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Observation of a Cs-induced state in the band gap of GaR10):
Alkali-metal bonding and Fermi-level pinning
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The deposition of submonolayer quantities of Cs onto (&A@ causes strong photoemission features in the
region of the semiconductor fundamental band gap. This observation is interpreted in terms of emission from
a hybrid state caused by the interaction of the €8el with the unoccupied dangling-bond state. This hybrid
state has long been postulated in descriptions of the metal-semiconductor surface bond, and is responsible for
the pinning of the Fermi level. The absence of dispersion in the state suggests that(Cs0Gepresents a
realization of a Mott-Hubbard insulator, by comparison with results from other alkali-metal/compound-
semiconductor systempS0163-182606)03936-1

Alkali-metal overlayers have been extensively used for Cs/GaP(110)
the investigation of barrier formation in metal-semiconductor valence bands
junctions because of their simple electronic structarea
large body of experimental and theoretical work has been
performed on the(110) surface of -V semiconductors,
since these, with the notable exception of GdR®),* do not
have surface states in the band gap. The model for the deter-g
mination of the Fermi-level position in the fundamental band
gap upon alkali-metal overlayer formation rests on the inter-
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action between metal states and the unoccupied surface state® 1.00
of the 11I-V surface®>Here we present a study of Cs over- £ 0.86
layer formation on Ga@10) where the formation of a hybrid k5 ~—"— | 072
state within the fundamental band gap, made up of the<Cs 6 E —"~— | 0.50
state and the Ga dangling-bond surface stawirisctly ob- S L~
servedn photoemission. Moreover, we are able to follow the & 0.32
evolution of this state and its movement within the gap as a & g A
function of metal coverage. Our data show that the present —"- | 0.22
system must be regarded as a Mott-Hubbard insulator, by
comparison with similar systgms and extensive calculations A 014
for alkali metals on lllI-V semiconductors.

The evolution of changes in the clean surface Gab
spectrum with cesium deposition is shown in Fig. 1, recorded e | 002

at an emission angle of 14° along th#l0] azimuth. The
clean surface spectruiiibotton) is characterized by strong
structures in the valence bands, most notably emission from
the phosphorus-derived dangling-bond surface state at about
1 e_\/ below the valence-band maximuiviBM), and a flat region, for increasing coverages of Cs on GdR). Band-gap
region up to 2.5 eV above the VBM, except for a very Smallemission induced by Cs is clearly evident. The topmost spectrum

Strgcture at gbout 1.9 eV above thg _VBM' possibly due toshows the Cs valence-band from a multilayer coverage. All spectra
residual Cs in the chamber. Deposition of Cs leads to thg,, aligned at the VBM as deduced from Gd Gore-level line-

appearance of a sharp pee®, and a second, broader peak ghape analysis.

(B) which develops at higher binding energies. With increas-

ing coverage, both peaks shift to higher binding energiestense leading peak in the valence banmsl strongly sup-
and peakB gains relative intensity while peak ultimately  pressed upon Cs deposition; its observation about 1 eV be-
disappears, concomitant with the rise of intensity just abovéow the VBM stems_from the fact that the spectra in Fig. 1
the VBM.”® The P-derived dangling-bond surface stéte were recorded at th¥ point of the surface Brillouin zone.
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FIG. 1. Photoelectron spectra of the valence-band and band-gap
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Coverages are given here in fractions of the coverage neces- [27ML Cs/GaP(110)
sary to reach the work function minimufset at 1 ML). ho = 508V

Experiments were performed in two different chambers,
with base pressures of 4x80 ' mbar, equipped with oot
commercial angle-resolved photoelectron spectroméitéhs X M
50 from VSW Ltd, and ADES 400 from VG Scientific, GB _
Cs was evaporated from well outgassed getter sources r X
(SAES SpA, ltaly. Electrons were excited by photons from . Dol =
the BESSY storage ring, using toroidal-grating monochro- . =
mators, giving an overall resolution of 120 meV, at an angu- J
lar resolution of 1.5° half angle. G&PLO surfaces were
prepared by cleaving-type (sulfur doped material with a
carrier density of X10'" cm™2 (MCP, Englandl Swift ex-
perimenting(less than abd\2 h for one particular layg¢mwas
found to be most important, contamination being easily re-
cognized by a suppression of band-gap emission and the for-
mation of a sharp cesium suboxide peak at 2.7 eV below
VBM. All experiments were carried out at 120-140 K.
Work-function changes induced by Cs exposure were mea-
sured from the low-energy cutoff in the spectra under condi-
tions where surface photovoltage does not play a role.

Important evidence concerning the nature of the peaks in
the band gap is derived from their intensity as a function of
emission angle. Spectra from a 0.27_ML Cs layer are shown
in Fig. 2, for different angles along tHe-X direction of the
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surface Brillouin zondSBZ) (top of Fig. 2. The peaks are 3 f"vv~w«"" '*'~».~'-.\,_N. o,
most intense at angles of14° with respect to the surface ‘“"~w~,,w~”"”-m_-,_;:%wm: 1;
normal, corresponding to the point. They are very weak in T T T T T —
normal emission and at all angles along fheX’ azimuth 0 1 2

(not shown. Their binding energy is independent of photon energy rel. VBM (eV)

energy, demonstrating their surface state nature. Their inten-

sity is found to be strongly peaked at a photon energy of 5(?\/IL for different angles of emission as indicated. Note the lack of

eV where, with an angular setting at tKepoint of the SBZ, o . ) )
. .. . . emission around the surface-normal. The maximum of intensity
direct transitions occur into the primary cone-free electron

. . . . . corresponds to th& point of the surface Brillouin zone which is
final state at theX point of the bulk Brillouin zone. Since P P

f hibit thei ) . . h also shown. Inset: Intensity of emission in the gapakA plusB)
surface states exhibit their maximum intensity at photon €N3s a function of Cs coveragéop), and Cs-induced work-function

ergies where direct transitions from their corresponding bulky,angebottom trace Note the break in the work-function curve as
states occut, this strengthens our interpretation of theseie peak intensity saturates.

peaks as arising from surface states with wave functions of
symmetry. , . .
Structural differences rather than the electronic structuréetermined by the energies of the @vel and the cation

of the adatom layer itself are thought to be responsible fof@ngling bond. The anion dangling-bond level is doubly oc-
the observation of two distinct peakd and B), since their cupied, such that it does not take part in the bonding. This

relative intensities at a given coverage differ between prepam_odel, which .descrlbes the energleés of the bonding states for
rations. In scanning tunneling microscopy work on the simi-different alkali metals on GaA$10),” also accounts for our
lar Cs/GaA§110) system, different morphologies were found experimental observations in Cs/GaR0): first, emission
in the course of overlayer growth. At coverages correspondtrom the gap state being concentrated aroundxXhmint is
ing to 0.1 ML in our definition, the formation of sparsely readily explained by the fact that the Ga-derived, unoccupied
distributed, very long zigzag double- and triple-row chainssurface state has its minimum in energy at this ptirtnd
along the[110] azimuth is observed, which at higher cover- consequently electrons donated into this level by its interac-
ages turn into more densely packed islattfe.Since core-  tion with the Cs & level will occupy states aX in the SBZ.
level spectra from Cs layers or GARO exhibit two sepa- Second, the intensity of emission from the state in the band
rate Cs 4 and 5 peaks| the Cs atoms are present within gap increases with Cs coverage up to a certain maximum, as
these structures in two inequivalent environments. Concershown in the inset in Fig. 2. The intensity maximum coin-
trating on the low-coverage situation, the leading pfaik  cides with a break in the work-function change cutmver
tentatively assigned to Cs atoms in the zigzag chains, whil&race, indicative of a change in dipole moment per addi-
peakB is ascribed to two-dimensional islands of Cs. tional adatom. Such behavior is interpreted as the onset of
We interpret the peaks in the band gap within a moleculadepolarization, where the amount of charge transfer per ada-
model of the bonding interactiohin which the alkali-metal tom starts to decrease. Third, the strong intensity of the gap-
s orbital essentially couples with the cati¢Ba)-derived state emission arises from its concentration in a small part of
dangling-bond orbital. The energy of the bonding state ighe SBZ, causing intensity enhancement where the peak is

FIG. 2. Spectra of band-gap peaks, for a Cs coverage of 0.27
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SIS Erec vidual widths were assumed for the different Cs species. The
gC"%‘;ﬁ‘fi}”" width of the “island” peak was adjusted at a coverage of 1
B ML to match the observed energy, while the well of the
2.04  edge of gap Eo “chain” peak A was adjusted at 0.5 ML just before it
& emission “ : strongly decreases in intensity. The calculated energies of the
18- &, W 4 ! Evotom stationary state for the two different geometries are shown in
A 7, b, Fig. 3. There is good agreement between the experimental
results and the calculated peak positions for well widths of
4.1 A for the “chain” peakA and 5.8 A for the “island”
peak B with a discrepancy at low coverages for the latter
which probably indicates that in this region only the number
of islands change, but not their local Cs density. While the
agreement of the data points with the calculated curves at 0.5
for Aand 1 ML forB is forced by the adjustment, the energy
shift as a function of coverage is evidence for the validity of
the model.
08 GaP is so far the only example among the IlI-V semicon-
T 00 02 04 06 08 10 12 ductor(110) surfaces where photoemission peaks deep in the
coverage (ML) gap have been found upon metal deposition. Two factors
may account for this. First, the atomic ionization potential of
FIG. 3. Energy of peaké andB and the location of the high- 3.9 eV for Cs puts this state above the energy of the unoc-
energy edge of emission in the gap, as a function of Cs coverageupied surface state, located about 4.3 eV below the vacuum
Also given are the positions of the Cs state in the differentlevel. For Na, with an ionization energy of 5.1 eV, the dif-
quantum-well geometrie§'chain” and “island” ) used for model-  ference in energy renders interaction less likely, and similar
ing the data(see text Inset: Schematic energy diagram of the peaks were not reported in a study of Na/GHRP) by
model used to calculate the coverage-dependent energy of the Cs §yans, Lapeyre, and Hoffi:a comparison with data from
state. Na/GaA$110) (Ref. 17 and calculation also suggests that
there are qualitative differences in the electronic structure as
actually observed. A rough guess puts this enhancement atdiscussed below. Second;type GaR110 is the only one
factor 12; a peak-spread out over the entire SBZ would b@mong these surfaces where the Fermi level is pinned by a
barely detectable. surface statd.However, interaction between Cs atoms and
The state giving rise to the peaks in the gap is directlythe unoccupied surface state is thought to take place in other
involved in determining the position of the Fermi le&l at  systems also. For Cs/Ga@40), a splitting of this state was
the surface. On the clean surface a positiolEpfat 1.9 eV found in inverse photoemission, with a subsequent lowering
above the VBM is observed. This coincides with the uppemf energy with increasing coverage.in Cs/InAg110),
edge of the emission in the gap at low coverages ofF3  where the surface state lies consideraldypove the
1). For the entire range of submonolayer coverages the edgmnduction-band minimum(CBM),?° emission from two
of emission puts a lower limit on the position &g. The states has been found in the conduction band cloge-to
shift of the edge of the gap emission points towards the finaThese have been explained by Aristeval?® in terms of a
pinning position ofEx (arrow in Fig. 3 as determined from two-dimensional electron gd2DEG) in the downward-bent
a spectrum of a thick Cs lay€Fig. 1, top. The peaks in the conduction-band. Our present interpretation suggests a dif-
gap can well be modeled by single Gaussians. The results éérent explanation of their results, i.e., that the corresponding
such an analysis are shown in Fig. 3, combined with arpeaks arise from a residual charge in Cs-related states; this is
estimate of the low-energy limit fde: as deduced from the particularly likely since the charge in the 2DEG was calcu-
emission edge where possible. A gradual decrease similar tated by Aristovet al. to be located several tens of A away
the one of the edge was also seen in the position of the Ferrfiiom the surface, rendering its detection in photoemission
level in Cs/GaA&110),% and is in accordance with the trend implausible. Even in InfL10), where the surface-state band
predicted by Mach, and broadly similar to the results from is located only slightly higher than the CBM, the adsorption
work-function change measurements by Linz, Clemens, andf small quantities of Cs places the Fermi level about 0.2 eV
Monch®® into the conduction bantt, giving further support to our
The coverage dependence of the gap-state energy demoriew that interaction between the Cs &vel and the unoc-
strates that a model of isolated molecular orbitals cannotupied surface state is central to Fermi-level pinning in such
fully account for the observations; instead, a Cs-Cs interacsystems.
tion must be considered. In the absenceabfinitio calcula- From the interaction of cesium with its singles &lectron
tions, the energy of the electronic state resulting from Cswith the surface state, a partly filled band and thus a metallic
adsorption and its movement in the gap as a function of Csurface should result. However, a symmetric line shape of
coverage was therefore calculatéavithin a quantum-well the Cs core levels, and the absence of specific loss features
model employed successfully in the description of Na-on the core levelsdemonstrate that the surface is not metal-
induced states on Cu11).1® Here the well depth is deter- lic. This is in agreement with the findings from
mined from the surface Cs density, and the well width is theelectron-energy-lo% and scanning tunneling spectroscopy
only free parameter. Two different quantum wells with indi- in the similar Cs/GaAd10 systent! However, charge
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transfer from the alkali meta level into the Ga dangling- surface-state band of 0.6 efRef. 4 is divided among the
bond band means that a half-filled, metallic band exists. Thidranches, reduced by the width of the small gap. Since the
apparent conflict has been interpreted for Cs/GaAg by ~ main intensity of the hybrid state is still observed at the
DiNardo, Wong, and Plummg& in terms of the Mott- original X point (Fig. 2, the character of the wave function
Hubbard model, where an energyhas to be spent for me- js not strongly affected by the imposition of the new
tallic charge transport in order to add a second electron to geriodicity?® The interaction with the adsorbed Cs further
particular lattice site, such that the Bloch band picture is noteqyces the bandwidth, through the bipolaron influence. Our
appropriate. Density-functional calculations by Pankratovineasyrements show no detectable dispersion in the gap state,
and Schefflef’ have shown an alternative way to explain the 5,qqesting a very flat band. This proves that the resulting gap
absence of metallicity in such alkali-metal layers: a latticegiate bandwidth is well below the on-site Coulomb repulsive
distortion which causes two electrons to pair up in one Iatticeenergyu which is estimated to be about 0.5 &/thus the

site (" bipolaron”™). It was recently suggested by del Penninogystem is a Mott insulator. A changeover from bipolaronic to
et al.”’ that, depending on the nature of the adsorbed alkalipjott-Hubbard behavior in going from Na to Cs as suggested
metal, either the Mott-Hubbard or the bipolaron scenarioDy Pankratov and Schefff®rand del Pennin@t al’ then
may be realized; in both cases, a singiott-Hubbard or  eadily explains the fact that strong emission from states
doubly (bipolaron occupied state will act as the highest oc- deep in the gap was not found for Na/G&E0);'® instead, a
cupied state which determines the energyEgf, but the  featyre close to but slightly above the VBM was found, in

surface remains nonmetallic; these seem to be complemegyreement with expectations for the energy of a bipolaronic
tary mechanisms in determining the nonmetallic nature of5¢el?

the metal-semiconductor interface. The calculations also sug- |, summary, we have observed photoemission from a

gest that, even for a situation where the Mott-Hubbard corgiaie in the semiconductor band gap, which is instrumental in
relation dominates, such as expected for the case of adsorbggiermining the Fermi level and causes its shift towards the
Cs, the polaronic interaction sitill is effective in substan- fina| position upon metallization. This state can be thought of
tially narrowing the bandwidth, thus promoting the Mott- 55 5 combination of the Css6level and the unoccupied
Hubbard correlation. surface state, and the dependence of its energy is well de-
This is important in the present context, vyhere We al&cribed by a one-dimensional quantum-well model. We in-
faced with two apparently conflicting observations: the surerpret the absence of dispersion in this state as evidence that
face is not metallic, but emission from the gap state 0CCUrgs/Gakl110) is a realization of a Mott-Hubbard insulator, by

near the edge of the surface Brillouin zone only. These obgomparison with results from other alkali-metal/compound-
servations can be reconciled on the basis of the followingemiconductor systems.

reasoning: the surface unit cell extends over two unit cells of

the clean surface alondI0] and includes two inequivalent We acknowledge discussions with O. Pankratov and M.
Cs atoms found in the chaifig® Thus the SBZ is folded Scheffler, and the expert assistance by H. Haak. This work
back by the new periodicity, and a small gap opens up at thevas supported by Bundesministeriunr faildung, Wissen-
newly formed zone boundaries, splitting the surface bandchaft, Forschung und Technologie under Grant No. 05
into two branches. Consequently, the bandwidth of the cleaBEBFXB Tp 02.
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