherical atom. This means that Cu
does not have the same directional-bonding character as,
for example, W that would lock it into the bcc or long-
bridge surface site. This idea suggests an initial test of
our conclusions.

Re is the nearest neighbor to W on the right side of the
periodic table and is the first hcp-structured element on
this side of the 5d series. The overall 02 adsorption
chemistry of the Re(0001) surface should be similar to
that of W(110), i.e., reasonable precursor accommodation
and active dissociation kinetics, and we can anticipate
that 1 ML Cu would again promote precursor accommo-
dation. However, the close-packed Re(0001) surface
should inhibit Cu displacement and suppress the
enhanced dissociative sticking coefficient. Measurements
of sticking of Oz on Cu/Re(0001) should permit one to
delineate between an electronic effect, possibly due to the
intervention of surface and interface states, and effects
which result from unique overlayer mechanical or
structural properties. Of course, these electronic states
will be different than those found for the Cu/W system.
The authors are aware of no sticking coefficient measure-
ments for O~/Cu/Re(0001) in the literature.

V. CONCLUSIONS

The present studies of the electronic and structural
properties of the 1 ML Cu/W(110) bimetallic surface and
their behavior with respect to 0 chemisorption permit
the following conclusions to be drawn:

(1) Cu is confirmed to grow during the first ML in a
pseudomorphic structure with respect to the W(110) sur-

face. '

(2) Photoemission results, along with theoretical calcu-
lations, indicate that the 1 ML Cu/W(110) surface is elec-
tronically characterized by a set of surface and interface
states resulting from the strong Cu 3d —W 5d hybridiza-
tion interaction; the interaction strength being intermedi-
ate between that due to W-W and Cu-Cu. The antibond-
ing component of the bonding interaction results in states
which are shared between the Cu overlayer and the first
W layer and a small portion of these states appear above
the Fermi level near the zone boundary at H. Thus, qual-
itatively, the Cu layer is not noble like bulk Cu but has
properties more like those of a bulk Ni surface.

(3) The discrepancies that are seen in the comparison
of the experimental and theoretical results are attributed
to neglect of relativistic effects in our calculations for W,
which is known to give rise to significant errors. '

(4) Chemisorbed 0 rapidly poisons all of the surface
and interface states. The Cu surface state completely
disappears from the photoemission spectrum (at the
0.82kr H point in the SBZ) after an 02 exposure of 2.2 L
(a coverage of about 0.67 ML). The interface states are
not completely eliminated by this 02 exposure, and the
bonding-antibonding splitting increases at the higher cov-
erages.

(5) According to LEED, low coverages of 0 result in
outboard satellites along the [110]direction with a super-
period of about 15 lattice constants along the low-strain
[110]direction. This structure is consistent with the ex-
istence of Cu islands of modulated strain having an aver-
age lattice constant smaller than that for W(110) separat-
ed by misfit dislocations having an average separation of
—15 lattice constants. Higher coverages result in a
broadening of both the (1 X 1) and satellite spots, a de-
crease in their (1X1) intensities and an increase in the
diffuse background.

(6) We believe that these structural changes with 0
coverage are responsible for the poisoning of the surface
and interface states. From the behavior of the Cu surface
state with 0 coverage, we further suggest that the high-
coverage Cu overlayer has, on the average, a (1X1)
structure but that the relative separation of neighboring
sites is random over a spatial region around the average
lattice site. The spatial extent of this region depends sen-
sitively on the O coverage.

(7) We suggest further that the unique increase in the
02 dissociative sticking coeScient observed for the 1 ML
Cu/W(110) system results from the increased energy
transfer from 02 to the light Cu coupled with the ability
of the Cu atoms to displace easily along the [110]direc-
tion, which allows 02 continued access to the more active
W surface.
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