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Unoccupied electronic states of the Cs/Cu„100… and Cs/Cu„111… adsorption systems

D. A. Arena, F. G. Curti, and R. A. Bartynski*
Department of Physics and Astronomy and Laboratory for Surface Modification, Rutgers University,

P.O. Box 849, Piscataway, New Jersey 08855-0849
~Received 16 May 1997; revised manuscript received 15 September 1997!

We have investigated the unoccupied electronic structure of submonolayer amounts of cesium on the
Cu~100! and Cu~111! surfaces by inverse photoemission~IPE! and work-function measurements. At very low
Cs coverages on both substrates, IPE spectra obtained at normal incidence indicate that an adsorbate-induced
feature develops in the projected bulk band gap of the substrate at an energy of;3 eV above the Fermi level
(EF). As the Cs coverage is increased, this feature moves to lower energy. On the Cu~100! surface, the energy
of the Cs feature initially follows the decrease of the work function, and levels off at;0.3 eV aboveEF as the
Cs coverage approaches 1 ML. We observed a similar effect for the Cs/Cu~111! system. Off-normal spectra
obtained for 0.08 ML of Cs on Cu~111! indicate that, at low coverages, the Cs state does not disperse withki .
However, on both substrates, we observed a correlation between modulations in the intensity of the Cs feature
and degeneracy between this feature and the projected bulk bands of the substrate. Energy-dependent IPE
spectra suggest that the adsorbate state on both Cu surfaces has predominantlyd-like orbital character when the
state is in the projected bulk band gap of the substrate. The orbital character of the Cs feature changes tosp-
like when the adsorbate state is degenerate with the Cusp-derived bulk bands. This effect was observed
whether the degeneracy was achieved by varying the Cs coverage at a fixedki , or by varyingki at a fixed
coverage. We interpret this as evidence of momentum-dependent hybridization of the adsorbate-substrate bond.
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I. INTRODUCTION

The bonding of alkali metals to simple and noble-me
surfaces was long considered to be a simple model of m
on metal adsorption. During the past;15 years, however
experimental evidence coupled with renewed and soph
cated theoretical activity in the field has demonstrated
alkali-on-metal systems are far more complex than had b
thought.1–10 Indeed, the field has recently generated cons
erable controversy with ongoing debates over issues suc
the degree of ionicity versus covalency in the alkali-me
substrate bond,2–6 as well as the relative stability of subst
tutional versus on-top adsorption sites.7–9 The surface struc-
ture of these systems has also proven to be more com
than anticipated, with many alkali-on-metal systems exhi
ing a rich series of surface structures over a wide range
temperatures throughout the submonolayer cover
regime.10

With regard to electronic structure, much of the expe
mental effort to date has concentrated on the occupied e
tronic states of the lighter alkalis Li, Na, and K.11–13Further-
more, a large portion of the theoretical work has been limi
to either complete monolayers or ordered structures that
encountered at relatively high coverages.4,7,14–16 However,
these factors are of limited use in understanding the in
adsorption properties of the heavier alkalis on metal surfa
First, ordered overlayers do not typically form in the initi
stages of adsorption, particularly for the alkali metals, wh
a dipole-dipole repulsion inhibits island formation.17 Second,
for the lighter alkalis, the occupied electronic structure co
sists primarily of relatively simple, singly occupieds orbital
levels, while the unoccupied density of states near the Fe
level (EF) for adsorbed layers is derived primarily fromp
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orbitals.18 In contrast, the unoccupied electronic states of
heavier alkalis include a significant contribution from a hi
density ofd orbitals that are within a few eV of the Ferm
level,18 and play a critical role in bonding. Although th
unoccupied electronic structure of some alkali-on-metal s
tems has been examined by inverse photoemission~IPE!
studies, these efforts have been largely limited to isochro
spectroscopy of the lighter alkalis.11,13,19–27IPE investiga-
tions of Cs, in particular on metal surfaces, have been lim
to isochromat spectroscopy of multilayer films,28 ordered
overlayers,11 and at normal incidence.13

In this paper, we present an IPE study of Cs adsorption
the Cu~100! and Cu~111! surfaces. IPE spectra of the uno
cupied electronic levels were acquired using an ang
resolved, photon-energy dispersive spectrograph. On b
surfaces, a Cs-induced feature, assigned to the unoccu
Cs 5d level, is observed;3 eV above the Fermi level at low
coverages. Similar to the unoccupiedp levels of other alkali
adsorption systems, this feature disperses towardEF as the
coverage increases. However, spectra obtained at variou
citation energies suggest that the orbital character of the
induced feature depends on whether the state is degen
with a substrate bulk band or whether it lies in a projec
bulk band gap. This observation is interpreted in terms of
adsorbate-substrate coupling model developed by Liebsc

This paper is organized as follows. Section II provid
details on our UV spectrograph, and also describes
sample preparation techniques. Section III presents IPE s
tra from Cs on Cu~100! as a function of adsorbate coverag
while Sec. IV discusses similar results for the Cs on Cu~111!
system. In Sec. V we examine the excitation energy dep
dence of a subset of spectra presented in Secs. III and
where the intensity of the Cs-induced feature undergoes
15 404 © 1997 The American Physical Society
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56 15 405UNOCCUPIED ELECTRONIC STATES OF THE . . .
nificant changes in a narrow coverage range. We discuss
interpret our results in Sec. VI, and conclude and summa
our findings in Sec. VII.

II. EXPERIMENT

We acquired inverse photoemission spectra using a p
ton energy dispersive spectrograph that is described in d
elsewhere.29 The major components of the system are
custom-built electron gun based on the Pierce-Sto
design,30 a concave spherical diffraction grating, and a mo
able two-dimensional position sensitive photon detector.
optical elements~sample, grating, and detector! are config-
ured in a Rowland circle mounting for optimal focus. As
photon detector, we employ a Csl-coated multichannel p
mounted on an assembly which moves along an arc of
Rowland circle to increase the accessible energy range.
diffraction grating, which is ruled at 1200 lines per mm, h
an opening angle between the incident radiation from
sample and the detector axis of 45°, and an entrance ang
25° between the sample and the grating normal. The a
between the electron gun and the grating is fixed at 45°,
the electron angle of incidence on the sample is varied
rotating the sample about an axis perpendicular to its norm
The spectrograph as a whole is optimized for detection
photons in the 10 eV&\v&40 eV range. The instrument ha
an optical resolving power ofE/DE570, resulting in a total
resolution of;0.3 eV at a photon energy of 20 eV. Th
spectrograph is attached to an ultrahigh-vacuum analy
chamber~base pressure of;8310211 torr! that houses the
IPE electron gun, the sample, and a rear view low-ene
electron-diffraction ~LEED! system. Work-function mea
surements were performed in a retarding mode by measu
the stopping potential for current to the sample from the I
electron gun.

The substrates in this study were Cu~100! and Cu~111!
single-crystal surfaces. Each sample was mechanically
ished to within 0.25° of the desired high-symmetry crys
face. An electrochemical etch was the final polishing st
and the samples were then introduced into the analysis ch
ber. Atomically clean, well-ordered surfaces were produ
by several cycles of Ar1-ion bombardment (;1 keV) fol-
lowed by a;20-min anneal at 420 °C. Samples prepared
this fashion consistently produced sharp (131) LEED pat-
terns. We verified the sample cleanliness by examining
normal-incidence inverse photoemission spectra of the
faces. The image potential states of our samples, which
highly sensitive to surface contamination, were uniform
sharp, intense and occurred at the energies correspondi
clean surfaces.31

The Cs sources were commercial alkali getters, wh
were used to thermally deposit submonolayer amounts o
on the samples. We monitored the Cs coverages primarily
measuring the change in the work function of the sam
during deposition.17 This was cross checked using LEED
where a sharp quasihexagonal pattern on the Cu~100! and
Cu~111! substrates was observed for full monolayer cov
age at room temperatures.32 In this paper, 1 ML refers to
saturation coverage at room temperature, which correspo
to 4.1231014 Cs atoms/cm2 for Cu~100!,17 and 4.42
31014 Cs atoms/cm2 for Cu~111!.33 Spectra from the
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Cu~100! sample were acquired at room temperature. T
Cu~111! sample was in contact with a copper braid attach
to a liquid-nitrogen reservoir for sample cooling. This a
rangement allowed the Cu~111! sample to be cooled to
;140 K during deposition and data acquisition. We o
served a slight degradation of the IPE spectra after 30 mi
data acquisition, and therefore limited our spectrum acqu
tion times to 20 min. Typically, several individually acquire
spectra were combined to obtain the results presented in
sequent sections.

III. Cs ON Cu „100…

The results discussed in this section are based on ro
temperature spectra acquired at normal incidence, i.e., a
G point of the surface Brillouin zone~SBZ!, and at a constan
incident electron energy of 19.3 eV. Figure 1 presents I
spectra for very low coverages of Cs on Cu~100!, with a
clean Cu~100! spectrum at the bottom and increasing Cs co
erages toward the top of the graph. The clean Cu~100! spec-
trum is dominated by two features:~1! strong emission from
zero to 2 eV aboveEF , originating from bulk direct
transitions34,35and a surface resonance at;2 eV,36,37and~2!
the sharpn51 image potential state at about 4.1 eV abo
EF .31,37–39The low-intensity region between these two fe
tures corresponds to the Cu band gap at theX point of the
bulk Brillouin zone, projected onto the~100! surface.

The presence of even small amounts of Cs on this sur
produces significant changes in the IPE spectrum. First
Cs is deposited on the Cu, the intensity of the image pot
tial state diminishes dramatically, which is an effect in co

FIG. 1. Room-temperature, normal-incidence IPE spectra
very low coverages of Cs on Cu~100! obtained with an incident
electron energy of 19.3 eV. The bottom spectrum is from cle
Cu~100!. Note the shift in the image potential state@feature at 4.1
eV aboveEF on clean Cu~100!# with increasing Cs coverage. In th
uCs50.04 ML spectrum, the arrow identifies an adsorbate-indu
feature which appears at 2.9 eV.
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15 406 56D. A. ARENA, F. G. CURTI, AND R. A. BARTYNSKI
respondence with the extreme sensitivity of this state to
presence of surface contaminants. In addition, the energ
the image potential state shifts subtly to lower energy. As
energy of image potential states on metals closely follo
the vacuum level, this behavior is in line with the we
established decrease in the work function of alkali-cove
metal surfaces.1 By a coverage ofuCs50.04 ML, the energy
of the image potential state has dropped by;0.2 eV while,
within experimental uncertainty, the work function has d
creased by the same amount. At this point, the intensity
the Cu image state is considerably weaker than the co
sponding feature on the clean Cu~100! spectrum. Moreover
at this coverage an additional spectral feature is visible in
region of the projected band gap of the substrate at an en
of ;2.9 eV aboveEF . Although this feature is weak relativ
to the Cu peaks, it is distinct, reproducible, and well se
rated from both the Cu image potential state and the low
energy bulk-related emission. We therefore conclude that
feature at;2.9 eV is a spectral feature due to the presenc
the adsorbate. As shall be discussed in Sec. V, the beha
of this feature is consistent with a state having signific
d-like orbital character, and this feature is associated w
the unoccupied Cs 5d level.

Figure 2 presents additional IPE spectra of the
Cu~100! system as the Cs coverage is increased furt
Again the bottom spectrum was obtained from cle
Cu~100!. At a coverage ofuCs50.07 ML, the weak remnan
of the Cu image potential state is apparent at about 3.8

FIG. 2. Room-temperature, normal-incidence IPE spectra a
function of increasing Cs coverage on Cu~100!. The incident elec-
tron energy is 19.3 eV. The bottom spectrum is from clean Cu~100!.
The Cs-induced state is indicated by the tick mark. Note the we
ening of the adsorbate feature atuCs50.29 ML.
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More importantly, a weak adsorbate-induced feature is ag
visible in the Cu-projected band gap. This peak is the sa
adsorbate feature identified in theuCs50.04 ML spectrum
presented in Fig. 1, although at this higher coverage the p
has shifted in energy towardsEF by an additional 0.2 eV.

When more Cs is deposited, the Cu image potential s
continues to weaken, and becomes hard to distinguish f
the background by a Cs coverage of 0.18 ML. In additio
the Cs-induced state continues to move towards the Fe
level and eventually becomes degenerate with the Cu b
bands. As the saturation coverage at room temperature
ML is approached, the energy of this feature remains
proximately constant at about 0.3 eV aboveEF . Another
important aspect of the IPE spectra presented in Fig. 2 is
variation in the intensity of the Cs-induced spectral featu
Initially, as Cs coverage is increased, the feature strength
and reaches a maximum intensity atuCs50.18 ML. Further
increase of the Cs coverage results in a decrease in th
tensity of the adsorbate induced feature. At a Cs coverag
0.29 ML, the peak has weakened to an extent that make
difficult to distinguish from the background. However, as t
alkali coverage is increased further, the Cs-derived state o
again intensifies, as can be seen in the 0.39-ML spectr
although it never reaches the intensity achieved at 0.18 M
By uCs50.50 ML, the intensity of the adsorbate state h
decreased once more, only to reemerge at a coverage of
ML. A possible explanation for the intensity changes in t
0.29-ML coverage regime will be presented in Sec. V.

We point out that there appears to be some structure in
feature nearEF that changes as a function of coverage at l
Cs exposures. This is clearly seen in Fig. 1, and for cov
ages less than 0.29 ML in the spectra of Fig. 2. As shall
seen, this enhanced emission at low alkali coverages is
evident on the Cu~111! substrate.

Figure 3 plots the energy and uncertainty in energy of
alkali-induced state as the Cs coverage is increased. A
plotted in the figure is the measured change in the w
function of the Cs/Cu system as a function of Cs covera
The work function versus coverage curve shows the w
known rapid initial decrease of the work function as Cs

a

k-

FIG. 3. Change in work function~right axis! and energies of the
Cs feature~left axis! as a function of Cs coverage on Cu~100!.
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deposited onto the Cu sample, which reaches a minim
near 0.5 ML, followed by a small increase reaching a sa
ration value corresponding to metallic Cs as the cover
approaches 1 ML is reached. As mentioned above, the
derived state shifts to lower energy above the Fermi leve
the alkali coverage is increased. For the initial stages of
sorption this shift to lower energy closely follows the rap
decline of the work function of the Cs/Cu~100! system.
Above uCs'0.5 ML, however, the Cs state remains at
energy of;0.3 eV above the Fermi level, and does not tra
the subsequent increase of the work function of the syst

The significant increases in the uncertainty of the Cs p
can largely be attributed to the pronounced decrease in
tensity of the alkali peak. The first drop in intensity occurs
a relatively low alkali coverage (;0.29 ML) while the next
one presents itself at about 0.5 ML, which is near the m
mum of the Cs coverage vs work-function curve. We disc
a possible explanation for the first intensity decrease
uCs'0.29 ML in Secs. VI and VII.

IV. Cs ON Cu„111…

In Fig. 4 we present normal-incidence IPE spectra
quired at room temperature for increasing Cs coverages
the Cu~111! substrate at a fixed incident energy of 19.3 eV40

FIG. 4. Room-temperature, normal-incidence IPE spectra a
function of increasing Cs coverage on Cu~111! for an incident elec-
tron energy of 19.3 eV. The bottom spectrum is from cle
Cu~111!. The featureA is the Cs-induced state, while featureB is
the image potential state of the Cs/Cu~111! system. The feature
labeledC is associated with fluorescence from the Cs 5p1/2 level.
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Again, the bottom spectrum is from clean Cu~111!. This
spectrum is dominated by a single feature, then51 image
potential state at;4.1 eV aboveEF .41 In contrast to the
clean Cu~100! spectrum, there is very weak emission belo
the image state because the Cu~111! surface has a projecte
bulk band gap extending from below the Fermi level to ab
4.2 eV aboveEF . The very small enhancement of emissio
at EF due to theL-gap surface state of Cu~111!, which is
below EF within 60.2 Å21 of Ḡ,42 indicates the good angu
lar resolution of our instrument.

As was the case with Cs on Cu~100!, the IPE spectra are
significantly modified by even small amounts of Cs on t
sample. With only 0.04 ML of Cs on the sample, the inte
sity of the image potential state has decreased relative to
clean Cu surface, and the energy of the state has shifte
lower energy aboveEF by about 0.2 eV. Moreover, a spec
tral feature, labeledA in Fig. 4, appears at;3.0 eV above
the Fermi level. This feature is distinct and well separa
from the image potential state, and we thus attribute t
peak to an adsorbate-induced level, most probably origin
ing from the unoccupied Cs 5d level.

Even at the relatively low coverage of 0.04 ML of Cs, th
adsorbate peak is quite intense. As additional Cs is depos
on the surface, the peak becomes more well defined
intense, and also moves toward the Fermi level. By a
coverage of 0.5 ML, the energy of the alkali feature h
decreased to about 1.1 eV aboveEF , which is essentially the
same energy as the corresponding alkali feature on
uCs50.39 ML spectrum from Cu~100!. In contrast to the be-
havior of the Cs peak on Cu~100!, the adsorbate state on th
Cu~111! spectra remains well defined at all coverages t
we explored. There is no evidence of the large modulati
in the intensity of the feature and, although the intensity
largest at the relatively low coverage of 0.08 ML, the peak
always clearly distinguishable from the background.

A few additional features in the spectra presented in F
4 require some comment. The first is the feature labeledB in
the IPE spectra. This feature also decreases in energy a
Cs coverage is increased. Furthermore, the intensity of
peak decreases drastically as the Cs coverage nears
0.5-ML regime. We believe that this feature is the remn
of the image potential state. Indeed, on both the Cu~100! and
Cu~111! surfaces, the image potential state is essentially
detectable from the background for adsorbate coverages
;0.2 ML. Another interesting feature in the spectra in Fig
is the peak labeledC, which is visible at an energy of abou
5.4 eV aboveEF , corresponding to a fixed photon energy
13.9 eV. This peak does not shift to lower energy as
alkali coverage is increased. Moreover, the peak is absen
the clean Cu~111! spectrum. As a result of these observ
tions, we believe that this feature may be a fluorescence p
from the alkali overlayer, most likely originating from th
excitation and subsequent decay of a core hole from the
5p1/2 level by the incident electron beam.43 Finally, as was
the case on the Cu~100! substrate, the low-coverag
(uCs,0.2 ML) spectra presented in Fig. 4 exhibit slight
enhanced emission just aboveEF .

The momentum dependence of the Cs state along
^110& (Ḡ2M̄ ) direction of the SBZ is investigated in th
series of spectra presented in Fig. 5. For these spectra, th

a
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coverage was 0.08 ML, the substrate temperature was 14
and the incident electron energy was 18.3 eV. Away fromḠ,
the spectra are dominated by the strong emission just ab
EF , which originates primarily from direct transitions to
Cu bulk band that cross the Fermi level atu510° as well as
a Shockley-type surface state.44 These features are not o
primary interest here, and will not be discussed further. T
normal-incidence spectrum at the bottom of Fig. 5 sho
two features, a low-energy peak at about 2.4 eV aboveEF ,
which we attribute to the Cs, and a higher-energy peak at
eV that we associate with the image potential state.

We now focus on the low-energy Cs-induced feature.
contrast to the image potential state, this feature does
disperse withki but rather remains at a constant energy
2.4 eV. Such a lack of dispersion is expected for low
coverages, where the adsorbate has not formed an over
with long-range order.45 At a ki of ;0.7 Å21, the alkali-
induced state becomes degenerate with the Cusp band. Un-
der these conditions, the Cs feature appears less intense
tive to the strongly emitting Cu bands. At a higher value
parallel momentum, the emission from the Cu bands
roughly constant across the spectrum, and the Cs featu
again clearly distinguishable at 2.4 eV.

In considering the results in Figs. 1, 2, and 5, we obse
some striking similarities in the variations in intensity of th

FIG. 5. IPE spectra of 0.08 ML of Cs on Cu~111! as a function
of increasing angle for the incident electron beam along the^110&
(Ḡ-M̄ ) direction. The excitation energy is 18.3 eV, and the su
strate temperature was;140 K during deposition and data acquis
tion. The bottom spectrum is from clean Cu~111!. The quoted val-
ues ofki are for the adsorbate feature identified by a vertical line
;2.4 eV aboveEF .
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Cs feature. On both substrates, the Cs feature was mos
tense and well defined when its energy and parallel mom
tum placed it in a projected bulk band gap of the substra
When the feature was degenerate with the substrate band
intensity diminished significantly. This change in the app
ent strength of the adsorbate feature is suggestive of an
teresting momentum dependence to the adsorbate-subs
bond; we investigate this in more detail in Sec. V.

V. ENERGY-DEPENDENT SPECTRA OF Cs/Cu„100…
AND Cs/Cu„111…

As noted in Sec. III the intensity of the Cs feature on t
Cu~100! substrate exhibits a significant reduction at an alk
coverage near 0.29 ML, followed by an increase in intens
at 0.39 ML. To investigate this oscillatory intensity, we e
amined the IPE spectra of the Cs/Cu~100! system at cover-
ages above and below 0.29 ML as a function of incide
electron energies.46 Figure 6~a! presents normal-incidenc
spectra of 0.14 ML of Cs on Cu~100! at several incident
electron energies. For reference, a clean Cu~100! spectrum at
an incident electron energy of 19.3 eV is also presented

The 17.3 eV spectrum in Fig. 6~a! shows strong emission
from the Cusp bands from 0.0 eV to about 1.75 eV abov
EF , as well as the weak remnant of the Cu image poten
state at about 3.5 eV. An additional weak feature from the
overlayer is also visible in the Cu-projected bulk band gap
an energy of;2.3 eV. As the incident electron energy
increased, the substratesp bands decrease in intensity in
monotonic fashion, as does the image potential state.
attribute this reduction in the intensity to well-known matr
element effects forsp final states.47 In contrast, the Cs fea
ture intensifies as the incident electron energy is increa
This response is consistent with ad-like final state for the
electron impinging on the surface, and we therefore concl

-

t

FIG. 6. Room-temperature, normal-incidence IPE spectra of
Cs/Cu~100! surface at different incident electron energies for~a!
0.14- and~b! 0.32-ML Cs coverages. In both panels the botto
spectrum is from clean Cu~100!. The shaded areas highlight th
Cs-derived feature.
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that the unoccupied Cs state contains a significantd-like
component originating from the unoccupied Cs 5d level.47

A distinctly different picture emerges from the spectra
Fig. 6~b!, which were acquired at normal incidence for
increased Cs coverage of 0.32 ML. While the emission fr
the Cu-projected bulk bands and the image state is cle
lower in these spectra due to the higher adsorbate cover
their reduction in intensity with increasing electron energy
still apparent. However, the Cs feature, which has move
an energy of;1.3 eV, nowdecreasesin intensity as the
excitation energy is increased. As the substratesp levels and
the Cs feature exhibit the same response to increasing e
tation energy, we conclude that the Cs-induced state now
a dominantsp-like orbital character.

We performed similar measurements of energy-depen
IPE spectra of Cs on the Cu~111! substrate. However, moti
vated by the results presented in Fig. 5, we acquired spe
of a fixed Cs coverage of 0.1 ML at both normal inciden
and at a constantki of 0.93 Å21 along the^110& (Ḡ-M̄ )
direction of the SBZ. The normal-incidence spectra are p
sented in Fig. 7~a!, where the adsorbate-induced state
plainly evident at about 2.5 eV aboveEF ; the sharp feature
at ;3.6 eV is the image potential state. In this instance,
presence of the Cu emission nearEF proves beneficial, as i
shows a characteristic decrease in intensity with increa
excitation energy. A similar decrease in intensity is evid
in the image potential state. The intensity of the Cs-indu
state, on the other hand, remains nearly constant, and thu
believe that our assignment of the unoccupied Cs 5d level to
this feature is consistent with the spectra in Fig. 7~a!.

Figure 7~b! presents IPE spectra for the same system
increasing excitation energies acquired at a constantki of
0.93 Å21. In this set of data, the Cs-derived state is deg
erate with the unoccupied portion of the Cusp band. These
spectra show that the Cs-derived state now decreases i
tensity with increasing incident electron energy, which

FIG. 7. Low-temperature (;140 K) IPE spectra from 0.1 ML of
Cs on Cu~111! using different incident electron energies obtained
~a! normal incidence and~b! ki of 0.93 Å21 along thê 110& (Ḡ-M̄ )
direction. The shaded areas highlight the Cs-derived feature.
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characteristic ofsp-like orbital character. We discuss the im
plications and examine possible explanations for this beh
ior in Sec. VI.

VI. DISCUSSION

The very low-coverage data for Cs on Cu~100! in Fig. 1,
and the lowest coverage data for Cs on Cu~111! presented in
Fig. 4, indicate that a Cs-derived feature originates at ab
2.9 eV above the Fermi level in the zero-coverage limit. T
Cs feature shifts to lower energy aboveEF as the alkali
coverage is increased. A similar pattern of an initial decre
in the energy of unoccupied alkali-induced levels, follow
by a leveling off in the energy position as room-temperat
saturation coverage is approached, has been reported f
and Cs on Al~111!,13 Na/Ni~111!,26 Na/Cu~110!,25 and
K/Ag~110!.27 This decrease in the energy of the adsorb
level is thought to be due to the strengthening dipole pot
tial on the surface as the alkali coverage is increased.3,48 This
interpretation only applies to the initial stages of depositio
at higher coverages, the wave function overlap of the ad
bate’s orbitals is considerable, leading to a reduction of
dipole field49 and a leveling off in the energy of the adso
bate states.

All the normal incidence spectra presented exhibit e
hanced emission nearEF at low Cs coverages@cf. Figs. 1, 2,
and 6~a! for Cu~100!, and Figs. 4, 5, and 7~a! for Cu~111!#.
Furthermore, as can be seen in Figs. 6 and 7, the inten
just aboveEF on both substrates decreases with incid
electron energy, which indicates that this enhanced emis
is primarily of sp-orbital character.47 We believe that this
additional emission may originate from the unoccupied
of the Cs 6s resonance, as was reported for Cs on Al~111!.13

The lack of dispersion withki that is evident in the data
presented in Fig. 5 is also not unusual as the alkali cover
is very low, and the adsorbate has not formed an orde
overlayer. However, there does appear to be some mom
tum dependence to the adsorbate-derived features eve
these low coverages, as shall be addressed shortly.

The interpretation of the intensity variations that are a
parent in the fixed incident electron energy spectra for
Cu~100! and Cs/Cu~111! warrants further discussion. Th
behavior of the adsorbate level atḠ for the two surfaces is
very different. Figure 2 shows that at moderate coverages
Cu~100! (uCs;0.18 ML), the Cs state is clear and well d
fined. As the Cs coverage increases the adsorbate level
weakens (uCs;0.29 ML), only to reemerge as a distinc
level at higher coverages (uCs;0.39 ML). The picture is
very different for Cu~111! at Ḡ ~cf. Fig. 4!. On that surface,
the alkali feature remains distinct and well defined at
coverages which we explored. However, for a fixed cover
~cf. Fig. 5!, the Cs feature on the Cu~111! surface showed
intensity variations as a function of parallel momentum sim
lar to those exhibited by Cs on Cu~100! as a function of Cs
coverage.

The energy-dependent spectra presented in Figs. 6 a
offer some guidance in the interpretation of these obse
tions. The spectra showed that the apparent orbital chara
of the Cs feature changed fromsp-like to d-like for both the
Cu~100! and Cu~111! substrates. Furthermore, this change
orbital character was achieved by varying very dissimi
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experimental parameters: increasing the Cs coverage in
case of Cu~100! versus changing the parallel momentum f
the Cu~111! substrate. The mechanism responsible for
change in the orbital character of the alkali state is there
not immediately apparent. However, a common fac
emerges upon inspection of the electronic band structur
the two substrates.

The projected band structures for the two substrates
plotted in Fig. 8~a! for Cu~100! and Fig. 8~b! for Cu~111!.50

The unshaded areas indicate the presence of a projected
band gap, while the shaded portions show the regions
energy and parallel momentum spanned by the bulk di
transitions. We also indicate the locations of the Cs pe
from Figs. 6 and 7 along with symbols which denote t
predominant orbital character for the Cs-derived spectral
tures. As can be seen, two of the adsorbate-induced fea
lie within a projected bulk band gap of the substrate,
lower-coverage Cs state at about 2.3 eV on the Cu~100! sur-
face @Fig. 8~a!#, and the state atḠ for the Cu~111! substrate
@Fig. 8~b!#. Both these states have a predominantlyd-like
orbital character. Conversely, the adsorbate features w
are degenerate with the substrate projected bulk band g
the 0.32-ML state on the Cu~100! substrate and the feature
a ki of 0.93 Å21 on Cu~111!, appear to have a mostl
sp-like orbital character. Thus, the orbital character of the
feature is correlated with degeneracy with the subst
bands; the Cs feature exhibitsd-like orbital character when i
is in a projected bulk band gap, andsp-like orbital character
when it is degenerate with the substratesp bands. Further-
more, this effect is apparent whether degeneracy with
substrate bands is achieved by varying coverage to mo
the energy of the Cs feature, as was the case with
Cu~100! data, or by accessing a different part of the SBZ,
was done with the Cu~111! substrate.

Momentum-dependent modifications of adsorbate ene
levels are typically associated with dispersion ofenergywith
ki , a phenomenon which is restricted to ordered overlay
We believe this is the first report of a momentum dep
dence to theorbital characterof an adsorbate spectral fea
ture, and our results may indicate a significant amount
hybridization of the alkali adsorbate/metal substrate bond

The behavior of the alkali-induced levels in our da

FIG. 8. The band structure of Cu projected onto the~a! ~100!
and ~b! ~111! surfaces. The shaded areas indicate projected b
bands, while unshaded areas are projected band gaps. The tria
mark the positions of Cs-induced features in the IPE spectra of F
6 and 7; filled triangles indicated-like orbital character, and the
unfilled triangles denotesp-like orbital character.
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shows some similarities to a calculation by Liebsch of t
electronic structure of thec(232)O/Ni~100! system.51 By
comparing this system to an unsupported ordered O la
with the same O-O separation, Liebsch shows that, due to
hybridization of the adsorbate-substrate bands, the en
width of the adsorbate bands can be modified. The overla
bands develop a resonance width in those regions of the
where substrate bands of a compatible symmetry are pre
A similar effect develops in the density of states of the su
strate, which is enhanced when adsorbate levels of appro
ate symmetry are accessible. These effects were later ver
in an angle-resolved valence-band photoemission study
the c(232)S/Fe~100! system,52 where the authors repor
that the Sp bands were broader in those regions of the S
where substrate bands are present in comparison to reg
of the SBZ where there is a substrate projected bulk b
gap.

We believe our IPE results for Cs/Cu~100! and Cs/
Cu~111! may similarly indicate a hybridization of the
overlayer-substrate bonds which result in some depende
on parallel momentum. For low coverages atḠ on both cop-
per surfaces, the Cs state develops in the projected bulk b
gap of Cu. Thus the Cs levels cannot access the subs
levels and the adsorbate state exhibits its intrinsicd charac-
ter. However, in regions of the SBZ where the local dens
of states of the substratesp levels is significant, thed-like
component of the adsorbate is undetectable due to the l
resonance width and the dominant contribution to the I
spectra is the substratesp levels. This effect is independen
of the mechanism used to access different parts of the
strate’s band structure, e.g., lowering the energy of the
sorbate level via increased coverage or varying theki of the
incident electrons.

One difficulty with this interpretation is that our observ
tions of these momentum-dependent spectral features o
for low alkali coverages where long-range order of the ov
layers is not observed. Indeed, as is evident in Fig. 5, the
feature did not disperse withki for the Cs/Cu~111! system.
However, LEED studies indicate that at reduced tempe
tures (,50 K) on the Cu~111! surface, Cs tends to form
hexatic liquid phase for coverages as low as 0.1 ML.53 These
structural studies, coupled with our observation of a mom
tum dependence of certain adsorbate states, suggest
presence of sufficient short-range order on the surface
affect bonding, but not enough long-range order to prod
an observable, distinct LEED pattern.

VII. SUMMARY AND CONCLUSIONS

In summary, we performed a series of IPE experiments
Cs on the Cu~100! and Cu~111! substrates. On both surface
at normal incidence, the adsorbate level develops in the s
strate projected bulk band gap at about 2.9 eV aboveEF .
With increasing alkali coverage, this feature moves towa
EF . This observation is consistent with results from oth
IPE investigations of alkalis on metals, and can be und
stood in terms of a strengthening dipole field as the alk
coverage increases. AtuCs;0.08 ML, the Cs-derived feature
on Cu~111! exhibits no dispersion withki , which is consis-
tent with an absence of long-range order at low adsorb
coverages.

Large variations in the intensity of the Cs-induced featu
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are correlated with changes in the orbital character of
adsorbate level, as identified in energy-dependent IPE s
tra. Both of these effects can be interpreted as evidence
hybridization of the adsorbate/substrate bond. The ad
bate’s orbital character is evident when the adsorbate le
lies in a projected bulk band gap of the substrate, while
substrate’s orbital character becomes dominant when the
sorbate level is degenerate with the projected bulk band
the substrate. These results are consistent with a theore
e

t

he
ec-
for
or-
vel
he
ad-
of

tical

treatment of thec(232)O/Ni~100! system and an angle
resolved photoemission study ofc(232)S/Fe~100!.
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