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Origin of the semiconducting nature of the Na-adsorbed i111) surface
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The change of electronic properties induced by Na adsorption on {i415(3%x 1) surface has been
investigated by using high-resolution electron-energy-loss spectroscopy. We find that the if8tiallysur-
face at 1/3 monolaye(ML) develops into an orderex 1) phase at 1/2 ML while keeping the surface
semiconducting. The surface further transforms into anofBerl) phase at 2/3 ML still exhibiting the
semiconducting nature before turning into a metallic phase at saturation. We ascribe this semiconducting nature
of the surface above 1/3 ML to the bipolaronic effect primarily caused by the onsite electron-electron corre-
lation. [S0163-182@08)50204-4

Alkali metal (AM) adsorption on semiconductor surfacesbright (7X7) low-energy electron diffractiolLEED) pat-
has been one of the classical problems in surface physics. Uprn with a low background. The cleanness of the surface
until now, most studies have been performed with the expeowas also checked by x-ray photoemission spectroscopy
tation of tractability in understanding the surface phenomen@xPS) and HREELS. Na adatoms were evaporated by using
induced by AM adatoms due to the rather simple electroni¢ommercial SAES dispensers which were thoroughly out-
configuration of AM atoms. The nature, however, shows surgassed to minimize any impurity effects. The coverage was
face phenomena much more complicated to understand thaintrolled indirectly by measuring the work function change,
gxpected. In particular, the change of electronic propertieg &, which was determined from the shift of secondary elec-
induced by AM adatoms remains unresolved despite the 4o (ail in XPS spectra. The electronic excitation spectra
tend_ed research efforts to date. Recent study on the _eleWere obtained by using a Leybold ELS-22 spectrometer. The
tronic property of the AM/GaAs surface reveals a typical a1y energy of the incident electron was 15.0 eV with
example of the complexity which requires a theory beyond nergy resolution of 20 meV. The LEED data were collected

simple Bloch theory of band structure to understand the na; e : i
ture of the surfacé:® In addition, evidence of Mott insulat- af_rom a spot-profile-analysisSPA) LEED system. Adsorp
tion of Na on the substrate kept at 400 °C produces a well-

I\r/lgx j%?’«tgoﬁsssur?aeceér‘] suggested for the KIS)- ordered and bright (8 1) LEED patterr{see Fig. 1a)]. Fur-

The AM-induced (3<1) reconstruction of the Gil1) ther adsorption _of Na at room temperature forms & (§
surface has been studied extensivelf Jeon and co- ©rdered phasgFig. 1(b)] for a very narrow coverage range

workers reported a scanning tunneling microscégyfM) ~ néard¢=—2.0 eV, which transforms into a (81) phase
study of the Na-induced (81) structure of the $111) sur- ~ again. . o _
face, and proposed a 2/3 monolayéML) for the Na The evolution of the loss spectra with increasing Na cov-
coverag€. This assignment of Na coverage predicting a me-€rage is presented in Fig. 2 wittip shown in the inset. The
tallic phase within the framework of the Bloch theory, how- measured\ ¢ versus deposition time curve is quite similar to
ever, conflicts with their own experimental observation thatthat of Weitering and co-worketexcept that the minimum
the surface remains semiconducting with an energy gap dé more pronounced in our data. The presence of the mini-
0.8 eV. The authors then proposed a Mott-Hubbard mechanum indicates the formation of the second Na layer and is a
nism to resolve the contradiction. A later photoemissiontypical sign of the metallization of the surface as confirmed
study confirmed the semiconducting nature of the surfdce. by our electron-energy-loS&ELS) data. The bottom spec-
Recently, a general consensus has been reached that the ctwm shows clearly the semiconducting feature of thi (3
erage is a 1/3 ML for the (81) surface/~*° surface with an energy gap of 1.2 eV, as also reported by
In this paper, we report high-resolution electron-energy-Weitering and co-worker$Upon increasing the adsorption
loss spectroscopyHREELS results for the Na adsorption of Na, the energy gap decreases gradually and becomes 0.4
on the S{111) surface at room temperature. We find thateV near the minimum oA ¢=—2.48 eV, where the forma-
although the semiconducting nature of thex(8) surface at tion of the first Na layer is completed. Just above this cov-
1/3 ML can be understood in terms of the simple Blocherage, one finds two relatively sharp loss peaks at 0.8 and 1.4
picture, the semiconducting nature of the surface above 1/8V (S; and S, in Fig. 2). These peaks appear to develop
ML may be ascribed to the surface polaronic effects as inearlier when the surface shows theX(&) phase. As dis-
voked also for the AM/GaAs surfacés. cussed later, regarding the excitations associated with these
The experiment was carried out in an UHV chamber withloss peaks, it is important to note that the loss energies re-
a base pressure better thaix 30! mbar. A p-type B- main unaltered while the intensity of the peaks grows with
doped S{111) single-crystal surface was cleaned throughincreasing Na coverage. A ¢=—1.92 eV passing the
several cycles of flashing at 1175 °C and annealing aminimum, the gap is filled with the excitation continuum
800 °C. The surface thus prepared showed a very sharp amevealing the metallicity of the surface. A new loss pé&gk
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FIG. 1. Contour plots of the LEED pattern for the N413i1)-(3X 1) structure at 1/3 ML(@) and the (6<1) structure at 1/2 ML(b) at
room temperature. The half-order LEED spots are clearly visible between the third-order sfipts in

at 2.7 eV appears near saturation, which is a surface plasmgreriodicity. Further adsorption of Na naturally fills the re-

of the metallic surface. _ _ maining threefold sites resulting again in a{3) periodic-
Before discussing the origin of the semiconducting prop-

i . ,ty with the coverage of 2/3 ML as in Fig.(8.
erty of the surface above 1/3 ML, we first discuss structura With the structural models in Fig. 3, the semiconducting

models for the ordered structures induced by Na adsorptiorhature of the (X 1) structure at 1/3 ML can be understood
For the (3<1) phase at 1/3 ML, two models, a so-called gqjy in the simple Bloch band picture since it contains an

Seiwatz model and an extended Pandey model, have be@Qen numper of electrons in the surface unit cell. The same
considered:*® We only cqn_ader the Seiwatz model in the 41actron counting for the (8 1) at 1/2 ML and the (X 1) at
present work and the validity of the extended Pandey mode}3 v with the structural models in Fig. 3, however, gives

in interpreting our data is briefly discussed later. In Fi@) 3 n odd number of electrons, 9 and 5, respectively, which
the atomic arrangement of the Seiwatz model first proposeg

by Weitering and co-workefss depicted. It consists of the

top-layer Si chains along thgl10] direction with empty Na/Si(111) 3x1-Na
channels between them, which accommodates the 1/3 ML of EELS:E =150eV
Na adatoms. According to the pseudopotential total-energy 0=6=600_"T
calculations® the Si chains in this model are buckled, and R .
Na atoms occupy the threefolf, sites. The buckling of Si ) g oo "
chains induces a charge transfer from the lowered to the R S'“” e
raised Si atoms resulting in a large energy gap as (003 | 5 Dep. time (min)
and G&001) surfaces= From the band structures calculated 2| A e e AP(EY)
by Jeong and Kantf, the lossS; in Fig. 2 may be attributed g o ey 189
to the interband transitions from the dangling bond states of . '\.\_;n.-'-"‘ o
the second-layer Si atoms and the filled states of the raised Si e ) 54 ™~ 192
atoms(big solid circles to the vacant states of the lowered Si < R TTe—
atoms(empty circleg in the Si chains. The loss pe&k also gl I S— 2.36
observed by Tihkov and co-workétamay be a transition to é‘ B e W
a Na-derived empty state. Z T 248
The structural model for the (61) shown in Fig. 8) is 8 ~ e
constructed assuming that theX3) surface at\ = —0.91 = s (Ox1) 7 a5 g
eV has 1/3 ML of Na adatoms. This is reasonable since et P
Okuda and co-worket8 and Weitering and co-workétes- i B
timated the Na coverage as 1/3 ML&th)=—0.6 and— 1.0 Yo S1 r_;:.,.‘_
eV, respectively. On the other hand, the coverage at the ) et TR 091
minimum in A¢ is estimated as 2/3 ME.We assign the : s
coverage of the (81) surface atA¢p=—2.07 eV as 1/2 0 2 4 6
ML, which may be justified by the structural models Loss Energy (eV)

sketched in Fig. ®). One easily finds that the ¢61) struc-
ture can be formed by adding more adatoms at the threefold riG. 2. Progressive change of EELS spectra with increasing Na
sites in the vacant rows of the Si chains in th9<(3) struc- coverage obtained at specular geometfly=0;=60°). The inset
ture[Fig. 3 (a)]. The additional Na atoms then form double shows the change of work function as a function of deposition time.
Na rows in one channel between Si chains, while neighborNote that the surface becomes briefly ax(8) nearA ¢=—2.07

ing channels have only one Na row to produce a<@§ eV, while itis (3x1) otherwise.
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state couples with a local lattice distortion to reduce further
the total energy of the surface. This is more likely to happen
especially for the (X 1) structure at 2/3 ML where all the
empty lowered Si atoms are occupied by NaeBectrons.

The notion of bipolaronic interaction is supported by re-
cent theoreticaf and experiment@listudies where the sur-
face bands associated with Na adsorption are rather flat, so
that one may anticipate a significant electron-phonon cou-
pling. As a result of the bipolaronic interaction, the surface
bands become narrower so tHat can be larger than the
bandwidth of the surface bands. Such a narrowing of a sur-
face band due to the polaronic interaction was already re-
ported in a theoretical study of @il1)(2x 1).'* In this re-
gime, the Hubbard correlation becomes important and
governs the electronic property of the surface. We estimate
the effective Coulomb repulsidd* ~ 0.8 eV from the loss
energy of the loss pea®; in Fig. 2. The loss peals, near
1.4 eV may then be a transition from the filled Si to the
empty Si surface bands. Interestingly, the spectral changes in
Fig. 2 are very similar to those reported for the Cs/
GaAq110, which was considered as a Mott-Hubbard
insulator* For the Cs/GaAd10, U* was estimated to be
0.4 eV. A recent photoemission and inverse photoemission
study of K/S{111)— /3% 3R30°-B reveals two narrow
surface bands ned&, which were identified as the lower
anciupper Hubbard band separated by a Hubbard gap of 1.3
ev.

(¢)2/3 ML

FIG. 3. Structural models for the ¢381) at 1/3 ML (a), (6X1)

at 1/2 ML (b), and (3x 1) at 2/3 ML (c). Note that there are 9 and . . .
6 electrons per unit cell for the (61) and (3<1) at 2/3 ML, The discussions so far are based on the buckled Seiwatz

respectively. Si and S? are the empty lowered Si atoms while®Si model, which reproduces the surface bands closer to the ex-
and St are the singly charged lowered Si atoms in the Si chains. P€rimental data than does the extended Pandey molel.
Since the bandwidth of the empty dangling bond states in the
predicts a metallic phase in contradiction to our data in Figextended Pandey model is larger than that predicted by the
1. Therefore we have to go further than the simple Blochsejwatz modet® one anticipates that the electron correlation
picture to explain the semiconducting surface above 1/3 MLeffect may be less important in the extended Pandey model.
Moreover, Weitering and co-workers pointed out that evengyther adsorption of Na greater than 2/3 ML results in the

the (3x1) at 1/3 ML might not be understood properly qyowth of a second Na layer and the surface becomes metal-
without considering the electron-electron correlation effécts. lic simply through the overlayer metallizatiSThe top spec-

Recent studies, both theory and experiment, on the AM{

GaA4110 ; ¢ the i " ¢ elect rum in Fig. 2 shows a metallic excitation continuum filling
aAq110 sur aces stress he importance of €lec ro'.']'up the energy gap. The excitati®g at 2.7 eV is a surface
electron correlation as well as electron-lattice coupling in

understanding the electronic properties of AM-induced Semi_plasmon of the metallic layer, which approaches the surface
conducting surfaces? plasmon energy of a bulk Na metal when the Na layer grows

As pointed out previousljthe (3x 1) surface has several further. The growth of a Na second layer was reported pre-

common features with a Gafkl0) surface. In a buckled Viously in the STM study by Jeon and co-workérghey
Seiwatz chain model. the lowered Si atoms within the Sishowed that a semiconductor-to-metal transition occurs with

chains (Si! and S? in Fig. 3 have empty dangling bond the formation of a second Na layer consistent with our ob-
states, which are likely to interact with additional Na atomsServaton. . .

above 1/3 ML. The charge transfer from Na adatoms to the In conclusion, we find that the Na adsorption above 1/3
empty dangling bond states may cause a local lattice distoML produces two ordered surface structures which remain
tion since the charge distribution becomes different from thesemiconducting before the formation of the metallic second
buckled chain structure where the empty lowered Si atom#ayer. The semiconducting nature of the surface for Na cov-
exist. In this case the surface may become semiconductingrage greater than 1/3 ML is understood in terms of a bipo-
by forming single-polaron-type localized electrons. Alterna-laron model where electron-electron correlation plays an im-
tively, as in Na/GaA&l10),” a singly charged lowered Si portant role in determining the electronic property of the
atom, for example Siin Fig. 3, may transfer its charge to surface.

neighboring Si atoms of the same kind?Sivhen St acts as

a so-called negative center wherdJ is the onsite Coulomb

repulsion. Such a charge transfer then gives rise to a so- We acknowledge partial support from BSRI 97-2440,
called Mott-Hubbard insulating phase. A bipolaronic insulat-Seo-Am Fund, and KOSEF through ASSRC at Yonsei Uni-
ing phase becomes more plausible when the Mott-Hubbardersity.
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