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Upon adsorption of Cs, the As-riat(2X 8)/(2X4) reconstruction of GaA80)) is found to exhibit an
intense negative signal between 3 eV and 5 eV in the reflectance anisotropy spectrum. This signal has a
universal character in that similar features also appear on the Ga-rich surface. The mechanism of this signal is
interpreted usingab initio calculations of Cs adsorption at As and Ga sites of the As-rich surface. The
calculations succeed in explaining the universality of the signal. In the vicinity oEfheulk critical point at
4.5 eV, the signal arises from perturbation of bulk states terminating at the surface. At lower energies, the signal
arises from the creation of new surface resonances induced by the Cs adatom.
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[. INTRODUCTION (2% 4)Ic(2x8) and Ga-rich (&2)/c(8%2) reconstruc-
tions, Cs adsorption causes the appearance of a very strong
Surface optical techniques, such as reflectance anisotrogyegative signal lying between 3 eV and 5 eV. Since quite
spectroscopyRAS) or surface differential spectroscopy, pos- similar signals are observed for the two reconstructions, and
sess excellent potential for the investigation of surfaceeven, as reported independerifiyfor adsorption of other
chemical processes. The focus of interest of such studies ligdkali-metal atoms, the mechanism underlying the optical an-
in the possibility ofin situ analysis, while the spectroscopic 1S0tropy must be independent of the details of the surface
nature of the techniques enables a wealth of information t&tructure. We analyze the Cs-induced changes of the RA
be obtained. So far, these techniques have been mostly efPectrum of GaA®01) usingab initio calculations, consid-
ployed in studying the optical transitions of clean, well- €MNg only the As-rich _(2<4)/c(2>t<3ré8_)14reconstruct|on' for
characterized surfaces or the various processes involved Wth'Ch both the_ gﬁometrlcal properties and_the chemlstry_
heteroepitaxial and homoepitaxial growth. On the other® the adsorptiot? are known. The calculations succeed in

hand, changes of the surface optical spectra caused by atEﬁproducmg the observed universality: although the shape of

sorption of elements for which the electronegativity strongl e Cs-induced signal to some extent depends on the site
orp 9 Y 19\which is populated, these differences are found to be small,
differs from that of the substrate atoms have been relativel

I ; . 4. Of th . | died. th Yor adsorption at two very different sites related to surface
ess investigated. Of the various elements studied, the mOStqenic and to surface gallium atoms, respectively. Possible
frequently considered has been oxygen, the adsorption

: _ . anderlying mechanisms for the changes, which originate in
which has been shown to quench RA signals on As=rigid g psyrface layers, are presented and discussed in detail.
Ga-rictf (001) GaAs. Layer-by-layer oxidation of &01) In the following section we present the experimental re-
has been found to give rise to oscillations in the RAS signakyjts of the RAS investigation. The calculation of the Cs-
amplitude} while the oxidation mechanism of InAs was induced effects is given in Sec. Ill and the results are inter-
shown, again using RAS, to strongly depend on surfacgreted in Sec. IV. Overall conclusions are given in Sec. V.
stoichiometry* Sulfur adsorption has been investigated, in
ultrahigh vacuum and in a liquid environmerftwhere the Il. EXPERIMENT
photochemical formation of surface dimers under the protec-
tion of a passivating overlayer was demonstrated. Adsorption We determined, using RAS, the Cs-induced changes of
of electropositive elements has also been studied, such as ftire spectral dependence ofR/R=(R[;110j— R[110)/R,
hydrogen on GaAsand on silicorf Adsorption of alkali whereR[;709) andRyy1¢; are the surface reflectivities for light
metals on GaAs, such as cesfumand sodium and polarized along the corresponding surface orientations. This
potassiunt’ has been investigated with an emphasis on thevas performed in a UHV system described elsewtieiar
application of RAS to the study of disorder-order phase tranwhich the base pressure lies in the low 1bmbar range.
sitions under annealing. Such studies are frequently inteffhe RAS system has also been described sepafat€lg-
preted in a phenomenological manner, as a detailed micrasium adsorption was performed using a thoroughly outgassed
scopic understanding of the adsorbate-substrate interaction-getter, in a pressure not exceeding ¥mbar. The undoped
not to mention the mechanisms behind the induced RASample was first treated by a HCI isopropanol solufidre-
changes—is usually lacking. fore being annealed to 450 °C. Although no characterization
In this work, we show experimentally that, for the As-rich of the surface symmetry was performed using low-energy
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FIG. 2. Schematic diagram of the surface unit cell of the
B2(2x4) reconstruction of GaA801). Primary adsorption sites
for Cs are marked.

ferent. In the lower panel of Fig. 1 we show the spectra of
the clean gallium-rich surface (A and the same surface
after RT adsorption of a similar Cs coverage’YBalready
shown in a preliminary repott Two types of Cs-induced
.. . effects are observed. Below 3 eV, the modification is due to
e b b b e e the effect of Cs on surface states, as previously reported
2 3 4 5 elsewheré. In the 3-5 eV energy range, a negative signal
ENERGY (eV) also appears in the same way as for the As-rich surface. This
signal, shown in the difference spectrum’(BA’), has a
FIG. 1. Top: Experimental reflectance anisotropy spectra forshape and width quite similar to that found on the As-rich
clean(A) and Cs-covered surfaces of As-rich G#@Gl). Spectra  surface, and might be of the same nature. Furthermore, simi-
B-D indicate coverages of 0.1, 0.2, and 0.3 ML of Cs. Bottom:lar signals are also found for adsorption of different alkali-
Spectra for clean (A and Cs-covered (B surfaces for the Ga- metal adatoms at the As-rich and Ga-rich surfdé¢eBhe
rich GaAg001) surfaces. main purpose of the present paper is to explain the origin of
the Cs-induced signal and of this universality.
electron diffraction, RA spectroscopy allowed us to conclude
without doubt that, at this stage, the surface exhibited the IIl. CALCULATION OF THE RA SPECTRA
As-rich surface characterized by aX2)/c(2X8) recon-
struction. The RA Spectrum Subsequent]y taken at RT is The 32 unit cell of the clean surface is shown schemati-
shown in Curve A of Fig. 1, and is quite similar to the known cally in Fig. 2. It features two As dimers at the top layer with
anisotropic signature of the latter reconstructidit.exhibits @ further As dimer situated at the third atomic layer.*
a positive line at 4.5 eV, close to tt#, bulk critical point, ~ Gallium atoms with dangling bonds are present in the second
which has been attributed to bulk-related transitions, wheredgyer. The geometry and energetics of cesium adsorption
the positive signal near 3 eV has been shown to be partly dfave previously been investigated in Ref. 15 using a combi-
bulk and partly of surface origiff~22 nation of densﬂy-funcﬂonal theory—local-densﬂy approxima-
Shown in Fig. 1 are the reflectance anisotropy spectrdon (DFT-LDA) calculations and x-ray diffraction studies.
taken at RT after RT adsorption of O(B), 0.2 (C), and 0.3 Three dominant adso_rptlon sites were conS|der(_ad in that
(D) ML (monolayey, respectively, of cesium. The main ef- work: the As-related dimer bridge site D, the gallium dan-
fect of Cs adsorption on the spectrum is to induce a relativel@ling bond site, labeledT, and to some minor extent thg T
broad negative signal between 3 eV and 5 eV. This signalrench site. As expected, the nature of the chemical bond was
shown in more detail at the initial adsorption stage as théhown to be quite different for the As-related D site and for
difference between curves B and A, may be a compositéhe Ga-related Jone: the charge transfer is limited for the
signal including quenching of the bulk-originating signal atnegatively charged As site, whereas this transfer is almost
4.5 eV. The difference signal is very small between 2.5 evcomplete at the empty Ga dangling bond site. Cs-substrate
and 3 eV as the line at 3 eV is only affected by Cs adsorptiorponding and related charge-transfer processes influence the
at larger coverages. In addition, a small negative signal isurface band structure mainly through the appearance of a
observed near 2 eV in the difference spectrum, which satupartially filled band below the conduction band. It will be
rates at low coverages. shown below that the details of this bonding are not crucial
The Cs-induced signal near 4 eV is remarkable for twofor explaining the Cs-induced changes in the optical proper-
reasons. First, this signal is extremely sensitive to slight ceties.
sium doses since, with the present signal-to-noise ratio, a Here, in order to explain the universality of the signal, we
coverage as small as 18 ML should induce a detectable compare the calculated Cs-induced changes for the D and T
modification. Second, the latter signal seems to have a unsites, for which the positions are noted in Fig. 2. The surface
versal character: we have found that it depends rather weaklyas simulated by periodically repeating supercells of thin
on the surface reconstruction, since Cs-induced signals olisaAs slabg10 atomic layersseparated by vacuum regions
served for a Ga-rich GaAB01) surface are only slightly dif- about 10 A thick. Gallium dangling bonds on the back sur-
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face were saturated with a layer of fractionally charg&d ( ' ' ' '
=1.25) hydrogen. Structural optimization for the D and T
sites was performed at a cutoff energy of 13 Ry and with a
singlek point (I'). The bottom two layers were fixed to the
ideal bulk positions, and all other atoms were allowed to
relax until the atomic forces did not exceed 35 meV/A.
Norm-conserving pseudopotentials were used for all atomiaE
species; for the Cs atom, these were constructed with specit
care, treating the whole fifth electronic shell as valence, to-
gether with the optical & electron. Nonlinear core
correction$® were used with gallium. As discussed in more
detail in Ref. 15, we find that 13 Ry gives a reasonably
accurate description of the Cs/GaAs ground state, and eiger
values are converged by abatiD.05 eV to those calculated 2 3 4 5
at 17 Ry. The convergence of the calculated optical spectra it Energy (eV)
hence fully consistent with the accuracy which can be
achieved with the used Brillouin-zone sampling and spectral FIG. 3. Calculated RAS spectra of clean and cesiated surfaces.
broadening, to be given below. A rigid scissor operator shift of 0.8 eV has been incorporated in the

Ab initio calculations of the RAS spectra of the clean andsPectra, and a phenomenological Lorentzian broadening of 0.15 eV
cesiated GaA©01) surfaces were performed by calculating as been used throughout.
the independent-particle response function, again at a cutoff
of 13 Ry. For a repeated slab geometry, this is given by thepecial-point mesh equivalent to 256 points in the
half-slab polarizability, defined by the standard expression (1x1) surface Brillouin zone yielded RAS spectra con-

verged to, at worst, 100 meV in the peak positions.
Results are shown in Fig. 3. The calculated RAS spectrum

Im{ai}=——— 3 2Ad > 2 [Py c(K)[? for the cleanB2(2x 4) surface, being characterized by two
main peaks at 3.45 and 4.5—-4.7 eV, respectively, is in rea-
X S E(k)—E (k) —fw], (1)  sonable agreement with the experimental one, which shows

A two structures lying at 2.95 and 4.5 eV. There are slight
whered is half the slab thickness ampd (k) is the transition  discrepancies mostly concerning the peak at 2.95 eV. The
matrix element of the momentum operator between valenceseak position appears at a slightly higher energy than that of
(v) and conduction{c) band states at wave vectrand of  the experimental one. This may be due(itocomputational
energyE(i=x,y,z). In practice, we generalize Imf% for  approximations, namely, the use of a scissor operator to
any value ofd by utilizing a real-space cutoff function in simulate self-energy corrections, the size-quantization ef-
pLyc(k) (see Ref. 27 for details As well as for analysis fects, and the use of a limited number of plane waves, all of
purposes, this procedure is required to remove the spurioushich are sources of small shifts in the peak positions and
anisotropic contribution from the back surface. Finally, the(ii) physicalapproximations, mainly the neglect of excitonic,
slab polarizability is related to the normalized reflectivity local-field, and spin-orbit effects, which can also influence

change with respect to the Fresnel equations by the strength of the peafwe note that the amplitude of the
bulk GaAsE, peak is much more sensitive to excitonic ef-
ARi(w) 4od 4o fects than that of th&}/E, peak®. Furthermore, the rela-
Ro() I 'mgb_ 1’ 2 tive amplitude of the two main peaks is reversed with respect

to the experiment. This is probably due to the experimental
from which we calculate the reflectance anisotropy, given bysurface preparation procedure, since the peak at 2.95 eV is
known to be strongly influenced by the surface quality. These
small differences are not crucial for the understanding of the
present results since we are considering ¢hangesof the
spectra following Cs adsorption.

To correct the well-known underestimation of the band The spectra for the cesium-covered surfaces, computed
gap occurring in DFT-LDA, we incorporated, via the recipe for one Cs atom per unit cell, approximately correspond to a
of Del Sole and Girland4! the necessary self-energy effects coverage of 0.10 ME! These spectra reproduce and explain
by a rigid “scissor operator” shift of 0.8 eV, which is a the two main experimental observations: within the equiva-
typical value obtained from studies of bulk GaXsThis lent energetic region that is most sensitive to Cs adsorption
approach has been previously shown to be quite adequate f(8.6—4.8 eV the two sites show a clear reduction in the RAS
the clean GaA®01) surface?® Corrections, such as local- signal over a broad range, a feature which is weakly depen-
field and excitonic effects, spin-orbit interaction, have beerdent on adsorption site. The calculations also reproduce the
omitted, and some effects of size quantization on extendestrong sensitivity of the Cs-induced modifications, since the
bulk states due to the slab approximation probably remain. lisignal magnitude approaches zero at 4 eV. The theory also
computing the surface dielectric function we found that apredicts a decrease of the RAS signal near 3.5 eV, which

E_ARX(w)_ARy(w)
R Ro(@) Ry(w)’

©)
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FIG. 4. Contribution to total RAS signal from Cs-induced band
for the two cesium-covered surfaces.

corresponds, in the experimental spectrum, to the main struc
ture observed near 3 eV. For the latter line, such a decreas
appears to a significant extent in the experiment only for a
coverage of 0.3 ML(curve D of Fig. 1; this discrepancy
may be due to the experimental underestimation of the am-
plitude of the 3 eV peak of the clean surface, as mentionec
above??

Energy (eV)
IV. DISCUSSION
FIG. 5. Layer-by-layer decomposition of the RAS spectra for

Alkali-metal adsorption can influence the optical spec-the clean surfacédot-dashed linésand for the surface with Cs
trum in several possible way§) changes in surface geom- atoms at the D sitegsolid line9 surfaces. Except for the “Cs
etry due to bonding(ii) introduction of new optically active layer,” which encompasses the Cs atom and some vacuum layers
states(being related to the outer electronic states of the adaeorrespond to integer multiples of the bulk interlayer distance.
toms or to alkali-metal-induced stajgsiii) mixing of ada-
tom states with existing surface stafefemical bonding— nal near 4 eV cannot be caused by intrinsic states of the
(iii-A )] or bulk stategsurface resonancesi-B)], and(iv)  adatom[mechanism(ii)]. In Fig. 5 we present a layer-by-
perturbation of surface or bulk states, via, for examplelayer decomposition of the RAS spectrum, for clean and D
changes in surface electric fieltBtark shifts, wave-function structures, obtained by applying a real-space cutoff function
polarization due to charge transfer, or via the presence of théo the optical matrix elements.As seen in the figure, there
adatom potential. is virtually no contribution from the “Cs layer{the remain-

Among the above mechanisms we can immediately neing signal is due to As dimer states spilling out into this
glect (i) because the alkali-metal-induced surface relaxationtegion. From the remaining panels of Fig. 5, it appears that
as reported in Ref. 15, is minimal, and hence can onlythe optical transitions responsible for the 4 eV signal occur in
weakly affect the optical spectra. We can also safely excludéhe subsurface layef@—4) rather than deeper in the bulk.
a significant contribution to the spectrum of optical transi- These results imply that the effect of the adatom on the
tions from the states involved directly in the bonding. In Ref.spectrum isindirect The effect of Cs-induced perturbations
15 it was shown that Cs adsorption induces a partially occuen the bulk states, according to mechanigm, is expected
pied band, which for J corresponds to a new stdt@echa- to occur mostly near th&; and Ey/E, critical-point ener-
nism (ii)] and for D corresponds to a hybridization of the gies. In order to verify this point, we considered the reflec-
alkali-metal 6! state and preexisting surface stgegcha- tance anisotropy model of Del Sole and Ooni@s-0).2° In
nism (iii-A )]. The anisotropy signals due to the latter stateghis scheme, optical anisotropy arising from bulk states ter-
are isolated in Fig. 4. These states are found to be mainlyninating at the surface is parametrized by an anisotropic
responsible for a negative signal in the 2.0—3.0 eV rangequenchingf;, broadeningy;, and shiftingAw; (i=x,y,2)
which is more pronounced for the D site. This signal mayof the bulk dielectric functiorz,, to yield an anisotropic sur-
correspond to the small negative feature at 2.0-2.5 eV in th&ace dielectric functioneg;. Taking reasonable values for
A-B experimental spectrum of Fig. 1. Clearly, both of thesethese three parameters for both clean and adsorbed surfaces
mechanisms contribute only weakly to the RAS in the 3.6—(values ofAw;, for example, can be easily estimated from
4.8 eV range. inspection of the calculated dielectric functipnee found

Furthermore, it can easily be shown that the negative sigthat the model is indeed able to account for reductions in the
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' ' ' dependent ones. Site-dependent signals appear in danel

VN s for site D and panelc) for site T,. These signals should

- i account for the observed slight dependence of the Cs-

induced signal on the surface reconstruction, and, in agree-

ment with the experimental observations, are relatively small

LHO—S Transition;:l with respect to site—?ndependent_ signals. Site-independent
from bulk states signals are observed in parie) of Fig. 6 at the energy of the

/ ; ; ; E, andE| critical points, in agreement with the predictions

of the DS-O model. Physically, these signals reflect shifts in

> the energy of the involved states, as well as changes in their

S polarization, as caused by the Cs-induced modification of the
r~ Pad Ve IS

_____ s S~ surface potential[mechanism (iv)]. The strongest site-
- \\ independent signals are found in Figck at 4 eV (corre-
ransitions sponding to the experimental energy of 3.5 eV at which the
states (b) experimental signal is observedor the latter signal, more
. - detailed analysis reveals that the isolasg@s andb-Cs com-

SN ponents consist of peaks at similar energies and of similar
< ‘ s magnitudes. We conclude that the negative Cs-induced
change has a double origin: the high-energy $ateund 4.5
eV) of the signal originates from perturbations of bulk states
terminating at the surfacémechanism(iv)], whereas the
low-energy side is due to subsurface transitions to Cs layer
states.

) ) . L We now illustrate the nature of the transition responsible
2 3 4 5 for the low-energy side of the signal. Surface states involved
Energy (eV) in the s=Cs component lie roughly 1 eV below the valence-
- _ band maximum and extend quite deeply into the substrate,
FIG. 6. State-to-state decomposn_lon of the Cs-induced changesnq are hence more precisely classified as surface reso-
of the RAS spectra for the two cesium-covered surfaces. SurfaCgances. For the-Cs transition, the initial state is not largely
(s), bulk (b), and Cs laye(Cs) contributions are grouped as fol- i, ,onceq by the Cs atom, which is not surprising since the
Ir?]\;’ii'ir(]a) Cb(;:t;l?dgéningf:)nz'slrisb'lg and(c) sCs + b-Cs. Re- occupied atomiclike states on the Cs lie far deeper in energy
g glgivle. than the optically active slab states shown. The Cs-related
) nature of thefinal state of the above transitions seems to be
high-energy part of the RAS spectrum, i.e., close to§e iy contradiction with the fact that there is almost no signal
critical point. However, the model is unable to describe thefrom the Cs layer itselfsee Fig. 5. In order to resolve this
effects of Cs adsorption in the intermediate range betweegontradiction, we show in Fig. 7 isosurface maps in real
the E; and E; energies, i.e., the 3.3—-4.3 eV range in thespace of the initial and final states, respectively, that partici-
experiment, which hence must derive from true microscopigate in the strongestCs transition around 4 eV, for the case
phenomena. of the D structure. The figure shows that the final state is a
The origin of the Cs-induced signal near 4 eV and itstype of surface resonance localized primarily on the adatom,
weak dependence on the surface reconstruction can be uput for which only the component of the resonance state
derstood by categorizing electronic states according to thcalized within the substratés responsible for the optical
spatial region in which they are predominantly localized.spectrum. These states are found to be energetically posi-
States are thus labeled as bulX ( surface §), or Cs layer tioned 2—3 eV(DFT-LDA energie$ above the valence-band
(Cs) states® The Cs layer is defined as having a width equalmaximum, and are therefore resonant with the conduction
to the calculated ionic diameter of 3.76 A, while the surfaceband. We term these states “Cs resonances,” and their con-
region is defined to include all surface dimers and their backribution can be characterized as mechani6inB). Al-
bonds (about four layers thick We then group the optical though the Cs resonances show significant localization on
transitions, primarily for reasons of clarity, as follow®  the adatom, a weak component can be seen to spread
transitions from bulk statgs-s+b-b]; (b) transitions from  throughout the substrate. We find that the magnitude of the
surface state§s-s+s-b]; and (c) transitions to Cs layer matrix element of the transition roughly correlates with the
states[b-Cs + s-Cs|. The remaining contribution, transi- degree to which the final state is localized in the substrate,
tions from Cs statefCs-Cs+ Css + Cs¥], is practically and not on the Cs atom. This can easily be understood, be-
zero (<0.001) in the energy range of interest. cause the initial state is localized in the substrate, and be-
In Fig. 6 we show the state-to-state decomposition of thecause nonvanishing contributions to optical matrix elements
calculated Cs-inducedhangein the RAS spectrdi.e., the  can only come from regions where the initial- and final-state
decomposition of the difference between the Cs-covered suwave functions overlap.
face RAS and the clean surface RAShis decomposition The present findings imply that the Cs atom anisotropi-
allows us to distinguish site-independent effects and siteeally perturbs bulk states as they terminate at the surface.

clean
N
-

ARR.~ ARR

Transitions to
Cs-layer states
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o the bulk layer wave functions by the electric field caused by
the Cs-induced dipole. Schmidt al?® have shown, via cal-
culations on GaAs(0012(2x4), that the application of a
cell-periodic electric field normal to the surface induces RA

|n|t|a| changes in the RAS signal, quite similar to the changes ob-

| served in the current system around 43V.

~ state

V. CONCLUSIONS

We have found that surface optical anisotropy is highly
sensitive to the adsorption of cesium atoms. A strong nega-
tive signal is observed between 3 and 5 eV. Usaginitio
calculations, we have found that the signal is composed of
two parts, both arising through modifications loilk states.
However, the anisotropy caused by the Cs-induced chemical
bonds is minimal, and only corresponds to small Cs-induced
signals at a lower energy of 2.2 eV.

The lower-energy part of this signal is due to transitions
from bulk states or surface resonances to Cs-induced final
states. Some of these states have a component that is strongly
localized on the Cs atom but which plays a negligible role in
the optical response, whereas it is the bulklike part of this
wave function which is responsible for the optical transition.
Distinct perturbations of the bulk states, due to the presence
of the Cs potential, give rise to the high-energy part of the
signal, and are responsible for the quenching of the peak in
the clean RAS at the bulk critical point of 4.5 eV. This
generalbulklike character explains why the anisotropy is
similar for the different D and ¥ sites, and more generally

FIG. 7. Isosurfaces df¥|? for initial and final states involved in ~ Why similar signals are observed on the Ga-rich surface and
the highest probability bulk-Cs transition for Cs adsorption at the Dfor different alkali-metal adatoms.
site. The transition energy occurs ®E=4.15 eV. Isosurfaces are
shown at |¥|2=0.0015 bohr® (darkest, 0.0009 bohr3, and
0.0003 bohr?® (lightes.
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