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Fermi surface of Si„111…7Ã7
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Surface states at the Si~111!737 surface are mapped by angle-resolved photoemission withE,q multide-
tection. The adatom states near the Fermi level form a well-defined, two-dimensional energy surface consisting
of closed loops that nearly fill the 737 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 the 131 cell, the loops

centered atḠ7375(2/7,0) andḠ7375(3/7,21/7) dominate in intensity, whereas those near~0,0! 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.
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I. THE Si „111…7Ã7 SURFACE

The Si~111!737 surface has served as prototype of t
complex atomic rearrangements that semiconductor surf
undergo in order to minimize the number of broken bonds
variety of structural studies in reciprocal and real space h
established a highly refined structural model,1–9 whose es-
sential features are shown schematically in Fig. 1~a!. Several
mechanisms work in synergy for achieving the lowest d
sity of broken bonds. The predominant energy lower
originates from adatoms which are connected to three bro
bonds. Each adatom reduces three broken bonds to one
beit at the expense of substantial strain@see Fig. 1~b!#. Thus,
the 12 adatoms in the 737 unit cell remove nominally 24
broken bonds from a total of 49. An additional 6 brok
bonds are removed by a change in stacking from staggere
eclipsed in half of the unit cell.4–6 The boundaries betwee
triangles of opposite stacking contain voids where brok
bonds would be located on the unreconstructed surface.
combination of these two mechanisms leads to the Dim
Adatom Stacking fault model7 of the 737 surface, which
has been quantified by diffraction7–9 and numerous othe
techniques. The large size of the 737 unit cell is determined
by the triangular, faulted regions, which allow for odd3 odd
unit cells. The 737 cell optimizes the tradeoff betwee
strain and bond density. It has been the goal of a variety
total energy calculations10–20to determine the surface energ
and find out exactly why the 737 structure is the optimum

The 19 broken bonds of the 737 unit cell form a 232
pattern inside each of its two triangular halves@Fig. 1~a!#.
The corresponding structure factor gives rise to enhan
diffraction intensities for diffraction spots close to 232 po-
sitions. In addition to the 12 adatom bonds there are 6 bro
bonds on the remaining surface atoms@often called rest at-
oms, see Fig. 1~b!#. The odd, 19th broken bond is similar t
a rest atom, but located two layers deeper at the bottom
the corner hole of the 737 cell. Charge transfer11 between
adatoms and rest atoms provides an additional mecha
for lowering the energy. The 6 rest atoms are able to con
their half-filled broken bond orbitals into more stable lo
pairs by extracting 6 electrons from the 12 adatoms. T
PRB 610163-1829/2000/61~16!/10845~9!/$15.00
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leaves 6 electrons in the adatom orbitals, correspondin
1/4 filling. In a band picture one would have a set of meta
adatom bands straddling the Fermi level, plus a comple
filled set of rest atom bands. Even though the transfer o
full electron to the rest atoms seems large for a homop
semiconductor, one should keep in mind that there is ro
for charge back donation via the back bonds, which redu
the net charge on the rest atoms. In addition, the environm
of rest atoms and adatoms is quite different and makes t
chemically dissimilar. The fate of the single orbital localize
at the bottom of the corner hole is more difficult to predict.
might extract an extra electron from the adatoms, like
other rest atoms, and reduce the number of electrons in
tom orbitals to 5. Alternatively, the corner hole might giv
rise to an exotic, half-filled state with a low electron dens
of 1/49th of a monolayer.

Calculating the electronic structure of such a comp
atom arrangement has been a challenge to the state of a
large-scale computation. Theoretical work11,12,14–19,21–25has
suggested anything from localized orbitals to a delocaliz
band picture of model adatom structures.11,14 In between
these extremes lies the possibility of a correlated metal,21,25

possibly displaying spin polarization.24 The 737 structure
should be metallic in a band picture, due to its odd numbe
electrons per unit cell. When correlations become su
ciently strong, the metallic surface might turn into a Mo
insulator. Such a transition may occur if the on-site Coulo
repulsionU is larger than the band widthW. That is a pos-
sibility for the 737 band structure.25 The adatom orbitals are
well-separated from each other, requiring electrons to h
across three intermediate atoms to get to an adjacent ada
That leads to small hopping matrix elements between a
toms and to narrow adatom bands.

Available data on the electronic structure of th
Si~111!737 surface have only hinted at a level of comple
ity comparable to that of the atomic structure. Photoemiss
studies26–36 exhibit two nearly dispersionless surface sta
centered at 0.2 and 0.9 eV below the Fermi level. These h
been assigned to the adatoms and rest atoms, respective
comparison with scanning tunneling spectroscopy.37,38 Near
the boundary of the 131 Brillouin zone a back-bond stat
has been found at 1.8 eV below the Fermi level. These th
10 845 ©2000 The American Physical Society
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10 846 PRB 61R. LOSIO, K. N. ALTMANN, AND F. J. HIMPSEL
types of surface states can be clearly separated from
other and from the bulk states, as shown in Fig. 2. The
atom states are completely occupied, indicating that t
have picked up an extra electron. A weaker, third feature
been reported between these two states at low temper
and has been assigned to bonds located on the adatoms
to the corner holes.36 The empty part of the adatom orbita
has been observed by inverse photoemission.39–41 Transi-
tions between filled and empty surface states have been
sured by electron energy loss spectroscopy.42–44The loss en-
ergy varies rapidly from 1.0 to 1.7 eV for momentu
transfersdki within the small 737 surface Brillouin zone,44

suggesting that there might beE(ki) dispersion and fine
structure of the broken bond orbitals that has escaped ph
emission experiments. Likewise, the high-energy resolu

FIG. 1. The Si~111!737 surface structure.~a! Top view of the
outermost double layer with adatoms shown as large dots and
atoms as small dots. The bond topology of the outermost do
layer is indicated in the upper left.~b! Side view of the bond ge-
ometry around an adatom and a rest atom. The adatoms tra
about 1

2 electron each to the rest atoms, thereby filling the bo
orbitals of the rest atoms and leaving the adatom orbitals1

4 occu-
pied. ~c! Grouping of the adatom states into nearly equivalent
bitals according to Ortegaet al. ~Ref. 25! with interactions between
adatoms across a boundary between faulted and unfaulted tria
of the 737 structure.
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achievable in electron energy loss spectroscopy has reve
sharp peaks at an energy lossdE of 63 and 95 meV at low
temperature.43

The 737 surface has many hallmarks of a metallic su
face at room temperature. Photoemission data exhibit in
sity all the way to the Fermi level.26–36 An asymmetric en-
ergy loss line is characteristic of infinitesimal transitio
across a metallic Fermi level.42,43 The surface Fermi level is
strongly pinned45,46 for both p-andn-type Si~111!737 indi-
cating a substantial density of states near the Fermi le
The pinning position lies near the middle of the bulk ba
gap at 0.65 eV above the valence band maximumEVBM .45

When the temperature is lowered, the asymmetric ba
ground in the energy loss spectra gradually disappe
around 100 K and gives way to sharp loss features at 2043
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FIG. 2. The surface states of the Si~111!737 surface, brought
out in photoelectron spectra at various emission angles. Part
filled adatom states dominate near the Fermi level, completely fi
rest atom states are located near20.8 eV, and back-bond states ca
be found near21.8 eV. All energies are referenced to the pseu
Fermi levelEF , which is defined as the high energy cutoff of th
angle-integrated spectrum at low temperature.
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PRB 61 10 847FERMI SURFACE OF Si~111!737
These can be converted into an apparent gap of 40 meV
Kramers-Kronig analysis. This apparent gap has been in
preted in terms of a 2 meV wide, half-occupied state residin
at the center of a 100 meV-wide gap.43 Transport experi-
ments have not been able to detect metallic surface con
tivity on Si~111!737 at low temperatures.47,48A new look at
the metallicity of the 737 surface was provided recently b
a measurement of the temperature-dependent nuclear-sp
laxation rate of 8Li probe atoms adsorbed on the 737
surface.49 These results indicate a metallic surface, but w
the correlation times increasing and the electron density
creasing to values that are borderline metallic when the t
perature is reduced.

In view of the intriguing results about a possible met
insulator transition at low temperature, the possibility
states as narrow as 2 meV, and a possible band dispersio
the momentum scale of the 737 Brillouin zone, it is desir-
able to perform photoemission measurements at low t
perature with substantially higher energy and moment
resolution than in previous studies. Particularly important
the states closest to the Fermi level. They are responsible
electron-related transport properties and trigger a poten
Mott transition. Even the very existence of a metallic Fer
surface is in question at low temperatures. A mapping of
two-dimensional Fermi surface has been attempted with
resolution, showing enhanced intensity of adatom sta
within 0.2 eV of the Fermi level near the boundaries of a
32 surface Brillouin zone.31 Scans along high symmetr
lines27–33,35,36are consistent with this finding. However, it
not clear whether the enhanced intensity reflects an enha
cross section of a localized state, or whether it indicates
Fermi level crossing of a delocalized surface state band.

Using high-resolution photoemission with energy a
angle multidetection we are able to resolve fine structure
the adatom states near the Fermi level at low temperature
two-dimensional emission pattern is found that consists
loops located just inside the circumference of the smal
37 Brillouin zones. The loops shrink to points at the cen
of the 737 zone for an energy of20.28 eV. The resulting
width of the adatom bands is twice as large as expected f
local density calculations and becomes consistent w
theory only after taking electron correlations into accou
Emission at the Fermi level is almost completely suppres
for the 737 zone centered atk50, suggesting that large
scale surface reconstructions should be described ink space
by a nontraditional Brillouin zone scheme.

II. EXPERIMENT AND DATA ANALYSIS

Photoelectron spectra were acquired with a hemisphe
Scienta spectrometer equipped with angle and energy m
tidetection. It was coupled to an undulator beam line with
plane grating monochromator~PGM! at the Synchrotron Ra
diation Center in Madison. Photon energies ranging from
to 48 eV were used withp-polarized photons incident 50
from the axis of the electron spectrometer. The energy re
lution was 20 meV for the photons and 7 meV for the ele
trons. The angular resolution was about 0.3° full angle w
the data taken in steps of 1° in@1̄10# the direction~@112̄#! and
every 0.24° in the angular multidetection direction, cor
sponding to about 50 channels over a 12° range.
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The Si~111! samples were oriented with the@ 1̄10# azi-
muthal direction in the plane of incidence. The emissi
anglesq@ 1̄10# along the@ 1̄10# azimuth andq@112̄# along the
orthogonal@112̄# azimuth can be converted into the corr
sponding parallel wave vectors by

k
@ 1̄10#

i
5q21~2mEkin!

1/2
•cosq@112̄#•sinq@ 1̄10#

and

k
@112̄#

i
5q21~2mEkin!1/2

•sinq@112̄# .

Inside the limited angular range of Figs. 3 and 4 the appro
mations cosq@112̄#'1 and sinq'q are valid within about 1%
accuracy.

This geometry allowed us to cover a significant fracti
of the 131 surface Brillouin zone with a grid dense enou
to resolve fine structure within the small 737 Brillouin zone
and to have an additional symmetry check with regard to
crystallographically-equivalent@ 1̄10# and @11̄0# directions.
Even though theE(k) band dispersions along the@ 1̄10# and

@11̄0# directions are symmetric, the intensities are not. Th
correspond to different photon polarizationsA and exhibit
different photoemission matrix elements~see below!. The

@112̄# and@ 1̄1̄2# azimuths are not equivalent in the bulk, b
nearly-symmetric for the 737 surface with its approximate
six-fold symmetry. We find similar Fermi surfaces in both
these directions but with weaker intensity for@ 1̄1̄2# ~not
shown!.

In Fig. 4~d! we plot a variety of Brillouin zones togethe
since the Si~111!737 structure has been modeled by seve
smaller unit cells, such as)3) and 232. The wave
vectors of the various symmetry points ar
K̄13152&/3•2p/a51.09 Å21; M̄1315&/)•2p/a

FIG. 3. Angular photoemission pattern from Si~111!737 at hn
534 eV, showing the two-dimensional energy surface at the top
the adatom bands near the Fermi level. It contains two symme
faint loops, as indicated schematically in~c!. High-photoemission
intensity is shown dark.
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10 848 PRB 61R. LOSIO, K. N. ALTMANN, AND F. J. HIMPSEL
50.95 Å21; K̄)3)50.63 Å21; M̄)3)50.55 Å21; K̄232

50.55 Å21; M̄23250.48 Å21; K̄73750.16 Å21; M̄737
50.14 Å21.

The samples weren-type Si~111! stripes ~0.02 Vm,
phosphorous-doped!. They were clamped at their ends to
closed-cycle He refrigerator between sapphire plates and
contact sheets, which allowed for resistive heating. After
initial outgassing at temperatures up to 700 °C the sam
were flashed to 1260 °C for 10 s where the native ox
evaporates and residual surface carbon diffuses into the b
A special cooling sequence was developed by monitoring

FIG. 4. Constant energy surfaces of Si~111!737 from angular
photoemission patterns at various energies. The two loops nea
Fermi level in ~a! shrink at lower energy in~b! and contract into
dark spots at the bottom of the band in~c!. Neighboring loops
appear in~b! and contract onto a separate pair of dark spots in~c!.
By overlaying the frames of~a!-~c! onto the rectangular box in~d!
one can see that the Fermi surface lies just inside the boundary
small, hexagonal 737 unit cell @shown bold in the bottom half o
~d!#. The dark spots at the bottom of the band correspond to
centers of neighboring 737 unit cells@bold dots in~d!#.
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surface quality via scanning tunneling microscopy.50 It en-
sures 737 domain sizes larger than 4000 Å for the 49 po
sible domains distinguished by different locations of the o
gin of the 737 cell. The most critical part of the cooling
sequence is a quench below the 131 to 737 phase transi-
tion, in order to avoid step bunching, and a long post ann
at 850 °C to develop long-range 737 domains. The base
pressure was below 5310211Torr and rose briefly to 2
310210Torr during heat-cleaning.

The measurements were performed with the sample s
strate at 16 K. At this temperature the illumination with i
tense synchrotron light caused a photovoltage34,51that shifted
the high-energy cutoff of the spectrum down in energy
0.47 eV relative to a Au reference sample at the same t
perature. This photovoltage comes close to the satura
point, where the surface conduction band minimum sh
down until the band bending is eliminated. From the Fer
level pinning position45 at 0.65 eV above the valence-ban
maximumEVBM and from the band gap of 1.12 eV at roo
temperature one would expect a saturation photovoltag
0.47 V forn-type samples. A more precise determination h
to account for the larger band gap at low temperature~1.17
eV for ,50 K!, the exact Fermi level position in the bulk
and a possible change in the Fermi level pinning at l
temperature.

An additional uncertainty in the position of the Ferm
level is the possibility of a small gap in the surface sta
bands. Already at room temperature there are indications
the density of states decreases gradually towards the F
level, giving rise to a cutoff that is broader than the Ferm
Dirac function and shifted down in energy by 50–70 meV36

At low temperature this cutoff sharpens, and the density
states at the Fermi level is reduced. Our data are consis
with such a scenario, with the added photovoltage shift
both the surface states and the cutoff by the same am
~within 20 meV!.

In order to have a reference level that is experimenta
well defined we used the high energy cutoff in the ang
integrated photoelectron spectrum as a pseudo Fermi l
EF . All the figures refer to this cutoff. The real Fermi lev
may lie up to 70 meV higher. Likewise, the observed Fer
surface may describe the states at the bottom of a small

The raw data on the Fermi surface of Si~111!737 con-
sisted of about 50 energy spectra acquired in parallel du
one scan over an angular range of 12°. The angular trans
sion function of the multidetector was carefully adjusted
exhibit minimal variations over the 12° detection range, w
the analyzer deflection plates set close to zero voltage.
sidual transmission variations were normalized out by tak
a set of reference spectra at the same spectrometer set
but 10 eV higher photon energy, where secondary electr
with little angular dependence are detected. Each refere
spectrum was integrated over energy and then used to di
out the angular transmission function of the raw data.
spectra were normalized to the incident photon flux. A sl
intensity variation with the angle of incidenceq was caused
by a change of the areal photon density within the acc
tance spot of the electron spectrometer. It was divided ou
cosq. Another slow variation was caused by the photoem
sion matrix elementuM f i u2'u^ f uA•Pu i &u2 between the initial
stateui& and the final statêfu.52 ~A is the vector potential of

the
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PRB 61 10 849FERMI SURFACE OF Si~111!737
the photon,P the momentum operator.! All the surface states
discussed here are predominantly excited by the compo
of A perpendicular to the surface (A'), which would pro-
duce an intensity modulation of the formuA'u2;sin2 q ~to
lowest order!, whereq is again the angle of incidence rela
tive to the sample normal. After dividing the intensity by th
combination
cosq•sin2 q we obtained a nearly mirror-symmetric intensi
distribution for the adatom states in the crystallographica
equivalent@ 1̄10# and @11̄0# azimuths@Figs. 3~a! and 3~b!#.
The rest atom states remained asymmetric, indicating a m
complex matrix element. In Figs. 4~a!–4~c! the photoemis-
sion patterns have been smoothened and symmetrized
respect to they-axis such that they obey an exact (110̄)
mirror plane symmetry.

For mapping the Fermi surface and band dispersion qu
titatively in Fig. 5 we used angular intensity distribution
analogous to those in Figs. 3 and 4 with the energy varie
steps of 60 meV. Radial profiles along the@21̄1̄# and@ 1̄21̄#
azimuths show two Fermi level crossings@see Figs. 3 and
4~a!#. These were fitted by a pair of Gaussians, following
method developed for accurately determining band width53

Only the peak positions and the combined intensities of
two Gaussians were varied, together with a background.
widths s were held fixed with a linear energy dependen
s(E)5a1b•(EF2E). The coefficientsa andb were deter-
mined by a two-Gaussian fit atEF @open triangles in Fig.
5~b!#, and by a single-Gaussian fit below the bottom of t
band@full triangles on the left side of Fig. 5~b!#. Likewise,
the intensity ratio of the outer to the inner Fermi level cro
ing was kept fixed at 1.3. With these constraints it is poss
to extract reliable positions for the energy contours ev
when they are starting to overlap as we go down in ene
@Figs. 4~b! and 4~c!#.

The bottom of the adatom bands at20.28 eV was deter-
mined by three methods, which gave similar results rang
from 20.37 eV to20.25 eV. First, the full width half maxi-
mum of the dark spots at the bottom of the band in Fig. 4~c!
was determined as a function of energy@Fig. 5~b! full tri-
angles#. Starting below the band, their width remains nea
constant until20.28 eV, where it begins to increase sharp
@fine arrow in Fig. 5~b!#. That suggests an electron pock
beginning to open up. The second method starts from ab
and measures the constant energy contours@compare the
loops in Figs. 4~a! and 4~b!#. A parabolic fit in this regime
@dashed line in Fig. 5~a!# gives values of from20.28 to
20.25 eV for the bottom of the band, depending on
energy range of the fit. In both cases we are able to perf
a symmetry check between the two equivalent@ 1̄21̄# and

@21̄1̄# azimuths, which are represented by triangles point
up and down in Fig. 5. A third signature of the bottom of t
band is a small feature that appears at20.37 eV in Fig. 2
~bottom! and at20.30 eV in Fig. 2~center!.

III. ADATOM STATES AND FERMI SURFACE

The metallic character of the Si~111!737 surface is due to
adatom states straddling the Fermi level. The Fermi cu
observed in photoemission sharpens at low temperature
to the narrower Fermi-Dirac distribution. It also shifts dow
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wards in energy due to a photovoltage that builds up as
carrier lifetime increases. This photovoltage effect is d
cussed in more detail in Sec. II. Our data are consistent w
a metallic surface at low temperature, but we cannot excl
a small gap of the order 0.05–0.07 eV opening up.36 In the
following, the Fermi levelEF always designates the appare
high-energy cutoff of the spectra, but it is understood that
actual Fermi level could lie up to 0.07 eV higher.

For establishing a Fermi surface we plot the angular p
toemission pattern atEF @Fig. 3~a!#. High-photoemission in-
tensity is shown in dark for better visibility. Even these ra
data exhibit a well-defined fine structure that has not b
observed before. The features are consistent with the cry
symmetry, where6q@ 1̄10# are equivalent by mirror symme
try. Residual up-down asymmetries are due to the differ
orientation of the polarization vector for6q@ 1̄10# ~see Sec.

FIG. 5. Quantitative results on the adatom bands of Si~111!737
and comparison with theoretical models.~a! E(ki) band dispersion

for the two equivalent bands along the@ 1̄21̄# and @21̄1̄# azimuths
~up and down triangles! obtained from a fit to a single, paraboli
band~dashed line!. The three occupied adatom bands predicted
local density theory~Ref. 25! are shown as full lines after stretchin
them by a factor of 2.2 in energy.~b! Width of the electron pockets
near the bottom of the band~full triangles!. A sudden increase a
20.28 eV indicates the bottom of the adatom bands.
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10 850 PRB 61R. LOSIO, K. N. ALTMANN, AND F. J. HIMPSEL
II !. A smoothened, logarithmic plot of the same data in F
3~b! covers the large dynamic range better. It exhibits t
nearly-circular features that are represented schematical
Fig. 3~c!. These loops lie 120° apart along the equivale

@ 1̄21̄# and@21̄1̄# azimuths of the~111! surface@dashed lines
in Fig. 3~c!#. A mirror-symmetrized and smoothened versi
of the raw data is shown in Fig. 4~a!. Additional data at20.1
and20.3 eV demonstrate a rapid change with energy, i.e
strongE(k) dispersion that has not been resolved previou
Minima at the center of the Fermi loops turn into maxima
20.3 eV @dark spots in Fig. 4~c!#. In the following, we will
discuss the overall intensity distribution first, then come
the topology of the Fermi surface, and eventually procee
a quantitative analysis of the Fermi surface and band wi

Most of the photoemission takes place in a small fract
of the 131 Brillouin zone. This becomes obvious when u
ing Fig. 4~d! as template for overlaying various surface Br
louin zones onto the data in Figs. 4~a!–4~c!. Clearly, the 49
hexagons that form a honeycomb of 737 cells are not all
equivalent to each other as far as the intensity is concer
For example, the pointK̄737564/7K̄131 is more than 20
times brighter thanK̄737561/7K̄131 , even though these
points are equivalent in the 737 Brillouin zone. An equally
dramatic intensity change can bee seen in Fig. 2 by com
ing the top and middle spectrum at the Fermi level. T
variation must be due to the photoemission matrix eleme52

uM f i u2'u^ f uA•Pu i &u2. Apart from the momentum operatorP
there are three components that can give rise to a modula
of the photoemission intensity ink space, i.e., the final stat
^ f u, theA vector, and the initial stateu i &. The smooth varia-
tion of theA vector has been removed from the data alrea
~see Sec. II!. Final state effects can be tested by varying
photon energyhn. While the energy of the surface stat
remains unchanged at fixedki, there are large variations i
the relative intensity of the adatom and rest atom states~not
shown!. The final state effect in photoemission may
viewed as photoelectron diffraction at the 737 lattice. More
precisely, the final state in photoemission is the time-reve
of the state that describes low-energy electron diffract
~LEED!.52 It is well known that the LEED spots of the 7
37 surface exhibit a large structure factor near the h
order reflections8 since the adatoms are arranged locally in
232 structure. The initial stateu i & can play a similar role,
because its wave function contains strong 232 Fourier com-
ponents as well. One way of finding out about this effec
the use of band calculations14 for the 232 adatoms structure
They place a local minimum of the adatom band along
boundary of the 232 Brillouin zone with the bottom a
M̄232 @see Fig. 4~d! open circle#. Taking the occupied band
width as a measure of the density of states available
photoemission one would expect the highest photoemis
intensity near the boundary of the 232 zone@see Fig. 4~d!#,
in qualitative agreement with the observations. The inten
maximum of the Fermi surface nearK̄232 is likely to be
caused by a coincidence of several factors: The Fermi
faces of three adjacent 737 cells connect at this point, th
structure factor is largest near the boundary of a 232 Bril-
louin zone, and theA•P matrix element has a maximum i
the polarization plane (q@112̄#50°.)

The topology of the 737 Fermi surface has to follow th
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periodicity of the 737 honeycombs in Fig. 4~d!, indepen-
dent of strong intensity modulations. That can be tested
overlaying the emission patterns in Figs. 4~a!–4~c! onto the
rectangular box in Fig. 4~d! and comparing them to the hon
eycomb of dotted 737 unit cells. A pair of faint Fermi loops
is observed along the equivalent@ 1̄21̄# and@21̄1̄# azimuths

@Fig. 4~a!#. They are centered atḠ73754/7M̄1315(2/7,0).
These loops shrink in diameter at20.1 eV @Fig. 4~b!#, and
close completely into spots at20.3 eV@Fig. 4~c!#. The cor-
responding 737 cell is outlined as bold hexagon in Fig
4~d!. A similar, but weaker pair of loops appears at20.1 eV

in a neighboring 737 cell, which is centered atḠ737

5(3/7,21/7) using 131 basis vectors along the@21̄1̄# and

@112̄# directions. That cell corresponds to the heavy-das
hexagon in Fig. 4~d!. These weaker loops turn into to a se
ond pair of spots in Fig. 4~c!. All four spots observed at the
bottom of the adatom band in Fig. 4~c! match the centers o
737 cells in Fig. 4~d!~filled dots weaker!. That is consistent
with band calculations for the 737 surface,25 which find the

bottom of the lowest adatom band atḠ737 . Thus, the fine
structure of the Si~111!737 Fermi surface reflects the 737
periodicity in k space with the loops lying close to the ci
cumference of the 737 cells, and the bottom of the band
the center.

A quantitative analysis of the Fermi surface and the ba
dispersion is presented in Fig. 5. For this purpose we h
taken cuts of the photoemission intensity along the@ 1̄21̄#

and @21̄1̄# azimuths which pass through the centers of
two most intense Fermi loops. A fitting routine described
the end of Sec. II allows us to extract anE(ki) band disper-
sion @triangles in Fig. 5~a!# and an accurate position for th
bottom of the band@Fig. 5~b! fine arrow#. The reliability of
the data can be judged from a symmetry check between
equivalent@ 1̄21̄# and@21̄1̄# azimuths~triangles pointing up
and down, respectively!.

As the simplest interpretation of the data we show a pa
bolic fit as dashed line in Fig. 5~a!. Such a single-band mode
gives an electron pocket centered atki50.56 Å21. This lo-
cation agrees with the center of a 737 Brillouin zone at

Ḡ73754/7M̄13150.54 Å21 within our absolute angular ac
curacy @compare Fig. 4~d!, the full circle inside the bold
hexagon#. For clarity we have shifted the data points b
0.017 Å21 in Fig. 5~a!, such that they are centered at th

exact location of theḠ737 point. The center of this pocke
lies between the points where band calculations for)3)

and 232 model structures predict electron pockets@M̄232

50.48 Å21, K̄)3)50.63 Å21; open circles in Fig. 4~d!#.
The diameter of the electron pocket at the Fermi surfac
0.26 Å21, which comes close to the diameter of a 737 unit

cell @M̄737Ḡ737M̄73750.27 Å21, see the dashed vertica
lines in Fig. 5~a!#.

Such a simple one-band analysis cannot be the full
swer. The band filling of 5–6 electrons requires at least 21

2 of
the 12 adatom bands in a 737 unit cell to be occupied~see
Sec. I!. Therefore, we have to assume that the two ot
adatom bands are either suppressed in intensity or that
single parabola represents an unresolved set of three ba
In order to give a flavor of a more realistic band structure
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plot calculated 737 bands25 in Fig. 5~a! as full lines. They
had to be stretched by a factor of 2.2 in order to match
observed band width~more on that in Sec. V!. In such a
three-band interpretation one has small electron pockets
tered at the 737 zone boundaryM̄737 , instead of large

pockets surroundingḠ737 . The data points atEF in Fig. 5~a!
are consistent with both interpretations. The shrinking of
Fermi loops belowEF in Fig. 4 seems to favor the singl
band explanation, but a closer look at the images expe
from superimposing unresolved, multiple bands leaves
three-band model equally viable. The observation of a se
rate feature near20.3 eV in Fig. 2~center and bottom! fa-
vors multiple bands.

IV. REST ATOM STATES

The rest atom states form a lone pair when conside
them as localized orbitals. In a band picture one expec
completely filled surface state band, which is indeed w
one finds~see Fig. 2!. There is a small, but measurableE(ki)

band dispersion of 0.16 eV from20.87 eV atḠ131 to 20.71
eV nearK̄131 . It demonstrates that this state is somew
delocalized. The width of the adatom state~0.3 eV FWHM!
is larger than the dispersion, but its non-Lorentzian l
shape indicates that it consists of unresolved subbands. F
the lone pairs at the 6 rest atoms in the 737 cell one expects
6 fully occupied adatom bands, plus an additional band fr
the corner hole atom. The fact that the band dispersion d
not follow the 737 periodicity suggest a strong modulatio
of the subband intensities similar to the matrix element
fects discussed in Sec. III for the adatom bands. Instea
going into details of the rest atom bands we focus onto
adatom states at the Fermi level, which have a much la
impact on the theoretical understanding of the Si~111!737
surface.

V. IMPLICATIONS ON THEORETICAL MODELS

A variety of theoretical models have been used to
scribe the electronic structure, starting either from an ato
orbital picture of broken bonds or from a band picture
delocalized electrons. Recent calculations explore the
charted territory in between, where the band structure
strongly affected by electron correlation effects. We will pr
ceed in this order and discuss how our data eliminate s
of these concepts and put constraints on others.

Localized orbital models of the Si~111!737 bands can be
disposed of rather quickly by our observations. The fact t
we are measuring a significant band dispersion shows cle
that a description in terms of sharp energy levels is in
equate. This conclusion is reinforced by our observation o
band that crosses the Fermi level and forms a 737-like
Fermi surface.

In a band model of the Si~111!737 surface states, on
expects a metallic surface because of the odd numbe
electrons per 737 unit cell. The 19 broken bonds provide 1
electrons that are to be distributed among the rest atom
adatom bands. Assuming lone pairs on the 6 rest atoms
the corner atom, one has to place 14 electrons into 7
atom bands that are completely filled. The remaining 5 e
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trons are to be distributed among 12 adatom bands. Su
program has been carried out by local density theory.25

Before discussing such a complex set of bands it is us
to consider simpler band calculations where the electro
characteristics of the 737 structure are derived from smalle
unit cells, such as a)3) structure11 that contains only a
single adatom per unit cell, and a 232 structure14 that con-
tains one adatom and one rest atom. The 232 structure rep-
licates the atomic arrangement on each of the triang
halves of the 737 cell @see Fig. 1~a!#. Local density calcu-
lations for both unit cells give an adatom band that has

minimum at the Brillouin zone boundary along the@ 1̄21̄#

azimuth, which corresponds toK̄)3) and M̄232 @see open
circles in the top half of Fig. 4~d!#. This is exactly the region
where we find the brightest part of the Fermi surface. T
suggests that a modulation of the initial state wave funct
by the local 232 adatom structure plays an important role
determining the photoemission cross section. The)3)
and 232 models have their shortcomings, however. T
)3) structure is metallic with a half-filled adatom ban
but it lacks rest atoms. The 232 structure contains both
kinds of atoms, but is semiconducting. Its single adat
transfers an electron to the single-rest atom, leading to
empty adatom band. In neither case one comes close to
proper band filling of 5

12 for the adatom bands of the 737
structure.

The band width is the principal characteristic of ba
models. We distinguish the combined width of all adato
bands and the width of their occupied portion, which is a
cessible to photoemission. Local density calculations giv
total band width of 0.44, 0.25, and 0.37 eV for the)
3), 232, and 737 structure.11,14,25 In order to obtain a
meaningful occupied band width one would have to adj
the position of the Fermi level for the)3) and 232
structures to the occupancy factor5

12 of the 737 surface.
Simply rescaling the total band width by the occupancy giv
rough estimates of 0.18 and 0.10 eV for the occupied b
width of the 737 surface from the)3) and 232 calcu-
lations. The full 737 calculation comes up with a simila
value of 0.13 eV for the occupied adatom bands.25 These
numbers are to be compared to our experimental band w
of 0.28 eV, which is twice as large@compare Fig. 5~a!, where
the local density bands had to be stretched by a factor of
in order to match the experiment#. This result is reminiscen
of other narrow band systems, such as the F2p valence band
of LiF, where local density theory underestimates the ba
width as well.54

The effective mass at the bottom of the adatom bands
second parameter that can be compared to theory. It co
out close to unity in local density calculations for all thre
unit cells ~)3), 232, and 737!, whereas our data give
an effective mass of 0.23 when interpreted as a single b
@see Fig. 5~a!, dashed line#. After correcting for the factor of
two in the bandwidth discrepancy, there is still another fac
of two discrepancy in the effective mass. That may be
indication that we are observing a superposition of seve
unresolved bands, such as the three adatom bands exp
from local density calculations for the 737 structure@full
lines in Fig. 5~a!#.

The effect of correlations is rather complex for a unit c
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as large as 737. Nevertheless, it has been possible to p
form first principles band calculations and to add correlat
effects, such as an on-site Coulomb interactionU and several
other types of Coulomb interactions between the charges
ting on adatoms and rest atoms.25 The end result of the
many-body calculations is an increased band width t
comes close to the observations. Thus, it appears that c
lations have a significant effect on the adatom states~they
double the band width!, but that they do not destroy the ban
picture altogether. The metallic character derived from
odd number of electrons per unit cell is preserved, at leas
room temperature. For analogous surfaces w
overlayers55–62 however, a complete breakdown of the ba
picture and the electron counting rule has been reported

VI. CONCLUSIONS AND OUTLOOK

In conclusion, we have resolved two-dimensional ene
surfaces for Si~111!737 that contain fine structure corre
sponding to the long-range 737 periodicity. The energy sur
face closest to the Fermi level lies just inside the bounda
of 737 unit cells. While this observation is consistent wi
the Fermi surface predicted by band calculations, the w
of all occupied adatom bands is twice as large as in lo
density theory. Such a large band width can be explai
qualitatively by on-site and off-site Coulomb interactions
et
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troducing correlations between dangling bond electron25

The photoemission intensity is strongly modulated by 232
Fourier components of the initial and final state wave fun
tions, which leads to a radical distortion of the intensity d
tribution among different 737 cells. That suggests a rethink
ing of how to view the band structure and Fermi surface
unit cells as large as 737. Even the very existence of
Fermi surface remains in question. There could be a sm
gap D of the order of 50–70 meV below the Fermi leve
similar to that observed in low-dimensional charge dens
waves.63,64 In that case our data correspond to a pseu
Fermi surface that describes the states at the bottom of
gap. Even more exotic effects are predicted for the 737
surface, such as a Kondo-like peak only a few meV wide25
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