PHYSICAL REVIEW B

VOLUME 31, NUMBER 8

Adsorbate-induced shifts of electronic surface states:
Cs on the (100) faces of tungsten, molybdenum, and tantalum

P. Soukiassian,* R. Riwan, and J. Lecante
Service de Physique des Atomes et des Surfaces, Centre d’Etudes Nucléaires de Saclay,
. F-91191 Gif-sur-Yvette Cédex, France
and Laboratoire d’Utilisation du Rayonnement Electromagnétique (LURE), Université de Paris—Sud,
F-91405 Orsay Cédex, France

E. Wimmer,” S. R. Chubb, and A. J. Freeman?

(Received 30 July 1984; revised manuscript received 13 November 1984)

The adsorption of cesium on the (100) faces of W, Mo, and Ta for coverages between 0 and 1
monolayer is studied by angle-resolved ultraviolet photoemission spectroscopy with use of synchro-
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tron radiation, by electron-energy-loss spectroscopy, and by low-energy electron diffraction. With -

increasing cesiation, the W(100) surface state at T located 0.3 eV below the Fermi level is shifted by
up to 1.0 eV to larger binding energies while remaining sharp and intense. A similar behavior is ob-
served on Ta(100), whereas on Mo(100) the shift of 0.9 eV of this surface state is accompanied by a
pronounced attenuation of its intensity. These experimental shifts are shown to be in excellent
agreement with all-electron local-density-functional results obtained with the full-potential linear-
ized augmented-plane-wave method for Cs monolayers on the W(100) and Mo(100) surfaces. Based
on these ab initio results, the electronic origin of the shifts is understood by the formation of strong-
ly polarized covalent bonds between the d-like surface states and the Cs 6s—derived valence states.
It is argued that even at high Cs coverages, the main electron-energy-loss peaks, which are observed
between 1 and 2 eV, could be interpreted as Cs 6s-—6p—like interband transitions rather than as

surface-plasmon peaks.

I. INTRODUCTION

Electronic surface states (SS’s) are well known to be
sensitive to adsorbates; in many cases such as oxygen ad-
sorbed on Mo(100) (Ref. 1) and W(100) (Ref. 2) or hydro-
gen on W(100) (Ref. 3) the SS’s of the substrate are readily
destroyed by the adsorbate. Only in exceptional cases has
the response to adsorption been observed to be different:
very high exposures of the (100) face of Mo (Ref. 4) to H,
cause an attenuation of the SS photoemission peaks
without any displacement of their energies. On the other
hand, Hg adsorbed on the W(100) surface has been found®
to leave the SS’s of the substrate unaffected. Similarly,
layer growth of Au and Cu studied with field emission en-
ergy distribution (FEED) measurements by Billington and
Rhodin® showed the appearance of SS’s of the W substrate
with completed one and two monolayer coverages. How-
ever, between these coverages the SS could not be detect-
ed. Recently, Lindgren and Wallden’~? studied the effect
of Cs adsorption on the s,p-like SS on Cu(111) at normal
emission angle and found that this state located at 0.4 eV
below the Fermi level was shifted by 0.4 eV to larger bind-
ing energies with considerable attenuation. Adsorption of
oxygen caused a shift of this SS to smaller binding ener-
gies>!% and CO adsorption lead to a shift to smaller bind-
ing energies together with a rapid decrease in intensity of
the photoemission peak associated with this SS.!! In this
context, the study of alkali adsorption on transition metal
surfaces such as W(100), Mo(100), and Ta(100) is of par-
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ticular interest since the understanding of their crystallo-
graphic and electronic structures still presents challenging
scientific problems.

In this paper, we present a combined experimental and
theoretical investigation of the effect of Cs adsorption on
the SS’s of the (100) faces of Mo, W, and Ta as observed
by angle-resolved ultraviolet photoemission spectroscopy
(ARUPS) at normal emission. The photoemission data,?
obtained by using synchrotron radiation, are augmented
by!® electron energy loss spectroscopy (EELS) and low-
energy electron diffraction (LEED) measurements.!* !
These experimental results are discussed in the light of
fully self-consistent all-electron local-density functional
(LDF) calculations performed for monolayers of Cs on
W(100) and Mo(100) (Refs. 16 and 17, respectively) sur-
faces. Upon adsorption of Cs on the (100) surfaces of W,
Mo, and Ta, the SS’s located at T just below the Fermi
level are shifted by about 1 eV to larger binding energies.
All-electron LDF calculations for the systems Cs/W(100)
and Cs/Mo(100) quantitatively describe these adsorbate
induced shifts of the SS’s and reveal their electronic ori-
gin: the SS’s, which have d ,-like character and project far
out into the vacuum, form polarized covalent bonds with
the Cs 6s-derived states. Consequently, the energy of the
hybridized bonding state is lower than that of the SS on
the clean surface while its charge distribution near the
surface d-metal atom remains essentially unaltered.
Furthermore, EELS data obtained for cesiated W(100)
and Mo(100) surfaces show a characteristic loss peak

4911 ©1985 The American Physical Society



4912

which is shifted to smaller energies upon cesiation. The
present theoretical results provide evidence that these en-
ergy losses can be interpreted!>!3 as Cs 65— 6p—like in-
terband transitions, rather than as surface plasmons.

II. BACKGROUND PERSPECTIVE

The crystallographic structures of alkali overlayers on
metallic substrates as a function of coverage, the corre-
sponding work function changes, and adsorption energies
have been studied for a variety of systems using mainly
low-energy electron diffraction (LEED), contact potential,
and thermal desorption methods. From these studies, a
consistent picture has emerged: upon alkali adsorption,
the work function of the substrate drops rapidly, reaches a
minimum, and then increases slightly to a plateau at cov-
erages greater than a monolayer. At full monolayer cov-
erage the alkali atoms form close-packed hexagonal struc-
tures as has been observed for Cs/W(100),'® Cs/W(110),
K/Ni(100),° K/Pt(111),*! Na/Al(100) and Na/Al(111),%?
Cs/Cu(111),” Cs/Cu(100),** and Cs/Ir(100).° At lower
coverages, ordered overlayer structures have been observed
for systems such as p(2Xx2)Cs/W(100),!8, ¢(2x2)Na/
Ni(100),%® and ¢(2X2)Na/Al(100).2% In other cases, e.g.,
Cs/W(110) (Ref. 19) and K/Ni(100),%° the adsorbate
atoms are uniformly spread and their interatomic dis-
tances decrease continuously with increasing coverage.
Furthermore, adsorbed alkali atoms have been found to
induce a reconstruction of the substrate such as the (110)
faces of Ag and Cu (Ref. 27) and the (100) faces of Mo
and W.!* In general, the desorption energy per atom has
been found to decrease with increasing coverage.

The electronic structure of the alkali atoms adsorbed on
transition-metal surfaces has been explored mainly by us-
ing electron-energy-loss spectroscopy (EELS), Auger elec-
tron spectroscopy (AES), work-function measurements
and, in some cases ultraviolet photoemission spectroscopy
(UPS). Changes in energy loss with the coverage of al-
kalis on Ni(100) (Refs. 28—30) and on Cu(111) (Refs. 7
and 31) have been attributed to collective oscillations of a
free-electron gas in the overlayer of varying density. The
same mechanism was first proposed by MacRae et al. for
Cs on W(100) (Ref. 32) and by Thomas and Haas>*? for Rb
on the same substrate. Theoretical studies by Gadzuk,**
Ghai et al.,*® and Newns®® have provided a justification
for interpreting these excitations in the submonolayer cov-
erage as surface plasmons and these authors have calculat-
ed theoretical dispersion curves on this basis. The obser-
vation of the occupied 6s resonance for Cs on Cu(111)
above a half-monolayer coverage in ARUPS”3! has pro-
vided further confirmation of the validity of this model
(assumed to be applicable for all substrates).

However, interband transitions are well known as
another mechanism for electron energy losses. This fact
has been used to interpret the EELS results for low cover-
ages of Na, K, and Rb overlayers on Ni(100),?5?*37 Na on
Pt(111),*® and for Na and Cs on Cu(111).>! Generally,
these authors consider transitions from occupied valence
states into unoccupied adsorbate states. Recent EELS and
ARUPS experiments!>!3 for Cs adsorbed on W(100),
Mo(100), and Ta(100) provided further indications that
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the interactions between adsorbed alkali atoms and
transition-metal substrates cannot be explained satisfac-
torily by a simple theoretical model which ignores the de-
tailed electronic structure due to the presence of d elec-
trons at the surface.

The small ionization potentials of the alkali atoms and
the rather large work functions of clean transition-metal
surfaces suggest that the adsorbed alkali atoms are largely
ionic or strongly polarized at low coverages. This is evi-
dent from the initial rapid decrease of the work function
upon alkali deposition observed for a variety of sys-
tems!®18:19.22:31,39-42 314 has been further demonstrated
by core level shifts, e.g., for the system K/Fe(110).4° At
high coverages, metallic overlayers have been assumed,
e.g., for K/Ag(111).4!

This wealth of experimental data for alkali overlayers
on metallic substrates has spawned a fascinating field for
theoretical efforts to describe the interaction between ad-
sorbate and substrate. We recall briefly the main existing
approaches to alkali adsorption on metals. The first
model was given by Langmuir*»** who assumed that at
low coverages the alkali atoms are adsorbed as ions with
their valence electrons being transferred to the metal sub-
strate. The positive ions together with their negative im-
age charges form dipoles which lower the work function.
At higher coverages, dipole-dipole interactions lead to a
depolarization®® and further to a minimum in the work
function. Beyond this minimum, neutralization of the
ions is achieved. As illustrated recently by Desplat and
Papageorgopoulos,*¢ this assumption seems to be support-
ed by the fact that Cs atoms desorb as positive ions at low
coverages and as neutral atoms at high coverages. Anoth-
er model given by Levine and Gyftopoulos*’ considers the
surface as a dipole barrier and an electronegative barrier.
The charge transfer in this theory is proportional to the
electronegativity difference between the surface and the
adsorbate. The adsorbate is essentially ionic at low cover-
ages and covalent beyond the half-monolayer up to the
monolayer coverage.

Various quantum-mechanical approaches have been at-
tempted to describe the interaction between the adsorbate
and the substrate. In the first step, a simplified Hamil-
tonian*®*~** or a modified Anderson Hamiltonian!—5
have been introduced assuming a weak adatom-metal in-
teraction associated with extended wave functions. Local-
ized surface states are excluded,*’ so that perturbation
methods may be used. Muscat and Newns®! justify the
extrapolation of their results obtained for alkali adsorp-
tion on free-electron (s,p) metals to transition-metal sub-
strates by assuming that the Cs-6s interaction with d elec-
trons is negligible. [They observe that (i) the work-
function—versus-coverage curves are similar for a great

~ variety of metal substrates and (ii) the energy loss in the

Cs monolayer is nearly the same for a variety of transition
metals.] Using this approach, Braun et al.>* obtained a
good fit to the experimental work function curves for Cs
on W(110) and W(111).

Using the local density functional (LDF) approach,
Lang®® considered the substrate as semi-infinite jellium
with the proper electron density, the adsorbate being
represented by a jellium slab. This model was extended to
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crystalline substrates by Khan and Ying®’ who found evi-
dence for specific adsorption sites for Na on Al(111).
Wojciechowski®® found that for Cs on W(100), the adsor-
bate is atomiclike near half-monolayer and becomes me-
tallic near the completed monolayer coverage. This ap-
proach gives the overall shape of the change in the elec-
tron density at the surface, the induced dipole moment
and hence the work-function change. For a detailed dis-
cussion the reader is referred to recent review articles by
Muscat and Newns>® and Schulte and Holz1.%°

Clearly, these two approaches, even in their most ela-
borated forms, only consider the interaction with free-
electron metals®! or the delocalized electrons in transition
metals but cannot account for a detailed understanding of
localized d-like states at the surface known to be so im-
portant on transition-metal surfaces.

Recently, Wimmer et al.'® reported the flrst rigorous,
all-electron LDF study of Cs adsorbed on the W(001) sur-
face in a probe of the high-coverage limit. From this
study it became evident that the d-like surface states of
the W(001) surface play an important role in the interac-
tion between the Cs atoms and the transition metal sub-
strate. Significantly, the surface state at T, located 0.3 eV
below the Fermi surface was found to be shifted by 1.0 eV
toward larger binding energy due to the formation of a
polarized covalent bond between the (Cs-65)-derived states
and the W(d) surface state. This shift was reported in-
dependently by Soukiassian et al.'* as observed by
ARUPS.

III. TECHNICAL ASPECTS

A. Experimental

The measurements were performed in an ultrahigh vac-
uum chamber with base pressure maintained in the
10~ -Torr range. The experimental setup®? provides two
levels. The upper level is equipped with a four-grid re-
tarding field analyzer for low-energy electron diffraction
(LEED) and Auger measurements, an alkali source, a
quadrupole analyzer, and an ion gun. The lower level
contains the electron spectrometer with a hemispherical
(180°) monochromator and analyzer.** For the ARUPS
experiments, an identical ultrahigh vacuum chamber with
a cylindrical photoelectron analyzer is used. The syn-
chrotron radiation emitted by the ACO-LURE (Labora-
toire pour d’Utilisation du Rayonnement Electro-
magnétique émis par les Anneaux de Collisions de
I’Accélérateur linéaire d’Orsay) storage ring is focused by
a toroidal mirror on a photon monochromator.®* The
resolution is 150 meV in EELS and ARUPS. The
ARUPS experiments are performed with p polarization at
an incident angle of a=80° and the photoelectrons are
collected at normal emission angle. In the EELS experi-
ments the reflected beam is analyzed in the specular direc-
tion.

Pure cesium is deposited onto the metal surface after
thorough degassing of a resistively heated Cs chromate
source in which reduction is achieved by an Al-Zr alloy.®
The growth of cesium layers is monitored by LEED and
AES measurements.'*

The W(100) and Mo(100) surfaces were cleaned by oxi-
dation cycles (2 h at 10~° Torr of oxygen at 1300 K) and
flash heating to 2200 K for tungsten and 1900 K for
molybdenum. For the Ta(100) surface, ion bombardment
sequences and flashes at 2800 K were used. These se-
quences were repeated until a clean surface was obtained
as characterized by Auger electron spectroscopy (AES).

B. Theoretical/computational

For the theoretical/computational description of the
surfaces and overlayers we use the single slab (or thin
film) approach which is now well established to reproduce
accurately surface electronic structures.®® In our calcula-
tions,'®!” the W and Mo substrate is represented by a film
of five atomic layers. Cs overlayers on both sides of this
slab are assumed in a ¢(2X2) overlayer structure with the
Cs atoms above fourfold hollow sites of the surface sub-
strate atoms. This (hypothetical) overlayer structure
models the situation at completed Cs monolayer coverage.
Since no experimental data are available for the height of
Cs atoms adsorbed on transition-metal surfaces, we as-
sume for both systems, Cs/W(100) and Cs/Mo(100), the
same distance of 2.9 A between the planes of the surface
W (Mo) atoms and the Cs adsorbate. This choice of 2.9 A
was found earlier!® to give a reasonable value for the work
function (which is very sensitive!® to the assumed height
of the Cs atoms) and has been retained in the present
study. The electronic structure is calculated from all-
electron local-density-functional (LDF) theory.’> We use
the self-consistent full-potential linearized augmented
plane wave (FLAPW) method®’ for thin films to calculate
energy-band structures and charge densities. The main
features of this method are (i) all electrons of the system
are included in the self-consistency procedure; (ii) the
single-particle wave functions for the valence states are
expanded in a highly flexible variational basis set; (iii) the
core electrons are treated fully relativistically and the
valence electrons semirelativistically®® (i.e., by dropping
the spin-orbit interaction term, but retaining the other rel-
ativistic terms in the Hamiltonian); (iv) no shape approxi-
mations are made to either the charge density or the po-
tential. Details of the approach have been presented else-
where.5’

IV. EXPERIMENTAL RESULTS
A. ARUPS

1. Cs/W(100)

The angle-resolved ultraviolet photoemission spectro-

_scopy (ARUPS) measurements were performed using syn-

chrotron radiation with p polarization and normal emis-
sion angle. Figure 1 shows the ARUPS results obtained
for Cs on W(100) between 0 and 1 monolayer coverage us-
ing a photon energy=78 eV. For convenience we denote
with ©=1 the complete monolayer coverage. With
respect to the substrate this corresponds to a coverage of
0.43. The most important feature in the ARUPS spectra
concerns the high-lying (HL) tungsten surface state E; lo-
cated near the Fermi level: Upon cesiation, peak E;
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FIG. 1. Cs/W(100). Normal emission angle ARUPS spectra
for increasing Cs coverage (© =1 corresponds to a completed Cs
monolayer) using a photon energy = 78 eV and p polarization.

remains sharp and intense up to full monolayer coverage.
Its energy exhibits a continuous shift which reaches 1 eV
at a coverage of ©=0.6 monolayer and then remains con-
stant (cf. Figs. 1 and 2). Figure 3 shows ARUPS data ob-
tained for © =0.8 monolayer when the photon energy is
changed between 50 and 78 eV. As expected for a surface
state, the ionization energy does not depend on the in-
cident photon energy. Furthermore, its intensity also
remains almost unchanged in this range. As can be seen
from Fig. 1, the linewidth of E; remains constant up to
©=0.8 monolayer and a small increase is observed above
this coverage due to its overlap with peak E,. The bulk
peaks E, and E5 (Fig. 1) are not affected by the adsorp-
tion. Peaks E¢ and E; correspond to the cesium 5p;,,
and S5p,,, semicore levels which, remarkably, keep the
same binding energy for all coverages between O and 1
monolayer.
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FIG. 2. Cs/W(100). Energy of ARUPS peaks versus cesium
coverage ©O.

2. Cs/Ta(100)

The ARUPS data for the system Cs/Ta(100) (Figs. 4
and 5), recorded with a photon energy of 70 eV and p po-
larization, show very similar features compared with the
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FIG. 3. 0.8 monolayer of Cs/W(100). ARUPS spectra for

various photon energies, p polarization, and normal-emission
angle.
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FIG. 4. Cs/Ta(100). ARUPS spectra for increasing Cs cov-

erage O, using an incident photon energy=70 eV, p polariza-
tion, and normal-emission angle.
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FIG. 5. Cs/Ta(100). ARUPS spectra showing the high-lying
Ta(100) surface state at T', upon Cs adsorption. A photon ener-
gy =70 eV, p polarization, and normal-emission angle are used.
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FIG. 6. Cs/Ta(100). ARUPS spectra showing the sensitivity
of peaks F, and F, to an exposure of 6 L of oxygen using a
photon energy =70 eV, p polarization, and normal-emission an-

gle.

Cs/W(100) system: the peak F; situated near the Fermi
level is shifted to larger binding energies and remains
sharp and intense. At completed monolayer coverage, this
shift of 0.8 eV is smaller than in the case of W(100). The
peak F, is not affected by the Cs adsorption (cf. Fig. 4).
The sensitivity of the features F; and F, to deposition of
oxygen (cf. Fig. 6) and the fact that this energy shows no
dispersion with k; (Ref. 69) identifies them as high- and
low-lying surface states—in agreement with a recent
theoretical investigation.”” The peaks F; and F, originate
from the Cs 5p;,, and 5p;,, semicore states. As was
found also for Cs on W(001), the energy position of these
5p signals does not significantly change with increasing
Cs coverage.

3. Cs/Mo(100)

The photoemission spectra of the Mo(100) surface as a
function of increasing Cs coverage recorded at 30 eV ex-
hibit different behavior (Figs. 7 and 8). Upon cesiation,
the intensity of the surface state peak just below the Fermi
energy is dramatically decreased and broadened while be-
ing shifted to larger binding energies. This quenching of
the intensity of the Mo surface state by Cs adsorption has
been observed in earlier ARUPS results using He (I) radia-
tion.® Furthermore, near and at completed monolayer
coverage (cf. Fig. 8), a peak is observed at the original po-
sition of the surface state. Using the higher photon ener-
gy of 50 eV (Fig. 9), a similar shift and broadening is
found. However, at this photon energy, the bulk peak D,
clouds the situation for coverages greater than 0.5 mono-
layer (cf. Fig. 9).

Peak Dj, the low-lying surface state, is slightly affected
by the Cs adsorption and appears to be shifted by 300
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FIG. 7. Cs/Mo(100). ARUPS spectra for increasing Cs cov-
erage using an incident photon energy=30 eV, p polarization,
and normal-emission angle.
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FIG. 8. Cs/Mo(100). ARUPS spectra showing the high-
lying and low-lying Mo(100) surface states upon Cs adsorption.
A photon energy=30 eV, p polarization, and normal-emission
angle are used.
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FIG. 9. Cs/Mo(100). ARUPS spectra for increasing Cs cov-

erage using an incident photon energy=50 eV, p polarization,
and normal-emission angle.

meV to smaller binding energies (cf. Figs. 9 and 10). No
peak corresponding to E; (Fig. 1) is observed for
Cs/Mo(100) at these energies.

B. EELS

- The main feature in the electron-energy-loss spectra of
Cs/W(100) and Cs/Mo(100) (Figs. 11—13) is the energy
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FIG. 10. Cs/Mo(100). Energy of ARUPS peaks D; versus
cesium coverage ©. HL and LL denote the high-lying and the
low-lying surface states, respectively.
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loss Py, which is shifted from 2.9 eV at low cesium cover-
age to 1.5 eV at half-monolayer coverage for Cs/W(100)
and to 1.6 eV for Cs on Mo(100) (cf. Figs. 12 and 13).
The shift of the energy loss of these two systems is found
to be independent of the energy of the incident beam. On
Mo (Fig. 12), the loss peak A (1.4 eV) disappears at low
coverages, while on W, the loss peak A’ is less sensitive to
the adsorption and overlaps with P, above a half mono-
layer.

Additional small features are present on both metals:
(i) a peak P, is revealed by a peak-separation treatment!
(0.8 eV at ©=1); (ii) P3 and P, with an energy loss of 2.6
and 3.4 eV, respectively; (iii) Ps and P (Fig. 12), which
correspond to transitions from the Cs-5p semicore states
to an empty state near the Fermi level. On Mo(100), the
intensity of the surface plasmon B at 10 eV decreases with
increasing cesium coverage!® as in the case of oxygen ad-
sorption.’!"72

C. LEED

On Mo(100), a (V2 X V2)R45° pattern is observed for a
Cs coverage of 0.3 (corresponding to 0.13 in terms of the
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FIG. 11. Cs/W(100). EELS spectra for increasing Cs cover-
age ©. The energy of the incident electron beam (with incident
angle=45°) is Eq=45eV.
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FIG. 12. Cs/Mo(100). EELS spectra for increasing Cs cover-
age. The energy of the incident electron beam (with incident an-
gle=48°) is Eq=125 eV (after Ref. 13).

Mo substrate). This structure is attributed to the recon-
struction of the substrate. Two further states are ob-
served: (i) At a Cs coverage of ©=0.58 a p(2X2) struc-
ture is developed. Above this coverage, two domains are
observed in which the p(2?2) structure is contracted in
one of the [110] directions. (ii) At the completed Cs
monolayer (denoted in this paper by ©=1) a compact

3L
We
A\
—o— [s/Mo (100)
25k " Cs/W (100)
' Y -===Cs/Cu (1)
3z
o
a 2+
15+
1 1 1
0 0.5 1

Cs coverage (monolayers)

FIG. 13. EELS. Displacement for main loss peak P, with
increasing Cs coverage for the W(100), Mo(100), and Cu(111)
surfaces. [The results for Cu(111) are taken from Ref. 31.]
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hexagonal structure is observed, present in two unequally
populated domains. At this stage, the coverage with
respect to the substrate is 0.43. From these studies'® ! it
is concluded that a (V2XV2)R45° substrate mesh with
the p2mg space group exists on the surface. This struc-
ture is present in two domains, one being selectively
formed. The intensity of the reflections due to this struc-
ture has a twofold symmetry and is attributed to a recon-
struction of the Mo substrate which probably differs from
that at low coverage where a fourfold symmetry is ob-
served. This second reconstruction'* appears above 0.7
monolayer of Cs.

V. DISCUSSION AND INTERPRETATION

A. Monolayer coverage

One of the most striking results of the all-electron LDF
calculations for a monolayer of Cs adsorbed on W(100)
and Mo(100) is the fact that in both cases the high-lying
SS at T is shifted by about 1 eV toward larger binding en-
ergies (cf. Fig. 14). The charge density plots of the high-
lying SS at T for the clean (Fig. 15) and cesiated (Fig. 16)
Mo(100) and W(100) surfaces reveal the electronic origin
of these shifts: these dzz-like SS’s, which project far out
into the vacuum, form a polarized covalent bond with the
(Cs-65)-derived states thus leading to the formation of
bonding states of lower one-particle energy than that of
each partner. (The corresponding antibonding state is an
unbound continuum state located above the vacuum zero
of the system.) Surprisingly, the Mo(100) and the W(100)
SS’s show amazing similarity. It may thus be concluded
that either (i) the pronounced attenuation observed for the
high-lying Mo(100) SS (cf. Fig. 7), which is so different
from the behavior found for the corresponding W(100) SS
(cf. Fig. 1), cannot be attributed to a simple initial state
effect or (ii) it is due to differences in the adsorption
geometry (e.g., height).

From the intensity I(E;), the d character in the
Cs-65/W-5d hybridization process may be - estimated.

e 41 o
_\— Eg
5 IS
2
w
T I
_}__3
+-4
-5
Mo Cs/Mo W Cs/W

FIG. 14. All-electron LDF FLAPW eigenvalues of the high-
and low-lying surface states at T for the clean and cesiated
Mo(100) and W(100) surfaces. The broken lines indicate states
of predominantly Cs-p character.
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A (o] A

Mo w
FIG. 15. All-electron LDF FLAPW charge densities [in
units of 1073 electrons/(a.u.)*’] of the high-lying SS’s at T for
Mo(100) and W(100).

This intensity is proportional to (a|s | +8|d | )? (a and
B- being the coefficient of s and d electrons with
a’+B*=1). As coverage is increased from O to 0.6 mono-
layers, I(E,) decreases to 65% of its initial value on the
clean surface, then remains constant with increasing Cs
coverage (cf. Fig. 17). Due to the fact that these ARUPS
experiments were performed at 78 eV, which is not favor-
able for observing the Cs 6s level (the highest cross sec-
tion for s levels are obtained for photons with energies of
a few electron volts”’3), we can estimate the proportion of
d character in the hybridized orbital s,d as B*=[I(E,) at
1 monolayer of Cs/I(E;) on clean W]=65/100; thus
B=80% of d character between 0.6 to 1 monolayer of
cesium. Thus the d character of E; is reduced by 20% as
coverage increases from O to 0.6 monolayer and then

q

A 44

R 4%

Q
@
a

Cs/Mo Cs/W

FIG. 16. All-electron LDF FLAPW charge densities of the
high-lying SS’s at T for cesiated Mo(100) and W(100). The
same normalization and units are used as in Fig. 15.
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FIG. 17. Relative intensity of the E; tungsten surface state
peak versus Cs coverage.

remains constant up to 1 Cs monolayer (Fig. 17).

Interestingly, the energy of the low-lying SS at T (cf.
Fig. 14) is not affected by cesiation. This fact is readily
explained by an inspection of the charge density of this
state:'”7* this state is mainly localized between the sur-
face and subsurface layer and projects only slightly out
into the vacuum region. As a result, its interaction with
an adsorbate such as Cs is rather small.

It was suggested in previous studies that the main
energy-loss peak P; (cf. Figs. 11 and 12) results from in-
terband transitions. Further support for this assumption
was obtained from EELS measurements on the coadsorp-
tion of oxygen and cesium on Mo(100) (Ref. 62) and
W(100).”> The interpretation was deduced from a com-
parison of the loss spectra for Cs on W(100) and Mo(100)
with those observed for Cs on Cu(111) (Ref. 31) (Fig. 13)
where the relationship between the energy loss and the
coverage above the minimum supports the assumption of
a surface-plasmon excitation of free electrons. Earlier,
MacRae et al.*? interpreted their EELS results for Cs on
W(100) by assuming surface-plasmon excitations. This
picture was supported by the observation that for Cs cov-
erages above one monolayer, the surface-plasmon energy
of pure Cs is approached. MacRae et al.’? adopted the
simple picture*>** that at low coverages, Cs is adsorbed as
an ion, becoming atomic-like near half-monolayer cover-
age and metallic for ©=0.8 to 1 monolayer. However,
MacRae et al.’? used a retarding field analyzer with low
resolution and they did not observe changes in the energy
of the main loss peak for coverages smaller than half a
monolayer of Cs. Furthermore, earlier theories such as
that of Muscat and Newns®"’% assumed that the interac-
tions between the Cs electrons and the d electrons of the
transition metal are negligible and that interactions should
occur only with the more delocalized s and p electrons.
As a result, one should expect delocalized or free electrons
on the W(100) surface, similar to that existing for Cs ad-
sorbed on Cu(111).3!

A different point of view arises from our all-electron
LDF calculations for Cs on W(100) (Ref. 16) and
Mo(100).]7 These calculations reveal that the (Cs-6s)-
derived valence states are strongly hybridized with local-
ized W(d) surface state electrons. Due to this component
of localized states, a collective oscillation, if it would ex-
ist, would be markedly damped and a correspondingly
large linewidth would occur. Since the characteristic loss
peaks, P; (cf. Figs. 11 and 12) are sharp, the interpreta-
tion involving collective oscillations is unlikely to be ade-
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quate and an s—p interband transition is assumed as ex-
plained in the following.

The EELS spectra shown in Figs. 11 and 12 have been
obtained in a specular geometry where “vertical”
(Ak;;=0) one-electron transitions and q;=0 collective
modes are observed. Assuming interband transitions, con-
tributions over the entire surface Brillouin zone have to be
taken into account. A first orientation can be gained
from analysis of the energy-band structure of an unsup-
ported hexagonal Cs monolayer:”’ There exist a half-
filled s band and an unoccupied, predominantly p-like
band’® about 1.5 eV above the s band. Both bands exhibit
an upward dispersion away from T and are fairly parallel
over a considerable part of the surface Brillouin zone.
Thus, dipole transitions from the s band into the p band
can be expected to give rise to rather large intensities.
Similarly, the Cs s- and p-like bands in the energy-band
structures of Cs monolayers adsorbed on W(100) (Ref. 16)
and Mo(100) (Ref. 17) reveal a partly occupied s band and
an unoccupied p band, both with an upward dispersion
away from T. Interestingly, at T, the energy difference
between the s band (i.e., the hybridized surface state) and
the p band as shown in Fig. 14 is about 2.eV, which is
very close to the value of 1.9 eV found for the unsupport-
ed Cs monolayer (cf. Fig. 2 of Ref. 77). As stated above,
in the case of Cs adsorbed on a transition-metal surface
such as W(100), the Cs valence states are hybridized with
the substrate d states and polarized towards the
transition-metal atoms. Thus, the states near —1 eV in
Fig. 14 can be viewed as shifted surface states as discussed
in the previous sections and, at the same time, as the bot-
tom of the Cs s band. Away from T, this Cs s band
disperses upward and hybridizes with other substrate
states in a rather complicated way. Importantly, because
the bottom of the Cs s band is well below the Fermi level,
a significant fraction of this band is occupied giving rise
to a sufficient intensity in the s—sp transitions which
therefore could account for the principal energy-loss
peaks shown in Figs. 11 and 12.

B. Submonolayer coverage

So far, we have restricted our discussion to the mono-
layer coverage, for which a comparison with theoretical
calculations is possible. We now focus on low Cs cover-
ages of the W(100) surface.

The spectra obtained by ARUPS (Figs. 1—10) and
EELS (Figs. 11—13) remain essentially constant as the Cs
coverage is increased from 0.5 monolayer to a full mono-
layer. Therefore, no dramatic change in the electronic
structure over this coverage range can.be inferred (Fig.
18). This finding is somewhat in conflict with the predic-
tions obtained by Wojciechowski*® who concluded from
jellium model calculations that at “near monolayer cover-
age” a transition from an ionic adsorbate state to the me-
tallic state should occur. At low coverages, the model of
Wojciechowski®® and the description by Levine and Gyfto-
poulos*’ are in accordance: Up to about half-monolayer
coverage, the adsorbate is mainly ionic with charge
transfer to the substrate. Covalent bonding becomes im-
portant for coverages larger than half a monolayer. This
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FIG. 18. Cs/W(100). Proposed initial and final state of P,
interband transition versus cesium coverage between O and 1
monolayer.

picture for the high-coverage limit is consistent with the
all-electron LDF results.

For low coverages, it is believed that the EELS peaks of
several systems result from transitions from a substrate
state into an unoccupied resonance state.”® In the frame-
work of a simplified quantum-mechanical description of
alkali adsorption,*>°%® the drop in the energy loss with
increasing coverage is thought to be related to depolariza-
tion effects as discussed by Gurney*® and Schulte et al.*®°

We have shown for Cs on W(100) and on Mo(100), that
an apparent continuity seems to exist for both the occu-
pied and unoccupied states up to a half-monolayer cover-
age (Fig. 18) and that the hybridization between the
Cs(6s) and the W(d) SS electrons occurs all along the
coverage range from O to 1 monolayer. This means that
the bonding is presumably covalent even at low coverage.
Is this conclusion in contradiction with the experimental
“results in favor of ions at low coverage? First, the obser-
vation of an ionic desorption is not directly related to a
surface ionization. This was already emphasized by Gur-
ney*® and Gomer.” Furthermore, the chemical shift ex-
perienced by the core-level electrons, for example, Cs on
Cu(111) (Ref. 31) or on Ni(100),? generally attributed to a
strong ionic character at low coverage, may also be the re-
sult of the changes in the surface potential,®’ or to
changes in the height of the adatom.

We suggest the following picture to describe the in-
teractions between Cs adsorbates and transition-metal sur-
faces such as W(100). Due to the extended nature of the
Cs 6s orbitals, they interact with localized SS’s residing
on several neighboring W atoms. With an increased num-
ber of Cs atoms, cooperative effects are induced on the W
surface which are seen (i) in the reconstruction at low cov-
erage where the induced c¢(2X?2) structure of the sub-
strate has its maximum at a Cs coverage of approximately
0.2 monolayer (0.1 referred to the W surface atom) and (ii)
in the occurrence of a single, sharp photoemission peak
from hybridized Cs(s)-W(d) states at low coverages; if Cs
would interact with only a few substrate W atoms, two
peaks (or one markedly broadened peak) would be
observed—one from the “clean” W(d) SS and one from
the hybridized SS. Cooperative effects through the con-

duction electrons are usually invoked to account for in-
teractions between adatoms.’ When the Cs coverage is
increased, the interaction tends to be more localized on
the neighbor atoms due to the Coulomb repulsion of the
charge near each W atom. At half-monolayer coverage
this localization is fully realized and the final covalent
character is reached. However, a change of polarization
of the electrons involved must occur in order to reduce the
dipole moment, associated with each Cs atom, by a factor
of 2 as the coverage is increased from half-monolayer to
the full monolayer.

C. Additional spectral features

In the photoemission spectra for Cs on W(100) (Figs.
1-3), a peak E; occurs at 2.4 eV below the Fermi energy
at a Cs coverage of ©=0.57 (Fig. 4) and is shifted to 2.6
eV at ©=1. In this energy range, the clean W(100) sur-
face’ does not show states at T. A possible origin of the
observed E; state may be an umklapp process. This ef-
fect is known®? to be responsible for the appearance of
new peaks at M when the clear W(100) p(1x1) surface
reconstructs into a (V2XV2)R45° structure by cooling
below 300 K. When Cs is adsorbed on W(100) (Ref. 18)
and on Mo(100),"® a c(2x2) structure [(V2XV2)R45°]
is observed at low coverages (O < 0.22), which is interpret-
ed'* in both cases as being due to an adsorbate-induced
reconstruction of the substrate. Furthermore, at high Cs
coverage, a different adsorbate induced c(2X2) recon-
struction of the Mo(100) substrate has been suggested'*
and a similar situation might be present for W(100).
Thus, the peak E; in the Cs/W(100) spectrum (Fig. 1)
could be due to an umklapp process which maps states at
2.6 €V,”* from M onto T. Very recently, we have per-
formed ARUPS experiments?® for this system at the sym-
metry points T and M using a photon energy of 4 =16.85
eV, which further illustrate this effect. Interestingly, E;,
only occurs at high Cs coverages. The low-lying SS of the
W(100) surface® is observed using a photon energy of 65
eV for a Cs coverage of 0.8 monolayer (Fig. 3) with the
same binding energy as on the clean surface. At higher
photon energies this peak is overlapped by the bulk
feature Es. Remarkably, the cesium 5p;,, and 5pi,,
semicore level peaks, E¢ and E; retain the same binding
energies for all Cs coverages.

VI. SUMMARY AND CONCLUSIONS

The adsorption of Cs on the (100) surfaces of W, Mo,
and Ta was studied by angle-resolved ultraviolet photo-
emission spectroscopy (ARUPS), electron-energy-loss
spectroscopy (EELS) and auxiliary low-energy electron
diffraction (LEED) measurements. For the W(100) and
Mo(100) surfaces, the characteristic high-lying SS’s are
shifted by 1.0 and 0.9 eV, respectively, to larger binding
energies as Cs coverage is increased from O to 0.6 mono-
layer. After these initial shifts, the energies of these states
remain constant up to full monolayer coverage. These ex-
perimental results are in excellent agreement with all-
electron local-density-functional calculations for Cs over-
layers on W(100) and on Mo(100), performed for the
domain of full monolayer coverage. The theoretical inves-
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tigations explain the energy shift of the surface state by
the formation of a polarized covalent bond between the
(Cs-65)-derived valence states and the W(d) substrate sur-
face states. A similar, slightly smaller Cs-induced shift of
0.8 eV is found for the high-lying SS F; (Figs. 4 and 5) on
the Ta(100) surface. Since recent theoretical investiga-
tions of the SS of the clean Ta(100) surface by Krakauer’®
confirm its similarity with that of the W(100) surface, this
leads to an analogous interpretation of the energy shift ob-
served for Cs on Ta(100).

Remarkably, with increased Cs coverage on both the W
and Ta surfaces, the Cs 5p semicore states do not change
their energy with respect to the Fermi level. If one adopts
the picture that Cs is more “ionic” at low coverages than
at high coverages, this finding clearly demonstrates that
the “ionicity” cannot be related simply to core-level shifts.
One could instead speculate that there is a second (com-
pensating) contribution to the core-level shift which arises
from the change in height of the adsorbate from the sub-
strate.

Surprisingly, deposition of Cs on a Mo(100) surface
causes, besides a shift (0.9 eV) of the d ,-like high-lying
SS, a pronounced attenuation of this state. Another effect
of the Cs adsorption on Mo(100), not observed on W(100),
is the sensitivity of Dj, the low-lying SS which is shifted
by 0.3 eV to smaller binding energies. Furthermore, for
increasing Cs coverage the Cs-5p semicore states are
found to be shifted toward lower binding energies; this is
in contrast to the situation observed for the W_and
Ta(100) surfaces. Assuming the same height (2.9 A) of
the Cs overlayers on the W(100) and Mo(100) surfaces, the
FLAPW calculations reveal an amazing similarity be-
tween the two isoelectronic transition-metal surfaces.
Thus, the observed differences given above could be due
to structural (height and reconstruction) differences be-
tween the Cs/W(100) and Cs/Mo(100) systems. As a
matter of fact, upon deposition of a complete Cs mono-
layer, the work function is changed by 2.8 eV for W (Ref.
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18) and by 3.4 eV for Mo.!* Therefore, the height of the
Cs atoms should be larger'® on Mo than on W indicating
a slightly weaker bonding between Cs and Mo than be-
tween Cs and W. This assumption is further supported by
the fact that the adsorption interaction energy for
Cs/Mo(110) is smaller than for Cs/W(100).8° However,
additional investigations are necessary to further clarify
this point.

The electron-energy-loss spectra of both the W and
Mo(100) surfaces at various Cs coverages between 0 and 1
monolayer reveal a characteristic, sharp loss peak which is
shifted to smaller energies with increasing Cs coverage.
In Cs on Cu(111), the principal loss peak at high cover-
ages has been interpreted as arising from surface
plasmons.”3! We suggest for the W and Mo(100) sur-
faces, in which localized d electrons dominate the density
of states at the Fermi energy, that these loss peaks should
be interpreted as Cs s —p interband transitions. Here, in
the center of the surface Brillouin zone, the Cs s band
strongly hybridizes with the high-lying d-like surface
state.

Finally, the present study clearly demonstrates that the
combination of sophisticated experimental techniques and
accurate all-electron electronic structure calculations af-
fords a deeper insight into the interaction mechanism of
systems such as Cs adsorbed on W, Mo, and Ta surfaces,
which are of great technological significance.
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