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Cesiation of W(001): Work Function Lowering by Multiple Dipole Formation
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Rigorous, self-consistent, all-electron, full-potential linearized augmented plane wave
studies reveal that the lowerirg of the W {001)work function upon cesiation arises from a
complex multiple dipole formation mechanism: Essentially, Cs forms a metallic over-
layer with its valence electrons strongly polarized and its GP semicore shell polarized
oppositely.

PACS numbers: 73.30.+y, 73.20.Cw

Cesiated metal surfaces are important both for
their prototypical properties and for their tech-
nological applications. Thus the lowering of the
work function by the deposit of an overlayer of
Cs on a metal surface like W, first discovered
by Kingdon and Langmuir in 1923 and still wide-
ly used in a host of experiments, has widespread
applicability in such areas as thermionic conver-
sion, ' ion propulsion, ' and recently as negative
hydrogen (deuterium) ion sources for magnetic
fusion reactors. ' Despite its long history and
obvious importance, the mechanism for the work-
function lowering still remains a challenge for
theoretical treatment as does an in-depth under-
standing of the electronic structure so essential
for optimization of negative H (or D) yields+' and
for determination of thermionic conversion effi-
ciencies. ' Because of the complexity of rigorous
calculations for this type of system, only calcu-
lations on a "jellium" model have been carried
out to describe the work-function changes induced
by alkali adsorption. ' Although these calculations
give a qualitatively correct description of the
work-function changes, important structures due
to the atomistic nature of the surface and inter-
face atoms are not included in these calculations.
In particular, an understanding of the role played
by the rich localized W d surface states' requires
a more detailed description of the surface.

In this Letter, we present results of the first
rigorous, fully self-consistent, all-electron cal-
culation of Cs chemisorbed on a W(001) surface
using our highly accurate full-potential linear-
ized augmented plane wave (FLAPW) method for

thin films. ' The chemisorption process is char-
acterized by comparing the results of indepen-
dent self-consistent calculations for (1) a five-
layer W(001) slab, (2) an unsupported Cs mono-
layer, and (3) Cs in a c(2&& 2) coverage on W(001)
at distances ranging from 2.6 to 2.9 A. We find
that the reduction in the work function, C, upon
cesiation, arises from a multiple dipole forma-
tion at the surface and interface layers. A char-
acteristic feature of the clean W(001) surface is
the pronounced spill-out of electrons from the
surface layer into the vacuum which leads to the
formation of a strong surface dipole. This sur-
face dipole is reduced in the cesiated system:
Cs forms a metallic overlayer with its valence
electrons polarized toward the W surface, thus
reducing the spill-out into the vacuum. Corre-
lated with the polarization of the Cs valence elec-
trons, the Cs semicore 5p electrons are marked-
ly counterpolarized. Because of the strong me-
tallic screening, changes in the electronic en-
vironment are localized to the Cs overlayer and
the Cs/W interface layer. The net result of these
polarizations is a reduction of the effective elec-
trostatic surface barrier. As a result, all W
states, and also the Fermi level, are shifted to
smaller binding energies with respect to the vac-
uum and consequently the work function is re-
duced by 2.0- 2.5 eV, depending on the Cs-W dis-
tance used.

Although crucial for determination of the low-
ering of the work function upon cesiation, there
are no accurate experimental determinations of
the distance between the Cs and W atoms. It is
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therefore necessary to carry out the electronic
structure studies for various assumed Cs-W dis-
tances. Since the lowering of 4 is greatest for
reduced Cs coverage, we first study the c(2X 2)
coverage (which corresponds to one Cs atom per
two W atoms) as the lowest coverage which is
still computationally tractable (12 atoms per unit
cell) for varying Cs-W separations. [The p (2X 2)
structure at which the minimum in 4 occurs' re-
quires 22 atoms per unit cell for a five-layer W
substrate. ]

In our FLAPW studies, we use the same W-W
distances as in bulk W (lattice constant 3.161A)
and distances between the planes of the Cs and
surface W atoms which vary from 2.6 to 2.9 A.
In each iteration, the wave functions for each of
the 19 k points in the irreducible wedge of the
first Brillouin zone are expanded in about 2x 450
LAPW basis functions. For the valence electrons
all relativistic effects, except spin-orbit split-
ting, are taken into account. The core electrons
are calculated fully relativistically in each itera-
tion. Electronic exchange and correlation effects
are treated within the local density functional for-
malism using the Wigner exchange-correlation
potential. Self-consistency was assumed when
the input and output potentials differed on the
average by less than 1.5 mRy. (The eigenvalues
had then converged to better than 0.1 mRy. )

Important to an in-depth understanding of the
mechanism of the lowering of the work function
is the spill-out of the electrons on a clean sur- 10— -0.5

face and the associated dipole layer which is mod-
ified and reduced upon cesiation. One way to
monitor this dipole layer is a comparison of the
calculated charge density [Fig. 1(a)] and that of
an "ideal" surface formed by cleaving a bulk
crystal along the boundaries of Wigner-Seitz
cells without allowing any redistribution of the
charge density. In our case we have constructed
the ideal surface from the charge density in a
Wigner-Seitz cell of the bulklike atoms in the cen-
ter of the clean W(001) film [Fig. 1(b)]. The dif-
ference between the charge densities of the calcu-
lated and the ideal surfaces [Fig. 1(c)] reveals
that the electronic environment of essentially on-
ly the surface atoms is affected by the spill-out
of electrons into the vacuum. The electrostatic
dipole barrier associated with the spill-out,
shown in Fig. 1(c), is found to be 5.5 eV." The
resultant 4, 4.7V eV, of the five-layer W(001)
slab agrees quite well with experiment (4.63
a 0.02 eV); the 4 of an independent FLAPW cal-
culation for a seven-layer W(001) slab (4.63 eV)
gives excellent agreement with experiment.

Let us now focus on how the charge density at
the W surface is modified upon cesiation since
this will give us insight into the dipoles which
counteract and reduce the original "spill-out di-
pole. " To this end, we subtract from the total

0—

0—

FIG. 1. Total charge density on (a) a clean W(001)
surface, (b) an "ideal" surface, aud (c) the difference
between {a) and (b), showing the spill-out of electrons
into the vacuum. The units are 10 3e/ap3. Dotted
contour lines indicate loss of electrons. The vertical
scale at the left gives the distance from the surface W
atoms in atomic units.

FlG. 2. (a) Total electronic charge density for Cs
c(2x 2) on W(001) and (b) the difference charge density
between that of Cs/W and the superposed density of
clean W(001) and a Cs monolayer (in units of 10 e/+p ).
The vertical scale at the left gives the distance from
the surface W atoms in atomic units.
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charge densi y onsit of the cesiated W surface Fig.
2(a)] the charge density of the clean W surface

onola er withand the charge density of a Cs mon ay
the same Cs-Cs spacings as in Cs c(2&&2) on W].

2(b)] reveals the charge redistribution upon cesi-
ation. wo mainT ain effects become obvious: 1 a
loss of electrons in the region between an ou-
side the Cs atoms combined with a pronounced
increase in e ec roni1 t c charge near the surface W
atoms and (2) a dramatic polarization of the Cs
5p semicore electrons. Both eeffects are associ-
ated wi eth the formation of dipole layers which in-
f1 the work function of the system.uence

the do-gion e wb t een and outside the Cs atoms is
main of Cs valence electrons (origina ing in
b lk from the atomic 6s functions&. pos&. U n deposi-u r m

ce the Cstion o e 8f th Cs overlayer on the W surface,
ards the Wvalence electrons are polarized towar s e

surface ea ing1 d' to an increase of electronic
charge in the interface region between the Cs
and surface W atoms. An analysis of the project-

gular momentum for the clean and cesiated W
f ce reveals that the contribution from thesur ace r
f W toms remains the dominan po-

s-dnent near the Fermi energy and that the Cs-
character of the states near EF is greatly en-
hanced compared with that of an unsupported Cs
monol3yer. Together these observations indi-

t olarized metallic bond w'ith a tendency
nd betweentowards the formation of a covalent bond

Cs and the surface W atoms.
We are now in a position to understand the

chan es in the electrostatic potential induced by
the cesiation of the W surface. is poe ' ' This tential is
most conveniently displayed in the form of the
Coulomb potential averaged over planes parallel

this averaged potential for the clean (solid lines
an e cesi
er wi eir'th their corresponding Fermi energi

of 2.6A. Thework functions for a Cs-W distance of . . e
analysis of t ese resf th esults shows that the Coulomb

otential near the W atoms is shifted by almostpoenia n
the same constant amount (2.0 e ) y0 eV& b which the
work function is reduced &4 == 2.77 eV for the cesi-

d W(001) surface]. This shift is caused by the
change in the effective surface dipole layer:
polarization o ef the Cs valence electrons towards
the surface W atoms gives rise p 1 bto a di ole bar-

h ch counteracts the original spill-out di-rier w ic
po e an u1 d thus reduces the work function. y

olar-trast the dipole layer associated with the po ar-7

zv (ev)

0
W (S-2) W( -I) W (S)

I

JI

C, (W)
4 (Cs/

v (ev)

-IO—

-I5—

-20—

l

(
l

I
(

(
L

1
I (

I
( (

(

I

I I I

I I I I

/

I

-5 0

(

Cs
I

/

/ FE (Cs/W)

EF (W)

I

I I
'I

I

I

l I

&I
l f

t l

I I

(I
I I I I I I I I I I I

( I

5 10 o.u.

FIG. 3. Lower panel: Average Ce Coulomb potential
allel to the surface, for(V), averaged in planes paral

the clean (solid lanes) an~ ~ d cesiated (broken lines
nel: V Cs/W) —[V cleanW(001) surfaces. Top panel: V

er)]. C (Qf) and 4(Cs/W) denote the W+V(Cs monolayer . C an
and the cesiated-W work functions and AC xs eir
lowering.

ization of e sth C & semicore electrons acts in
the same direction as the spi - 'po'll-out di le and
tends to increase the work function.

The resulting effect of these multiple dipole
formations is a ne rt reduction of the effective sur-
face dipole and hence a lowering of ththe work func-
tion. The s-in uceC

'
d ed changes in the electrostat-

ic potentia, i.e. ,
'

1, the formation of a dipole layer
which counteracts the spill-out dipole, is shown
in the upper panth panel of Fig. 3 in the form of the dif-

poten ia ot 1 f the cesiated system and the super-
nd thed C lomb potentials of the clean W an epose ou om

es clear-orted Cs monolayer. One observes cunsuppo e
1 a dipole barrier due to the polarization' nof the
Cs valence electrons and a sup p
ly a dipo e arri

er osed structure
t n. The netdue to the Cs semicore 5p polarization.

b 2 eV insidelt is an almost constant shift yresu i
rther as foundthe Cs/W interface region. Further, as

from independent self-consistent c culations for
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increased W-Cs distances from 2.6 to 2.75 and
to 2.90 A, there is an increase of the spatial ex-
tension of the polarized Cs overlayer and hence
an enhancement of the counteracting dipole. As
a result the work function is further reduced to
2.55 and 2.28 eV, respectively.

In conclusion, these rigorous, self-consistent,
all-electron, FLAPW studies have revealed in de-
tail the complex nature of the multiple dipole for-
mation mechanism by which the work function is
lowered when a transition metal like W is cesi-
ated. Unlike simple models, which ionize the Cs
overlayer atoms by electron transfer into the W
surface, Cs forms a metallic overlayer, which
has its valence electrons strongly polarized and
its 5p semicore shell dipole polarized oppositely.
The charge redistribution is localized to the in-
terface atoms and shows an enhancement of the
electronic charge on the Cs side of the interface
W atoms. The admixture of the directional char-
acter of Cs d-like charge and the persistent dom-
inance of W d-like surface states near EF indi-
cates a tendency towards a covalent Cs(s, d)-
W(surface, d) bond. Together, these effects re-
duce the effective surface dipole barrier and
bring about the dramatic reduction in the ob-
served work function.
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