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We have investigated the unoccupied electronic structure of submonolayer amounts of cesium on the
Cu(100 and Cy111) surfaces by inverse photoemissidRE) 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 ener@yed above the Fermi level
(Eg). As the Cs coverage is increased, this feature moves to lower energy. On(t@Cuwrface, the energy
of the Cs feature initially follows the decrease of the work function, and levels off0aB eV aboveEr as the
Cs coverage approaches 1 ML. We observed a similar effect for the @4/Qsystem. Off-normal spectra
obtained for 0.08 ML of Cs on Gai1]) indicate that, at low coverages, the Cs state does not dispersg&with
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 predouthilileantiybital character when the
state is in the projected bulk band gap of the substrate. The orbital character of the Cs feature chapges to
like when the adsorbate state is degenerate with thes@derived bulk bands. This effect was observed
whether the degeneracy was achieved by varying the Cs coverage at & fixedby varyingk, at a fixed
coverage. We interpret this as evidence of momentum-dependent hybridization of the adsorbate-substrate bond.
[S0163-18297)03248-7

[. INTRODUCTION orbitals!® In contrast, the unoccupied electronic states of the
heavier alkalis include a significant contribution from a high
The bonding of alkali metals to simple and noble-metaldensity ofd orbitals that are within a few eV of the Fermi
surfaces was long considered to be a simple model of metdtvel® and play a critical role in bonding. Although the
on metal adsorption. During the pastl5 years, however, unoccupied electronic structure of some alkali-on-metal sys-
experimental evidence coupled with renewed and sophisttems has been examined by inverse photoemis§iBE)
cated theoretical activity in the field has demonstrated thastudies, these efforts have been largely limited to isochromat
alkali-on-metal systems are far more complex than had beespectroscopy of the lighter alkat$***=%"IPE investiga-
thought'~° Indeed, the field has recently generated considtions of Cs, in particular on metal surfaces, have been limited
erable controversy with ongoing debates over issues such & isochromat spectroscopy of multilayer filifs ordered
the degree of ionicity versus covalency in the alkali-metaloverlayers'! and at normal incidenc¥.
substrate bonf;® as well as the relative stability of substi-  In this paper, we present an IPE study of Cs adsorption on
tutional versus on-top adsorption siteS.The surface struc- the CY100 and Cy111) surfaces. IPE spectra of the unoc-
ture of these systems has also proven to be more compleoupied electronic levels were acquired using an angle-
than anticipated, with many alkali-on-metal systems exhibit+resolved, photon-energy dispersive spectrograph. On both
ing a rich series of surface structures over a wide range ofurfaces, a Cs-induced feature, assigned to the unoccupied
temperatures throughout the submonolayer coverag€s & level, is observed-3 eV above the Fermi level at low
regime®® coverages. Similar to the unoccupipdevels of other alkali
With regard to electronic structure, much of the experi-adsorption systems, this feature disperses toviigras the
mental effort to date has concentrated on the occupied elecoverage increases. However, spectra obtained at various ex-
tronic states of the lighter alkalis Li, Na, and'&:**Further-  citation energies suggest that the orbital character of the Cs-
more, a large portion of the theoretical work has been limitednduced feature depends on whether the state is degenerate
to either complete monolayers or ordered structures that amith a substrate bulk band or whether it lies in a projected
encountered at relatively high coveradés*-*®However, bulk band gap. This observation is interpreted in terms of an
these factors are of limited use in understanding the initiahdsorbate-substrate coupling model developed by Liebsch.
adsorption properties of the heavier alkalis on metal surfaces. This paper is organized as follows. Section Il provides
First, ordered overlayers do not typically form in the initial details on our UV spectrograph, and also describes our
stages of adsorption, particularly for the alkali metals, wheresample preparation techniques. Section Ill presents IPE spec-
a dipole-dipole repulsion inhibits island formatibhSecond, tra from Cs on C(L.00) as a function of adsorbate coverage,
for the lighter alkalis, the occupied electronic structure con-while Sec. IV discusses similar results for the Cs orf1Qd)
sists primarily of relatively simple, singly occupiedorbital ~ system. In Sec. V we examine the excitation energy depen-
levels, while the unoccupied density of states near the Ferndence of a subset of spectra presented in Secs. Il and IV,
level (Eg) for adsorbed layers is derived primarily from  where the intensity of the Cs-induced feature undergoes sig-
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nificant changes in a narrow coverage range. We discuss and A A SN LA R
interpret our results in Sec. VI, and conclude and summarize Cs/Cu(100)
our findings in Sec. VIL. Nog?ilf;‘g‘:f,nce
39eV
Il. EXPERIMENT Ocs -
0.04 ML
We acquired inverse photoemission spectra using a pho- )

ton energy dispersive spectrograph that is described in detalil § |/
elsewhere¢® The major components of the system are a g X 003 ML
custom-built electron gun based on the Pierce-Stoffel <
design® a concave spherical diffraction grating, and a mov- 2K L 002 ML
able two-dimensional position sensitive photon detector. All g S
optical elementgsample, grating, and detectare config- £l v
ured in a Rowland circle mounting for optimal focus. As a ~ 001 ML
photon detector, we employ a Csl-coated multichannel plate
mounted on an assembly which moves along an arc of the . Clean
Rowland circle to increase the accessible energy range. The ¥ Cu(100)
diffraction grating, which is ruled at 1200 lines per mm, has ! i1ev
an opening angle between the incident radiation from the AT
sample and the detector axis of 45°, and an entrance angle of 0 2 4 6 8
25° between the sample and the grating normal. The angle Energy Above Ej (eV)

between the electron gun and the grating is fixed at 45°, and

the electron angle of incidence on the sample is varied by FiG. 1. Room-temperature, normal-incidence IPE spectra for
rotating the sample about an axis perpendicular to its norma{,ery low coverages of Cs on C100) obtained with an incident
The spectrograph as a whole is optimized for detection ofjectron energy of 19.3 eV. The bottom spectrum is from clean
photons in the 10 e¥%w=40 eV range. The instrument has cu(100). Note the shift in the image potential stdfeature at 4.1
an optical resolving power d&/AE=70, resulting in a total eV aboveEr on clean C(100)] with increasing Cs coverage. In the
resolution of ~0.3 eV at a photon energy of 20 eV. The 6..=0.04 ML spectrum, the arrow identifies an adsorbate-induced
spectrograph is attached to an ultrahigh-vacuum analyticdkature which appears at 2.9 eV.
chamber(base pressure of 8% 10 ! torr) that houses the
IPE electron gun, the sample, and a rear view low-energfCu(100 sample were acquired at room temperature. The
electron-diffraction (LEED) system. Work-function mea- Cu(111) sample was in contact with a copper braid attached
surements were performed in a retarding mode by measuring a liquid-nitrogen reservoir for sample cooling. This ar-
the stopping potential for current to the sample from the IPEangement allowed the €ld1) sample to be cooled to
electron gun. ~140 K during deposition and data acquisition. We ob-
The substrates in this study were (C00 and Cy111) served a slight degradation of the IPE spectra after 30 min of
single-crystal surfaces. Each sample was mechanically pollata acquisition, and therefore limited our spectrum acquisi-
ished to within 0.25° of the desired high-symmetry crystaltion times to 20 min. Typically, several individually acquired
face. An electrochemical etch was the final polishing stepspectra were combined to obtain the results presented in sub-
and the samples were then introduced into the analysis chamequent sections.
ber. Atomically clean, well-ordered surfaces were produced
by several cycles of Ar-ion bombardment {1 keV) fol-
lowed by a~20-min anneal at 420 °C. Samples prepared in
this fashion consistently produced sharpx(1) LEED pat- The results discussed in this section are based on room-
terns. We verified the sample cleanliness by examining théemperature spectra acquired at normal incidence, i.e., at the
normal-incidence inverse photoemission spectra of the suf- point of the surface Brillouin zon€SB2), and at a constant
faces. The image potential states of our samples, which aracident electron energy of 19.3 eV. Figure 1 presents IPE
highly sensitive to surface contamination, were uniformlyspectra for very low coverages of Cs on (000, with a
sharp, intense and occurred at the energies corresponding ¢tean C100) spectrum at the bottom and increasing Cs cov-
clean surfaced! erages toward the top of the graph. The cleafl00 spec-
The Cs sources were commercial alkali getters, whicrum is dominated by two featuregl) strong emission from
were used to thermally deposit submonolayer amounts of Czero to 2 eV aboveEg, originating from bulk direct
on the samples. We monitored the Cs coverages primarily biransitiond***and a surface resonance-a2 eV,***"and(2)
measuring the change in the work function of the sampldéhe sharpn=1 image potential state at about 4.1 eV above
during depositiort” This was cross checked using LEED, Er.3*"~*The low-intensity region between these two fea-
where a sharp quasihexagonal pattern on thél@) and tures corresponds to the Cu band gap atXhpoint of the
Cu(111) substrates was observed for full monolayer cover-bulk Brillouin zone, projected onto th@ 00 surface.
age at room temperaturdsin this paper, 1 ML refers to The presence of even small amounts of Cs on this surface
saturation coverage at room temperature, which correspongsoduces significant changes in the IPE spectrum. First, as
to 4.12<10" Cs atoms/crh for Cu(100,” and 4.42 Cs is deposited on the Cu, the intensity of the image poten-
X 10 Cs atoms/crh for Cu(111).>® Spectra from the tial state diminishes dramatically, which is an effect in cor-

lll. Cs ON Cu (100
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More importantly, a weak adsorbate-induced feature is again
visible in the Cu-projected band gap. This peak is the same
e Ty adsorbate feature identified in th#:c=0.04 ML spectrum
presented in Fig. 1, although at this higher coverage the peak
has shifted in energy towards- by an additional 0.2 eV.
o When more Cs is deposited, the Cu image potential state
FIG. 2. Room-temperature, normal-incidence IPE spectra as @, niinyes to weaken, and becomes hard to distinguish from
function of increasing Cshczverage on (€00 .Tr}e 'nc'?em elec-  the background by a Cs coverage of 0.18 ML. In addition,
tron energy is 19.3 eV. The bottom spectrum is from clea00. w0 s induced state continues to move towards the Fermi
The Cs-induced state is indicated by the tick mark. Note the Weakl- | and tually becomes degenerate with the Cu bulk
ening of the adsorbate feature &4.=0.29 ML. evel and even y b 9
bands. As the saturation coverage at room temperature of 1
ML is approached, the energy of this feature remains ap-
respondence with the extreme sensitivity of this state to th@roximately constant at about 0.3 eV abole. Another
presence of surface contaminants. In addition, the energy afnportant aspect of the IPE spectra presented in Fig. 2 is the
the image potential state shifts subtly to lower energy. As theariation in the intensity of the Cs-induced spectral feature.
energy of image potential states on metals closely followdnitially, as Cs coverage is increased, the feature strengthens
the vacuum level, this behavior is in line with the well- and reaches a maximum intensity &t,=0.18 ML. Further
established decrease in the work function of alkali-coveredncrease of the Cs coverage results in a decrease in the in-
metal surfaced By a coverage oB-=0.04 ML, the energy tensity of the adsorbate induced feature. At a Cs coverage of
of the image potential state has dropped-b9.2 eV while, 0.29 ML, the peak has weakened to an extent that makes it
within experimental uncertainty, the work function has de-difficult to distinguish from the background. However, as the
creased by the same amount. At this point, the intensity ofilkali coverage is increased further, the Cs-derived state once
the Cu image state is considerably weaker than the correagain intensifies, as can be seen in the 0.39-ML spectrum,
sponding feature on the clean @Q0 spectrum. Moreover, although it never reaches the intensity achieved at 0.18 ML.
at this coverage an additional spectral feature is visible in th8y 6.,=0.50 ML, the intensity of the adsorbate state has
region of the projected band gap of the substrate at an energjecreased once more, only to reemerge at a coverage of 0.71
of ~2.9 eV aboveEr . Although this feature is weak relative ML. A possible explanation for the intensity changes in the
to the Cu peaks, it is distinct, reproducible, and well sepa0.29-ML coverage regime will be presented in Sec. V.
rated from both the Cu image potential state and the lower- We point out that there appears to be some structure in the
energy bulk-related emission. We therefore conclude that thfeature neaE that changes as a function of coverage at low
feature at~2.9 eV is a spectral feature due to the presence oCs exposures. This is clearly seen in Fig. 1, and for cover-
the adsorbate. As shall be discussed in Sec. V, the behaviages less than 0.29 ML in the spectra of Fig. 2. As shall be
of this feature is consistent with a state having significanseen, this enhanced emission at low alkali coverages is also
d-like orbital character, and this feature is associated withevident on the C{111) substrate.
the unoccupied Csddblevel. Figure 3 plots the energy and uncertainty in energy of the
Figure 2 presents additional IPE spectra of the Csalkali-induced state as the Cs coverage is increased. Also
Cu(100 system as the Cs coverage is increased furthemplotted in the figure is the measured change in the work
Again the bottom spectrum was obtained from cleanfunction of the Cs/Cu system as a function of Cs coverage.
Cu(100. At a coverage oB-=0.07 ML, the weak remnant The work function versus coverage curve shows the well
of the Cu image potential state is apparent at about 3.8 e\known rapid initial decrease of the work function as Cs is

Energy Above Eg (eV)
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A A L LA AL LA ALY EAARL AL Again, the bottom spectrum is from clean (@L1). This
spectrum is dominated by a single feature, thel image

Nof;ﬁfﬁfﬁiﬁlgm o - potential state at-4.1 eV aboveEg.*! In contrast to the
Ep=193eV _ T . c clean C@100) spectrum, there is very weak emission below
AN 0,50 ML the image state because the(Cl) surface has a projected
bulk band gap extending from below the Fermi level to about
f-:--;_; 0.28 ML 4.2 eV aboveE; . The very small enhancement of emission
, at Er due to theL-gap surface state of Cld1), which is
Ao 020 ML below E within =0.2 A~! of T',*? indicates the good angu-

lar resolution of our instrument.

As was the case with Cs on Qi00), the IPE spectra are
significantly modified by even small amounts of Cs on the
sample. With only 0.04 ML of Cs on the sample, the inten-
A 0.08ML sity of the image potential state has decreased relative to the
: clean Cu surface, and the energy of the state has shifted to
lower energy abov& by about 0.2 eV. Moreover, a spec-
tral feature, labeled\ in Fig. 4, appears at-3.0 eV above
the Fermi level. This feature is distinct and well separated
from the image potential state, and we thus attribute this
Clean peak to an adsorbate-induced level, most probably originat-
... Cu(111) ing from the unoccupied Csdblevel.

’ Even at the relatively low coverage of 0.04 ML of Cs, the
adsorbate peak is quite intense. As additional Cs is deposited
on the surface, the peak becomes more well defined and
o intense, and also moves toward the Fermi level. By a Cs
6'%"'1"6'8 coverage of 0.5 ML, the energy of the alkali feature has

E decreased to about 1.1 eV abdwe, which is essentially the

nergy Above Eg (eV) same ener X X
gy as the corresponding alkali feature on the

cs—=0.39 ML spectrum from C{@.00. In contrast to the be-
avior of the Cs peak on €100, the adsorbate state on the
Cu(111) spectra remains well defined at all coverages that
we explored. There is no evidence of the large modulations
in the intensity of the feature and, although the intensity is
largest at the relatively low coverage of 0.08 ML, the peak is
always clearly distinguishable from the background.

deposited onto the Cu sample, which reaches a minimum A few additional features in the spectra presented in Fig.

near 0.5 ML, followed by a small increase reaching a saty? require some comment. The first is the feature labBleal

ration value corresponding to metallic Cs as the coveragéhe IPE spectra. This feature also decreases in energy as the

approaches 1 ML is reached. As mentioned above, the c&s coverage is increased. Furthermore, the intensity of this

derived state shifts to lower energy above the Fermi level a2k decreases drastically as the Cs coverage nears the

the alkali coverage is increased. For the initial stages of ad2->-ML regime. We believe that this feature is the remnant

sorption this shift to lower energy closely follows the rapid ©f the image potential state. Indeed, on both th€100 and

decline of the work function of the CS/C100) system. Cu(111 surfaces, the image potential state is essentially un-

Above 0.~0.5 ML, however, the Cs state remains at andetectable from the background for adsorbate coverages over
S . y H

energy of~0.3 eV above the Fermi level, and does not track_”o'z ML. Another interesting feature in the spectra in Fig. 4

the subsequent increase of the work function of the systeniS the peak labele@, which is visible at an energy of about
The significant increases in the uncertainty of the Cs peaR-4 €V aboveEg, corresponding to a fixed photon energy of

can largely be attributed to the pronounced decrease in ink3-9 €V. This peak does not shift to lower energy as the
tensity of the alkali peak. The first drop in intensity occurs at2/kali coverage is increased. Moreover, the peak is absent on
a relatively low alkali coverage~<0.29 ML) while the next (he clean CW11 spectrum. As a result of these observa-
one presents itself at about 0.5 ML, which is near the mini-tions, we belleye that this feature_may be'a_fluc_)rescence peak
mum of the Cs coverage vs work-function curve. We discus€om the alkali overlayer, most likely originating from the

a possible explanation for the first intensity decrease agXCitation and subsequent decay of a core hole from the Cs
0c~0.29 ML in Secs. VI and VII. 5pys, level by the incident electron bedthFinally, as was

the case on the QLOO substrate, the low-coverage
(0cs<0.2 ML) spectra presented in Fig. 4 exhibit slightly
IV. Cs ON Cu(11]) enhanced emission just aboke .
In Fig. 4 we present normal-incidence IPE spectra ac- The_momentum dependence of the Cs state along the
quired at room temperature for increasing Cs coverages ofi10 (I'—M) direction of the SBZ is investigated in the
the CY111) substrate at a fixed incident energy of 19.38V. series of spectra presented in Fig. 5. For these spectra, the Cs

0.16 ML.

Intensity (Arbitrary Units)

# 0.04 ML

FIG. 4. Room-temperature, normal-incidence IPE spectra as g
function of increasing Cs coverage on(Cw) for an incident elec-
tron energy of 19.3 eV. The bottom spectrum is from clean
Cu(111). The featureA is the Cs-induced state, while featuBeis
the image potential state of the Cs(CLl system. The feature
labeledC is associated with fluorescence from the Qs 5level.
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-------- Lo ot enslennatgaaglag .
0 ' o e P Cs feature. On both substrates, the Cs feature was most in-
Energy Above E; ev) tense and well defined when its energy and parallel momen-

_ tum placed it in a projected bulk band gap of the substrate.
FIG. 5. IPE spectra of 0.08 ML of Cs on Q1) as a function  \yhen the feature was degenerate with the substrate bands, its

of increasing angle for the incident electron beam along(I1®)  jntensity diminished significantly. This change in the appar-
(I'-M) direction. The excitation energy is 18.3 eV, and the sub-gnt strength of the adsorbate feature is suggestive of an in-

strate temperature was140 K during deposition and data acquisi- teresting momentum dependence to the adsorbate-substrate
tion. The bottom spectrum is from clean @&21). The quoted val- bond; we investigate this in more detail in Sec. V
ues ofk, are for the adsorbate feature identified by a vertical line at ' o

~2.4 eV aboveEe. .

V. ENERGY-DEPENDENT SPECTRA OF Cs/Cu(100)

coverage was 0.08 ML, the substrate temperature was 140 K, AND Cs/Cu(111)

and the incident electron energy was 18.3 eV. Away flam
the spectra are dominated by the strong emission just above As noted in Sec. Il the intensity of the Cs feature on the
Er, which originates primarily from direct transitions to a Cu(100 substrate exhibits a significant reduction at an alkali
Cu bulk band that cross the Fermi levelést 10° as well as  coverage near 0.29 ML, followed by an increase in intensity
a Shockley-type surface stdftThese features are not of at 0.39 ML. To investigate this oscillatory intensity, we ex-
primary interest here, and will not be discussed further. Th@mined the IPE spectra of the Cs(C00 system at cover-
normal-incidence spectrum at the bottom of Fig. 5 showsages above and below 0.29 ML as a function of incident
two features, a low-energy peak at about 2.4 eV atfeye  electron energie® Figure Ga) presents normal-incidence
which we attribute to the Cs, and a higher-energy peak at 3.6pectra of 0.14 ML of Cs on QW00 at several incident
eV that we associate with the image potential state. electron energies. For reference, a cleafl00 spectrum at
We now focus on the low-energy Cs-induced feature. Inan incident electron energy of 19.3 eV is also presented.
contrast to the image potential state, this feature does not The 17.3 eV spectrum in Fig(& shows strong emission
disperse withk, but rather remains at a constant energy offrom the Cusp bands from 0.0 eV to about 1.75 eV above
2.4 eV. Such a lack of dispersion is expected for low CsEg, as well as the weak remnant of the Cu image potential
coverages, where the adsorbate has not formed an overlaygiate at about 3.5 eV. An additional weak feature from the Cs
with long-range ordef® At a k, of ~0.7 A~1, the alkali- overlayer is also visible in the Cu-projected bulk band gap at
induced state becomes degenerate with thes@band. Un- an energy of~2.3 eV. As the incident electron energy is
der these conditions, the Cs feature appears less intense reiaereased, the substrasgp bands decrease in intensity in a
tive to the strongly emitting Cu bands. At a higher value ofmonotonic fashion, as does the image potential state. We
parallel momentum, the emission from the Cu bands isttribute this reduction in the intensity to well-known matrix
roughly constant across the spectrum, and the Cs feature édement effects fosp final stated” In contrast, the Cs fea-
again clearly distinguishable at 2.4 eV. ture intensifies as the incident electron energy is increased.
In considering the results in Figs. 1, 2, and 5, we observdhis response is consistent withdalike final state for the
some striking similarities in the variations in intensity of the electron impinging on the surface, and we therefore conclude
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Cs/Cu(111) characteristic o§ p-like orbital character. We discuss the im-
8c,=0.1 ML plications and examine possible explanations for this behav-
R AR Ty T T ior in Sec. VL.
(@) ky=0 (b) k= 093 A"
' 223eV VI. DISCUSSION
7 ' " 23eV 5 The very low-coverage data for Cs on @QO in Fig. 1,
'S g and the lowest coverage data for Cs on 1) presented in
o /203eV é Fig. 4, indicate that a Cs-derived feature originates at about
i N 2.9 eV above the Fermi level in the zero-coverage limit. The
2 A, 193ev| o Cs feature shifts to lower energy abo#g as the alkali
g c coverage is increased. A similar pattern of an initial decrease
9] =] . . .
k= A 1ssev] & in the energy of _unoccup|ed alkal!-_lnduced levels, followed
8 by a leveling off in the energy position as room-temperature
saturation coverage is approached, has been reported for K
and Cs on Al111),*® Na/Ni(111)>® Na/Cu110,?® and
S ik ST L K/Ag(110).2” This decrease in the energy of the adsorbate
0 4 8 0 4 3 level is thought to be due to the strengthening dipole poten-
Energy Above E; (V) Energy Above E, (eV) tial on the surface as the alkali coverage is incred$é@his

interpretation only applies to the initial stages of deposition;

FIG. 7. Low-temperature< 140 K) IPE spectra from 0.1 ML of &t higher coverages, the wave function overlap of the adsor-
Cs on C111) using different incident electron energies obtained atPate’s o_rbltglls is considerable, leading to a reduction of the
(@) normal incidence antb) k; of 0.93 A~ along the(110) (I-M) dipole field® and a leveling off in the energy of the adsor-

direction. The shaded areas highlight the Cs-derived feature. ~ Dbate states. o -
All the normal incidence spectra presented exhibit en-

that the unoccupied Cs state contains a signifiaike ~ hanced emission ne&; at low Cs coverageigf. Figs. 1, 2,
component originating from the unoccupied G [Bvel*’ and Ga) for Cu(100), and Figs. 4, 5, and(@ for Cu(111)].

A distinctly different picture emerges from the spectra in Furthermore, as can be seen in Figs. 6 and 7, the intensity
Fig. 6(b), which were acquired at normal incidence for anjust aboveEg on both substrates decreases with incident
increased Cs coverage of 0.32 ML. While the emission fronglectron energy, which indicates that this enhanced emission
the Cu-projected bulk bands and the image state is clearlig primarily of sp-orbital charactef! We believe that this
lower in these spectra due to the higher adsorbate coveragadditional emission may originate from the unoccupied tail
their reduction in intensity with increasing electron energy isof the Cs & resonance, as was reported for Cs ofilAl)."?
still apparent. However, the Cs feature, which has moved to The lack of dispersion witlk, that is evident in the data
an energy of~1.3 eV, nowdecreasedn intensity as the presented in Fig. 5 is also not unusual as the alkali coverage
excitation energy is increased. As the substsgiéevels and is very low, and the adsorbate has not formed an ordered
the Cs feature exhibit the same response to increasing exdiverlayer. However, there does appear to be some momen-
tation energy, we conclude that the Cs-induced state now hdsm dependence to the adsorbate-derived features even at
a dominants p-like orbital character. these low coverages, as shall be addressed shortly.

We performed similar measurements of energy-dependent The interpretation of the intensity variations that are ap-
IPE spectra of Cs on the CLL1) substrate. However, moti- parent in the fixed incident electron energy spectra for Cs/
vated by the results presented in Fig. 5, we acquired spect@u(100 and Cs/C@l11) warrants further discussion. The
of a fixed Cs coverage of 0.1 ML at both normal incidencebehavior of the adsorbate level Etfor the two surfaces is
and at a constark, of 0.93A ! along the(110) (I'-M)  very different. Figure 2 shows that at moderate coverages on
direction of the SBZ. The normal-incidence spectra are preCu(100 (6cs~0.18 ML), the Cs state is clear and well de-
sented in Fig. @), where the adsorbate-induced state isfined. As the Cs coverage increases the adsorbate level first
plainly evident at about 2.5 eV abo&: ; the sharp feature weakens @cs~0.29 ML), only to reemerge as a distinct
at ~3.6 eV is the image potential state. In this instance, thdevel at higher coveragesf{,~0.39 ML). The picture is
presence of the Cu emission n&sr proves beneficial, as it very different for Ci111) atI" (cf. Fig. 4. On that surface,
shows a characteristic decrease in intensity with increasinthe alkali feature remains distinct and well defined at all
excitation energy. A similar decrease in intensity is evidentcoverages which we explored. However, for a fixed coverage
in the image potential state. The intensity of the Cs-inducedcf. Fig. 5, the Cs feature on the Cli1) surface showed
state, on the other hand, remains nearly constant, and thus Wweensity variations as a function of parallel momentum simi-
believe that our assignment of the unoccupied @devel to  lar to those exhibited by Cs on Ci00 as a function of Cs
this feature is consistent with the spectra in Fip).7 coverage.

Figure 1b) presents IPE spectra for the same system at The energy-dependent spectra presented in Figs. 6 and 7
increasing excitation energies acquired at a constardf  offer some guidance in the interpretation of these observa-
0.93 A1, In this set of data, the Cs-derived state is degentions. The spectra showed that the apparent orbital character
erate with the unoccupied portion of the €p band. These of the Cs feature changed frosp-like to d-like for both the
spectra show that the Cs-derived state now decreases in iGu(100) and Cy111) substrates. Furthermore, this change in
tensity with increasing incident electron energy, which isorbital character was achieved by varying very dissimilar
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(b) Cu(111) shows some similarities to a calculation by Liebsch of the
i = v electronic structure of the(2x2)O/Ni(100) systent! By
o - ' 77— 6 comparing this system to an unsupported ordered O layer
£ 5r \‘/ 15 & with the same O-O separation, Liebsch shows that, due to the
e Ar 14 9 hybridization of the adsorbate-substrate bands, the energy
s 3b - 43 & width of the adsorbate bands can be modified. The overlayer
8 2f L 4 12 51 bands develop a resonance width in those regions of the SBZ
B 1t L 41 7 where substrate bands of a compatible symmetry are present.
g o 0 3 A similar effect develops in the density of states of the sub-
- TS s - Ly strate, which is enhanced when adsorbate levels of appropri-
-15 -1.0 -05 00 05 1.0 -0.5 0.0 0.5 1.0

Ky (A g (A7) ate symmetry are accessible. These effects were later verified
in an angle-resolved valence-band photoemission study of
the c(2x 2)S/Fé100) systent? where the authors report

FIG. 8. The band structure of Cu projected onto ¢ae (100 . .
and (b) (111 surfaces. The shaded areas indicate projected buIIEhat the Sp bands were broader in those regions of the SBZ

bands, while unshaded areas are projected band gaps. The triannghere substrate bands are present in comparison to regions

mark the positions of Cs-induced features in the IPE spectra of Figscf)afsthe SBZ where there is a substrate projected bulk band

6 and 7; filled triangles indicatd-like orbital character, and the

unfilled triangles denotep-like orbital character. We believe our IPE results for Cs/(00 and Cs/

Cu(11)) may similarly indicate a hybridization of the

experimental parameters: increasing the Cs coverage in thOé/erIayer-substrate bonds which result in some dependence

case of C(1L00) versus changing the parallel momentum for " Parallel momentum. For low coveraged'aon both cop-

the CY111) substrate. The mechanism responsible for thder surfaces, the Cs state develops in the projected bulk band
change in the orbital character of the alkali state is thereford@P Of Cu. Thus the Cs levels cannot access the substrate
not immediately apparent. However, a common factor€vels and the_adsorbate state exhibits its intrimkitharac- _
emerges upon inspection of the electronic band structure ¢ff- HOWever, in regions of the SBZ where the local density
the two substrates. of states of the substrap levels is significant, thel-like

The projected band structures for the two substrates afgPMmponent of the adsorbate is undetectable due to the large
plotted in Fig. 8a) for Cu(100) and Fig. 8b) for Cu(112).%° resonance width and the domlnan_t contrlb_utl_on to the IPE
The unshaded areas indicate the presence of a projected b §IRECtra is the substrasp levels. This effect is independent
band gap, while the shaded portions show the regions f the mechanism used to access _dlfferent parts of the sub-
energy and parallel momentum spanned by the bulk directtrate’s band structure, e.g., lowering the energy of the ad-
transitions. We also indicate the locations of the Cs peakgcrbate level via increased coverage or varyingkhef the
from Figs. 6 and 7 along with symbols which denote theincident electrons. o
predominant orbital character for the Cs-derived spectral fea- One difficulty with this interpretation is that our observa-
tures. As can be seen, two of the adsorbate-induced featurfi§ns of these momentum-dependent spectral features occur
lie within a projected bulk band gap of the substrate, thdor Iow.alkall coverages where Iong_—range orc_ier (_)f the over-
lower-coverage Cs state at about 2.3 eV on thélGD sur- layers is not observed. Indeed, as is evident in Fig. 5, the Cs

face[Fig. 8@], and the state df for the Cy111) substrate f:ature didLréoEthistpedr_se W":?.' fotr t?ﬁ tCS{[Cmdll) sdysttem.
[Fig. 8b)]. Both these states have a predominartiike owever, studies indicaté that at reduced tempera-

orbital character. Conversely, the adsorbate features whic res .(<|.50 .lé) ?1” th? Ca1y surface,l Cs teré)diﬁ%oml;lorm a
are degenerate with the substrate projected bulk band gad%?xat'c Iquid phase for coverages as low as b. ese

the 0.32-ML state on the G100 substrate and the feature at structural studies, coupled with our observation of a momen-
a k, of 0.93A°1 on Culll), appear to have a mostly tum dependence of certain adsorbate states, suggests the

sp-like orbital character. Thus, the orbital character of the C§;$s?ng:e gf suftf)|ct|enttshort—r?]nlge order on Ejhe tsurfacss to
feature is correlated with degeneracy with the substrat&'cCt bonding, but not énough long-range order 1o produce

bands; the Cs feature exhibislike orbital character when it " observable, distinct LEED pattern.
is in a projected bulk band gap, asg-like orbital character VII. SUMMARY AND CONCLUSIONS
when it is degenerate with the substrate bands. Further-
more, this effect is apparent whether degeneracy with the In summary, we performed a series of IPE experiments of
substrate bands is achieved by varying coverage to modif¢s on the C(100 and Cy111) substrates. On both surfaces
the energy of the Cs feature, as was the case with that normal incidence, the adsorbate level develops in the sub-
Cu(100 data, or by accessing a different part of the SBZ, asstrate projected bulk band gap at about 2.9 eV ahbBye
was done with the Qu11) substrate. With increasing alkali coverage, this feature moves towards
Momentum-dependent modifications of adsorbate energf-. This observation is consistent with results from other
levels are typically associated with dispersioreakrgywith IPE investigations of alkalis on metals, and can be under-
k;, a phenomenon which is restricted to ordered overlayersstood in terms of a strengthening dipole field as the alkali
We believe this is the first report of a momentum depen-coverage increases. As~0.08 ML, the Cs-derived feature
dence to theorbital characterof an adsorbate spectral fea- on Cu111) exhibits no dispersion witk,, which is consis-
ture, and our results may indicate a significant amount ofent with an absence of long-range order at low adsorbate
hybridization of the alkali adsorbate/metal substrate bond. coverages.
The behavior of the alkali-induced levels in our data Large variations in the intensity of the Cs-induced feature
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are correlated with changes in the orbital character of théreatment of thec(2x2)O/Ni(100) system and an angle-

adsorbate level, as identified in energy-dependent IPE spegesolved photoemission study of2x 2)S/F&100).
tra. Both of these effects can be interpreted as evidence for

hybridization of the adsorbate/substrate bond. The adsor-
bate’s orbital character is evident when the adsorbate level
lies in a projected bulk band gap of the substrate, while the This study was financially supported by the National Sci-
substrate’s orbital character becomes dominant when the aénce Foundation under Grant No. NSF-DMR 94-11610. In
sorbate level is degenerate with the projected bulk bands afddition, this material is based upon work done by D.A.A,,
the substrate. These results are consistent with a theoretioaho was supported by the National Science Foundation.
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