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A theoretical study of the nature and the mechanism of the bonding of an alkali metal (Cs) on a
transition-metal surface [W(001)] in the high-coverage limit is presented in order to understand and
explain the lowering of the work function and to elucidate the role of W surface states and surface
resonance states in the adsorption process. The analysis is based on all-electron local-
density—functional results obtained with our self-consistent full-potential linearized augmented-
plane-wave method for thin films for (1) a five-layer slab of W, (2) an unsupported Cs monolayer,
and (3) Cs in a c(2X2) structure on both sides of the five-layer W slab for three different Cs-W
separations. We find that Cs forms a polarized-metallic rather than ionic overlayer: The Cs valence
electrons originating from the atomic 6s states are polarized toward the W surface leading to an in-
crease of electronic charge in the Cs/W interface region and a depletion of electronic charge on the
vacuum side of the overlayer. In addition, the semicore Cs 5p electrons are markedly counterpolar-
ized. The net result of these multiple surface dipoles is a lowering of the work function upon cesia-
tion from 4.77 eV (clean five-layer W slab) to 2.77, 2.55, and 2.28 eV, corresponding to heights of the
Cs atoms above the W surface of 2.60, 2.75, and 2.90 A, respectively. The Cs-induced changes in
the charge density are essentially localized outside the surface W atoms. The W d surface states and
surface resonance states which are so characteristic of the W(001) surface are found to persist on the
cesiated W(001) surface. The main effect of the Cs overlayer on these states is their energetic stabili-
zation; this effect is most pronounced for the contamination-sensitive I'; surface state just below the
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Fermi energy, which is lowered in energy by 1 eV due to hybridization with Cs s states.

I. INTRODUCTION

In their pioneering work Kingdon and Langmuir'
discovered that the electron emission rate of a tungsten
surface was greatly enhanced by the deposition of a Cs
overlayer. Furthermore, they found that Cs atoms strik-
ing a hot W surface were backscattered as positive ions.
Subsequently Becker? found that the electron emission rate
of a cesiated tungsten surface was even larger in the pres-
ence of coadsorbed oxygen. These classic effects of work-
function lowering and ionic desorption play the key role in
technical applications of the Cs/W system such as pho-
toemitters,” secondary electron emitters, thermionic emit-
ters, thermionic energy conversion,® ion propulsion sys-
tems,’ and play a decisive role in H™ and D™ negative-ion
sources for magnetic fusion energy neutral-beam de-
vices.®—?

This variety of technical applications was supported by
a continuing experimental and theoretical effort for a
deeper understanding of the Cs/W system. Early experi-
ments on Cs/W polycrystalline samples employed mainly
desorption techniques to study mobilities,” coverages, and
desorption rates as a function of temperature and pres-
sure.”!® Taylor and Langmuir'® found that the binding
energy of Cs decreased with increased coverage from 2.83
eV per atom at low coverage to 1.77 eV per atom at mono-
layer coverage. They established a minimum in the elec-
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tronic work function of 1.70 eV connected with a max-
imum in the electron emission rate before reaching com-
plete monolayer coverage. Field-electron—microscopy
studies of Cs on W (Refs. 11 and 12) shed light on the na-
ture of the adsorbed state: Utsugi and Gomer!! explained
their data by assuming a polar rather than ionic ground
state for Cs on W, very similar to Ba on W (Ref. 13) and
K on W (Ref. 14). The polarizability of adsorbed Cs was
found to be very close to that of the free atom.!! In the
past two decades the low-energy electron diffraction
(LEED) technique brought a detailed understanding of the
structure of Cs on single-crystal faces of W. MacRae
et al.'>'® observed for increasing Cs coverage on a W(001)
surface a ¢(2X2), then a p(2X2), and finally a hexagonal
LEED pattern and found the minimum of the work func-
tion to coincide with the p(2<2) overlayer structure. Ma-
cRae et al. associated the ¢ (2X2) structure with an ionic
Cs monolayer and attributed the subsequent p(2X2) and
the hexagonal structures to a second Cs layer. This duo-
layer model has been criticized by Fehrs et al.!” since it
leads to a very high Cs coverage at the work-function
minimum in disagreement with other measurements.!®
Voronin et al.' suspected that the ¢ (2X2) LEED pattern
observed by MacRae et al. could be due to residual gases
and suggested that the minimum of the work function
corresponds to the first Cs layer. Papageorgopoulos and
Chen®® showed in a LEED study of the coadsorption of
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Cs and H, on W(001) that indeed small amounts of Cs
caused the formation of ordered hydrogen patches in a
¢(2X2) structure. Thus it is now accepted that the
minimum of the work function in the Cs/W(001) system
occurs at a Cs coverage of one Cs atom for four W atoms
with Cs forming an ordered p(2X2) overlayer. At a sa-
turated Cs layer the value of the work function reaches a
plateau. The values in eV for the work function at the
minimum (plateau) are given as 1.60+0.05(1.76+0.05),!2
1.58(1.78),° and 1.58(1.80).2! Cesium and oxygen also
mutually influence their surface structures on the
W(001),%2 (112),*?* and (110) (Refs. 25 and 26) faces. It is
interesting to note that for the system Cs/O/W(001) the
maximum photoemission efficiency is reported’’ to be
near (coverage ©=0.29+0.03 corresponding to 2.9 < 10'*
Cs atoms per cm?) but not at the work-function minimum
(coverage ©=0.25). Improvements in field emission and
field desorption techniques made a measurement of bind-
ing energies and dipole moments of single alkali-metal
atoms on W surfaces accessible.? Todd and Rhodin?® re-
port a binding energy per Cs atom on W(110), (112), and
(111) of 3.06+0.05, 2.66+0.04, and 2.30+0.05 eV, respec-
tively, which compares to 2.80 eV for W(100) (Ref. 29) ex-
trapolated to the dilute limit. Studies using reflection
high-energy electron diffraction (RHEED) and Auger
electron spectra (AES) (Ref. 30) have exhibited a metast-
able registered Cs phase on W(100) at 0.81+0.03 ML be-
fore a hexagonal overlayer is formed at monolayer satura-
tion (equal to 1 ML) where the nearest-neighbor distance
is about 11% less than in bulk Cs metal. Recently, the
visualization of adsorbed submonolayers of Cs on po-
lycrystalline W has become possible by scanning-electron-
microscope (SEM) techniques.’!

This wealth of experimental data has stimulated a
variety of theoretical models and approaches to describe
the alkali-metal adsorption on metal surfaces. After the
discovery of the work-function lowering and the desorp-
tion of positive Cs ions, Langmuir®?~** proposed the fol-
lowing model: Cs is adsorbed on W in the form of a posi-
tive ion giving one electron to the substrate. The Cs™ ion
and its negative-image charge form a dipole that reduces
the work function of the surface. At higher coverages the
interaction between the dipoles reduces the effective dipole
moment per adatom, the work function goes through a
minimum and increases from there on to the high-
coverage value. This model also explains the decrease of
binding energy—seen as the force between the ion and its
image—with increased coverage. Langmuir’s criterion for
Cs to desorb as a neutral atom or as a positive ion was the
difference between the first ionization potential of Cs (3.89
eV) and the work function of the surface: At low cover-
ages (which is the case at high temperatures) the work
function is larger than 3.89 eV and Cs desorbs ionically.
Gurney*® criticized this ionic picture of alkali-metal ad-
sorption by pointing out that barium also reduces the
work function of tungsten yet its first ionization potential
is greater than the W work function. He was one of the
first to stress the fact that the adsorption of an atom on a
surface should be treated quantum mechanically consider-
ing the system of the adsorbed atom and the substrate as
an entity. Gurney showed in a simple quantum-
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mechanical model that the valence level of an atom is
broadened into a band as it approaches the surface.
Despite this critique, the classical model of Langmuir has
been further developed*®—** and successfully applied to a
phenomenological treatment of the thermodynamic prop-
erties of the alkali-metal surface system. The classical
picture has been extended even to the point of assuming
two distinct adsorbed species (ionic and neutral) coexisting
on the surface.*~% Other workers*’ =3 proposed a
model in which the adsorbed particles exist only as a sin-
gle species bound to the surface by polarized or partially
ionic and partially covalent bonds. Based on this model
(which emphasizes the local aspects of the adsorbate-
substrate bonding) semiempirical calculations have been
performed for desorption energies.>*

The need for a realistic and rigorous quantum-
mechanical treatment of the alkali-metal adsorption prob-
lem was strongly felt as early as the 1930s.* But even 30
years later this goal seemed to be out of reach. So, for ex-
ample, Levine and Gyftopoulos** state the ideal approach
to the problem of calculation of desorption energies would
be to treat the chemical surface bond quantum mechani-
cally. This is, however, an extremely difficult task. As a
consequence the problem has been approached semiempiri-
cally*®=5* or by using a simplified Hamiltonian.’’=7% In
particular the Anderson impurity approach proved to be
an interesting starting point’’® for treating the atomic
adsorption at low coverages.’®~¢7 It is interesting to note
that Bennett and Falicov®® find for K on W at small dis-
tances “true metallic character.” A simple model for the
adsorption process is obtained by replacing the metal sur-
face by a semi-infinite jellium and studying the electronic
structure of atoms as they approach the jellium edge. This
approach became particularly popular®~7* when density-
functional theory’>*° provided an elegant framework for
dealing with the many-body problem. A simple but
nevertheless surprisingly successful model has been sug-
gested by Lang,’* who replaced the adsorbate overlayer by
a jellium slab. For this system Lang solved the local-
density—functional problem self-consistently and showed
that this model was capable of describing the characteris-
tic minimum in the work function versus coverage curve.
This encouraged further use of the model.”>’% A pioneer-
ing attempt at a quantum-mechanical treatment of the
alkali-metal adsorption problem in terms of an atomistic
approach has been reported by Wojciechowski?!®? who
employed a linear combination of atomic orbitals (LCAQ)
basis using a configuration-interaction technique. For a
more detailed and complete discussion of the different ap-
proaches to the alkalki-metal adsorption problem the
reader is referred to a number of review articles.®> %8

All the theoretical approaches to the alkali-metal ad-
sorption problem discussed above have in common the
feature that they do not attempt an all-electron treatment
which incorporates the full atomistic aspect of the system,
since the task seemed monumental. In the past decade it
became more and more evident that the local approxima-
tion to the density-functional theory”>* gave a consistent-
ly accurate and realistic description of the electronic struc-
ture and the energefics of condensed®**° and also molecu-
lar®! systems. This fact has stimulated the development of
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methods which allow local-density calculations for sur-
faces and surfaces with adsorbed atoms including the
atomistic nature of the surface.”>~% One of the most ac-
curate and efficient theoretical and computational ap-
proaches for condensed systems is the linearized—
augmented—plane-wave (LAPW) method.”*~%® In recent
years this LAPW method, originally designed for bulk
systems has been adapted for a film geometry.” 10! It
has been demonstrated that this single-slab geometry pro-
vides a promising approach to the theoretical and compu-
tational treatment of the electronic structure of clean sur-
faces'®—19 and surfaces with overlayers.!®~1%

Because of the reduced symmetry and reduced coordi-
nation number of atoms at a surface, a realistic quantum-
mechanical treatment has to allow for a general charge
density and potential, since shape (such as muffin-tin) ap-
proximations not only could influence the results in an un-
controlled way but would also cloud the strengths and
limits of the local-density approach to density-functional
theory. Recently, we have presented the full-potential
linearized—augmented—plane-wave (FLAPW) method for
thin films'’ in which no shape approximations are made
to the density and the potential, hence solving the local-
density—functional (LDF) one-particle equations fully
self-consistently. We present here the results of an all-
electron study of the electronic structure of a Cs overlayer
on a W(001) surface using this highly accurate all-electron
FLAPW method.'® Section II describes briefly the
theoretical approach and methodology. Results for the
surface states and surface resonance states are given in
Sec. III, charge densities in Sec. IV, and work-function
lowering and core-level shifts in Sec. V. A summary and
conclusion is presented in Sec. V1.

II. METHODOLOGY AND THEORETICAL
AND/OR COMPUTATIONAL ASPECTS

It is now generally accepted'®?° that with increasing Cs
coverage of an unreconstructed W(001) surface the first-
ordered Cs structure is a p(2X2) coverage with Cs atoms
in fourfold hollow sites. For this coverage (one Cs atom
for every group of four W atoms, coverage ©=0.25) the
Cs/W(001) system has its minimum of the work function.
As a completed monolayer coverage, Cs forms a hexago-
nal overlayer. Voronin et al.!® suggest a distorted hexago-
nal commensurate structure with the Cs atoms in bridge
position (coverage ©=0.50) whereas Papageorgopoulos
and Chen?® propose a close-packed structure with cover-
age ©=0.43. No experimental results for the height of
the Cs atoms are known to the authors. Yet this height is
crucial for the theoretical value of the work function. A
calculation of the p(2Xx2) structure using a five-layer
W(001) slab as a substrate would result in a unit cell of 22
atoms, an almost overwhelming number for an ab initio
band-structure calculation. We, therefore, decided to in-
vestigate the mechanism of the work-function lowering
and the dependence of the work function on the height of
the Cs atoms for a ¢(2X2) overlayer structure which cor-
responds in coverage essentially to the completed mono-
layer (coverage ©=0.50). This results in a unit cell with
12 atoms, which is still considerable for an ab initio film
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calculation. In our ¢ (2}2) structure the adsorption site is
the same as in the p(2X2) structure which we plan to
tackle in a future step using our ¢ (2X2) results as a start-
ing point.

We have carried out independent all-electron self-
consistent local-density—functional energy-band studies of
three systems: (i) a five-layer slab of W(001), (ii) an un-
supported monolayer of Cs, and (iii) Cs in a ¢ (2X2) over-
layer on both sides of the W(001) five-layer slab (12 atoms
per film unit cell). We have performed self-consistent cal-
culations for three heights (d =2.60, 2.85, and 2.90 A) of
the Cs atoms. The clean W(001) surface is represented by
a single slab of five layers where all W-W distances corre-
spond to the bulk lattice parameter ap=5.973 a.u. The
square lattice of the Cs monolayer is assumed to have the
same Cs-Cs distances as a c¢(2X2) Cs overlayer on a
W(001) surface, i.e., V2X5.973 a.u. The cesiated W sur-
face is described as a five-layer slab of W with Cs on both
sides in the form of a ¢ (2X2) overlayer in fourfold hollow
sites (cf. Fig. 1), i.e., one Cs atom to two surface W atoms.
We employ the Wigner exchange-correlation
potential'® given by V¥, =—1.969490044r —1(1.888
+17.8)/(14+12.57t)>  with t=p'* in the local-
density—functional one-particle equations. These equa-
tions are solved self-consistently by our FLAPW method
for thin films.!”” The main features of this FLAPW
method can be highlighted as follows: (i) The variational
basis set used in the FLAPW method is one of the most
flexible and accurate known today for periodic sys-
tems!'0” 110111 354 its convergence can be monitored easily
and systematically in contrast to LCAO-like basis sets.
(ii) The charge density and the effective potential are ex-

(110)

FIG. 1. Structure of ¢(2X2) Cs on W(001). The unit cell of
the clean (solid lines) and cesiated (dashed lines) surface are ro-
tated by 45° relative to each other. Shown below is the irreduci-
ble wedge of the first Brillouin zone for the clean (001) surface
(solid lines) and for the ¢(2<2) structure on the (001) surface
(dashed lines).
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panded in Fourier series outside and in spherical harmon-
ics inside the atomic spheres. Thus the choice of geome-
trical parameters (such as muffin-tin radii) are chosen
merely according to mathematical convenience and have
no effect on the physical results, such as eigenvalues and
charge densities. (iii) Poisson’s equation is solved for a
full potential (i.e., no shape approximations) using our re-
cently developed technique which goes beyond Ewald-type
methods.'?”!12 (iv) The core is recalculated in each itera-
tion fully relativistically and all relativistic effects except
spin-orbit splitting are taken into account for the valence
electrons. (v) The convergence in iterating to self-
consistency is accelerated by an extrapolation algorithm of
Anderson'!? as pointed out by Hamann.!'*

For each of the 19 k points in the irreducible wedge of
the two-dimensional Brillouin zone, the wave functions
are expanded in about 2450 linearized augmented plane
waves (the mirror symmetry in the center plane of the film
is explicitly used to construct even and odd wave func-
tions). The expansions in spherical harmonics inside the
spheres for the wave functions, the charge density, and the
potential are taken up to / =8. The rms value for the fit-
ting in the exchange potential in the interstitial region was
about 2.5 mRy, about 0.1 mRy inside the spheres near the
sphere boundary, and of the order of 10~> mRy in the in-
terior of the spheres. Self-consistency was assumed when
the input and output potentials had an rms deviation of
less than 3 mRy. By then the eigenvalues were converged
to about 0.3 mRy.

III. SURFACE STATES
AND SURFACE RESONANCE STATES

One of the most striking electronic features of the
W(001) surface are its surface states and surface resonance
states.'0V 115117 Hence we discuss in this section the
local-density—functional single-particle energy spectrum
in its k-resolved form (i.e., the energy-band structure) and
its k-integrated form [i.e., the density of states (DOS)].
The decomposition into atomic and I-projected densities of
states for the clean W(001) slab (cf. Fig. 2) shows that two
layers below the surface (S-2) we find the characteristic
features of a bulk bce transition metal: A flat sp-like DOS
and a sharp d-like DOS with a characteristic minimum
which occurs for W (six valence electrons) just below the
Fermi energy. The surface-projected DOS (Fig. 2) shows
states just below the Fermi energy where the bulklike DOS
has its pronounced minimum. These states, which are
also clearly visible in the total DOS (Fig. 2), are known as
surface states (SS) and surface resonance (SR) states'®! and
are expected to be influenced by overlayers. For a more
detailed picture we now focus on the most characteristic
part of the K-resolved one-particle energy spectrum of the
W(001) surface, namely the band structure along the T-M
symmetry line'!® which is shown in Fig. 3 for the clean
five-layer W(001) slab. The black area in the circles gives
the relative surface character. Our results agree with
those of Krakauer et al.'2 and Posternak et al.,'°' who
applied their warped muffin-tin LAPW method to seven-
layer W(001) films: At T we find a localized SS just
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FIG. 2. Total and partial (i.e., atomic layer and I-projected)
densities of states for a clean five-layer W(001) film (in states/
eVunit cell) which contains 30 valence electrons. S denotes
atoms in the surface layer, S —1 and S —2 label atoms one and
two layers below the surface.

below the Fermi energy. Two SR bands, one of X, sym-
metry [Fig. 3(a)] and one of ¥, symmetry [Fig. 3(b)], are
found to cross the Fermi energy at about (5,5 )7/a. Note
that each of these bands is split into a pair of even (+)
and odd (—) symmetry with respect to mirror reflection
at the center plane of the film. This splitting originates
from residual interactions of the two surfaces of the five-
layer film. Another SS band found at T at about —0.7
Ry gradually loses its surface character away from T.
Near M we observe a rather complicated structure of sur-
face states with a relative surface character of only 50%.
The pair of bands 2,(+),2,(—) and Z,(+),3,(—) of SR
states near Er and, as reference, the adjacent lower-lying
bands [cf. the labeled bands in Figs. 3(a) and 3(b)] have
been selected from the band structure of the clean W(001)
surface and backfolded into the first Brillouin zone of the
cesiated surface [left-hand sides of Figs. 4(a) and 4(b)].
Now the effect of the cesiation on these states can be stud-
ied by comparing with the corresponding energy bands of
¢(2X2) Cs on W(001) [right-hand sides of Figs. 4(a) and
4(b)]. For convenience the eigenvalues are shifted to the
same Fermi energy. The most striking result from this
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FIG. 3. Energy-band structure of a five-layer W(001) film: States along I’ —M with (a) even and (b) odd symmetry with respect to
a mirror reflection on the (110) plane. Solid (dashed) lines denote states which are even (odd) with respect to z reflection on the center
plane. K is given in units of 7/a with a =5.973 a.u. The black area within the circles indicates the relative surface character of a
state. The pair of contamination sensitive surface states with T';(+) and I')(—) symmetry is indicated by arrows. The inset shows

the irreducible wedge of the two-dimensional Brillouin zone.

comparison is that the T SS just below Er [marked by ar-
rows in Fig. 4(a)] is lowered in energy by 1 eV upon cesia-
tion. The SR bands near the Fermi energy are also found
to be shifted to larger binding energies but to a lesser ex-
tent. The lower bands, which have been selected as a
reference, are hardly affected by the cesiation as can be
seen from Figs. 4(a) and 4(b).

We now focus just on the eigenvalues at T near the Fer-
mi energy and compare the states of the clean five-layer
W(001) slab, the Cs monolayer, and of the cesiated W sur-
face for three different heights of the Cs atoms, all shifted
to the same Fermi energy. Furthermore, we classify the
states according to their atomic (i.e., layer) and /-projected
character. The most striking observation (Fig. 5) is the in-
teraction between W d SS and the Cs s conduction band
which brings about the dramatic lowering in energy of the
I'y SS. In the unoccupied part of the energy spectrum we
find interaction of Cs p- and d-like states with the W d SS.
As expected, the energies of these hybridized states show a
pronounced dependence on the Cs-W separation.

The stabilization of W d states at the surface, which we

have discussed so far in terms of characteristic parts of
the energy-band structure, is found consequently also in
the total densities of states (Fig. 6): The general structure
and peak positions of the occupied states for the cesiated
W surface resemble very closely those of the clean W sur-
face. The SS and SR states just below Ep are indeed
found to be shifted slightly to lower energies (see the ar-
rows in Fig. 6) but without changing their intensity too
much. Owing to the unoccupied Cs p- and d-like states,
the density of states above Er is changed markedly upon
cesiation. Essentially, we find a higher density of states at
about 1 eV above Er in the cesiated surface as compared
to the clean surface. The sharp peak near —10 eV ori-
ginates from the Cs 5p semicore states and almost overlaps
with the bottom of the W valence band. The states be-
tween —9 and —7 eV have mainly free-electron-like char-
acter (compare with the /-projected DOS of Fig. 2). In the
Cs monolayer, the 5p semicore states are crystal field split
into lower-lying p,-like and (at about 0.2 eV higher)
Dx>Dy-like states (see the structure at —11 eV for the Cs
monolayer in Fig. 6). As the Cs overlayer is brought close
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FIG. 4. Selected bands of the clean W(001) five-layer slab (labeled bands in Fig. 3) packfolded to the Brillouin zone of the cesiated
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FIG. 5. Atomic (layer) and I-projected character of the states
at T for clean W(001), a Cs monolayer, and c(2Xx2) Cs on
W(001) for three different heights of the Cs atoms. All states
are referred to the same Fermi energy. For clean W(001), states
from M have been backfolded to T (cf. Fig. 1).

to the W surface, the p,-like states become energetically
less favorable compared to the DPxDy-like states, and for
d(Cs-W)=2.60 A the p,-like semicore states can be seen
on the higher-energy side of the sharp 5p peak (see bottom
panel of Fig. 6).

IV. CHARGE DENSITIES

As stated earlier in terms of one-particle energies, one of
the most striking effects of cesiation on the W SS and SR
states is the energetic stabilization by 1 eV of the I' SS. A
study of the one-particle charge density of this state pro-
vides further insight into this stabilization mechanism.
The T, SS just below Er on the clean W(001) surface is
known'®! to have mostly d 3.2.,2-like character and projects
quite far out into the vacuum (Fig. 7). When Cs is depo-
sited on the W(001) surface, the wave functions of this SS
overlap with those of the conduction electrons of Cs (Fig.
8 shows the bottom of the conduction band in a Cs mono-
layer) to form a new bonding state, which is depicted in
Fig. 7. The shape of this Wd—Css hybridized state sug-
gests important polarized-covalent contributions to the
bonding mechanism between Cs and the W(001) surface.
It is apparent from the one-particle charge-density plots of
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FIG. 6. Total densities of states for a Cs monolayer, a clean
five-layer W(001) slab, and ¢(2X2) Cs overlayers on both sides
of the W slab for d(Cs-W)=2.60, 2.75, and 2.90 A (in states
/eV unit cell) containing 7, 30, and 74 valence electrons, respec-
tively. All Fermi energies have been lined up. Arrows indicate
the SS and SR states, which are slightly shifted to higher bind-
ing energies upon cesiation.

Figs 7 and 8 that the Cs 6s electrons, because of their ex-
tended character, lose their identity when Cs is adsorbed
on the transition-metal surface and form a new hybridized
state. When the wave function of this new state is
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described by an angular momentum representation near
the Cs nucleus, we find that its s component has—due to
core orthogonalization—a nodal structure which resembles
that of an atomic 6s function. Despite this resemblance
one should consider this state as a new entity, unique to
the chemisorbed Cs/W(001) system, and describe it as a
hybrid between a W d SS and Cs valence state. Thus the
energetic stabilization of the T'; SS by 1 eV is explained by
the formation of a polarized chemical bond between this
surface state and the Cs valence electrons. The energetic
stabilization of the other W d SS and SR states, which was
discussed earlier and found to be less pronounced com-
pared with the T'; SS, indicates similar although weaker
bonding mechanisms for these other SS and SR states,
which have predominantly d,, and d, character and pro-
ject out into the vacuum to a lesser extent.

So far we have focused our attention to states near the
Fermi energy. We now consider the charge density of a
free-electron-like W state with sp-like character at the bot-
tom of the conduction band at T as shown for the clean
W(001) five-layer slab in Fig. 9. Besides the sharp nodal
structure close to the W nuclei, the charge density of this
state has a very gentle modulation inside the film, decays
smoothly into the vacuum, and is markedly reduced in the
surface layer compared to the center of the film. As noted
before, this state lies energetically very close to the Cs 5p
semicore states (Fig. 6). Therefore, as expected, we find
for the cesiated case that the T, state at the bottom of the
W valence band hybridizes with the Cs 5p, states (Fig. 10)
indicating that the Cs 5p semicore states are involved in
the Cs-W interaction. The role of the Cs 5p semicore elec-
trons in the cesiation process becomes clearer when we
consider the entire valence charge density of the system.
The density of states of the Cs/W system (Fig. 6) suggests
the splitting of the valence charge density into two parts,
one part originating from the energetically isolated “Cs 5p
band” (between —10 and —9 eV in Fig. 6) and the other
part from the occupied “W valence band” (between —9
and O eV in Fig. 6). The charge density originating from
the Cs 5p band is shown in Fig. 11 for the cesiated W(001)
surface for three different heights of the Cs atoms (2.90,
2.75, and 2.60 A) together with the corresponding charge
density of an isolated Cs monolayer. The lower panels
display the difference between the cesiated W(001) surface
and the monolayer. It can be seen that the interaction be-
tween the Cs 5p electrons and the W substrate increases
markedly as the height of the Cs atoms decreases. We ob-
serve an increase of charge in the bonding direction be-
tween the Cs and surface W atoms, particularly for
d =2.60 A. We also notice in the different plots a very
pronounced negative region near the Cs nuclei indicating a
strong polarization of the Cs 5p electrons.

We next discuss the charge density originating from the
W valence band. Figure 12 shows in the upper panels to
the left the high, localized valence charge density of the
clean W(001) surface and to the right the low, extended
and weakly bound valence charge density of a Cs mono-
layer. It becomes immediately obvious that the valence
charge density in the surface and interface region is dom-
inated by far by the W d states. The three central upper
panels in Fig. 12 give the valence-band charge density for
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clean cesiated
2.75

FIG. 7. Single-particle density of the adsorption-sensitive SS I';. The lowest contour and the contour spacings are 0.001 e/bohr>,
In the 3D plots shown below the cutoff is at a density of 0.030 e/bohr’.

the cesiated W(001) surface. The first surprising observa-  the Cs adatoms for the unsupported Cs monolayer and the
tion is the fact that the region near the Cs nuclei gains chemisorbed Cs (see the contour lines of 1 e/a.u.’ in the
electrons. Thus the quantum-mechanical result clearly upper right panel and in the upper central panels of Fig.
contradicts the simple classical picture of a chemisorbed 12) we observe a polarization of the Cs valence electrons
Cs* ion. When we compare the charge density inbetween  towards the W surface. Clearly, the Cs valence electrons
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FIG. 8. Single-particle density of the T, state at the bottom FIG. 9. Single-particle density of the I'; state at the bottom

of the conduction band for a Cs monolayer. The density is given  of the conduction band of the clean W(001) five-layer slab in
in units of e/bohr’. units of e/bohr?.
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FIG. 10. Single-particle density of the T, state at the bottom
of the W valence band for c(2X2) Cs on W(001) with d(Cs-
W)=2.60 A. The density units are e/bohr>.

lose their identity as they penetrate into the high-density
region of the W d electrons. From Fig. 12 it also becomes
apparent why the region near the Cs nuclei gains elec-
trons: The electrons which spill out into the vacuum on a
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clean W surface are attracted by the Cs nuclei. The wave
functions of these electrons obtain their nodal structure
near the Cs nuclei due to the orthogonalization to the Cs
core electrons. Clearly, this charge near the Cs nuclei is
increased as the Cs atoms are brought close to the surface
(Fig. 12). The rearrangement of charge in the valence
band is conveniently monitored by the difference between
the self-consistent charge and the superposition of the
charges from the clean W(001) slab and the Cs monolayer
as shown in the lower panels of Fig. 12. As stated, the Cs
valence electrons are attracted by the W surface and lead
to a depletion of electronic charge between and outside the
Cs atoms and to an increase in the interface region. It is
remarkable that the charge redistribution takes place
essentially outside the surface W atoms. Therefore, the
classical picture of Cs donating an electron into the sub-
strate metal is incorrect. The difference charge-density
plots (lower panels of Fig. 12) reveal clearly that the re-
gions near the Cs nuclei show a net gain of electrons of
predominantly s- and p,-like shape.

We are now in a position to discuss the total electronic
charge density and its rearrangement upon cesiation (Fig.
13). As described for the valence charge density, the

monolayer

d (A)

FIG. 11. Upper panels: charge density originating from the Cs 5p band. The lowest contour and the contour spacing
are 1X 10~3 e/bohr®. Lower panels: the difference ps,(Cs/W)—ps,(Cs monolayer) with a contour spacing of 0.5 102 e/bohr’.
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FIG. 12. Upper panels: charge density originating from the W valence band. The lowest contour and the contour spacings are
11073 e/bohr’. The contour plot is cutoff at a density of 75 1073 e/bohr>. Lower panels: the difference p,.(Cs-W)—p,.(W) with

a contour spacing of 0.5X 1073 e/bohr?.

charge redistribution is monitored by the difference be-
tween the self-consistent charge density of the cesiated
surface and the superposed charge density of the clean
W(001) surface and the charge density of a Cs monolayer
(lower panels of Fig. 13). As already observed for the
valence charge density, the rearrangement of charge takes
place mainly in the “interface region,” i.e., the region be-
tween the planes of the Cs and surface W atoms, and the
region outside (the vacuum side) and the Cs atoms. From
the regions between and outside the Cs atoms electronic
charge is removed and we find an increase of electronic
charge in the interface region. This effect can be
described as a “polarization of the Cs valence electrons.”
The charge redistribution near the Cs atoms becomes ap-
parent as a ‘“counterpolarization of the Cs 5p semicore
electrons.” A simple physical picture emerges from this
analysis of the rearrangement of the electronic charge den-
sity upon the cesiation of the W(001) surface. The weakly
bound, extended, and highly polarizable Cs valence elec-
trons hybridize with the localized, high-density W d elec-
trons of the surface to form a covalent-polarized bond and
thus lead to an increase of charge in the interface region
and a depletion of charge between and outside the Cs
atoms. This creates an extended dipole layer with its neg-

ative pole pointing towards the W substrate. Coupled
with this “Cs valence polarization dipole” we find a coun-
terpolarization of the Cs 5p semicore electrons producing
a smaller dipole with its negative pole pointing towards
the vacuum. When the height of the Cs atoms is increased
from 2.60 to 2.90 A these dipoles are found to be
strengthened (see lower panels in Fig. 13). In the follow-
ing section we will discuss the consequences of these Cs-
induced dipoles on the electronic work function.

V. WORK-FUNCTION LOWERING
AND CORE-LEVEL SHIFTS

As discussed in the Introduction, one of the most strik-
ing features of the cesiation of a transition-metal surface is
the lowering of the work function. The work function is
defined!!® as the difference in energy between a lattice
with an equal number of ions and electrons, and the lattice
with the same number of ions, but with one electron re-
moved. One of the first and for several decades the most
sophisticated quantum-mechanical calculation of the work
function was performed by Bardeen.!'” He employed a
jellium model for the surface and solved the Hartree-Fock
equations for the electron gas (r; =4), including a nonlocal
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FIG. 13. Upper panels: total electronic density in 10~*

e/bohr>,

Lower panels: the difference between the self-consistent density

of the cesiated surfaces and the superposed density of a clean W five-layer film and a Cs monolayer.

(energy-dependent) form of the exchange and correlation
potential. His results indicate that the surface barrier is
due primarily to exchange and polarization forces, and
that ordinary electrostatic forces play a minor role. Three
decades later, progress in many-body theory led to the for-
mulation of density-functional theory’>*® which has been
subsequently applied to the self-consistent solution of the
jellium model for surfaces.!’~!22 Using this approach,
Smith'?! calculated work functions and surface potentials
systematically for a series of metals ranging from low-
electron densities (alkali metals) to high densities typical
for transition metals. His results confirm that the surface
barriers are, in most cases, due to many-body effects, but
dipole barriers are found to be small only for alkali metals,
and become quite large for the transition metals. The
jellium-model calculations have been refined to give sur-
face energies'?® and work functions for different crystal
faces by including the effect of the ion cores in a simple
pseudopotential theory.'”* The face dependence of the
work function has been described earlier by Smolu-
chowski.'”® Lang and Kohn'** gave the first rigorous
demonstration that the original definition of the work
function ®,!"® as the energy difference between the sys-
tems with N and N —1 electrons is equivalent to
®=A—p, where A is the rise in mean electrostatic poten-
tial across the metal surface and g is the bulk chemical
potential of the electrons relative to the mean electrostatic
potential in the metal interior. This expression is shown
to include all many-body effects and in particular, that of

the image force. (This aspect has been reconsidered by
Schulte.!29) Equivalently, the work function may also be
computed as the ground-state energy per electron with an
additional term to account for the surface dipole.'” The
perturbational method of Lang and Kohn'?* has been gen-
eralized by Monnier and Perdew!'?® by treating the
discrete-lattice effects variationally. This scheme, which
ignores the variation of the density in planes parallel to
the surface, allows the calculation of the crystal-face
dependence of the work function'?® and shows that the ef-
fect of the discrete lattice cannot be considered as a weak
perturbation. Recently, the pioneering calculation of Bar-
deen''” has been reassessed'*® and work functions have
been obtained for simple metals using the “displaced-pro-
file change—in—self-consistent-field” approach,’! still
remaining basically in the jellium model.

In the past few years it became apparent that realistic
local-density calculations of the electronic structure of
simple metal surfaces such as the A1(001) surface!*? and
also transition-metal surfaces such as Cu(001) (Ref. 133)
and W(001) (Refs. 101 and 134) gave consistently good
theoretical results for the work function, usually +0.2 eV
within the experimental value. The FLAPW method has
been demonstrated to be one of the most accurate methods
to solve fully self-consistently the local-density equations
in the thin-film geometry and we therefore expect from
this method work functions close to the local-density lim-

it.
Two main criteria determine the work function (i.e., the



28 ALL-ELECTRON LOCAL-DENSITY THEORY OF ALKALI- ...

FIG. 14. Total charge density on (a) a clean W(001) surface,
(b) an ideal surface, and (c) the difference between (a) and (b), in
units of 10~ e/bohr’. The dotted lines indicate a loss of elec-
tronic charge. The vertical scale gives the distance from the sur-
face W atoms in Bohr radii (after Ref. 108).

energy of the Fermi level with respect to the vacuum): the
electrostatic surface dipole due to the spill-out of electrons
into the vacuum (described by the electrostatic Coulomb
potential) and the many-body exchange and correlation ef-
fects as incorporated into the effective one-electron poten-
tial. Consider first the surface dipole of the clean W(001)
surface. One possibility is to monitor the surface dipole
by comparing the charge density on the “real” W(001) sur-
face with that of an “ideal” surface, which is constructed
by cutting a bulk crystal along the boundaries of nearest-
neighbor polyhedra without allowing any charge relaxa-
tion. The difference between the charge densities of the
real and the ideal surface is due to the spill-out of elec-
trons into the vacuum (Fig. 14). It is remarkable that the
charge rearrangement involves essentially only the surface
atoms and the influence of the vacuum boundary is mostly
screened off already for the subsurface W layer. Associat-
ed with the charge-density difference shown in Fig. 14(c)
is a surface dipole barrier of 5.5 eV. This is qualitatively
in agreement with the result of Smith'?! who finds that
the electrostatic double layer is “quite large for the transi-
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FIG. 15. Electrostatic Coulomb potential in the (110) plane
normal to the surface for clean W(001).
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FIG. 16. Effective one-electron potential in the (110) plane
normal to the surface for a clean W(001). & denotes the work
function.

tion metals.” It should be noted, however, that the defini-
tion of the double layer is not unique. We could have (less
realistically) defined an ideal surface by cutting the crystal
at a plane halfway between two (001) planes and then
compare with the real surface. In that case we would have
obtained a much larger “spill-out dipole barrier” of 13.3
eV. The electrostatic Coulomb potential in the (110) plane
perpendicular to the surface is shown in Fig. 15 in the
form of a three-dimensional (3D) plot for the clean
W(001) surface. It is remarkable that we find between the
surface atoms regions of positive Coulomb potential. This
fact, which indicates a very strong screening, is related to
the high, localized electronic density in the surface region.
This high density, on the other hand, leads to a large
exchange-correlation potential which amounts to —10 eV
in the interstitial region inside the metal and leads to the
effective one-electron potential shown in Fig. 16 for the
clean W(001) surface, which is much deeper than the
Coulomb potential. In Fig. 16 we have indicated the Fer-
mi level by the hatched area and the work function ® as
the energy difference between the Fermi level and the vac-
uum zero. For the five-layer W(001) slab we find a value
of 4.77 eV for the work function, which is slightly too
high compared to the experimental value of 4.6310.02
eV.!*® The small discrepancy is presumably due to a
thickness effect of the film, since a seven-layer calcula-
tion'3* with otherwise the same computational characteris-
tics as our five-layer W(001) calculation gives a work
function of 4.63 eV in agreement with experiment.

As stated earlier, the charge redistribution at the W(001)
surface upon cesiation is localized to the region outside the
surface W atoms due to the pronounced screening effects.
Therefore, the charge density in the interior of the system
is not changed and consequently also the exchange-
correlation potential remains unaltered. Cs-induced shifts
in the Fermi level with respect to the vacuum are therefore
completely described by changes in the electrostatic
Coulomb potential due to modifications in the surface di-
pole layer. As discussed in the preceding section, upon
cesiation of the W(001) surface, the Cs valence electrons
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FIG. 17. Lower panel: Coulomb potential V averaged in
planes parallel to the surface for the clean (solid lines) and
the cesiated (dashed lines) W(001) surfaces. Top panel:
7(Cs/W)—[ Piclean W)+ #(Cs monolayer)]. ®(W)and ®(Cs/W)
denote the work functions of the clean and cesiated W surface,
respectively, and A® is the lowering of the work function. The
distance (height) of the Cs atoms to the surface W atoms is 2.60

A (after Ref. 108).

are polarized towards the W surface leading to an increase
of electronic charge in the Cs/W interface region and a
depletion of electronic charge outside the Cs overlayer.
This gives rise to a dipole barrier whose effect is opposite
to that of the spill-out dipole: The Cs valence-polarization
dipole tends to decrease the work function. We also ob-
served in the discussion of the charge density (Fig. 13) a
counterpolarization of the Cs 5p electrons which leads to
an additional, though smaller, dipole barrier which tends
to increase the work function just as the original spill-out
dipole did. Owing to the linearity of Poisson’s equation,
we obtain the electrostatic potential which corresponds to
the overlayer polarizations (i.e., the charge-density differ-
ence shown in Fig. 13) simply by taking the difference in
the Coulomb potentials of the self-consistent Cs/W case
and the superposed potentials of the clean W and the Cs
monolayer. The planar average of this difference in
Coulomb potentials shown in the top panel of Fig. 17
clearly exhibits the two main Cs-induced dipole barriers:
the potential step of 2 eV outside the surface W atoms due
to the polarization of the Cs valence electrons and the
structure near the Cs atoms originating from the counter-
polarizations of the Cs 5p electrons. The net result of the
Cs-induced dipoles is a raising!* of the mean electrostatic
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FIG. 18. Electrostatic Coulomb potential barrier originating
from the polarizations in a ¢ (2X2) Cs overlayer (d =2.60 A) on
a W(001) surface (corresponding to the charge redistribution
shown in Fig. 13) in the (110) plane perpendicular to the surface
as indicated by the inset in the upper right corner.

potential in the interior of the cesiated metal surface, a
corresponding rise of the Fermi energy with respect to the
vacuum and, therefore, a lowering of the work function.
The detailed structure of the Cs-induced potential barriers,
represented in the form of a 3D plot in Fig. 18, demon-
strates this situation very impressively. We recognize in
Fig. 18 the 2-eV barrier originating from the polarization
of the Cs valence electrons and the balconylike structures
due to the counterpolarization of the Cs 5p electrons. The
plateau on the left-hand side of Fig. 19 represents the
essentially constant shift of the potential in the interior of
the system. The Coulomb potential of the cesiated W(001)
surface, shown in Fig. 19, resembles inside the W surface
(left-hand side of Fig. 19) that of the clean W(001) surface
(Fig. 15) except for the fact that it is shifted by 2 eV to
higher energies. Since, as stated earlier, the exchange-
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FIG. 19. Coulomb potential for c(2X2) Cs on W(001)
(d=2.60 A) in the (110) plane perpendicular to the surface.
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FIG. 20. Effective one-electron potential for ¢(2x2) Cs on

W(001) (d =2.60 A) in the (110) plane perpendicular to the sur-
face. ® denotes the work function of this system.

correlation contribution to the potential inside the surface
remains unaltered upon cesiation, the effective potential
(Fig. 20) is shifted by the same amount (2 eV) as the
Coulomb potential. As a consequence, the Fermi energy is
also shifted by 2 eV to higher energies with respect to the
vacuum (compare Figs. 15 and 20) and thus the work
function is lowered. As the distance of the Cs atoms from
the W surface is increased from 2.60 to 2.90 A, the work
function of the cesiated surfaces is changed markedly
from 2.77 to 2.28 eV. The main reason seems to be that
upon separation the thickness of the polarized Cs over-
layer is extended and consequently its dipole moment in-
creased, and this leads to a further lowering of the work
function. It is important to note that the multiple dipoles
which reduce the work function are essentially located
outside the surface W atoms. Therefore, the simple classi-
cal dipole picture of a Cs™* ion and its image charge inside
the metal surface is inadequate.

The values of the work functions are found to be 4.77
eV for the clean five-layer W(001) film, and 2.77, 2.55,
and 2.28 eV for ¢(2X2) Cs on the five-layer W slab with
d(Cs-W)=2.60, 2.75, and 2.90 A, respectively. For the Cs
monolayer we find a work function of 2.37 eV.

The experimental value of the work function for the
monolayer coverage (©~0.50) is given by 1.8 eV.2! From
our calculation we would, therefore, extrapolate the height
of the Cs atoms to be 3.1 A. Assuming a bridge position
as an adsorption site in the monolayer coverage'® we
would then get a Cs—W bond distance of 3.48 A, If we
make the additional assumption that the Cs—W bond
length remains the same for Cs positioned in a fourfold
hollow site as in the p(2X2) structure and in our calcula-
tions, we would get for this hollow-site adsorptlon
geometry a Cs height of 2.7 A. However, there is a possi-
bility that we overestimated the Cs 5p counterpolarization
due to the semirelativistic rather than the fully relativistic
treatment of the valence electrons, including the Cs 5p
“semicore.” Thus our calculated work functions for the
cesiated surface could be slightly too large. Clearly, fur-
ther experimental and theoretical effort is needed to estab-
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FIG. 21. Coulomb potential for a clean W(001) five-layer slab
(left panel) and c(2X2) Cs on the W(001) slab for Cs heights of
2.60, 2.75, and 2.90 A (central panels) in the (110) plane perpen-
dicular to the surface. The Coulomb potential for the Cs mono-
layer is shown in the right panel.

lish the height of the Cs atoms on a W(001) surface.
Closely related to the Cs-induced changes in the electro-
static Coulomb potential and in the effective one-electron
potential is the question of core-level shifts which provide
an interesting experimental tool in probing the local poten-
tials. We, therefore, reconsider the Coulomb potentials
(Fig. 21) and the effective potentials (Fig. 22) of all sys-
tems studied in the present work. From Figs. 21 and 22
and from the discussion of the Cs-induced changes in the
surface potential barrier it is obvious that for the cesiated
surface all W core levels are shifted to smaller binding en-
ergies with respect to the vacuum. (However, their rela-
tive position with respect to the Fermi level remains essen-
tially unchanged.) The Coulomb potential near the Cs
atom is found to be less attractive in all three cases of Cs
on W(001) shown in Fig. 21 than in the unsupported Cs
monolayer given to the right of Fig. 21. The same situa-
tion is found for the effective potentials shown in Fig. 22.
As a consequence, all Cs core eigenvalues are expected to
be shifted to smaller binding energies with respect to the
vacuum as Cs is adsorbed on the W(001) surface. As a
matter of fact, the Cs 3s level, for example, which is found
at —85.539 Ry for the free Cs atom and at —85.929 Ry
for the free Cs* ion, is shifted up to —85.440 Ry for Cs
on W(001) with a height of the Cs atoms of 2.60 A. Simi-
lar trends are found also for the other Cs core levels. A
compilation of selected core-level shifts is given in Table I.
It is interesting to note how little (less than 0.4 eV) the
core levels in the clean W five-layer slab deviate from

T -od -02 02

d(A)

Cs monolayer

clean W(001)

FIG. 22. Effective one-electron potential for a clean W(001)
five-layer slab (left panel) and ¢ (2X2) Cs on the W(001) slab for
Cs heights of 2.60, 2.75, and 2.90 A (central panels) in the (110)
plane perpendicular to the surface. The effective potential for
the Cs monolayer is shown in the right panel.
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TABLE 1. Shift of local-density one-particle energies with
respect to the corresponding core levels of free atoms in eV, i.e.,
€;i(surface) —¢;(atom).

c(2><2) Cs on W(OOl)
Clean W(001) d = —2.60 A d=2.75 A d=2.90 A

Cs
5s 1.40 1.57 1.70
4s 1.36 1.52 1.65
3s 1.35 1.50 1.62
2s 1.33 1.48 1.61
1s 1.24 1.40 1.52
W(S)
4fsp —0.19 2.19 2.41 2.59
5s —0.08 225 2.48 2.68
4s —0.22 2.16 2.39 2.56
3s —0.26 2.14 2.37 2.52
2s —0.34 2.10 2.31 2.45
1s —0.34 2.16 233 2.46
wW(Ss —1)
4fs, —0.01 2.20 2.49 2.72
5s —0.05 2.20 2.49 272
4s —0.00 2.20 2.44 2.71
3s —0.03 2.19 2.41 2.69
2s —0.08 2.15 2.38 2.65
1s —0.03 2.25 2.44 2.72
W (center)
4fs,, —0.22 1.95 2.22 2.46
5s —0.19 1.96 2.22 2.46
4s —0.25 1.93 222 2.46
3s —0.27 1.92 2.20 2.44
2s —0.33 1.88 2.16 2.41
2.23 2.48

Is —0.26 1.95

those of a free W atom. We find for this W slab an oscil-
lation for the layers S, S —1, and center, which does not
allow us to make a clear statement about core-level shifts
on a clean W(001) surface. However, a seven-layer slab
calculation!?* indicates a core-level shift to smaller bind-
ing energies at the clean W(001) surface. Upon cesiation,
all W core levels are shifted to smaller binding energies—
as expected from the changes in the Coulomb potential.
All Cs core levels are shifted to smaller binding energies
compared to the free, neutral Cs atom.

VI. SUMMARY AND CONCLUSIONS

We have studied the electronic structure of a ¢(2X2)
Cs overlayer on a W(001) surface by means of highly ac-
curate, fully self-consistent, all-electron calculations using
our FLAPW method for thin films within local-
density—functional theory. The clean W(001) surface was
represented by a single slab of five layers of W. Cs was
deposited in the form of ¢(2X2) overlayers on both sides
of the five-layer W slab resulting in a unit cell with 12
atoms. Independent self-consistent calculations were per-
formed for three distances between the planes of the Cs
and surface W atoms, namely d =2.60, 2.75, and 2.90 A.
For comparison, a self-consistent calculation for the Cs
monolayer with the same Cs-Cs distance as in the c¢(2X2)
overlayer on W(001) was also carried out.
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We found that upon cesiation the occupied part of the
energy-band structure of W is not changed drastically.
The characteristic high density of W surface states and
surface resonance states near the Fermi energy persists for
the cesiated W surface. The interaction between the Cs
valence states (originating from the atomic Cs 6s levels)
and the W d surface states leads to a hybridization of
these states and causes these predominantly W d-like
states to be stabilized energetically. The most striking ef-
fect is seen for the d,-like W surface state at T, just below

the Fermi energy: This state is lowered in energy by 1 eV
upon cesiation.!”” The Cs 5p semicore states are found to
interact markedly with the W s-like states, particularly
those at the bottom of the W s band.

The valence charge density in the surface region is
mostly dominated by the W states. The spillout of W
electrons into the vacuum leads for the cesiated surface to
an increase in valence charge near the Cs nuclei compared
with the isolated Cs monolayer. Upon cesiation the Cs
valence electrons are found to be polarized towards the W
surface resulting in a depletion of electronic charge be-
tween and outside the Cs nuclei and an increase of elec-
tronic charge in the Cs/W interface region. The Cs 5p
semicore electrons show a polarization opposite to that of
the Cs valence electrons. These multiple polarizations
within the Cs overlayer amount to a net reduction of the
spill-out dipole and hence bring about the lowering of the
work function upon cesiation. The Cs-induced changes in
the charge density and in the surface dipole are essentially
confined to the region outside the surface W atoms. Thus
the simple classical picture of Cs donating an electron into
the metal, becoming a Cs™ ion, and forming a dipole with
its negative-image charge is inadequate. Presumably, also
for lower coverages the charge redistribution will take
place essentially outside the W surface atoms. However,
the fact that the minimum of the work function for the
Cs/W(001) system occurs at half Cs coverage studied in
the present work shows that at lower coverages the polari-
zation of the Cs atoms becomes more pronounced.

In conclusion, we find that Cs on a W(001) surface at a
coverage of one Cs atom for two W atoms forms a
polarized-metallic rather than ionic overlayer. Important
for a realistic picture of the surface is the fact that the
valence charge density in the surface region is strongly
dominated by the W d-like states. It is the interaction of
the surface W atoms with their d-like states and the Cs
valence electrons originating from the atomic 6s states,
which results in the polarization of the Cs valence elec-
trons. Surprisingly, the Cs 5p semicore electrons partici-
pate greatly in the bond formation due to their interac-
tions with the electrons at the bottom of the W s band.
The net redistribution of the Cs 5p states upon cesiation
can be described as a counterpolarization to the polariza-
tion induced by the Cs valence electrons.

It is crucial that most of the surface states and surface
resonance states of the W(001) surface persist even after
cesiation and retain the high density of surface states and
surface resonance states so characteristic of the W(001)
surface. This means that the electronic structure of the W
substrate remains important even if the surface is covered
with a Cs overlayer. It will be extremely interesting and
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relevant to investigate if the W(001) surface is a special
case or if this importance of the substrate is a general
feature of cesiated transition-metal surfaces. Experimen-
tal and theoretical effort is needed to settle the question of
the height of the Cs atoms, which was shown to be impor-
tant for quantitative statements about the work function.
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FIG. 10. Single-particle density of the T state at the bottom
of the W valence band for ¢(2x2) Cs on W(001) with d(Cs-
W)=2.60 A. The density units are e/bohr’.
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FIG. ll.3 Uppen; panels: charge density originating from the Cs 5p band. The lowest contour and the contour spacing
are 1 107% e/bohr®, Lower panels: the difference ps,(Cs/W)—ps,(Cs monolayer) with a contour spacing of 0.5 10~ e/bohr’,
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FIG. 12. Upper panels: charge density originating from the W valence band. The lowest contour and the contour spacings are
110% e/bohr’. The contour plot is cutoff at a density of 75 10~* ¢/bohr’. Lower panels: the difference p,.(Cs-W)—p,(W) with

a contour spacing of 0.5x 10~ e/bohr”.
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FIG. 13. Upper panels: total electronic density in 10~ e/bohr®. Lower panels: the difference between the self-consistent density

of the cesiated surfaces and the superposed density of a clean W five-layer film and a Cs monolayer.
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FIG. 14, Total charge density on (a) a clean W(001) surface,
(b) ar} ideal surface, and (c) the difference between (a) and (b), in
units of 10~?* e/bohr’. The dotted lines indicate a loss of clec-
tronic charge. The vertical scale gives the distance from the sur-
face W atoms in Bohr radii (after Ref. 108).



W(Center) l

V (Ry)

d (A)

FIG. 15. Electrostatic Coulomb potential in the (110) plane
normal to the surface for clean W(001).
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FIG. 16. Effective one-electron potential in the (110) plane
normal to the surface for a clean W(001). & denotes the work

function.
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FIG. 18. Electrostatic Coulomb potential barrier originating
from the polarizations in a ¢ (2 2) Cs overlayer (d =2.60 A) on
a W(001) surface (corresponding to the charge redistribution

shown in Fig. 13) in the (110) plane perpendicular to the surface
as indicated by the inset in the upper right corner.
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FIG. 19. Coulomb potential for ¢(2X2)Cs on W(00I)
(d=2.60 A) in the (110) plane perpendicular to the surface.
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FIG. 20. Effective one-electron potential for ¢(2x2) Cs on
W(001) (d =2.60 A) in the (110) plane perpendicular to the sur-
face. ® denotes the work function of this system.



FIG. 21. Coulomb potential for a clean W(001) five-layer slab
(left panel) and ¢(2X2) Cs on the W(001) slab for Cs heights of
2.60, 2.75, and 2.90 A (central panels) in the (110) plane perpen-
dicular to the surface. The Coulomb potential for the Cs mono-
layer is shown in the right panel.
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FIG. 22. Effective one-electron potential for a clean W(001)
five-layer slab (left panel) and c¢(2:X2) Cs on the W(001) slab for
Cs heights of 2.60, 2.75, and 2.90 A (central panels) in the (110)
plane perpendicular to the surface. The effective potential for
the Cs monolayer is shown in the right panel.
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FIG. 7. Single-particle density of the adsorption-sensitive S8 T';. The lowest contour and the contour spacings are 0.001 e/bohr’.
In the 3D plots shown below the cutoff is at a density of 0.030 e/bohr?.
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FIG. 8. Single-particle density of the T, state at the bottom

of the conduction band for a Cs monolayer. The density is given
in units of e/bohr’.
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FIG. 9. Single-particle density of the T state at the bottom
of the conduction band of the clean W(001) five-layer slab in

units of e/bohr?.



