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Early stages of cesium adsorption on the As-richc„2Ã8… reconstruction of GaAs„001…:
Adsorption sites and Cs-induced chemical bonds
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We investigate the adsorption of Cs on the As-richc(238)/(234) reconstruction of GaAs~001! at low
coverages using a combination of theoretical and experimental techniques. Density-functional-theory local-
density-approximation total-energy calculations and x-ray diffraction experiments find only minimal Cs-
induced surface relaxation and identify three preferential adsorption sites within the partially disordered over-
layer. These sites are, in order of decreasing occupation probability, the arsenic dimer bridgeD site, the gallium
dangling bondT28 site, and the arsenicT3 trench site. Detailed analysis of the wave functions and electronic
charge densities allows us to clarify the bonding mechanisms at the three sites. At the gallium site, the bonding
is strongly ionic and involves significant charge transfer to a new Cs-induced state reminiscent of thepz orbital
of the gallium atom in thesp2 configuration. In sharp contrast, at the arsenic sites, the charge transfer is
minimal and the bonding rather occurs through mixing with a relatively delocalized state of the clean surface.
The ionization energy decreases are estimated and compared for the three sites.

DOI: 10.1103/PhysRevB.68.205313 PACS number~s!: 78.40.Fy, 78.68.1m, 73.20.At
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I. INTRODUCTION

The interaction between alkali atoms and semicondu
surfaces has long been the object of intensive fundame
studies, because of technological applications related to
lowering of the surface work function and because the
sence of chemical reactions at the interface makes it a m
system. From an experimental point of view, such stud
have mostly concerned GaAs and silicon, using Auger sp
troscopy and low-energy electron diffraction,1–3 core level
spectroscopy,4,5 electron loss spectroscopy,6,7 scanning tun-
neling spectroscopy,8 and x-ray diffraction.9–11Ab initio cal-
culations have been performed using Na adsorption
GaAs~110!,12 Cs adsorption on GaAs clusters simulating t
~110! surface,13 and K adsorption on Si~001!.14

Among all these studies, only a very small fraction ha
considered very-low-coverage conditions, for which t
alkali-alkali interactions are negligible as compared w
alkali-substrate interactions. In this regime, fundamental
pects of the latter interactions can be investigated in detai
order to investigate the adsorption on a microscopic scal
is first desirable to identify the adsorption sites and to eva
ate the displacement of substrate atoms induced by ads
tion. It is of further interest to characterize the nature of
chemical bond between the adatom and the surface, to d
mine the amount of charge transfer between the electrop
tive alkali and the solid, and to analyze the nature of
alkali-induced surface dipole. For~001! and~011! surfaces of
III-V semiconductors such as GaAs, one may think that, d
to the presence of cations and anions at the surface, a
atoms should preferentially adsorb near the empty dang
bonds of cation sites. This has been predicted using a rea
0163-1829/2003/68~20!/205313~11!/$20.00 68 2053
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ing based on a tight-binding treatment of the hybridization
the outers electron of the alkali and of the surface danglin
bond.15 For Cs adsorption at the~110! cleavage face, using
scanning tunneling microscopy~STM!,16 it has indeed been
found that, at very low coverage, Cs atoms adsorb near
atoms. Calculations of adsorption of Na at the same surfa12

have shown that adsorption does not induce a breaking
surface chemical bonds, but results in a derelaxation of s
strate atoms. The bonding between Na adatoms and subs
gallium atoms occurs through hybridization of the outes
alkali state and of the empty gallium dangling bond. T
alkali s electron is partially transferred into the Ga dangli
bonds, with only a weak perturbation of the latter. This tra
fer produces a surface dipole which, together with the alk
induced change of surface dipole caused by the subs
derelaxation, explains the lowering of the ionization ener

For adsorption at the (231) reconstruction of the~001!
surface of Si, the situation seems to be quite different. Us
x-ray diffraction,10 it was found that the dimer siteD and the
trench siteT3 are jointly populated, thus creating some d
order in the alkali overlayer. For the former site, the silic
dimer bond seems to be broken, with a Si-Si distance cl
to its bulk value. These results are at variance with the o
found on the similar surface of germanium,9 for which the
Ge-Ge distances do not change by more than 8%, an
particular, the Ge dimer bonding length is essentially u
changed. Calculations performed for the K/Si system14 con-
clude that, at low coverage, the adatom region remains n
tral, so that the amount of charge transfer is limited. T
surface dipole originates from a polarization of the adat
due to the Si-K mixing. The same conclusion is also reac
by a core level investigation for the same system.17
©2003 The American Physical Society13-1
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In general, other bonding mechanisms may occur. At
very initial stage of Cs adsorption onp-type GaAs, the sur-
face barrier increase has been interpreted as being caus
a charge transfer to the valence band of the bulk crysta18

For further adsorption, the surface Fermi level becom
pinned by Cs-induced states so that possible transfer
cesses are limited to the near-surface region. Another bo
ing mechanism consists in an ionic bonding by transfer
charge to a near-surface state induced by the presence o
adsorbed Cs atom. Such states have been predicte
Heine.19

In the present paper, we consider adsorption of Cs on
arsenic-richc(238) reconstruction, for which the geometr
cal and electronic properties are well known, owing, resp
tively, to x-ray diffraction,20 STM,21 and ab initio
calculations.22 The geometry of adsorption, which is so f
almost completely unknown, is investigated using bothab
initio calculations and x-ray diffraction. Based on the co
bined experimental and theoretical results, we outline th
dominant adsorption sites: the top dimer siteD; the T28 site,
which is near the empty gallium dangling bond; and, to so
minor extent, theT3 trench site. The joint population of thes
sites is in agreement with previous findings, according
which it has been proposed that the Cs adsorbate is d
dered based on low-energy electron diffraction~LEED! ~Ref.
23! and STM~Ref. 24! measurements, whereas tight-bindi
calculations predict the existence of preferential sites for
tassium adsorption.25 We find that cesium adsorption has
very small effect on the position of substrate atoms and
particular, does not induce any dimer breaking.

Ab initio calculations are used to investigate the nature
the bonding at each of these sites. We find that the bond
mechanism, dipole formation, and charge transfer are dif
ent for the Ga site and for the As sites, which represent
extreme bonding schemes on the same surface that ar
pendent on the adsorption site. For adsorption atT28 , the 6s
electron of the alkali is predominantly transferred to a n
Cs-induced state and the bond is strongly ionic. In sh
contrast, for the As-related sites, the charge transfer is
nificantly smaller and the bonding instead involves hybr
ization with states of the clean surface. Also discussed
site-dependent reduction of the ionization energy and
induced modifications of surface electronic states. Th
modifications will be confirmed by an analysis of th
changes in surface optical anisotropy.26

The structure of the paper is as follows: Section II
dedicated to anab initio study of the geometrical propertie
of the interface. In Sec. III we experimentally confirm th
above predictions using x-ray diffraction. In Sec. IV we an
lyze the nature of the chemical bond between Cs and
surface. Overall conclusions are presented in Sec. V.

II. THEORY

A. Computational method

Total-energy calculations of Cs adsorption were p
formed within the first-principles density functional-theo
local-density-approximation~DFT-LDA! framework with the
molecular-dynamics Car-Parrinello method. The theoret
20531
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equilibrium value for the lattice constant,a055.58 Å, was
used. Norm-conserving pseudopotentials~NCPP’s! were
adopted for all atomic species, and nonlinear co
corrections27 ~NLCC’s! were used with gallium. For the C
atom, the NCPP was constructed with special care, trea
the whole fifth electronic shell as valence, together with
optical 6s electron. This choice for partitioning core an
valence electrons avoids the problems encountered when
fifth shell, which is highly polarizable, is treated as part
the core.28 Restricting the core up to only the fourth she
meant having a slower convergence with respect to the n
ber of plane waves required in calculations, due to
steeper character of the pseudopotential. We hence cho
work with modern norm-conserving pseudopotentials of
class introduced by Hamann,29 which avoid the additional
complications of the Vanderbilt30 non-normconserving
pseudopotentials and, at the same time, allow the use
reasonably small number of plane waves@remarkably lower
than with a traditional NCPP~Ref. 31!#. By carefully choos-
ing the core radii~1.2 bohr for thes component, 1.4 bohr for
the p component; all higher-l components were assumed
be equal to thes one!, we obtained a pseudopotential for C
which combines a relatively fast convergence~12 Ry already
give a satisfactory convergence! with excellent transferabil-
ity. The latter was tested not only through the behavior of
logarithmic derivatives, but also by explicit calculations
the Kohn-Sham eigenvalues for some excited atomic c
figurations against the corresponding all-electron resu
Furthermore, we performed some convergence tests u
Cs2 clusters inside periodically repeated supercells. The
sults, shown in Table I, demonstrate that a cutoff of 13
gives well-converged structural and energetic properties.
note that Cs pseudopotentials with nine valence electr
have been reported elsewhere to give the best results in2
studies.32

Following previous results,20–22 we considered ab2 unit
cell, which is depicted in Fig. 1. This structure consists
two As dimers at the top layer with a further As dimer sit
ated at the third atomic layer. Possible alkali adsorption si
also indicated in the figure, are labeledD andD8 for dimer
sites andTn andTn8 for trench sites on an atom belonging
the nth atomic layer. The surface was simulated with pe
odically repeating supercells of thin GaAs slabs separated
vacuum regions. Gallium dangling bonds on the back surf
were saturated with a layer of fractionally chargedZ
51.25) hydrogen like pseudoatoms. Initial geometrical op
mization and identification of favorable adsorption sites w

TABLE I. Convergence tests of the Cs pseudopotential us
Cs2 clusters. Shown, as a function of the kinetic energy cuto
Cs-Cs bond lengthd, cohesion energyEcoh, and LDA band gaps
~calculated ford54.76 Å).

Cutoff ~Ry! d ~Å! Ecoh ~eV/atom! Egap ~eV!

8 4.955 0.5412 0.87
11 4.805 0.5397 0.96
13 4.741 0.5380 1.04
30 4.735 0.5374 1.04
3-2
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carried out with a kinetic energy cutoff of 11 Ry and sup
cells consisting of six atomic layers and 8 Å of vacuum. For
the computation of total energies the ground states were
calculated at 13 Ry using thicker slabs of ten atomic lay
and 10 Å of vacuum. All trends with respect to the adso
tion sites ~i.e., total-energy differences, spectral modific
tions! were consistent between the thick and thin slabs
singlek point (G) was used during the surface optimizatio
in which the bottom two layers were fixed to the ideal bu
positions and all other atoms were allowed to relax until
atomic forces did not exceed 35 meV/Å.

B. Geometry of adsorption: Results

Geometry optimization was carried out on the alka
metal/semiconductor slab for several initial positions o
single Cs atom adsorbed on theb2-reconstructed (234) sur-
face. Sites in the ‘‘missing dimer’’ region—i.e., in the lowe
plateau region nearD8—are not favored, as all our attemp
to find relatively stable adsorption sites there were uns
cessful. We found two independent, energetically favora
adsorption sites—namely, the symmetricT3 site and theD
site—which were previously identified as the more stable
cesium adsorption on Si~100!.10 We also identified theT28
site, close to the Ga empty dangling bond, as a stable ads
tion site. As expected,33 the adsorption energies are slight
higher than those found for Na on GaAs~110!, which are of
the order of 1.2–1.8 eV.12 Among the three investigated site
T3 has the highest adsorption energy of 2.42 eV, while thD
andT28 sites are lower, by 0.38 eV and 0.56 eV, respective

An important point to note is that the Cs-induced rela
ation of substrate atoms is, in general, negligible. Break
of dimers is not found to occur for any configuration. F
adsorption at theD andT3 sites, the largest atomic displac
ments, which involve the top layer dimers, are of the orde
0.05 Å and correspond to a fraction of the order of 1023 of
the unit cell dimension. The dimer length is calculated to
2.42 Å, which is very close to the value for the clean surfa
2.44 Å. For theT28 structure, the dimer length is slightl
lower, at 2.40 Å. The nearby Ga atom is found to mo
inwards by 0.23 Å, corresponding to a vertical displacem
of 16% of the spacing between atomic planes. This beha
mirrors the reported partial derelaxation of the GaAs~110!

FIG. 1. Top view of the unit cell of theb2(234) reconstruction
of GaAs~001!. Shown in the figure are several possible adsorpt
sites for cesium: trench sites situated over atoms of thenth layer are
labeledTn , whereasD andD8 denote dimer bridge sites. Selecte
atoms are also labeled.
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surface12 under low coverage of Na, in which the Ga ato
nearest to the alkali moves by'0.36 Å, while other atoms
are mostly unaffected.

III. SURFACE X-RAY DIFFRACTION

A. Experiment

Surface x-ray diffraction studies of the Cs adsorption, p
formed at the DCI storage ring of Lure, Orsay, allow us
verify the predictions of the calculation. The surface w
preparedin situ by molecular beam epitaxy using success
evaporations of Ga and As at 600 °C, until a sharp reflect
high-energy electron diffraction~RHEED! pattern was ob-
served. The sample was then slowly cooled to room temp
ture, which did not result in a significant change of t
RHEED pattern and was transferred and aligned in the x-
diffractometer. Alkali adsorption was performed using tho
oughly outgassed SAES getters. The x-ray diffraction patt
was referred to a 234 surface basis related to the bulk fc
unit vectors by

a5@11̄0#cubic, b52@110#cubic, c5
1

2
@001#cubic. ~1!

The reconstruction of the starting surface wasc(238), for
which the unit cell is known to be composed of (234)
patterns.20 The relative intensities of the diffraction spo
were completely identical to those already published e
where for theb2 surface.20 As found from the analysis o
their Lorentzian widths, the surface quality was very goo
and the coherence length was found to be of the order of
Å.

A preliminary qualitative investigation of Cs adsorptio
was performed. No sign of surface disorder could be fou
after alkali atom adsorption, since the Lorentzian linewid
stayed constant, and no increase of the background si
could be observed. These results are at variance with
observed strong degradation of the LEED pattern obser
on the same surface.23,34These differences can be understo
if we assume the presence of a limited disorder among the
overlayer: the highly surface-sensitive LEED pattern refle
the partially disordered overlayer, whereas due to its
creased penetration depth, x-ray diffraction is more sensi
to the underlying reconstructed surface. It should be no
that the minimum escape depth of electrons in Cs is part
larly low, about 2.5 Å.35 Because the coherence length is
least one order of magnitude larger for x rays than for lo
energy electrons, the quality of the x-ray diffraction patte
which depends on the number of coherent scatterers—i.e
the square of the coherence length—should also be sig
cantly better than that of the LEED pattern.

We find that Cs adsorption induces significant change
the intensities of diffraction spots. Shown in Fig. 2 are, as
example, the results obtained for the diffraction spots defi
by their position in reciprocal space, (h,k,l )5(4,5,0.05) and
(h,k,l )5(4,7,0.05). These intensities exhibit strong chang
up to 50 min adsorption. At the initial stage, the intensity
the (4,7,0.05) diffraction spot increases up to approximat
10 min exposure, stays constant up to 20 min exposure,

n

3-3
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starts to decrease for further Cs adsorption. In the same
ditions, the intensity of the (4,5,0.05) diffraction spot d
creases linearly up to 20 min and exhibits a change of sl
for larger exposures. These characteristic phases are
found from the intensities of other diffraction spots~not
shown here! and probably reflect distinct phases in the a
sorption process. It is probable that these stages corres
to adsorption of one Cs per (234) unit cell after 10 min
exposure and of a second one after a double exposure o
min. As a result, in order to verify the predictions of theab
initio calculation, we have chosen an evaporation delay o
min.

After adsorption, the intensities of 34 diffraction spots
the l 50 plane were measured. Ten of these structure fac
showed a change larger than 50%. Also measured were
selected rods, defined as the diffracted intensity as a func
of l for fixed values ofh andk. Half-order diffraction spots in
the h direction were diffuse and were not measured, so t
no distinction can be made between thec(238) symmetry
and a (234) one. The total number of independent data w
95.

B. Analysis

Analysis of the Cs-induced changes of the structure f
tors was performed using theROD code36 and consisted in
choosing a starting atomic configuration and in allowi
atomic motions in order to optimize a quality factor given

x red
2 5

1

N2p (
hkl

~Fhkl
obs2Fhkl

calc!2

shkl
, ~2!

whereN is the number of independent measured values
p is the number of adjustable parameters used in the
while Fhkl

obs andFhkl
calc are, respectively, the experimental stru

ture factors and their predicted values. The quantityshkl
usually corresponds with the experimental uncertainties
is generally taken to be 10% of the experimental struct
factor. Here, in order to increase the sensitivity of the data
the Cs adsorption, we chose to decreaseshkl by one order of
magnitude for the ten structure factors which exhibited
largest Cs-induced changes. The resulting sensitivity ofx red

2

FIG. 2. Variation of two selected structure factors measured d
ing cesium adsorption. The solid and dotted lines are guides to
eye.
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to Cs adsorption can be estimated by comparing the exp
mental structure factors with their predicted values for
cleansurface.20 The agreement with the experimental data
quite poor, since we obtain a large value ofx red

2 of 268,
which reveals a strong sensitivity to Cs and provides a
erence value forx red

2 .
Due to the amount of surface disorder discussed abov

complete analysis of the changes would require the con
eration of coadsorption at several distinct sites. Howev
since such analysis requires a prohibitively large numbe
adjustable parameters, we examined adsorption at only
site at a time. Some discrepancies are expected betwee
data and the fit, due to the sites which are neglected in
model. These discrepancies should be lowest for the m
populated site so that a comparison of the results obta
for the various sites allowed us to determine the preferen
site~s! and also to evaluate the Cs-induced relaxation of s
strate atoms.

We considered all the sites shown in Fig. 1, taking
starting values the experimental atomic coordinates of
clean surface,20 together with the calculated position of th
Cs atom.37 Initially we supposed that all cells are occupie
by one Cs atom~occupation parameterS equal to unity!. In
Table II we present the values ofx red

2 , the numberp of
adjustable parameters, and the maximum occupancy factS.
As expected from the total energy calculations, we find t
sitesD, T28 , andT3 lead to the best fits, while sitesT2 , T4,
andD8 lead to a relatively large value ofx red

2 . In a second
stage, we progressively variedS, performing further adjust-
ment of all the parameters. For theD site, the fit could be
further improved by reducingS to 0.65 and gave the bes
value ofx red

2 , also shown in Table II. Shown in Fig. 3 are th
experimental and calculated structure factors for thel 50
plane in the case of theD site. The agreement between th
two sets of values is very good. Since the values ofx red

2 are
artificially high due to the very low values for severalshkl ,
the quality of the fit was further characterized on an abso
basis by using the reliability factorR5(hkl(Fhkl

obs

2Fhkl
calc)2/(Fhkl

obs)2. For these three sitesR was found to range
between values of 0.13~for D) and 0.23~for T3). These
values are low, such that, on the basis of thex red

2 values, we

r-
he

TABLE II. Results, for several adsorption sites, of fitting
x-ray diffraction spectra. The quantityx red

2 is defined in the text by
Eq. ~2!, p is the number of adjustable parameters in the fit, andS is
the optimum value of the site occupancy parameter.

Site x red
2 p S

D 4.4 21 1
T28 5.1 19 1
T3 11.8 16 1
T2 24 21 1
T48 29.8 22 1
D8 33 15 1

D 3.2 21 0.65
3-4
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infer that these three sites are probably jointly populat
with D being more populated than the other two sites.

Next, we consider the Cs-induced displacements of s
strate atoms obtained in the fit. Most displacements w
smaller than 1022 of the unit cell, and the one or two value
that exceeded this limit were smaller than 331022, a value
slightly larger than that predicted by theab initio calcula-
tions. These discrepancies are a direct consequence o
fact that we have considered adsorption at only one site
time, so that the fitting procedure compensates for the
sence of the other sites by using slightly unphysical ato
motions. Their values are, however, sufficiently small to d
card any strong Cs-induced relaxation of the substrate~As
dimer disruption requires a displacement larger than 1021).
Finally, we considered theout-of-planestructure factors and

FIG. 3. Comparison between experimental in-plane struc
factors~shaded semicircles! after 9 min cesium adsorption and the
calculated values~open semicircles! for adsorption at theD site.
The (131) reciprocal lattice is outlined by the square grid. T
shaded rectangle at the origin displays the (234) unit cell.
20531
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obtained a fit, not shown here, which allowed us to interp
the general trends of the data, using the experimental ato
coordinates in thexy plane and the calculatedz coordinates.
The quality of the fit is approximately the same forD and
T28 .

In conclusion, the above analysis allows us to verify e
perimentally the predictions of the calculations: we find th
the preferential adsorption sites areD, T28 , andT3—namely,
those identified in theab initio calculations as having the
largest adsorption energy. Furthermore, the Cs-indu
atomic displacements are small, as predicted. The displ
ments are smaller than for adsorption at the similar Si~001!
surface10 and also at the GaAs cleavage face.12 This latter
finding is related to the fact that, as will be seen later,
sorption is found to involve interaction with several atom
layers, whereas on the cleavage face, adsorption mostly
cerns the Ga dangling bonds. Table III summarizes the
oretical atomic coordinates of the Cs atom at the three s
considered here, in fractional units of the unit cell, taking
a reference the nearby As atom of the third layer. Atom
bels are indicated in Fig. 1. The atomic displacements in
duced by the fit, shown in parentheses, are small. Also gi
are several relevant distances between the Cs and the
strate atoms. The distance between the cesium atom an
neighboring gallium is found to be of the order of 3.8 Å. Th
distance is comparable with the distance of the Ga-Cs b
found in bulk compounds, which ranges between 3.75 Å a
3.85 Å depending on the configuration.38 It is interesting that
the trend in total energy with respect to the adsorption
inversely reflects the trend inuCs-Asu length. Since both Cs
and As have high electron concentrations in the outerm
valence shells, it is likely that minimizing the electron repu
sion competes with the energy gain from electron transfe
determining the most likely adsorption site.

Finally, note that the largest adsorption energy has b
found for siteT3, which seems to be less populated than
two other sites, as seen from the larger value ofx red

2 . This
difference suggests that the Cs adsorbate is not in therm

e

ct to

tances
TABLE III. Atomic coordinates of Cs adsorption sites (T3 , D, T28) and selected substrate atoms~1, 2a,
2b, 3; see Fig. 1!, as used in the fitting of the x-ray diffraction data. Coordinates are shown with respe

As~3!. xuu@11̄0# andyuu@110# are given in fractional units of the (234) cell vectors, whilezuu@001# is given
in fractional units of the fcc bulk cell constant~5.653 Å!. Deviations (Dx,Dy) from the Cs coordinates
obtained during the fitting are noted in parentheses. These deviations are only nonzero for theT28 site because
of symmetry considerations. The fourth and fifth columns indicate the minimum Cs-As and Cs-Ga dis
found in theab initio calculations.

Atom x(1Dx) y(1Dy) z uCs-Asumin(Å) uCs-Gaumin(Å)

Clean surface
As~1! 0.657 0.121 0.510
Ga(2a) 0.732 0.211 0.199
Ga(2b) 0.721 0.000 0.244
As~3! 0.000 0.000 0.000
Cesium surfaces
Cs(T3) 0.000 0.000 0.789 3.67@As~3!# 3.73 @Ga~2b!#

Cs(D) 0.500 0.125 1.067 3.31@As~1!# 5.39 @Ga~2a!#
Cs(T28) 0.732 (10.010) 0.287 (20.017) 0.812 3.24@As~1!# 3.84 @Ga~2a!#
3-5
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FIG. 4. Surface band structures of~a! clean, ~b! Cs-covered (T28 structure!, and ~c! Cs-covered (D structure! GaAs(001)b2(234),
plotted over the projected bulk band structure. The partially occupied band induced by the metal atom is indicated.
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namic equilibrium and that the relative populations of the
sites are determined by geometrical factors, such as the
density and the relative areas of the collection basins wh
lead to Cs adsorption at each of these sites. In compar
with the statistically unfavouredT3 site ~one site/cell!, the
fourfold T28 sites and the two neighboringD sites which have
a larger collection area should indeed be more populate

IV. CsÕGaAs CHEMICAL BOND

A. Cs-induced states

Our discussion of the Cs/GaAs chemical bond begins w
the computed band structures of thecleansurface, shown in
Fig. 4~a!. The results agree with those published previou
by Schmidt and Bechstedt22: surface states lie outside th
fundamental gap (G point! and are concentrated around t
K point of the surface Brillouin zone~SBZ!. The reported
underestimation of the band gap, a well-known feature
DFT-LDA, does not modify the physical picture to be d
scribed below. The four lowest-energy unoccupied states
labeledC1 –C4, whereas states lying at higher energies w
not be considered here, since they are weakly affected
adsorption, at least in their wave function character. In Fig
we examine more closely the nature of the clean surf
states via isosurface plots of the corresponding wave fu
tions at theK point of the SBZ. The lowest two states (C1
and C2) are complementary states localized primarily
second-layer Ga orbitals, with a smaller contribution loc
ized at the top layer dimers.C2 seems to correspond to th
lowest unoccupied state found in Ref. 22. We note that f
from six of the second-layer Ga atoms are threefold coo
nated (sp2 hybrid! to As; the remaining emptypz-like orbit-
als are the most pronounced features in the figure. B
states feature a strong asymmetry in the@11̄0# direction.
More symmetric surface states are found localized at
third-layer As dimer (C3) and top-level dimers (C4), re-
spectively.

Figures 4~b! and 4~c! show the calculated surface ban
structure for adsorption atT28 andD, respectively. The mos
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notable Cs-induced change is the appearance of apartially
filled band, shown by a dotted line in the figure, lying abo
a further 0.2 eV below the surface states of the cle
surface.39 This highest occupied state is responsible for
bonding between Cs and the surface. It is tempting to c
clude that this state is also responsible for the known pinn
of the surface Fermi level.40 However, further work is nec-
essary to reach this conclusion since the position of the b

FIG. 5. ~Color online! Isosurfaces of squared wave functions
K, for the four lowest unoccupied surface states of cle
GaAs~001!. Isosurfaces are plotted foruCu250.0015 bohr23 and
0.0009 bohr23.
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EARLY STAGES OF CESIUM ADSORPTION ON THE . . . PHYSICAL REVIEW B 68, 205313 ~2003!
only approximately coincides with the experimental Fer
level position, determined to be near midgap, and since
face defects may also play a role, as has been suggeste
the clean surface.22,41The valence state of the adatom mix
with the statesC1 –C4, which is expected since the Cs 6s
atomic energy level~obtained from an identical supercell ca
culation for the free atom!, is found to lie close in energy to
the unoccupied surface states of the clean~001! surface
~about 0.2 eV belowC1 at theK point!. However, examina-
tion of the wave functions, as compared to those of Fig
shows that the nature of several states after adsorptio
strongly reminiscent of that of statesC1 –C4, so that these
states are labeled asCi-like in Figs. 4~b! and 4~c!.

For theT28 site, inspection of Fig. 6 reveals that the pa
tially occupied band atT28 exhibits a significant density
above the nearby Ga atom, as well as a stronger contribu
behindthis atom. Its isosurface is quite distinct from any
the above-described states of the clean surface, sugge
that Cs adsorption induces anewstate. Similar induced state
have also been found on GaAs~110! ~Ref. 13! and even for
adsorption on graphite.42 The appearance of the latter sta
occurs at the expense of statesC1 andC2 of the clean sur-
face, which are no longer visible after adsorption. This p
ture can be understood using the shapes of the states o
clean surface: statesC1 andC2 have a significant presenc
probability at the Ga dangling bond and therefore stron
interact with the Cs 6s state. They completely lose the
character and are replaced by the new Cs-induced s
Other states are less modified and are still visible in the b
structure. The strongest modification concerns the stron
symmetricalC4 state, which is split into two complementa
bands localized on each of the top layer As dimers. T
present picture of the bonding is in sharp contrast with t

FIG. 6. ~Color online! Same as Fig. 5, but for the highest occ
pied state on each of the cesium-covered surfaces. Isosurface
shown at 0.0030 bohr23 and 0.0018 bohr23 for the T28 site,
0.0015 bohr23 and 0.0009 bohr23 otherwise. The Cs atomic pos
tion is indicated with an arrow in each case.
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found in the case of Na adsorption at the cleavage face
which molecular hybridization occurs between the outes
alkali state and states of the clean surface, mostly relate
the empty Ga dangling bond. Qualitatively speaking, the
inducedT28 bonding state is reminiscent of thepz orbital of
the sp2-hybridized Ga atom, although we stress that it a
pears to be a new state, which does not exist on the c
surface. As we will see below, the latter is partially occupi
by an electron coming from the Cs atom.

Although the Cs-induced band structure changes for
sorption at the arsenicD site are apparently quite similar t
those found forT28 , analysis of the wave functions reveal
as expected, a very different bonding mechanism. The m
of the partially occupied state, responsible for the bonding
presented in Fig. 6 for theK point. This state is quite delo
calized across the surface unit cell, with large contributio
at the topmost As dimers, and hence is quite similar toC4.
This strongly suggests that Cs adsorption, rather than in
ducing a new state as in the case of adsorption atT28 , hy-
bridizes withC4 to form a pair of complementary states, th
lowest-energy one being occupied in each case. Clearly
orbitals do not play any significant role in the bonding sinc
after adsorption, statesC1 –C3 are still unoccupied and
clearly identifiable. The fact that the Cs-induced modific
tions of surface states are significantly smaller than for
Ga site can be understood from simple considerations: s
C4 should be weakly coupled to the nearby Cs state beca
the strongest contribution to the coupling should come fr
the charge clouds in the vicinity of each of the As atom
composing the dimer. These clouds are reminiscent of
antibonding state of the dimer and correspond to wave fu
tions of opposite signs, so that their contributions to the
teraction with the Cs state mostly cancel each other. Thus
coupling with theC4 state should be smaller than the o
with C1 andC2 for Cs in theT28 site. Adsorption atT3 is
quite similar to adsorption atD and will not be discussed
here in detail. For this adsorption, the lowest two bands
C4 like and are followed byC2-like andC3-like bands. Due
to the increased symmetry, the splitting of theC4 band, of
0.11 eV, is smaller than for theD site ~0.27 eV atK).

B. Cs-induced dipoles

Using the above calculations, we now evaluate the low
ing of the ionization energy. This lowering is determined
the same way as described in Ref. 12—i.e., from the
induced change in the electrostatic potential. Since accu
calculation requires a well-converged electrostatic poten
in the vacuum region, we performed further calculation43

for clean and adsorbed surfaces using supercells with thi
vacuum regions of 16 Å. In addition, we used a dipo
correction44 within the vacuum region to remove the spu
ous macroscopic electric field that arises from the polar
ture of Cs/GaAs~001! and, to a lesser extent, clea
GaAs~001!. The microscopic potential was first averaged
the plane of the surface before being passed through a fil45

alongz, of characteristic perioda0/4, in order to remove the
usual oscillations between As and Ga planes. For the c
surface we obtain a value for the ionization energy of 5

are
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C. HOGAN et al. PHYSICAL REVIEW B 68, 205313 ~2003!
eV, in good agreement with the experimental value of 5.5
~Ref. 46! and with other calculations~5.61 eV, Ref. 47, and
5.43 eV, Ref. 22!.

In Fig. 7 we present the resulting macroscopic poten
changes for Cs adsorption at all three sites. We take as
origin of energy the vacuum level position, so that t
change is zero in vacuum far from the surface. In the so
we find a potential lowering which reveals the Cs-induc
ionization energy decrease. The largest change,22.6 eV,
occurs for theD site, which is also the most populated on
the next largest change is21.9 eV forT28 while the smallest
occurs forT3 at about21.5 eV. The positive bump in the
potential difference, near the adatom centers, is characte
of adsorption involving larger alkali atoms, as noted in R
12, and reflects intra-atomic screening of the dipolar fie
Accurate comparison of the ionization energy changes w
the experimental ones is not straightforward since the exp
mental work function strongly depends on coverage, wh
cannot be determined precisely.48 However, for the presen
case, using Ref. 2, we find that, for a coverage of 10%,
experimental work function change is approximately 1.6
This value is in qualitative agreement with the above e
mates, further taking into account the facts that experime
determination also includes surface barrier changes and
we have neglected interactions between dipoles.

We analyze the nature of the Cs-induced dipoles by c
sidering the charge redistribution after adsorption. We h
computed, as a function of spatial positionr , the charge
differenceDr(r ) for adsorption at each site, defined by

FIG. 7. Changes in macroscopic electrostatic potentialV̄̄ of the
relaxed GaAs~001! surface after adsorption of Cs at different site
Vertical arrows denote atomic positions.

TABLE IV. Average dipole chargeQ6, dipole lengthdz , dipole
momentpz and change in electrostatic potential change as a fu
tion of adsorption site~see text!.

Site uQ6u(e) dz ~Å! pz5uQ6u3dz D V̄̄ ~eV!

D 2.17 12.88 16.24 2.6
T28 2.34 12.60 16.07 1.9
T3 1.89 11.10 12.08 1.5
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Dr~r !5rCs~r !1rGaAs~r !2rCs/GaAs~r !, ~3!

whererCs/GaAsis the total electron density~i.e.,r.0) for the
relaxed, Cs adsorbed slab,rGaAs is that for the clean relaxed
surface, andrCs is that for an isolated Cs atom~layer!. In
analogy to the center-of-mass concept, we calculate
quantities

Q15(
i

Dr~r i ! for Dr~r i !.0, ~4!

Q25(
i

Dr~r i ! for Dr~r i !,0, ~5!

dz5

(
i

Dr~r i !z

Q1
U

Dr(r i ).0

2

(
i

Dr~r i !z

Q2
U

Dr(r i ),0

, ~6!

where the summations run over a mesh of points$r i% de-
scribing the whole slab supercell. The quantitiesQ6 anddz
represent, respectively, the average dipole charge and th
erage dipole length normal to the surface. Values for th
quantities are given in Table IV, along with the average
pole momentpz5uQ6u3dz and the value of the potentia
change. As a function of adsorption site, the estimated siz
the surface dipole is found to roughly correlate with the s
of the work function change. It is interesting to note that,
spite of there being less charge redistributed for theD site
than for theT28 site, the former site exhibits a longer dipo
length, thus explaining the larger potential change for t
site.

The above results allow us first to estimate a value for
macroscopicelectronic charge transferDne by integrating
Dr(r ) within a set of concentric spherical volumes of i
creasing radiusRc , centered at each Cs atomic position. T
resulting integrated charge versus integration radius cu
are shown in Fig. 8 for each of the three sites. We show o
the contribution from the outermost valence orbital.49 The
value of Dne is estimated by considering a characteris
radius of the order of the distance between Cs and the ne
surface atoms~see Table III!: this is slightly larger than the

.

c-

FIG. 8. Integrated Cs valence charge difference as a functio
integration radius~see text!, for the three adsorption sites.
3-8
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EARLY STAGES OF CESIUM ADSORPTION ON THE . . . PHYSICAL REVIEW B 68, 205313 ~2003!
atomic radius of 2.98 Å.50 We find a significant charge trans
fer of about 0.75e for the T28 surface, close to the value o
0.7e obtained for the cleavage face.12 Since the correspond
ing charge transfer occurs to a localized state, simple tr
ments should allow us to understand its value. Indeed, ap
ing a self-consistent tight-binding model to describe a bo
between Cs and the gallium dangling bond,51,52 we calculate
a transferred charge very close to unity. On the other ha
the estimated charge transfer is smaller forD with a value for
Dne of less than 0.2e and even smaller for theT3 sites. For
theD site, the small charge transfer is in agreement with
relatively weak interaction with the nearbyC4 state of the
clean surface, and sinceC4 is partly built from the dimer
antibonding state, it reflects that As dimers are weakly
fected by adsorption.

The microscopic mechanisms underlying the above
sults are shown in Fig. 9, which presents cross section
Dr(r ) along mutually perpendicular planes containing t
Cs atom. The functionDr(r ) exhibits positive regions~elec-
tron depletion! and negative regions~electron accumulation!.
Due to the extended nature of the Cs-induced states,

FIG. 9. Charge density difference contour maps for theT28 ~top!,
D ~center!, and T3 ~bottom! surfaces. Each figure showsDr(r )
computed on the planes perpendicular~left column! and parallel

~right column! to the @11̄0# direction that contain the Cs atom
position. Solid lines represent electron accumulation regions (Dr
,0) and dashed lines electron depletion regions (Dr.0) after
adsorption. Contour separation is 0.0014 bohr23 and contours begin
at (6) this value. The Cs atomic sphere~taking a radius of 3 Å! is
indicated in each case.
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shapes of these regions are more complex than for adsorp
at the cleavage face, but they allow us to illustrate elem
tary mechanisms for dipole formation discussed in the Int
duction. For theT28 site the main feature appears along t
Cs-Ga direction and corresponds to a charge depletion in
the atomic sphere and a charge excess outside of it, bot
them being localized near the Ga atom close to the Cs.
region of charge excess corresponds to the region of lo
ization of the Cs-induced state described in the preced
subsection, indicating that charge is transferred from the
lence s electron of the alkali to the Cs-induced state. Th
transfer is large enough to cause significant screening
cesses. The relaxation of the Ga atom induces a smalle
pole, apparent in the contour map in the immediate vicin
of the Ga atom, which has the opposite sign as the trans
induced one. Other screening dipoles are also present in
vicinity of the alkali and at the top layer dimer atoms.

For theD site, examination of the clouds shows that t
charge redistribution, in contrast with the preceding pictu
occurs mostly in the regionbetweenthe Cs atom and As
dimers. This is a direct consequence of the mixing of
adatom state with theC4 state of the clean surface and
similar to the picture valid for adsorption at the cleava
face.12 Also observed is a smaller electron accumulati
above the Cs atom, which reveals some intra-atomic po
ization ~e.g., 6s-6p mixing!.53

For the T3 site, there is hardly any charge moveme
within the atomic sphere, which implies that both adato
polarization and charge transfer are minimal. This is in qu
tative agreement with the above finding that the Cs-indu
dipole is smaller than for the two above sites. The pictu
allow us, however, to suggest a substrate polarization, sim
to that found by Kobayashiet al.53 for Na and K adsorption
on Si~001!. This polarization mostly concerns the third-lay
As atoms.

V. CONCLUSIONS

In this work, we have studied the geometric and electro
properties of the GaAs~001!b2(234)/c(238) surface un-
der low coverages of cesium. Here, we summarize the m
results.

~a! As found from a global analysis of the results, bo
theoretical and experimental, it seems likely that multip
site occupation occurs in the early stages of Cs adsorptio
is clear that the choice has to be restricted to three s
which are the dimer siteD, the gallium dangling bond site
T28 , and to some minor extent the arsenicT3 trench site. The
T3 site is found, however, to have the largest adsorption
ergy, which can be reconciled with the experimental resu
by taking into consideration the relative areas of the coll
tion basins for the various sites—namely, 1 site/cell forT3,
in contrast with 2 and 4 sites/cell for theD andT28 sites. No
appreciable Cs-induced relaxation and, in particular,
breaking of surface As dimers are observed.

~b! Cs-substrate bonding at the three sites exhibits in
esting features and allows us to illustrate two extreme lim
ing cases on the same surface for the Ga site (T28) and for the
As sites (D andT3), respectively. At theT28 site the bonding
3-9
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is strongly ionic, and is characterized by a relatively lar
electron transfer, of the order of 0.75e, to a new Cs-induced
state localized behind the second layer Ga atom. Bondin
the other two sites is better described by mixing with ex
ing clean surface states and low charge transfer (,0.2e).
These site-dependent differences in the charge transfer
net surface dipole lead to site-dependent changes in the w
function, for which theD site exhibits the largest Cs-induce
change.
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