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Fermi surface of S(111)7X7
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Surface states at the($11)7 X 7 surface are mapped by angle-resolved photoemissionByithmultide-
tection. The adatom states near the Fermi level form a well-defined, two-dimensional energy surface consisting
of closed loops that nearly fill the>¥7 unit cells. The width of the occupied adatom bands is 0.28 eV, twice
as large as predicted by local density theory. Of the 49 possible locations inside<thecdll, the loops

centered allT7X7=(2/7,O) andF7X7=(3/7,— 1/7) dominate in intensity, whereas those né&f) are sup-
pressed by more than a factor of 20. These results provide quantitative input for characterizing narrow bands
with substantial correlation effects at surfaces with large-scale reconstructions.

I. THE Si(11)7X7 SURFACE leaves 6 electrons in the adatom orbitals, corresponding to
1/4 filling. In a band picture one would have a set of metallic
The S{111)7X 7 surface has served as prototype of theadatom bands straddling the Fermi level, plus a completely
complex atomic rearrangements that semiconductor surfacéded set of rest atom bands. Even though the transfer of a
undergo in order to minimize the number of broken bonds. Afull electron to the rest atoms seems large for a homopolar
variety of structural studies in reciprocal and real space havéemiconductor, one should keep in mind that there is room
established a highly refined structural motélwhose es- for charge back donation via the back bo_nds, Whlch_reduces
sential features are shown schematically in Fig).1Several the net charge on the rest atoms. In a_dd|t|0n, the environment
mechanisms work in synergy for achieving the lowest den®f rest atoms a.nd-adatoms IS quite dlff_erent a”?' makeg them
sity of broken bonds. The predominant energy IoweringChem'Ca"y dissimilar. The fate of the single orbital localized

originates from adatoms which are connected to three broken:iﬂ;ﬁ té())(tttrc;r; (gr:heexggneelggt%en'?r?;r?hgﬁ;%ﬂ:;%Srelﬁ('gt'trl]te
bonds. Each adatom reduces three broken bonds to one, al—g ’

. . : . other rest atoms, and reduce the number of electrons in ada-
beit at the expense of substar?nal strggae Fig. 1b)].' Thus, tom orbitals to 5. Alternatively, the corner hole might give
the 12 adatoms in the>¥7 unit cell remove nominally 24

" rise to an exotic, half-filled state with a low electron density

broken bonds from a total of 49. An additional 6 broken ¢ 1/49th of a monolayer.
bonds are removed by a change in stacking from staggered (0 cajcylating the electronic structure of such a complex
eclipsed in half of the unit cefl:® The boundaries between atom arrangement has been a challenge to the state of art in
triangles of opposite stacking contain voids where brokengrge-scale computation. Theoretical wbrk?14-19%1-?has
bonds would be located on the unreconstructed surface. Thgiggested anything from localized orbitals to a delocalized
combination of these two mechanisms leads to the Dimepand picture of model adatom structutés? In between
Adatom Stacking fault modélof the 7x7 surface, which these extremes lies the possibility of a correlated nfé,
has been quantified by diffracti6’ and numerous other possibly displaying spin polarizatid. The 7x 7 structure
techniques. The large size of thex7 unit cell is determined  should be metallic in a band picture, due to its odd number of
by the triangular, faulted regions, which allow for odtdodd  electrons per unit cell. When correlations become suffi-
unit cells. The %7 cell optimizes the tradeoff between ciently strong, the metallic surface might turn into a Mott
strain and bond density. It has been the goal of a variety ofhsulator. Such a transition may occur if the on-site Coulomb
total energy calculatiod$?°to determine the surface energy repulsionU is larger than the band widtW. That is a pos-
and find out exactly why the ¥ 7 structure is the optimum. sibility for the 7X 7 band structuré® The adatom orbitals are

The 19 broken bonds of theX77 unit cell form a 2<2  well-separated from each other, requiring electrons to hop
pattern inside each of its two triangular halésg. 1(a)].  across three intermediate atoms to get to an adjacent adatom.
The corresponding structure factor gives rise to enhance@hat leads to small hopping matrix elements between ada-
diffraction intensities for diffraction spots close to<2 po-  toms and to narrow adatom bands.
sitions. In addition to the 12 adatom bonds there are 6 broken Available data on the electronic structure of the
bonds on the remaining surface atofoften called rest at- Si(111)7x 7 surface have only hinted at a level of complex-
oms, see Fig. (b)]. The odd, 19th broken bond is similar to ity comparable to that of the atomic structure. Photoemission
a rest atom, but located two layers deeper at the bottom aftudie$®—3¢ exhibit two nearly dispersionless surface states
the corner hole of the X7 cell. Charge transféf between centered at 0.2 and 0.9 eV below the Fermi level. These have
adatoms and rest atoms provides an additional mechanisheen assigned to the adatoms and rest atoms, respectively, by
for lowering the energy. The 6 rest atoms are able to convertomparison with scanning tunneling spectrosct/p¥.Near
their half-filled broken bond orbitals into more stable lonethe boundary of the %1 Brillouin zone a back-bond state
pairs by extracting 6 electrons from the 12 adatoms. Thahas been found at 1.8 eV below the Fermi level. These three

0163-1829/2000/616)/108459)/$15.00 PRB 61 10 845 ©2000 The American Physical Society



10 846 R. LOSIO, K. N. ALTMANN, AND F. J. HIMPSEL PRB 61

Rest atom
state

Si(111) 7x7
hv=34eV

p - pol Adatom

state

Photoemission intensity [normalized to maximum]

Back-bond
state

FIG. 1. The S(111)7X7 surface structurga) Top view of the
outermost double layer with adatoms shown as large dots and rest
atoms as small dots. The bond topology of the outermost double
layer is indicated in the upper leftb) Side view of the bond ge-

ometry around an adatom and a rest atom. The adatoms transfer
. FIG. 2. The surface states of the(Bi1)7Xx7 surface, brought
about 3 electron each to the rest atoms, thereby filling the bond N g

. - ; out in photoelectron spectra at various emission angles. Partiall
orbitals of the rest atoms and leaving the adatom orb&abscu- ! P Pe . 9 Hatly
. . ) . filled adatom states dominate near the Fermi level, completely filled
pied. (c) Grouping of the adatom states into nearly equivalent or-

. . L ’ rest atom states are located nedl.8 eV, and back-bond states can
bitals according to Orteget al. (Ref. 25 with interactions between

) be found near-1.8 eV. All energies are referenced to the pseudo
adatoms across a boundary between faulted and unfaulted trlangIE%rmi levelE~  which is defined as the high enerav cutoff of the
of the 7X 7 structure. Fo 9 ay

angle-integrated spectrum at low temperature.

26 20 15 10 05 00
Energy relativeto Ex  [eV]

types of surface states can be clearly separated from eaclthievable in electron energy loss spectroscopy has revealed
other and from the bulk states, as shown in Fig. 2. The restharp peaks at an energy lo8& of 63 and 95 meV at low
atom states are completely occupied, indicating that theyemperaturé®

have picked up an extra electron. A weaker, third feature has The 7x7 surface has many hallmarks of a metallic sur-
been reported between these two states at low temperatufgce at room temperature. Photoemission data exhibit inten-
and has been assigned to bonds located on the adatoms neity all the way to the Fermi levéP~3¢ An asymmetric en-

to the corner hole¥ The empty part of the adatom orbitals ergy loss line is characteristic of infinitesimal transitions
has been observed by inverse photoemis$ioff. Transi-  across a metallic Fermi lev&:*3 The surface Fermi level is
tions between filled and empty surface states have been mestrongly pinneéf4® for both p-andn-type S{111)7x 7 indi-
sured by electron energy loss spectrosctp§ The loss en- cating a substantial density of states near the Fermi level.
ergy varies rapidly from 1.0 to 1.7 eV for momentum The pinning position lies near the middle of the bulk band
transferssk within the small 7< 7 surface Brillouin zon&!  gap at 0.65 eV above the valence band maxinfgy .*°
suggesting that there might He(k'") dispersion and fine When the temperature is lowered, the asymmetric back-
structure of the broken bond orbitals that has escaped photground in the energy loss spectra gradually disappears
emission experiments. Likewise, the high-energy resolutioraround 100 K and gives way to sharp loss features at 20 K.
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These can be converted into an apparent gap of 40 meV by

(a) Raw data (b) Logarithmic (c) Schematic
Kramers-Kronig analysis. This apparent gap has been inter-
preted in termsfoa 2 meV wide, half-occupied state residing 20 ‘ - 20
at the center of a 100 meV-wide g&pTransport experi- | ;
ments have not been able to detect metallic surface conduc- ] ' S
tivity on Si(11)7x 7 at low temperature¥.*® A new look at ol O L i
the metallicity of the & 7 surface was provided recently by _ .y 1 ‘ \
a measurement of the temperature-dependent nuclear-spin re- = s - 5
laxation rate of®Li probe atoms adsorbed on thex7 g
surface’® These results indicate a metallic surface, but with o1 1] W ] -0
the correlation times increasing and the electron density de- 5 .
creasing to values that are borderline metallic when the tem- ) ‘ ’
perature is reduced. 104 " Q L 10

In view of the intriguing results about a possible metal- w 1

insulator transition at low temperature, the possibility of 15 ‘ " 15

states as narrow as 2 meV, and a possible band dispersion on ) ] — 1
the momentum scale of theX77 Brillouin zone, it is desir-
able to perform photoemission measurements at low tem-
perature with substantially higher energy and momentum
resolution than in previous studies. Particularly important are FIG. 3. Angular photoemission pattern from(Bil)7X7 athv

the states closest to the Fermi level. They are responsible for34 eV, showing the two-dimensional energy surface at the top of
electron-related transport properties and trigger a potentighe adatom bands near the Fermi level. It contains two symmetric,
Mott transition. Even the very existence of a metallic Fermifaint loops, as indicated schematically (€). High-photoemission
surface is in question at low temperatures. A mapping of thétensity is shown dark.

two-dimensional Fermi surface has been attempted with low .

resolution, showing enhanced intensity of adatom states The Si{111) samples were oriented with tHd 10] azi-
within 0.2 eV of the Fermi level near the boundaries of a 2muthal direction in the plane of incidence. The emission

X 2 surface Brillouin zoné! Scans along high symmetry anglesd1,¢) along the[110] azimuth andd|, ;3 along the

H 7-33,35,36, . - . . h I
lines’ are consistent W'th.th's f'F‘d'”g- However, itis orthogonal[ 112] azimuth can be converted into the corre-
not clear whether the enhanced intensity reflects an enhancggonding paraliel wave vectors by

cross section of a localized state, or whether it indicates the

Fermi level crossing of a delocalized surface state band. R 2 L
Using high-resolution photoemission with energy and k[llO]_h (2MEyin) ™% cOSD112)- SN Vp119

angle multidetection we are able to resolve fine structure in

the adatom states near the Fermi level at low temperatures. and

two-dimensional emission pattern is found that consists of

loops located just inside the circumference of the small 7 kEllE]=h‘1(2mEkm)1’2-sinﬁ[lﬁ].

X7 Brillouin zones. The loops shrink to points at the center

of the 7X7 zone for an energy of-0.28 eV. The resulting Inside the limited angular range of Figs. 3 and 4 the approxi-

width of the adatom bands is twice as large as expected fromations cos;;1,~ 1 and sinj~J are valid within about 1%

local density calculations and becomes consistent wittaccuracy.

theory only after taking electron correlations into account. This geometry allowed us to cover a significant fraction

Emission at the Fermi level is almost completely suppressedf the 1X 1 surface Brillouin zone with a grid dense enough

for the 7X7 zone centered dt=0, suggesting that large- to resolve fine structure within the smalk7 Brillouin zone

scale surface reconstructions should be describédspace and to have an additional symmetry check with regard to the

6[1 12] [l

by a nontraditional Brillouin zone scheme. crystallographically-equivaleritt 10] and[110] directions.
Even though thé=(k) band dispersions along th&10] and
[l. EXPERIMENT AND DATA ANALYSIS [110] directions are symmetric, the intensities are not. They

correspond to different photon polarizatioAsand exhibit

Photoelectron spectra were acquired with a hemispherica|ittarant photoemission matrix elementsee below The
Scienta spectrometer equipped with angle and energy mu 112] and[112] azimuths are not equivalent in the bulk, but

tidetection. It was coupled to an undulator beam line with | ric for the % 7 ¢ it At
plane grating monochromaté®GM) at the Synchrotron Ra- nearly-symmetric for the surtace with 1ts approximate

diation Center in Madison. Photon energies ranging from pix-fold symmetry. We find similar Fermi surfaces in both of
to 48 eV were used withp-polarized photons incident 50° these directions but with weaker intensity fot12] (not
from the axis of the electron spectrometer. The energy resgshown).

lution was 20 meV for the photons and 7 meV for the elec- In Fig. 4d) we plot a variety of Brillouin zones together,
trons. The angular resolution was about 0.3° full_angle withsince the SiL11)7X7 structure has been modeled by several
the data taken in steps of 1°[in10] the direction[112]) and ~ Ssmaller unit cells, such ag3xv3 and 2<2. The wave
every 0.24° in the angular multidetection direction, corre-vectors —of the various symmetry points are:
sponding to about 50 channels over a 12° range. Kix1=2v2/3-2m/a=1.09A1; M1y =V2/V3-2mla
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surface quality via scanning tunneling microscpyt en-
sures 7 7 domain sizes larger than 4000 A for the 49 pos-
20 - 20 sible domains distinguished by different locations of the ori-
gin of the 7X7 cell. The most critical part of the cooling
L . 1o sequence is a quench below th& 1 to 7x 7 phase transi-
104 1 | tion, in order to avoid step bunching, and a long post anneal
| . . at 850°C to develop long-rangeX77 domains. The base
= 57 m 5 pressure was below »510 ' Torr and rose briefly to 2
X 10" Torr during heat-cleaning.
= The measurements were performed with the sample sub-
.5 -5 strate at 16 K. At this temperature the illumination with in-
E . tense synchrotron light caused a photovolt4gthat shifted
-1 ) 10 the high-energy cutoff of the spectrum down in energy by
154 | 45 0.47 eV relative to a Au reference sample at the same tem-
perature. This photovoltage comes close to the saturation
-20 - -20 point, where the surface conduction band minimum shifts
down until the band bending is eliminated. From the Fermi
Oz [ level pinning positiof® at 0.65 eV above the valence-band
maximumE, gy, and from the band gap of 1.12 eV at room
temperature one would expect a saturation photovoltage of
(d) i 0.47 V for n-type samples. A more precise determination has
- o to account for the larger band gap at low temperafr&?7
e b 1 eV for <50 K), the exact Fermi level position in the bulk,
and a possible change in the Fermi level pinning at low
temperature.

An additional uncertainty in the position of the Fermi

level is the possibility of a small gap in the surface state
bands. Already at room temperature there are indications that
the density of states decreases gradually towards the Fermi
level, giving rise to a cutoff that is broader than the Fermi-
Dirac function and shifted down in energy by 50—70 m&V.
At low temperature this cutoff sharpens, and the density of
states at the Fermi level is reduced. Our data are consistent
with such a scenario, with the added photovoltage shifting
both the surface states and the cutoff by the same amount
. (within 20 meV).

el In order to have a reference level that is experimentally

Ko well defined we used the high energy cutoff in the angle-
integrated photoelectron spectrum as a pseudo Fermi level

FIG. 4. Constant energy surfaces of1Qi1)7x7 from angular  Eg. All the figures refer to this cutoff. The real Fermi level
photoemission patterns at various energies. The two loops near thigay lie up to 70 meV higher. Likewise, the observed Fermi
Fermi level in(a) shrink at lower energy irfb) and contract into  surface may describe the states at the bottom of a small gap.
dark spots at the bottom of the band (g). Neighboring loops The raw data on the Fermi surface of &i1l)7X7 con-
appear in(b) and contract onto a separate pair of dark spotejn  sisted of about 50 energy spectra acquired in parallel during
By overlaying the frames afa)-(c) onto the rectangular box ifd) ~ one scan over an angular range of 12°. The angular transmis-
one can see that the Fermi surface lies just inside the boundary ofgion function of the multidetector was carefully adjusted to
small, hexagonal X7 unit cell[shown bold in the bottom half of exhibit minimal variations over the 12° detection range, with
(d)]. The dark spots at the bottom of the band correspond to thene analyzer deflection plates set close to zero voltage. Re-
centers of neighboring 7 unit cells[bold dots in(d)]. sidual transmission variations were normalized out by taking

_ _ _ a set of reference spectra at the same spectrometer settings,
=0.95A7"; Ky3x5=0.63A7% My3,3=055A" Ksi,  but 10 eV higher photon energy, where secondary electrons
=055A"1 M,,=048A"1 K,.,=0.16A"1; M,  with little angular dependence are detected. Each reference
=0.14A1. spectrum was integrated over energy and then used to divide

The samples werertype Si{11l) stripes (0.02 Om, out the angular transmission function of the raw data. All
phosphorous-dopedThey were clamped at their ends to a spectra were normalized to the incident photon flux. A slow
closed-cycle He refrigerator between sapphire plates and Tiatensity variation with the angle of incidendewas caused
contact sheets, which allowed for resistive heating. After arby a change of the areal photon density within the accep-
initial outgassing at temperatures up to 700 °C the samplence spot of the electron spectrometer. It was divided out as
were flashed to 1260°C for 10 s where the native oxidecosd. Another slow variation was caused by the photoemis-
evaporates and residual surface carbon diffuses into the bulkion matrix eIemen|thi|2~«|gf|A- P|i}|? between the initial
A special cooling sequence was developed by monitoring thetate|i) and the final statéf|.°* (A is the vector potential of

(@ Eg (b) Ef-01eV (c) E- -03eV
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the photonP the momentum operatgrAll the surface states Si(111) 7x7 electron pockets
discussed here are predominantly excited by the component

of A perpendicular to the surfacé\t), which would pro- (@)

duce an intensity modulation of the forpA*|2~sir? & (to ;

lowest ordey, where ¢ is again the angle of incidence rela- E.=0
tive to the sample normal. After dividing the intensity by the
combination

cosd-sir? 9 we obtained a nearly mirror-symmetric intensity
distribution for the adatom states in the crystallographically-
equivalent{ 110] and[110] azimuths[Figs. 3a) and 3b)].

The rest atom states remained asymmetric, indicating a more
complex matrix element. In Figs.(@—4(c) the photoemis-
sion patterns have been smoothened and symmetrized with

respect to they-axis such that they obey an exact @)1
mirror plane symmetry.

For mapping the Fermi surface and band dispersion quan-
titatively in Fig. 5 we used angular intensity distributions
analogous to those in Figs. 3 and 4 with the energy varied in o Wy [A", 0017 A" subtracted]

steps of 60 meV. Radial profiles along f#11] and[121]

azimuths show two Fermi level crossinpsee Figs. 3 and (b)
4(a)]. These were fitted by a pair of Gaussians, following a -
method developed for accurately determining band witfths. 05 .
Only the peak positions and the combined intensities of the
two Gaussians were varied, together with a background. The
widths o were held fixed with a linear energy dependence
og(E)=a+b-(E—E). The coefficienta andb were deter-
mined by a two-Gaussian fit & [open triangles in Fig.
5(b)], and by a single-Gaussian fit below the bottom of the
band[full triangles on the left side of Fig.(b)]. Likewise,

the intensity ratio of the outer to the inner Fermi level cross-
ing was kept fixed at 1.3. With these constraints it is possible : VAR S
to extract reliable positions for the energy contours even L L L L
when they are starting to overlap as we go down in energy 04 03 -02 01 Eg=0
[Figs. 4b) and 4c)].

The bottom of the adatom bands-a0.28 eV was deter-
mined by three methods, which gave similar results ranging gig. 5. Quantitative results on the adatom bands (&) 7x7
from —0.37 eV t0—0.25 eV. First, the full width half maxi-  and comparison with theoretical mode(a) E(k') band dispersion
mum of the dark spots at the bottom of the band in Fig) 4 {5/ the two equivalent bands along the21] and[211] azimuths
was determined as a function of enerdyig. 5b) full tri- (5 and down trianglesobtained from a fit to a single, parabolic
angled. Starting below the band, their width remains nearlypand (dashed ling The three occupied adatom bands predicted by
constant until-0.28 eV, where it begins to increase sharply jocal density theoryRef. 25 are shown as full lines after stretching
[fine arrow in Fig. $b)]. That suggests an electron pocket them by a factor of 2.2 in energgb) Width of the electron pockets
beginning to open up. The second method starts from abovigear the bottom of the bandull triangles. A sudden increase at
and measures the constant energy contduosnpare the —0.28 eV indicates the bottom of the adatom bands.
loops in Figs. 4a) and 4b)]. A parabolic fit in this regime ) )

[dashed line in Fig. @)] gives values of from—0.28 to wards in energy due to a pho.tovoltage that builds up as .the
—0.25 eV for the bottom of the band, depending on thecarrier I_|fet|me increases. This photovoltage effept is d|§—
energy range of the fit. In both cases we are able to perfo”ﬁussed in more detalil in Sec. Il. Our data are consistent with

L a metallic surface at low temperature, but we cannot exclude
a symmetry check between the two equivalgh21] and a small gap of the order 0.05-0.07 eV opening®im the

[211] azimuths, which are represented by triangles pointingo|iowing, the Fermi leveE, always designates the apparent

up and down in Fig. 5. A third signature of the bottom of the high_energy cutoff of the spectra, but it is understood that the
band is a small feature that appears-d.37 eV in Fig. 2 5ctyal Fermi level could lie up to 0.07 eV higher.
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(bottom and at—0.30 eV in Fig. 2(cente;. For establishing a Fermi surface we plot the angular pho-
toemission pattern & [Fig. 3(a)]. High-photoemission in-
IIl. ADATOM STATES AND FERMI SURFACE tensity is shown in dark for better visibility. Even these raw

data exhibit a well-defined fine structure that has not been
The metallic character of the @iL1)7X 7 surface is due to observed before. The features are consistent with the crystal
adatom states straddling the Fermi level. The Fermi cutofsymmetry, wheret 97,4 are equivalent by mirror symme-
observed in photoemission sharpens at low temperature dugy. Residual up-down asymmetries are due to the different
to the narrower Fermi-Dirac distribution. It also shifts down- orientation of the polarization vector fat 91,4 (see Sec.
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II). A smoothened, logarithmic plot of the same data in Fig.periodicity of the 77 honeycombs in Fig. (d), indepen-
3(b) covers the large dynamic range better. It exhibits twodent of strong intensity modulations. That can be tested by
nearly-circular features that are represented schematically iverlaying the emission patterns in Figga}-4(c) onto the
Fig. 3(c). These loops lie 120° apart along the equivalentrectangular box in Fig. @) and comparing them to the hon-

[TZT] and[21_1] azimuths of theé111) surfacd dashed lines _eycomb of dotted X 7 unit gells.é Bair of faiiFerrpi loops
in Fig. 3(c)]. A mirror-symmetrized and smoothened versionis observed along the equivalgrii21] and[211] azimuths

of the raw data is shown in Fig(&. Additional data at-0.1  [Fig. 4(a)]. They are centered dt,,,=4/TM,,;=(2/7,0).
and —0.3 eV demonstrate a rapid change with energy, i.e., Fhese loops shrink in diameter a0.1 eV [Fig. 4b)], and
strongE(k) dispersion that has not been resolved previouslyclose completely into spots at0.3 e\[Fig. 4(c)]. The cor-
Minima at the center of the Fermi loops turn into maxima atresponding % 7 cell is outlined as bold hexagon in Fig.

—0.3 eV[dark spots in Fig. &)]. In the following, we will - 4(d). A similar, but weaker pair of loops appears-e0.1 eV

discuss the overall intensity distribution first, then come 0, a neighboring %7 cell, which is centered af,

the topology of the Fermi surface, and eventually proceed to ) i —
a quantitative analysis of the Fermi surface and band width:- (3/7,—1/7) using 1X1 basis vectors along tfj@11] and

Most of the photoemission takes place in a small fractior{ 112] directions. That cell corresponds to the heavy-dashed
of the 1x 1 Brillouin zone. This becomes obvious when us-hexagon in Fig. &). These weaker loops turn into to a sec-
ing Fig. 4d) as template for overlaying various surface Bril- ond pair of spots in Fig. ). All four spots observed at the
louin zones onto the data in Figsa#4(c). Clearly, the 49 bottom of the adatom band in Fig(e} match the centers of
hexagons that form a honeycomb ok7 cells are not all 77 cells in Fig. 4d)(filled dots weake): That is consistent
equivalent to each other as far as the intensity is concernetith band calculations for the>77 surfac€’® which find the
For example, the poinkK,;=*4/7K,y; is more than 20 bottom of the lowest adatom band B, ;. Thus, the fine
times brighter tharK,,=*+1/7K,»,, even though these Structure of the $111)7x7 Fermi surface reflects thex77 -
points are equivalent in thex77 Brillouin zone. An equally ~Periodicity ink space with the loops lying close to the cir-
dramatic intensity change can bee seen in Fig. 2 by compafumference of the X7 cells, and the bottom of the band at
ing the top and middle spectrum at the Fermi level. Thisthe center. _ _
variation must be due to the photoemission matrix elefient A quantitative analysis of the Fermi surface and the band
IMyi|2=|(f|A-PJi}|2. Apart from the momentum operatBr dispersion is presented in Fig. 5. For this purpose we have
there are three components that can give rise to a modulatidaken cuts of the photoemission intensity along {he1]
of the photoemission intensity i space, i.e., the final state and[211] azimuths which pass through the centers of the
(f|, the A vector, and the initial stat@). The smooth varia- two most intense Fermi loops. A fitting routine described at
tion of theA vector has been removed from the data alreadythe end of Sec. Il allows us to extract Bfk') band disper-
(see Sec. )l Final state effects can be tested by varying thesion [triangles in Fig. %a)] and an accurate position for the
photon energyhv. While the energy of the surface states bottom of the bandFig. 5b) fine arrow]. The reliability of
remains unchanged at fixdd, there are large variations in the data can be judged from a symmetry check between the
the relative intensity of the adatc_)m and rest atom states equivalenf 121] and[211] azimuths(triangles pointing up
s_howr). The final state e_ffect in photoemlss!on may begng down, respectively
viewed as photoelectron diffraction at thec7 lattice. More As the simplest interpretation of the data we show a para-
precisely, the final state.m photoemission is the tlme_-reve_rsa(go”C fit as dashed line in Fig.(&. Such a single-band model
of the state that describes low-energy electron dlffracnor'gives an electron pocket centeredkht0.56 A~ This lo-

52 ;
(LEED).>" It is well known that the LEED spots of the 7 cation agrees with the center of a<7 Brillouin zone at

X7 surface exhibit a large structure factor near the half—

— N — =1 \nsithi
order reflectionsince the adatoms are arranged locally in aF7X7_4/7M1X1_0'54A within our absolute angular ac-

2x 2 structure. The initial statd) can play a similar role, curacy [compare Fig. @), the full circle inside the bold

because its wave function contains strorng2 Fourier com- hexagod. For clarity we have shifted the data points by

_1 . -
ponents as well. One way of finding out about this effect is2-01/ A" in Fig. 5(a), such that they are centered at the

the use of band calculatiotdor the 2x 2 adatoms structure. €xact location of thd';.; point. The center of this pocket
They place a local minimum of the adatom band along thdies between the points where band calculationsvox v3

boundary of the X2 Brillouin zone with the bottom at and 2x2 model structures predict electron pockEt,,,

M., [see Fig. 4d) open circld. Taking the occupied band =0.48 A1, K 5.,3=0.63A1; open circles in Fig. @)].
width as a measure of the density of states available forhe diameter of the electron pocket at the Fermi surface is
photoemission one would expect the highest photoemissiof.26 A, which comes close to the diameter of & 7 unit
intensity near the boundary of the<2 zone[see Fig. 4d)],  cell [M,,,T';.;M,+,=0.27 A", see the dashed vertical
in qualitative agreement with the observations. The intensityines in Fig. 5a)].

maximum of the Fermi surface neé#r,,, is likely to be Such a simple one-band analysis cannot be the full an-
caused by a coincidence of several factors: The Fermi suswer. The band filling of 5—6 electrons requires at legsif2
faces of three adjacent<77 cells connect at this point, the the 12 adatom bands in a<77 unit cell to be occupiedsee

structure factor is largest near the boundary of>a22Bril- Sec. ). Therefore, we have to assume that the two other
louin zone, and thé\- P matrix element has a maximum in adatom bands are either suppressed in intensity or that our
the polarization plane;;,7=0°.) single parabola represents an unresolved set of three bands.

The topology of the ¥ 7 Fermi surface has to follow the In order to give a flavor of a more realistic band structure we
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plot calculated % 7 band®’ in Fig. 5a) as full lines. They trons are to be distributed among 12 adatom bands. Such a
had to be stretched by a factor of 2.2 in order to match therogram has been carried out by local density théory.
observed band widtlimore on that in Sec. ) In such a Before discussing such a complex set of bands it is useful
three-band interpretation one has small electron pockets cefp consider simpler band calculations where the electronic
tered at the X7 zone boundaryM-.,, instead of large characteristics of the X7 structure are derived from smaller
pockets surrounding,..;. The data points & in Fig. 5  unit cells, such as &3xv3 structuré" that contains only a
are consistent with both interpretations. The shrinking of thesingle adatom per unit cell, and a2 structuré* that con-
Fermi loops belowE in Fig. 4 seems to favor the single tains one adatom and one rest atom. The2structure rep-
band explanation, but a closer look at the images expectelifates the atomic arrangement on each of the triangular
from superimposing unresolved, multiple bands leaves théalves of the X7 cell [see Fig. 18)]. Local density calcu-
three-band model equally viable. The observation of a sepdations for both unit cells give an adatom band that has its
rate feature near-0.3 eV in Fig. 2(center and bottonfa-  minimum at the Brillouin zone boundary along th&21]

vors multiple bands. azimuth, which corresponds 3,5 and M, [see open
circles in the top half of Fig. @l)]. This is exactly the region
IV. REST ATOM STATES where we find the brightest part of the Fermi surface. That

The rest atom states form a lone pair when considerin%ugges’ts that a modulation of the initial state wave function

them as localized orbitals. In a band picture one expects y the ngal 2 2 adatom s'grugture plays an important role in
completely filled surface state band, which is indeed wha etermining the photoemission cross section. 78&v3

8 . . I and 2x2 models have their shortcomings, however. The
one finds(see Fig. 2 There is a small, but m_easuralﬂ(ek ) V3 XV3 structure is metallic with a half-filled adatom band,

band dispersion of 0.16 eV from0.87 eV afl'x; 0 —0.71 ¢ it Jacks rest atoms. The>22 structure contains both
eV nearK;.,. It demonstrates that this state is somewhakinds of atoms, but is semiconducting. Its single adatom
delocalized. The width of the adatom st&@e3 eV FWHM  transfers an electron to the single-rest atom, leading to an
is larger than the dispersion, but its non-Lorentzian lineempty adatom band. In neither case one comes close to the
shape indicates that it consists of unresolved subbands. Froptoper band filling ofs for the adatom bands of thex77

the lone pairs at the 6 rest atoms in the 7 cell one expects structure.

6 fully occupied adatom bands, plus an additional band from The band width is the principal characteristic of band
the corner hole atom. The fact that the band dispersion doasodels. We distinguish the combined width of all adatom
not follow the 7<X7 periodicity suggest a strong modulation bands and the width of their occupied portion, which is ac-
of the subband intensities similar to the matrix element efcessible to photoemission. Local density calculations give a
fects discussed in Sec. Ill for the adatom bands. Instead qbtal band width of 0.44, 0.25, and 0.37 eV for th@
going into details of the rest atom bands we focus onto thexv3, 2x2, and 7x 7 structure:>'*?%In order to obtain a
adatom states at the Fermi level, which have a much largaefeaningful occupied band width one would have to adjust
impact on the theoretical understanding of th€l$1)7X7  the position of the Fermi level for the3xv3 and 2x2
surface. structures to the occupancy factér of the 7X7 surface.
Simply rescaling the total band width by the occupancy gives
rough estimates of 0.18 and 0.10 eV for the occupied band
width of the 7x7 surface from the3xXv3 and 2x2 calcu-

A variety of theoretical models have been used to delations. The full 7X7 calculation comes up with a similar
scribe the electronic structure, starting either from an atomiwalue of 0.13 eV for the occupied adatom baftiFhese
orbital picture of broken bonds or from a band picture fornumbers are to be compared to our experimental band width
delocalized electrons. Recent calculations explore the uref 0.28 eV, which is twice as largeompare Fig. &), where
charted territory in between, where the band structure ishe local density bands had to be stretched by a factor of two
strongly affected by electron correlation effects. We will pro-in order to match the experimgnfThis result is reminiscent
ceed in this order and discuss how our data eliminate somef other narrow band systems, such as the Falence band
of these concepts and put constraints on others. of LiF, where local density theory underestimates the band

Localized orbital models of the Qi11)7x7 bands can be width as well>
disposed of rather quickly by our observations. The fact that The effective mass at the bottom of the adatom bands is a
we are measuring a significant band dispersion shows clearlsecond parameter that can be compared to theory. It comes
that a description in terms of sharp energy levels is inadeut close to unity in local density calculations for all three
equate. This conclusion is reinforced by our observation of ainit cells (V3 Xv3, 2X2, and 7X7), whereas our data give
band that crosses the Fermi level and forms a77like  an effective mass of 0.23 when interpreted as a single band
Fermi surface. [see Fig. Ba), dashed ling After correcting for the factor of

In a band model of the §i11)7X7 surface states, one two in the bandwidth discrepancy, there is still another factor
expects a metallic surface because of the odd number aff two discrepancy in the effective mass. That may be an
electrons per X 7 unit cell. The 19 broken bonds provide 19 indication that we are observing a superposition of several
electrons that are to be distributed among the rest atom anghresolved bands, such as the three adatom bands expected
adatom bands. Assuming lone pairs on the 6 rest atoms pldsom local density calculations for the>X77 structure[full
the corner atom, one has to place 14 electrons into 7 redines in Fig. 3a)].
atom bands that are completely filled. The remaining 5 elec- The effect of correlations is rather complex for a unit cell

V. IMPLICATIONS ON THEORETICAL MODELS
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as large as ¥ 7. Nevertheless, it has been possible to pertroducing correlations between dangling bond electfdns.
form first principles band calculations and to add correlationThe photoemission intensity is strongly modulated by 2
effects, such as an on-site Coulomb interactiband several Fourier components of the initial and final state wave func-
other types of Coulomb interactions between the charges sitions, which leads to a radical distortion of the intensity dis-
ting on adatoms and rest atoRisThe end result of the tribution among different X 7 cells. That suggests a rethink-
many-body calculations is an increased band width thaing of how to view the band structure and Fermi surface for
comes close to the observations. Thus, it appears that corranit cells as large as ¥7. Even the very existence of a
lations have a significant effect on the adatom stétlesy = Fermi surface remains in question. There could be a small
double the band widihbut that they do not destroy the band gap A of the order of 50—-70 meV below the Fermi level,
picture altogether. The metallic character derived from thesimilar to that observed in low-dimensional charge density
odd number of electrons per unit cell is preserved, at least avaves®*%4 In that case our data correspond to a pseudo
room temperature. For analogous surfaces withFermi surface that describes the states at the bottom of the
overlayers®~5however, a complete breakdown of the bandgap. Even more exotic effects are predicted for the77
picture and the electron counting rule has been reported. surface, such as a Kondo-like peak only a few meV vite.

VI. CONCLUSIONS AND OUTLOOK
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