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Angle-resolved photoemission data along the T'-J symmetry line in the surface Bril-
louin zone of the Si(111) 2x 1 surface show that there exists only one dangling-bond band.
This fact removes the experimental basis for the introduction of electron correlation ef-
fects for the Si(111) 2x 1 surface. The dangling-bond band shows a large positive energy
dispersion, which favors the recently suggested m-bonded chain model instead of the

widely considered buckling model.

PACS numbers: 73.20.Cw, 68.20.+t, 71.25.Rk, 79.60.Eq

In this Letter we present new angle-resolved
photoemission results which provide evidence for
the existence of one dangling-bond surface-state
band on the Si(111) 2X1 surface. This dangling-
bond band shows a large positive initial-state en-
ergy dispersion along the T-J symmetry line in
the 2x1 surface Brillouin zone (SBZ). This re-
sult is in agreement with measurements, in which
the dispersion relations along the T-J and T'-K
symmetry lines in the 2X1 SBZ for both the dang-
ling-bond and the back-bond surface-state bands
were obtained.!

The initial-state energy dispersion relation for
the dangling-bond band presented here is in dis-
agreement with a recent photoemission study,?
where the existence of two dangling-bond bands
along the T'-J symmetry line was suggested. Our
results are also in qualitative disagreement with
calculated dispersion relations obtained from the
buckling model,®"® which has so far been the most
widely accepted model for the 2X1 reconstruction
of the Si(111) surface.

Experimentally determined dangling-bond bands
along the T-J’ symmetry line” ® have failed in pro-
viding conclusive comparison with the calcula-
tions, since the buckling model gives bands with
small dispersion, and the experiments have not
been consistent concerning the magnitude of the
dispersion. Experiments which present results
along the T'-J or T'-K symmetry lines®’® have in-
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dicated a dangling-bond band with a large positive
dispersion from T to J and K, respectively. A
new “m-bonded chain model” proposed by Pandey'°
gives a single dangling-bond band with a positive
dispersion from T to J. The dispersion relation
obtained from this chain model is similar to the
experimental dispersion presented here, and is
also consistent with the existence of only one ex-
perimental dangling-bond band.

Angle-resolved photoemission spectra were
measured in a UHV chamber at a pressure of 5
X107 Torr. The photoelectrons were excited
with use of monochromatized 10.2-eV radiation
from a hydrogen discharge. The electrons emit-
ted were energy analyzed by a 180° spherical de-
flection analyzer rotatable in the plane of light
incidence. Monochromator slits and analyzer
voltages were set to give a combined energy res-
olution of <0.15 eV in the recorded spectra.

The samples were made from a Si(111) single
crystal of p type (p~43 Q cm), cut into bars with
a square cross section of 5X5 mm?. The Si(111)
bars were cleaved in UHV and on each bar three
different cleavages could be made.

Angle-resolved spectra were obtained from both
single and multidomain cleavages.!! In contrast
to some earlier reports,® we have found a very
high degree of reproducibility of the electronic
structure for different cleavages. For surfaces
with more than one domain, the spectra are con-
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cerning the dangling-bond peak just superposi-
tions of the contributions from the different do-
mains. In fact, we use the photoemission spectra
to check the domain distribution over the surface,
and use low-energy electron diffraction as an ad-
ditional tool to confirm the surface domain assign-
ment after the photoemission studies. The Fermi-
level (E ;) reference was obtained by photoelectron
emission from the Mo sample holder to an ac-
curacy of +0.05 eV.

In Fig. 1 is shown a series of angle-resolved
photoemission spectra for different angles of
electron emission (6,). The azimuthal angle has
been chosen such that the electron momentum
parallel to the surface (%) is directed along the
T-J symmetry line in the 2X1 SBZ. In these
spectra, there is one dominating structure de-
noted A which corresponds to the dangling-bond
surface state. The initial-state energy position
at T (6, =0) is ~0.75 eV below E,. The valence-
band edge, E,, has been obtained by comparing

T T T T
Si (111) 2«1

T
!
hw=10.2 eV !
0;=45° i
- - 1
r-J | : 'Y
A5 65
N
5 g
1"
8240~ e
M
8738~ a7
—_ 1
‘U_) L
E il
S| e~ 143
el 1
8 i
N :I
[ N
Qe — T i _ar
2 . 140
= cl
£ Dy
L
S~ 0
é —— .\ a8
\n 1
- 1
E 1
L
T e
~ !
S~ ul R
— ~1 gi
. 2%
S 1
S5 o
_ N
T [
_— ¢ A
/ 1 oo
— « 0
1 ] 1 1 ol
5 -4 -3 -2 1 0
Eg

INITIAL ENERGY BELOW Ey (eV)

FIG. 1. Angle-resolved photoemission spectra for
different electron emission angles (6,) along the T —J
symmetry line in the 2X 1 SBZ. Peak A corresponds
to the dangling-bond surface state. All displayed spec-
tra are reproductions of the original ones showing the
correct relative intensities.

the position of the bulk structure C for normal
emission with the position of C for the Si(111) 7
X T surface.! This gives E; —E, =0.36 eV.

The initial-state energy position for the dangling-
bond peak moves downwards slightly from normal
emission to 6, = 23°, which corresponds to ~0.5
of the T-J distance. From its minimum the ini-
tial-state energy position disperses rapidly up-
wards to reach its highest energy 0.10 eV below
E, at the J symmetry point (6, =47°). For emis-
sion angles 6, >47° the surface state disperses
downwards, showing symmetry in energy position
around the J point. The dispersion relation for
the dangling-bond band along the T-J symmetry
line is shown in Fig. 2, where the 2X1 SBZ ap-
pears in the inset. For %, values close to T we
have drawn the dispersion with a dashed line, in-
dicating an uncertainty in the peak positions.

This uncertainty is due to the existence of a back-
bond surface state which is close to or degenerate
in initial-state energy with the dangling-bond
state near T.!

The existence of two flat dangling-bond bands
has been suggested from photoemission experi-
ments?; one band lying 0.7 eV below E, with
strong emission intensity near T, and the other
0.15 eV below E, with strong emission intensity
near J. However, the intensity variations in the
emission from the two bands proposed was such
that it appeared as if there was one strong peak
dispersing from — 0.7 eV at T to —0.15 eV at J.

In Fig. 3 we show three spectra for 6, =23°,
35°, and 47°, respectively, with an extended en-
ergy scale. The spectrum for 6, =23° shows the
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FIG. 2. Initial-state energy dispersion for the dan-
gling-bond band along the T—J symmetry line in the
2x1 SBZ, as obtained from the energy positions of
peak A in Fig. 1. Also shown is the 2x 1 SBZ with the
symmetry points indicated.
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FIG. 3. Spectra showing the initial-state energy
position and width of the dangling-bond surface-state
peak (A) at three % points on the ['—J symmetry
line. The %, points correspond to the minimum (6,
= 28°), intermediate (6, = 35°), and maximum (6§ =47°)
initial-state energy positions. The FWHM (0.4 eV) of
the surface state at the intermediate energy position
is much smaller than the energy difference between
maximum and minimum peak positions (0.8 eV).

lowest initial-state energy position for the dan-
gling-bond state. The spectrum for 6,=47° shows
the peak position at J and for 6, = 35° the peak has
an intermediate energy position. The full width
at half maximum (FWHM) for the peaks at 6,
=23° 35° and 47° are 0.5, 0.4, and 0.3 eV, re-
spectively. If one assumes the existence of two
flat bands, the peak for 6, = 35° would then be due
to the superposition of the peaks at 0.90 and 0.10
eV below E,. From the FWHM’s and the separa-
tion between these two peaks it is clear that such
a superposition results in a fwo-peak structure.
In the spectrum for 6, =47°, there is a weak
peak on the low-energy side of the dangling-bond
peak at about 0.75 eV below E,. A shoulder at
approximately this initial-energy position was
observed near the J point in Ref. 2 and was there
interpreted as being due to the lower-lying dan-
gling-bond band. Having studied the intensity
variation of this peak with different surface con-
ditions, we conclude that the appearance of the
peak in our spectra is due to multidomain effects.

If more than one 2X1 domain is present on the sur-

face, we will get a superposition of the dangling-
bond emission from the T-J symmetry line and
a direction 60° from that line in the SBZ. Spec-
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FIG. 4. The dangling-bond peak position is found at
—0.75 eV for an electron emission angle of 47° in an
azimuthal direction 60° from the T—J symmetry line,
as shown in spectrum a. At the J symmetry point the
dangling-bond peak is found at — 0.10 eV, spectrum c.
Spectrum » which was obtained from a multidomain
surface shows two dangling-bond peaks which are just
the superposition of the dangling-bond peaks corre-
sponding to the two & points a and ¢ in the 2x 1 SBZ
in the inset.

trum «a in Fig. 4 was obtained for an electron
emission angle 6, =47° along an azimuthal direc-
tion 60° from the T-J line. In this spectrum the
dangling-bond peak is observed at — 0.75 eV,
which is the same position as for the additional
peak near J (see spectrum c). Spectrum b in
Fig. 4 was obtained on a sample where the multi-
domain effect was large, giving rise to two peaks
of about the same intensity at - 0.10 and - 0.75
eV. This spectrum also shows that the two peaks
with an energy difference of 0.65 eV, which is
less than the difference between the maximum
and minimum energy positions of the dangling-
bond band, appear to be well separated and can-
not possibly give rise to a single peak at an inter-
mediate initial-state energy. The choice of a
light incidence angle (6;) of 38° has made the
—0.75 eV peak near J appear as separated from
the — 0.10 eV peak. For 6,=50° the emission in-
tensity of the — 0.10 eV peak increases by a fac-
tor of 1.4 making the — 0.75 eV peak appear as a
shoulder on the low-energy side of the dangling-
bond peak, with a shape similar to that of the
spectrum near J in Ref. 2. Experimental data
have thus shown that there exists only one dan-
gling-bond band, with a bandwidth of 0.8 eV along
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the T-J symmetry line.

By reinterpreting the experimental data in Ref.
2 as being due to a single dangling-bond band with
a large positive dispersion, one obtains a unified
picture of the dangling-bond dispersion along the
T-J line. The energy positions of —0.75 eV at T
and - 0.10 eV at J reported here are in good
agreement with — 0.70 eV at T and - 0.15 eV at
J from Ref. 2. We have though obtained a larger
value for the total bandwidth (0.8 eV compared
with 0.55 eV). This difference is due to the fact
that we observe a minimum in the initial-state
energy position for %, values for which no data
are presented in Ref. 2.

The suggested existence of {wo dangling-bond
bands led to the consideration of electron correla-
tion effects for the Si(111) 2% 1 surface.'®*® In-
cluding correlation effects for the 2X1 buckling
model leads to a splitting of the dangling-bond
band into lwo spin-polarized bands with negative
dispersion. The experimental evidence of one
dangling-bond band presented here removes the
experimental basis for introducing correlation
effects for the Si(111) 2X1 reconstructed surface.

After establishing the one-electron band picture
of the Si(111) 2% 1 dangling bond and its large
positive dispersion, a reevaluation of the buckling
model seems necessary. A larger positive dis-
perison for the dangling-bond band is expected
for a reconstruction where the dangling bonds
overlap more strongly than can be obtained with
the buckling model. The m-bonded chain model
recently suggested by Pandey!® gives such an in-
crease in overlap, and the resulting dispersion
shows reasonable agreement with the results pre-
sented here concerning shape and bandwidth.
Along the T-J’ line we find a dangling-bond band
with very small dispersion, and at the K point
the initial-state energy is about 0.1 eV higher

than at the J point. These results are also con-
sistent with the calculated bands for the chain
model.
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