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We investigate the adsorption of Cs on the As-rafl2 X 8)/(2X4) reconstruction of GaA801) 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 dimebbsitigehe gallium
dangling bondT; site, and the arseni€; 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 reminiscerg obribieal
of the gallium atom in thesp? 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.
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[. INTRODUCTION ing based on a tight-binding treatment of the hybridization of
the outers electron of the alkali and of the surface dangling
The interaction between alkali atoms and semiconductobond® For Cs adsorption at thel10) cleavage face, using
surfaces has long been the object of intensive fundamentatanning tunneling microscofsTM),*¢ it has indeed been
studies, because of technological applications related to thieund that, at very low coverage, Cs atoms adsorb near Ga
lowering of the surface work function and because the abatoms. Calculations of adsorption of Na at the same sufface
sence of chemical reactions at the interface makes it a modéhve shown that adsorption does not induce a breaking of
system. From an experimental point of view, such studiesurface chemical bonds, but results in a derelaxation of sub-
have mostly concerned GaAs and silicon, using Auger specstrate atoms. The bonding between Na adatoms and substrate
troscopy and low-energy electron diffractibm, core level  gallium atoms occurs through hybridization of the ouser
spectroscop$;® electron loss spectroscopy,scanning tun- alkali state and of the empty gallium dangling bond. The
neling spectroscopyand x-ray diffractio’ *!Ab initio cal-  alkali s electron is partially transferred into the Ga dangling
culations have been performed using Na adsorption olonds, with only a weak perturbation of the latter. This trans-
GaAg110),*? Cs adsorption on GaAs clusters simulating thefer produces a surface dipole which, together with the alkali-
(110 surface'® and K adsorption on £01).14 induced change of surface dipole caused by the substrate
Among all these studies, only a very small fraction havederelaxation, explains the lowering of the ionization energy.
considered very-low-coverage conditions, for which the For adsorption at the (1) reconstruction of th€001)
alkali-alkali interactions are negligible as compared withsurface of Si, the situation seems to be quite different. Using
alkali-substrate interactions. In this regime, fundamental asx-ray diffraction’? it was found that the dimer sif@ and the
pects of the latter interactions can be investigated in detail. Itrench siteT; are jointly populated, thus creating some dis-
order to investigate the adsorption on a microscopic scale, trder in the alkali overlayer. For the former site, the silicon
is first desirable to identify the adsorption sites and to evaludimer bond seems to be broken, with a Si-Si distance close
ate the displacement of substrate atoms induced by adsorf® its bulk value. These results are at variance with the ones
tion. It is of further interest to characterize the nature of thefound on the similar surface of germanidnfior which the
chemical bond between the adatom and the surface, to detédte-Ge distances do not change by more than 8%, and in
mine the amount of charge transfer between the electroposparticular, the Ge dimer bonding length is essentially un-
tive alkali and the solid, and to analyze the nature of thechanged. Calculations performed for the K/Si systeaon-
alkali-induced surface dipole. F€B01) and(011) surfaces of clude that, at low coverage, the adatom region remains neu-
[1I-V semiconductors such as GaAs, one may think that, dueral, so that the amount of charge transfer is limited. The
to the presence of cations and anions at the surface, alkaurface dipole originates from a polarization of the adatom
atoms should preferentially adsorb near the empty danglingue to the Si-K mixing. The same conclusion is also reached
bonds of cation sites. This has been predicted using a reasoby a core level investigation for the same sysfém.
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In general, other bonding mechanisms may occur. At the TABLE I. Convergence tests of the Cs pseudopotential using
very initial stage of Cs adsorption grtype GaAs, the sur- Cs clusters. Shown, as a function of the kinetic energy cutoff,
face barrier increase has been interpreted as being caused ®§Cs bond lengthl, cohesion energ§ n, and LDA band gaps
a charge transfer to the valence band of the bulk cry&tal. (calculated ford=4.76 A).

For further adsorption, the surface Fermi level becomes

pinned by Cs-induced states so that possible transfer pro- Cutoff (Ry) d (A) Econ (€V/atom) Egap (6V)
cesses are limited to the near-surface region. Another bond- 8 4.955 0.5412 0.87
ing mechanism consists in an ionic bonding by transfer of 1 4.805 0.5397 0.96

charge to a near-surface state induced by the presence of the
adsorbed Cs atom. Such states have been predicted by
Heinel®

In the present paper, we consider adsorption of Cs on the
arsenic-richc(2x8) reconstruction, for which the geometri- equilibrium value for the lattice constariy=5.58 A, was
cal and electronic properties are well known, owing, respecused. Norm-conserving pseudopotentidNCPP’y were
tively, to x-ray diffraction?> STM* and ab initio adopted for all atomic species, and nonlinear core
calculations” The geometry of adsorption, which is so far correctiond’ (NLCC's) were used with gallium. For the Cs
almost completely unknown, is investigated using bath  atom, the NCPP was constructed with special care, treating
initio calculations and x-ray diffraction. Based on the com-the whole fifth electronic shell as valence, together with the
bined experimental and theoretical results, we outline thregptical 6 electron. This choice for partitioning core and
dominant adsorption sites: the top dimer ditethe T, site,  valence electrons avoids the problems encountered when the
which is near the empty gallium dangling bond; and, to somdifth shell, which is highly polarizable, is treated as part of
minor extent, thél ; trench site. The joint population of these the core?® Restricting the core up to only the fourth shell
sites is in agreement with previous findings, according tameant having a slower convergence with respect to the num-
which it has been proposed that the Cs adsorbate is disober of plane waves required in calculations, due to the
dered based on low-energy electron diffractibBEED) (Ref.  steeper character of the pseudopotential. We hence chose to
23) and STM(Ref. 249 measurements, whereas tight-binding work with modern norm-conserving pseudopotentials of the
calculations predict the existence of preferential sites for poelass introduced by Hamarih,which avoid the additional
tassium adsorptiof?. We find that cesium adsorption has a complications of the Vanderbift non-normconserving
very small effect on the position of substrate atoms and, ippseudopotentials and, at the same time, allow the use of a
particular, does not induce any dimer breaking. reasonably small number of plane waVyesmarkably lower

Ab initio calculations are used to investigate the nature othan with a traditional NCPERef. 31)]. By carefully choos-
the bonding at each of these sites. We find that the bondingng the core radi(1.2 bohr for thes component, 1.4 bohr for
mechanism, dipole formation, and charge transfer are differthe p component; all higher-components were assumed to
ent for the Ga site and for the As sites, which represent twie equal to thes one), we obtained a pseudopotential for Cs
extreme bonding schemes on the same surface that are dghich combines a relatively fast convergerié2 Ry already
pendent on the adsorption site. For adsorptiomatthe 6  give a satisfactory convergenceith excellent transferabil-
electron of the alkali is predominantly transferred to a newity. The latter was tested not only through the behavior of the
Cs-induced state and the bond is strongly ionic. In sharpogarithmic derivatives, but also by explicit calculations of
contrast, for the As-related sites, the charge transfer is sighe Kohn-Sham eigenvalues for some excited atomic con-
nificantly smaller and the bonding instead involves hybrid-figurations against the corresponding all-electron results.
ization with states of the clean surface. Also discussed arBurthermore, we performed some convergence tests using
site-dependent reduction of the ionization energy and CsEs, clusters inside periodically repeated supercells. The re-
induced modifications of surface electronic states. Thessults, shown in Table I, demonstrate that a cutoff of 13 Ry
modifications will be confirmed by an analysis of the gives well-converged structural and energetic properties. We
changes in surface optical anisotrdfy. note that Cs pseudopotentials with nine valence electrons

The structure of the paper is as follows: Section Il ishave been reported elsewhere to give the best results,in Cs
dedicated to amb initio study of the geometrical properties studies>?
of the interface. In Sec. Il we experimentally confirm the  Following previous result®’-??we considered @, unit
above predictions using x-ray diffraction. In Sec. IV we ana-cell, which is depicted in Fig. 1. This structure consists of
lyze the nature of the chemical bond between Cs and theavo As dimers at the top layer with a further As dimer situ-

13 4.741 0.5380 1.04
30 4.735 0.5374 1.04

surface. Overall conclusions are presented in Sec. V. ated at the third atomic layer. Possible alkali adsorption sites,
also indicated in the figure, are labelBdandD’ for dimer
Il. THEORY sites andT,, and T}, for trench sites on an atom belonging to

the nth atomic layer. The surface was simulated with peri-
odically repeating supercells of thin GaAs slabs separated by
Total-energy calculations of Cs adsorption were pervacuum regions. Gallium dangling bonds on the back surface
formed within the first-principles density functional-theory were saturated with a layer of fractionally charged (
local-density-approximatioDFT-LDA) framework with the ~ =1.25) hydrogen like pseudoatoms. Initial geometrical opti-
molecular-dynamics Car-Parrinello method. The theoreticamization and identification of favorable adsorption sites was

A. Computational method
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T, T T3 T surfacé? under low coverage of Na, in which the Ga atom
f f [001] nearest to the alkali moves by0.36 A, while other atoms
are mostly unaffected.

IIl. SURFACE X-RAY DIFFRACTION
A. Experiment

Surface x-ray diffraction studies of the Cs adsorption, per-
formed at the DCI storage ring of Lure, Orsay, allow us to
verify the predictions of the calculation. The surface was
preparedn situ by molecular beam epitaxy using successive

FIG. 1. Top view of the unit cell of th@,(2X 4) reconstruction . o . .
of GaAq001). Shown in the figure are several possible adsorptionevaporat'ons of Ga and As at 600 °C, until a sharp reflection

sites for cesium: trench sites situated over atoms ohthdayer are  Nigh-energy electron diffractiofRHEED) pattern was ob-

labeledT,,, whereasD andD’ denote dimer bridge sites. Selected S€rved. The sample was then slowly cooled to room tempera-
atoms are also labeled. ture, which did not result in a significant change of the

RHEED pattern and was transferred and aligned in the x-ray
carried out with a kinetic energy cutoff of 11 Ry and super-diffractometer. Alkali adsorption was performed using thor-
cells consisting of six atomic layers@® A of vacuum. For  oughly outgassed SAES getters. The x-ray diffraction pattern
the computation of total energies the ground states were ravas referred to a 4 surface basis related to the bulk fcc
calculated at 13 Ry using thicker slabs of ten atomic layerginit vectors by
and 10 A of vacuum. All trends with respect to the adsorp-
tion sites(i.e., total-energy differences, spectral modifica-
tions) were consistent between the thick and thin slabs. A
singlek point (I') was used during the surface optimization,
in which the bottom two layers were fixed to the ideal bulk The reconstruction of the starting surface ve42x8), for
positions and all other atoms were allowed to relax until thewhich the unit cell is known to be composed ofX2)

_ 1
a=[110]cuic, b=2[110]cypic, €= 5[001]cubic- (1)

atomic forces did not exceed 35 meV/A. patterns?® The relative intensities of the diffraction spots
were completely identical to those already published else-
B. Geometry of adsorption: Results where for theg, surface?® As found from the analysis of

their Lorentzian widths, the surface quality was very good,

Geometry optimization was carried out on the alkali- 3ng the coherence length was found to be of the order of 300
metal/semiconductor slab for several initial positions of ag

single Cs atom adsorbed on thg-reconstructed (2 4) sur- A preliminary qualitative investigation of Cs adsorption
face. Sites in the “missing dimer” region—i.e., in the lower \ya5 performed. No sign of surface disorder could be found
plateau region nedd’—are not favored, as all our attempts after alkali atom adsorption, since the Lorentzian linewidth
to find relatively stable adsorption sites there were unsuCstayed constant, and no increase of the background signal
cessful. We found two independent, energetically favorabl@oyid be observed. These results are at variance with the
adsorption sites—namely, the symmetiig site and theD  opserved strong degradation of the LEED pattern observed
cesium adsorption on @i00.'> We also identified thel;,  if we assume the presence of a limited disorder among the Cs
site, close to the Ga empty dangling bond, as a stable adsorgverlayer: the highly surface-sensitive LEED pattern reflects
tion site. As expectedf, the adsorption energies are slightly the partially disordered overlayer, whereas due to its in-
higher than those found for Na on GaA$0), which are of  creased penetration depth, x-ray diffraction is more sensitive
the order of 1.2—1.8 e¥% Among the three investigated sites o the underlying reconstructed surface. It should be noted
T3 has the highest adsorption energy of 2.42 eV, whileDhe that the minimum escape depth of electrons in Cs is particu-
andT; sites are lower, by 0.38 eV and 0.56 eV, respectivelylarly low, about 2.5 A%® Because the coherence length is at
An important point to note is that the Cs-induced relax-least one order of magnitude larger for x rays than for low-
ation of substrate atoms is, in general, negligible. Breakingnergy electrons, the quality of the x-ray diffraction pattern,
of dimers is not found to occur for any configuration. For which depends on the number of coherent scatterers—i.e., on
adsorption at th® andTj; sites, the largest atomic displace- the square of the coherence length—should also be signifi-
ments, which involve the top layer dimers, are of the order otantly better than that of the LEED pattern.
0.05 A and correspond to a fraction of the order of 1@f We find that Cs adsorption induces significant changes in
the unit cell dimension. The dimer length is calculated to bethe intensities of diffraction spots. Shown in Fig. 2 are, as an
2.42 A, which is very close to the value for the clean surfaceexample, the results obtained for the diffraction spots defined
2.44 A. For theT, structure, the dimer length is slightly by their position in reciprocal spaceh k,|)=(4,5,0.05) and
lower, at 2.40 A. The nearby Ga atom is found to move(h,k,)=(4,7,0.05). These intensities exhibit strong changes
inwards by 0.23 A, corresponding to a vertical displacementip to 50 min adsorption. At the initial stage, the intensity of
of 16% of the spacing between atomic planes. This behaviathe (4,7,0.05) diffraction spot increases up to approximately
mirrors the reported partial derelaxation of the GeA$) 10 min exposure, stays constant up to 20 min exposure, and
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T T T T TABLE II. Results, for several adsorption sites, of fitting to
x-ray diffraction spectra. The quantitw,zed is defined in the text by
Eq. (2), p is the number of adjustable parameters in the fit, il
the optimum value of the site occupancy parameter.

(4,7, 0.05)

Structure factors (Arb. Units)

Site szed p S
D 4.4 21 1
T, 5.1 19 1
T, 11.8 16 1
T, 24 21 1
T, 29.8 22 1
Cesium Exposure (Min) D’ 33 15 1
FIG. 2. Variation of two selected structure factors measured dur- D 3.2 21 0.65
ing cesium adsorption. The solid and dotted lines are guides to the
eye.

starts to decrease for further Cs adsorption. In the same coff? CS adsorption can be estimated by comparing the experi-
ditions, the intensity of the (4,5,0.05) diffraction spot de-mental structure factors with their predicted values for the
creases linearly up to 20 min and exhibits a change of slopgleansurface?” The agreement with the experimental data is
for larger exposures. These characteristic phases are algoite poor, since we obtain a large value yf, of 268,
found from the intensities of other diffraction spofisot  which reveals a strong sensitivity to Cs and provides a ref-
shown herg and probably reflect distinct phases in the ad-erence value fox2,.

sorption process. It is probable that these stages correspond Due to the amount of surface disorder discussed above, a
to adsorption of one Cs per {24) unit cell after 10 min  complete analysis of the changes would require the consid-
exposure and of a second one after a double exposure of 29ation of coadsorption at several distinct sites. However,
min. As a result, in order to verify the predictions of tak  sjnce such analysis requires a prohibitively large number of
initio calculation, we have chosen an evaporation delay of %djustable parameters, we examined adsorption at only one

min. . . . . ) __site at a time. Some discrepancies are expected between the
After adsorption, the intensities of 34 diffraction spots in 45ta and the fit, due to the sites which are neglected in the

thel=0 plane were measured. Ten of these structure factorg,qqe|. These discrepancies should be lowest for the most
showed a change larger than 50%. Also measured were fivg, o jated site so that a comparison of the results obtained
selected rods, defined as the diffracted intensity as a functiopy the various sites allowed us to determine the preferential

of | for fixed values oh andk. Half-order diffraction spotsin  gjte(s) and also to evaluate the Cs-induced relaxation of sub-
the h direction were diffuse and were not measured, so thagi4te atoms.

no distinction can be made between {@x8) symmetry We considered all the sites shown in Fig. 1, taking as
and a (2<4) one. The total number of independent data wasiarting values the experimental atomic coordinates of the

95. clean surfacé’ together with the calculated position of the
Cs atont’ Initially we supposed that all cells are occupied
B. Analysis by one Cs atonfoccupation parametes equal to unity. In

Analysis of the Cs-induced changes of the structure facT@ble Il we present the values offrzgad' the numberp of
tors was performed using theob codé® and consisted in adjustable parameters, and the maximum qccupancy.f‘a‘ctor
choosing a starting atomic configuration and in aIIowingAS expected from the total energy calculations, we find that
atomic motions in order to optimize a quality factor given by SitesD, T;, and T3 lead to the best fits, while sités,, T,,

andD’ lead to a relatively large value gf%,4. In a second
5 1 (Fﬁﬁ?— ng'l 2 stage, we progressively variei performing furt.her adjust-
Xred:N_p < Ol , (2 ment of all the parameters. For tlie site, the fit could be

further improved by reducing to 0.65 and gave the best
whereN is the number of independent measured values andalue of x7q, also shown in Table Il. Shown in Fig. 3 are the
p is the number of adjustable parameters used in the fi¢xperimental and calculated structure factors for Ithed
while F22 andF&2° are, respectively, the experimental struc- Plane in the case of thB site. The agreement between the
ture factors and their predicted values. The quandify, WO Sets of values is very good. Since the valuegf are
usually corresponds with the experimental uncertainties anartificially high due to the very low values for seversly,
is generally taken to be 10% of the experimental structurdhe quality of the fit was further characterized on an absolute
factor. Here, in order to increase the sensitivity of the data tdasis by using the reliability factor R= 3 (F2bS
the Cs adsorption, we chose to decreagg by one order of  —F£292/(F2%)2. For these three sit®® was found to range
magnitude for the ten structure factors which exhibited thebetween values of 0.18or D) and 0.23(for T3). These
largest Cs-induced changes. The resulting sensitivitxfgy‘ values are low, such that, on the basis ofﬂﬁgj values, we
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k obtained a fit, not shown here, which allowed us to interpret
the general trends of the data, using the experimental atomic
d coordinates in they plane and the calculatedcoordinates.
) The quality of the fit is approximately the same forand
12 T , ) ,
) In conclusion, the above analysis allows us to verify ex-
3 perimentally the predictions of the calculations: we find that
) the preferential adsorption sites d@eT,, andTs—namely,
those identified in theb initio calculations as having the
) largest adsorption energy. Furthermore, the Cs-induced
Cb atomic displacements are small, as predicted. The displace-
4

ments are smaller than for adsorption at the simil&®®i)
surfacé® and also at the GaAs cleavage faédhis latter
finding is related to the fact that, as will be seen later, ad-
sorption is found to involve interaction with several atomic
> h layers, whereas on the cleavage face, adsorption mostly con-
cerns the Ga dangling bonds. Table Ill summarizes the the-
FIG. 3. Comparison between experimental in-plane structureoretical atomic coordinates of the Cs atom at the three sites
factors(shaded semicirclg¢sfter 9 min cesium adsorption and their considered here, in fractional units of the unit cell, taking as
calculated valuegopen semicirclgsfor adsorption at théd site.  a reference the nearby As atom of the third layer. Atom la-
The (1X1) reciprocal lattice is outlined by the square grid. The bels are indicated in Fig. 1. The atomic displacements intro-
shaded rectangle at the origin displays the<@ unit cell. duced by the fit, shown in parentheses, are small. Also given
are several relevant distances between the Cs and the sub-
infer that these three sites are probably jointly populatedstrate atoms. The distance between the cesium atom and the
with D being more populated than the other two sites. neighboring gallium is found to be of the order of 3.8 A. This
Next, we consider the Cs-induced displacements of subdistance is comparable with the distance of the Ga-Cs bond
strate atoms obtained in the fit. Most displacements weréound in bulk compounds, which ranges between 3.75 A and
smaller than 102 of the unit cell, and the one or two values 3.85 A depending on the configuratidhlt is interesting that
that exceeded this limit were smaller thax 30 2, a value the trend in total energy with respect to the adsorption site
slightly larger than that predicted by thab initio calcula-  inversely reflects the trend iI€s-Ag length. Since both Cs
tions. These discrepancies are a direct consequence of th&d As have high electron concentrations in the outermost
fact that we have considered adsorption at only one site at ¥alence shells, it is likely that minimizing the electron repul-
time, so that the fitting procedure compensates for the alsion competes with the energy gain from electron transfer in
sence of the other sites by using slightly unphysical atomigletermining the most likely adsorption site.
motions. Their values are, however, sufficiently small to dis- Finally, note that the largest adsorption energy has been
card any strong Cs-induced relaxation of the substfage found for siteT3, which seems to be less populated than the
dimer disruption requires a displacement larger than' L0  two other sites, as seen from the larger value(ﬁg. This
Finally, we considered theut-of-planestructure factors and difference suggests that the Cs adsorbate is not in thermody-

—

0 2

o )

TABLE Ill. Atomic coordinates of Cs adsorption site4, D, T;) and selected substrate atofds 2a,
2b, 3; see Fig. }, as used in the fitting of the x-ray diffraction data. Coordinates are shown with respect to
As(3). x||[110] andy||[110] are given in fractional units of the ¢24) cell vectors, whilez||[001] is given
in fractional units of the fcc bulk cell consta$.653 A). Deviations Ax,Ay) from the Cs coordinates
obtained during the fitting are noted in parentheses. These deviations are only nonzerd fositadecause
of symmetry considerations. The fourth and fifth columns indicate the minimum Cs-As and Cs-Ga distances
found in theab initio calculations.

Atom X( + AX) y( + Ay) z | CS'Aimin(A) | CS'G¢min(A)
Clean surface
As(1) 0.657 0.121 0.510
Ga(2a) 0.732 0.211 0.199
Ga(2) 0.721 0.000 0.244
As(3) 0.000 0.000 0.000
Cesium surfaces
Cs(T5) 0.000 0.000 0.789 3.6/As(3)] 3.73[Ga2b)]
Cs(D) 0.500 0.125 1.067 3.30As(1)] 5.39[Ga2a)]
Cs(T5) 0.732 (+0.010) 0.287 0.017) 0.812 3.24As(1)] 3.84[Ga2a)]
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FIG. 4. Surface band structures @) clean,(b) Cs-covered T, structure, and (c) Cs-covered D structure¢ GaAs(001p3,(2x 4),
plotted over the projected bulk band structure. The partially occupied band induced by the metal atom is indicated.

namic equilibrium and that the relative populations of thesenotable Cs-induced change is the appearance qdraally
sites are determined by geometrical factors, such as the sif#led band, shown by a dotted line in the figure, lying about
density and the relative areas of the collection basins whicla further 0.2 eV below the surface states of the clean
lead to Cs adsorption at each of these sites. In comparisasurface®® This highest occupied state is responsible for the
with the statistically unfavoured; site (one site/cell, the  bonding between Cs and the surface. It is tempting to con-
fourfold T, sites and the two neighboririg sites which have clude that this state is also responsible for the known pinning
a larger collection area should indeed be more populated. of the surface Fermi levéf. However, further work is nec-
essary to reach this conclusion since the position of the band

IV. Cs/GaAs CHEMICAL BOND
A. Cs-induced states

Our discussion of the Cs/GaAs chemical bond begins with
the computed band structures of ttleansurface, shown in
Fig. 4(@). The results agree with those published previously
by Schmidt and Bechstedt surface states lie outside the
fundamental gapl{ point) and are concentrated around the
K point of the surface Brillouin zon€SBZ). The reported
underestimation of the band gap, a well-known feature of
DFT-LDA, does not modify the physical picture to be de-
scribed below. The four lowest-energy unoccupied states are
labeledC1—-C4, whereas states lying at higher energies will
not be considered here, since they are weakly affected by
adsorption, at least in their wave function character. In Fig. 5
we examine more closely the nature of the clean surface
states via isosurface plots of the corresponding wave func-
tions at theK point of the SBZ. The lowest two state€1
and C2) are complementary states localized primarily at
second-layer Ga orbitals, with a smaller contribution local-
ized at the top layer dimer€2 seems to correspond to the
lowest unoccupied state found in Ref. 22. We note that four
from six of the second-layer Ga atoms are threefold coordi-
nated 6p? hybrid) to As; the remaining emptp,-like orbit-
als are the most pronounced features in the figure. Both
states feature a strong asymmetry in flelO] direction.
More symmetric surface states are found localized at the
third-layer As dimer C3) and top-level dimersG4), re-

C3

FIG. 5. (Color online Isosurfaces of squared wave functions at

Spec_:tively. K, for the four lowest unoccupied surface states of clean
Figures 4b) and 4c) show the calculated surface band- GaAg001). Isosurfaces are plotted fd#|?=0.0015 bohr?® and

structure for adsorption &, andD, respectively. The most 0.0009 bohr 2.
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found in the case of Na adsorption at the cleavage face, in
which molecular hybridization occurs between the owter
alkali state and states of the clean surface, mostly related to
the empty Ga dangling bond. Qualitatively speaking, the Cs-
inducedT, bonding state is reminiscent of thpg orbital of

the sp?-hybridized Ga atom, although we stress that it ap-
pears to be a new state, which does not exist on the clean
surface. As we will see below, the latter is partially occupied
by an electron coming from the Cs atom.

Although the Cs-induced band structure changes for ad-
sorption at the arseniD site are apparently quite similar to
those found fofT5, analysis of the wave functions reveals,
as expected, a very different bonding mechanism. The map
of the partially occupied state, responsible for the bonding, is
presented in Fig. 6 for th& point. This state is quite delo-
calized across the surface unit cell, with large contributions
at the topmost As dimers, and hence is quite similaCto
This strongly suggests that Cs adsorption, rather than intro-
ducing a new state as in the case of adsorptiofjat hy-
bridizes withC4 to form a pair of complementary states, the

FIG. 6. (Color onling Same as Fig. 5, but for the highest occu- |owest-energy one being occupied in each case. Clearly, Ga
pied state on each of the cesium-covered surfaces. Isosur_faces Ibitals do not play any significant role in the bonding since,
shown at 0.0030 boh? and 0.0018 bohr® for the T; site,  after adsorption, state€1-C3 are still unoccupied and
0.0015 bohr* and 0.0009 bohr* otherwise. The Cs atomic posi- ¢jearly identifiable. The fact that the Cs-induced modifica-
tion is indicated with an arrow in each case. tions of surface states are significantly smaller than for the

) o ) ) _Ga site can be understood from simple considerations: state
only approximately coincides with the experimental Fermic4 should be weakly coupled to the nearby Cs state because

level position, determined to be near midgap, and since SUkne strongest contribution to the coupling should come from
face defects may also play a role, as has been suggested i@ charge clouds in the vicinity of each of the As atoms
the clean surfac&* The valence state of the adatom MIXES composing the dimer. These clouds are reminiscent of the

with the statesC1-C4, which is expected since the Cs 6  antihonding state of the dimer and correspond to wave func-
atomic energy levefobtained from an identical supercell cal- tjons of opposite signs, so that their contributions to the in-
culation for the free atomis found to lie close in energy t0  iaraction with the Cs state mostly cancel each other. Thus the

the unoccupied surface states of the clé@01) surface  qypling with theC4 state should be smaller than the one
(about 0.2 eV belovC1 at theK point). However, examina- with C1 andC2 for Cs in theT), site. Adsorption afls is

t'ﬁn of tr;]e Wave functlon?, as CO||”npared tofthos:aj of F'.g' Squite similar to adsorption aD and will not be discussed
shows that the nature of several states after adsorption |z, e in detail. For this adsorption, the lowest two bands are

strongly reminiscent of that of stat€sl —C4, so that these 4 jike and are followed b 2-like andC3-like bands. Due

states are labeled &-like in Figs. 4b) and 4c). to the increased symmetry, the splitting of 64 band, of
For theT, site, inspection of Fig. 6 reveals that the Par-0.11 eV, is smaller than for thB site (0.27 eV atK).
tially occupied band aff;, exhibits a significant density
above the nearby Ga atom, as well as a stronger contribution
behindthis atom. Its isosurface is quite distinct from any of
the above-described states of the clean surface, suggestingUsing the above calculations, we now evaluate the lower-
that Cs adsorption inducesawstate. Similar induced states ing of the ionization energy. This lowering is determined in
have also been found on GaA40 (Ref. 13 and even for the same way as described in Ref. 12—i.e., from the Cs-
adsorption on graphit¥ The appearance of the latter state induced change in the electrostatic potential. Since accurate
occurs at the expense of state$ andC2 of the clean sur- calculation requires a well-converged electrostatic potential
face, which are no longer visible after adsorption. This pic-in the vacuum region, we performed further calculatfdns
ture can be understood using the shapes of the states of tf@r clean and adsorbed surfaces using supercells with thicker
clean surface: staté31 andC2 have a significant presence vacuum regions of 16 A. In addition, we used a dipole
probability at the Ga dangling bond and therefore stronglycorrectiort* within the vacuum region to remove the spuri-
interact with the Cs 6 state. They completely lose their ous macroscopic electric field that arises from the polar na-
character and are replaced by the new Cs-induced stateire of Cs/GaA€®01) and, to a lesser extent, clean
Other states are less modified and are still visible in the ban@aAg001). The microscopic potential was first averaged in
structure. The strongest modification concerns the stronglthe plane of the surface before being passed through &filter
symmetricalC4 state, which is split into two complementary alongz, of characteristic periody/4, in order to remove the
bands localized on each of the top layer As dimers. Thaisual oscillations between As and Ga planes. For the clean
present picture of the bonding is in sharp contrast with thasurface we obtain a value for the ionization energy of 5.64

B. Cs-induced dipoles
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FIG. 8. Integrated Cs valence charge difference as a function of
integration radiugsee texy, for the three adsorption sites.

FIG. 7. Changes in macroscopic electrostatic potehzlciaf the
relaxed GaA&01) surface after adsorption of Cs at different sites. Ap(r)=pcdr)+ pcaadl) — pcsicand’), 3

Vertical arrows denote atomic positions. . ”
P wherepcgcaasiS the total electron density.e., p>0) for the

eV, in good agreement with the experimental value of 5.5 eVeélaxed, Cs adsorbed slaii;as is that for the clean relaxed
(Ref. 46 and with other calculationés.61 eV, Ref. 47, and surface, antpcs is that for an isolated Cs atofftayen. In
5.43 eV, Ref. 22 analogy to the center-of-mass concept, we calculate the

In Fig. 7 we present the resulting macroscopic potentiaduantities
changes for Cs adsorption at all three sites. We take as the
origin of energy the vacuum level position, so that the Q+=E Ap(r;)  for Ap(r;)=>0, @)
change is zero in vacuum far from the surface. In the solid, i
we find a potential lowering which reveals the Cs-induced
ionization energy decrease. The largest changg,6 eV, _
occurs for theD site, which is also the most populated one; Q :Z Ap(ri)  for Ap(r;)<0, ®)
the next largest change is1.9 eV forT, while the smallest
occurs forT; at about—1.5 eV. The positive bump in the
potential difference, near the adatom centers, is characteristic 2 Ap(ry)z E Ap(ry)z
of adsorption involving larger alkali atoms, as noted in Ref. do= : _ ! 6)

12, and reflects intra-atomic screening of the dipolar field. z '

Accurate comparison of the ionization energy changes with
the experimental ones is not straightforward since the experiyhere the summations run over a mesh of pof$ de-
mental work function strongly depends on coverage, whichscribing the whole slab supercell. The quantit@$ andd,
cannot be determined PfeClSéﬁ’HOWGVGV, for the present yepresent, respectively, the average dipole charge and the av-
case, using Ref. 2, we find that, for a coverage of 10%, th@rage dipole length normal to the surface. Values for these
experimental work function change is approximately 1.6 eV.quantities are given in Table IV, along with the average di-
This value is in qualitative agreement with the above e:~:ti-po|e momentp,=|Q*|xd, and the value of the potential
mates, further taking into account the facts that experimentadhange. As a function of adsorption site, the estimated size of
determination also includes surface barrier changes and thg{e surface dipole is found to roughly correlate with the size
we have neglected interactions between dipoles. of the work function change. It is interesting to note that, in

We analyze the nature of the Cs-induced dipoles by congpite of there being less charge redistributed for Ensite
sidering the charge re_distribution _after aq_sorption. We havenan for theT} site, the former site exhibits a longer dipole
computed, as a function of spatial position the charge |ength, thus explaining the larger potential change for this
differenceAp(r) for adsorption at each site, defined by site.

The above results allow us first to estimate a value for the
macroscopicelectronic charge transfekn, by integrating
Ap(r) within a set of concentric spherical volumes of in-
creasing radiuR., centered at each Cs atomic position. The

n =
Q Ap(r;)>0 Q Ap(r;)<0

TABLE IV. Average dipole charg®=, dipole lengthd,, dipole
momentp, and change in electrostatic potential change as a func
tion of adsorption sitésee text

Site |Q*|(e) d, () p,=|Q*|xd, Av(ev) resulting in_tegr_ated charge versus integration radius curves
are shown in Fig. 8 for each of the three sites. We show only

D 2.17 +2.88 +6.24 2.6 the contribution from the outermost valence orbftallhe

T, 2.34 +2.60 +6.07 1.9 value of An, is estimated by considering a characteristic

T, 1.89 +1.10 +2.08 15 radius of the order of the distance between Cs and the nearest

surface atomsgsee Table IlI: this is slightly larger than the

205313-8



EARLY STAGES OF CESIUM ADSORPTION ON TH. .. PHYSICAL REVIEW B 68, 205313(2003

shapes of these regions are more complex than for adsorption
at the cleavage face, but they allow us to illustrate elemen-
tary mechanisms for dipole formation discussed in the Intro-
duction. For theT, site the main feature appears along the
Cs-Ga direction and corresponds to a charge depletion inside
the atomic sphere and a charge excess outside of it, both of
them being localized near the Ga atom close to the Cs. The
region of charge excess corresponds to the region of local-
ization of the Cs-induced state described in the preceding
subsection, indicating that charge is transferred from the va-
lences electron of the alkali to the Cs-induced state. This
transfer is large enough to cause significant screening pro-
cesses. The relaxation of the Ga atom induces a smaller di-
pole, apparent in the contour map in the immediate vicinity
of the Ga atom, which has the opposite sign as the transfer-
induced one. Other screening dipoles are also present in the
vicinity of the alkali and at the top layer dimer atoms.

For theD site, examination of the clouds shows that the
charge redistribution, in contrast with the preceding picture,
occurs mostly in the regiobetweenthe Cs atom and As
dimers. This is a direct consequence of the mixing of the
adatom state with th€4 state of the clean surface and is
similar to the picture valid for adsorption at the cleavage
facel? Also observed is a smaller electron accumulation
above the Cs atom, which reveals some intra-atomic polar-
ization (e.g., 6-6p mixing).>

For the T; site, there is hardly any charge movement
within the atomic sphere, which implies that both adatom

FIG. 9. Charge density difference contour maps forfhétop), polarization and charge transfer are minimal. This is in quali-
D (centey, and T3 (bottom surfaces. Each figure showsp(r)  tative agreement with the above finding that the Cs-induced
computed on the planes perpendicullft column and parallel  dipole is smaller than for the two above sites. The pictures
(right column to the [110] direction that contain the Cs atom allow us, however, to suggest a substrate polarization, similar
position. Solid lines represent electron accumulation regidys ( to that found by Kobayaskhit al>® for Na and K adsorption

<0) and dashed lines electron depletion regioAp*0) after  on S{001). This polarization mostly concerns the third-layer
adsorption. Contour separation is 0.0014 bdtand contours begin - As atoms.

at (=) this value. The Cs atomic spheftaking a radius of 3 Ais
indicated in each case.

V. CONCLUSIONS

atomic radius of 2.98 A° We find a significant charge trans-  In this work, we have studied the geometric and electronic
fer of about 0.76 for the T surface, close to the value of Properties of the GaA801)B,(2x4)/c(2x8) surface un-
0.7e obtained for the cleavage fateSince the correspond- der low coverages of cesium. Here, we summarize the main
ing charge transfer occurs to a localized state, simple treat€Sults. _
ments should allow us to understand its value. Indeed, apply- (& As found from a global analysis of the results, both
ing a self-consistent tight-binding model to describe a bondheoretlcal a}nd experlr_nental, it seems likely that mult!ple-
between Cs and the gallium dangling bdhd2we calculate ~ Site occupation occurs in the early stages of Cs adsorption. It
a transferred charge very close to unity. On the other handS cléar that the choice has to be restricted to three sites,
the estimated charge transfer is smallerBowith a value for ~ Which are the dimer sit®, the gallium dangling bond site
An, of less than 0.2 and even smaller for th&; sites. For T2, and to some minor extent the arsefictrench site. The
the D site, the small charge transfer is in agreement with thel s site is found, however, to have the largest adsorption en-
relatively weak interaction with the nearly4 state of the €rgy, which can be reconciled with the experimental results
clean surface, and sind®4 is partly built from the dimer by taking into consideration the relative areas of the collec-
antibonding state, it reflects that As dimers are weakly aftion basins for the various sites—namely, 1 site/cell Tgr
fected by adsorption. in contrast with 2 and 4 sites/cell for tizand T, sites. No
The microscopic mechanisms underlying the above reappreciable Cs-induced relaxation and, in particular, no
sults are shown in Fig. 9, which presents cross sections direaking of surface As dimers are observed.
Ap(r) along mutually perpendicular planes containing the (b) Cs-substrate bonding at the three sites exhibits inter-
Cs atom. The functioth p(r) exhibits positive regionéelec-  esting features and allows us to illustrate two extreme limit-
tron depletion and negative region@lectron accumulation  ing cases on the same surface for the Ga Jit¢ and for the
Due to the extended nature of the Cs-induced states, thas sites O andTs), respectively. At thél; site the bonding
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