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New surface states on the annealed Ge(111) surface
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From angle-resolved photoemission measurements on the annealed Ge(111)t."-(2X8) surface, de-

tailed dispersions are presented for two previously reported surface-state bands. Additional surface

states dispersing between these bands are observed. The resulting surface-state dispersions show

similarities with recently observed surface-state bands on the annealed Si(111)7X7 surface and with

metal-adatom-induced surface states on Si(111). It is suggested that a similar adatom bonding

mechanism may be present on these surfaces.

The geometric and electronic properties of the annealed
Ge(111) surface have been the object of numerous experi-
mental and theoretical studies. ' In low-energy electron
diffraction (LEED) a complex pattern with —,'-order and
—,
' -order spots has been observed from this surface, 2 but a

definite determination of the corresponding unit cell has
so far not been possible. Among different reconstructions
suggested are the (2X8) (Ref. 2), (8 X 8) (Ref. 3), and c-
(2X8) (Ref. 4). None of these, however, can be directly
related to the LEED patterns actually observed.
Structure-factor cancellations must be assumed to explain
the absence of several superstructure spots for all of the
reconstructions suggested.

In a recent study Yang and Jona' presented a method
for gaining structural information from missing spots in
LEED patterns that favored the c-(2X8) reconstruction,
while the (2XS) reconstruction was ruled out. It can be
argued that since the number of missing spots in the
LEED patterns will be larger for the (8 X 8}than for the
c-(2XS) reconstruction, the latter is the most probable.
The c-(2X8) reconstruction is also supported by reflec-
tion high-energy electron diffraction measurements in
which extra spots consistent with this reconstruction are
present. Although a definite choice between the alterna-
tives cannot be made, the actual surface reconstruction
will be referred to as the c-(2 X 8) reconstruction.

In the first angle-integrated photoemission study on an-
nealed Ge(111) surfaces by Murotani et al. , the existence
of surface-state bands close to the valence-band edge was
suggested. In later angle-resolved work, " two surface-
state bands at = —0.8 and = —1.4 eV below the top of
the valence-band edge were observed. In none of these
studies has surface-state distributions been observed to
show the periodicity of the small superstructure Brillouin
zone. Rather, the observed surface-state bands have been
found to correspond to (1X1) (Ref. 8}or {2X2){Ref. 10)
surface cells, indicating that photoemission is sensitive to
the short-range order of the surface.

In the present study, surface-state distributions not pre-
viously observed for the annealed Ge(111) surface are

presented. Not merely are two almost flat bands present,
but dispersing states are found in between them. Similari-
ties with recent measurements on the Si(111)7 X 7,
Si(111)W3X~3-Al (Ref. 12), and Si(111)~3X v 3-In
(Ref. 13) surfaces are discussed, suggesting similar local
adatom geometries on these surfaces.

The experimental apparatus has been described else-
where. ' For the photon energy range 7.8—11.0 eV, a
total-energy resolution &8 &0.2 eV was obtained (for 10.2
eV, &h =0.05 eV), while the angle resolution of the
analyzer was +2'. A clean and well-ordered c-(2 X 8) sur-
face was produced by argon-sputtering and annealing a
nominally undoped Ge(111) wafer ( =50 0 cm) to
=7SO'C. The base pressure in the ultrahigh-vacuum
chamber was =1X10 ' Torr during the experiments.

In the previous study by Bringans and Hochst, 9 two
pronounced surface-state bands at = —0.8 and = —1.4
eV below the valence-band edge were found for the
Ge(111)c-(2X8) surface. These surface states showed al-
most no dispersion. One additional very weak surface-
state structure just below the valence-band edge ~as also
observed. Yokotsuka et al. ' later repeated this experi-
ment at the same photon energy, iso=21.2 eV, but with
better energy resolution, b,E =0.1 eV, as compared with
&R =0.3 eV in the measurement of Bringans and Hochst.
Two surface-state bands were again present in the later
study but more details of the dispersions were observed.
In one spectrum a "triplet structure" sensitive to contam-
ination was present, and this state was also associated
with the surface.

In the present work the two surface-state bands from
the earlier studies are observed, but additional surface
structures dispersing between the previously observed
surface-state bands are also present. Some parts of the
previously observed dispersions mere not observed in the
present work, indicating that the visibility of the surface
states on the Ge(111)c-(2XS) surface is strongly depen-
dent on the photon energy.

In the analysis of measured spectra the interpretation of
observed structures as surface states is complicated by in-
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terference from direct transitions present due to the low

photon energies used. In previous studies of the cleaved
Ge(ill)2X1 surface' ' for polarized as well as unpolar-
ized light of photon energy 10.2 eV, these bulk transitions
have been investigated in detaiI. The position and intensi-

ty of the direct transitions are therefore known and possi-
ble misinterpretations can be avoided. The surface was
also exposed to various amounts of oxygen and hydrogen
to sort out further the structures originating from the sur-
face. Spectra were also recorded for different angles of
light incidence to determine the polarization dependence
of the features observed. The structures that have been
assigned to surface states are all more stable in energy (for
changes in photon energy} than the calculated direct tran-
sitions. The energy positions of the structures can, how-
ever, have small shifts due to the finite width of direct-
transition features that are close to the surface states. Fi-
nally, the identified surface states are unique for the c-
(2XS) reconstructed surface since structures with the
same energy dispersion have not been seen in our studies
of the (2 X 1) reconstructed surface.

In Fig. 1, spectra recorded along the [110]direction at
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FIG. 1. Photoemission spectra recorded at a photon energy
of 10.2 eV for various angles of emission (8, ) along the [110)
direction. Structures 3—D correspond to surface states. kI

I
is

the component of the wave vector paraHel to the surface plane
and is directed along the [1TO] direction.
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a photon energy of 10.2 eV are shown. The geometry of
the (1X1) and c-(2XS} surface Brillouin zones (SBZ's}
and the various directions probed in the experiment are
shown in Fig. 2. In Fig. 1 four surface-state structures in
the spectra are marked A Dand in—Fig. 3 initial-state
dispersions E&(k~~) for these states are plotted. (Strictly
speaking, these states should be referred to as surface res-
onances when they are within the projected bulk bands. )

For comparison, the dispersions obtained by Yokotsuka
et al. using 21.2-eV photon energy' are also included.
States A and 8 can be seen to coincide with those ob-
served by Yokotsuka et al. The lower part of state C and
the weak structure D are also in agreement with the
dispersions previously observed. One important differ-
ence, however, is the upper part of dispersion C which
was not observed in the earlier measurements, except as a
weak triplet structure in the 8, =10' spectra in Ref. 10.
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FIG. 3. Initial-state energy dispersions for the surface struc-
tures in Fig. 1. Also indicated are the surface-state dispersions
from Ref. 10 (fico=21.2 eV), where strong and weak features
are indicated by (+ ) and (—). Strong and weak structures in
the present study are indicated with solid and open symbols,
respectively. k~~ is directed along the [110]direction.

FIG. 2. Various directions investigated in the photoemission
experiment relative to the (1X1)and c-(2XS) surface Brillouin
zones. The figure shows a single domain of the c-(2X 8) recon-
struction, whereas in the experiment, three (or six, Ref. 4)
domains rotated 120' relative to each other are always present.
Possible reconstruction models other than c-(2X8) exist, see
main text.
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The appeirance of structure C is reminiscent of the "S&
surface state" observed on the Si(111)7X7 surface. '

Similar to the Sz state, state C has a strong dependence
on the incident angle of the light. It is strongly reduced at
normal incidence, when the component of the electric
field vector perpendicular to the surface is reduced, indi-
cating that it is mainly of p, character. The dispersion of
state C is also reproduced at a photon energy of 11.0 eU
(marked with squares in Fig. 3).

Among the different structures observed in the present
study, structure 8 at an initial energy = —1.4 eV below
the Fermi level is the one for which the nature is the most
difficult to determine. In a previous study's of the
Ge(111)2X1 surface, some emission is observed for many
photon energies at about this binding energy. This emis-
sion is probably due to transitions from a high density of
states close to the Li point. 's For photon energies close
to 10.2 eV, a structure corresponding to direct transitions
is also observed near this energy. For increasing angles of
the emission, that structure can be seen to disperse down-
wards in energy, ' '5 unlike structure 8 on the Ge(111)c-
(2X8) surface that has a flat dispersion. Calculated tran-
sitions'5 for the energy region of structure 8 are allowed
for photon energies around 10.2 eV. However, none of
the calculated transitions has the fiat-type dispersion ob-

served for structure 8, but disperses rapidly towards
higher binding energies for increasing k

~~
values.

The dispersion of peak 8 is not marked for emission
angles larger than 12.5' (in the [110) direction), since a
bulk structure observed for the saine bulk directions on
the Ge(1 11)2X1 surface has a dispersion with the same
initial energies for emission angles 15'—20'. Also, a calcu-
lated initial-state dispersion for transitions from the up-
permost valence band to a primary free-electron-like band
is predicted in this region.

Structure 8 has also been observed at higher photon en-
ergies (16.8 and 21.2 eV} in other studies9'o of the
Ge(111}c-(2X8)surface. When the surface is exposed ta
gases, this structure decreases in intensity. Far the photon
energies of 16.8 and 21.2 eV, this effect is very large,
whereas in our study (7.8—11.0 eV) the effect is less pro-
nounced, indicating a lower emission from this surface
state at the lower photon energies. In the present study,
therefore, a strong mixing with emission from a high den-
sity of states close to the L s point is probably present.

The other surface structures in the present study are
more sensitive to gas expasure and the identification of
them is less complicated. As for structure 8 these states
have also been compared with measurements on the
Ge(111)2X 1 surface and with calculatixl bulk dispersions.

In Fig. 4 are shown spectra re:arded along the [121]
direction at a photon energy of 10.2 eV. Corresponding
initial-state dispersions for this direction are shown in
Fig. 5 for several photon energies. In this case alsa four
surface structures (A D) can be—observed that partly
overlap the dispersions obtained by Yokotsuka et al.
Structure C seems to be extended upwards also for this
directian, but it is not clear whether or not it is joined
with state A. At the photon energies of 7.8 and 8.6 eV,
structures A and D are connected by a flat dispersion, in
agreement with the higher surface-state band observed in
Ref. 10. At a photon energy of 11.0 eV the dispersion of
structure C is reproduced. At about —0.4 eV below the
Fermi level, a very weak structure E is observed at angles
corresponding to k~~ values close to the SBZ border at the
M point. This structure is sensitive to contunination,
but, for normal incidence of light, retains the same inten-
sity or even increases shghtly, indicating that this state is
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FIG. 4. Photoemission spectra recorded at a photon energy

of 10.2 eV for various angles of emission (8, ) along the [121]
direc:tion.

FIG. 5. Initial-state energy dispersions for the surface struc-
tures in Fig. 4.
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not of the dangling-bond type with p, character. The
very weak peak observed at about this energy by Bringans
and Hochst was associated with secondary cone emission
from the top of the valence band at I . The emission from
the [211]direction is very similar to that from the [121]
direction, with the same set of structures (A E)—present
(see Figs. 6 and 7). For the three directions probed in the
experiment, all structures assigned as surface states are
found to be sensitive to contamination with oxygen and
hydrogen.

In a study by Himpsel et al. , a similar surface-state
emission was found for thermally and laser-annealed sur-
faces of Ge(111) and Si(111). These surfaces were found
to have two prominent surface states close to the top of
the valence band. These surface states had distributions
in k space consistent with a (1XI) SBZ. In particular,
the lower-lying states were found near the zone boundary
and at the zone center, while the upper state had a distri-
bution that peaked near the zone center but fell off more
slowly in intensity than the lower state when leaving the
center. These findings are in agreement with the intensity
distributions observed in the present work, where struc-
ture 8 and the lower part of C correspond to the "lower"
state and A to the "upper" state.

Further similarities between the annealed surfaces of

This work was supported by the Swedish Natural Sci-
ence Research Council.
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Ge(111) and Si(111) have been found in temperature-
dependent photoemission studies by Yokotsuka et a1."
At elevated temperatures a surface-state structure appears
on the Ge(111) surface just above the Fermi level, with an
angular dependence similar to that of the "metallic" sur-
face state on Si(111)7X 7. In the photoemission studies of
the Ge(111)c-(2X8) and Si(111)7X7 surfaces performed
so far, the surface states have not shown indications of
any of the surface unit cells suggested [(2X8},c-(2X8),
(8 X 8), and (7 X 7)]. The photoemission experiments,
therefore, seem to be more sensitive to the short-range
ordering of the surface, in contrast to, e.g. , LEED which
reveals the long-range periodicity of the surface geometry.

Surface-state dispersions similar to those observed on
the Ge(111)c-(2X8) surface have also been observed on
the metal-overlayer surfaces Si(111}V3 X W3-Al and
Si(111)v3X~3-In (Refs. 12 and 13). The metal-adatom-
induced states on the (111)surface of Si are derived from

p, orbitals on the Si surface atoms coupling to p„and p„
orbitals on the adatoms. ' ' A similar situation is also
found for a (2X2) Si-adatom model' for the Si(111)7X7
surface. In this model the (2X2) surface lattice has a lo-
cal environment similar to that in a model of the (7X7)
surface suggested by Binnig et a1. from scanning tunnel-

ing microscopy. ' Comparing the results of Yokosuka
et al. on the Ge(111)7X7-Sn surface' with the present
measurements, clear similarities with the Sn-induced
surface-state dispersions can be seen. This suggests that a
similar adatom geometry may be present on the (ill)c-
(2X8) and (111)7X7surfaces as well as on the group-III
adatom surfaces on Si(111). Like the adatom-induced
states on the Si(111)~3Xv3-Al and Si(111)v3X~3-In
surfaces, some of the surface states observed on
Si(111)7X7 and Ge(111)c-(2X8) may be derived from
bonding orbitals between "substrate" and adatoms on the
surface. Photoemission studies of differently annealed
Ge(111) and Si(ill) surfaces indicate that laser-annealed
(111)1X 1 surfaces have electronic structures very similar
to the c-(2X8) and (7X7) surfaces. The surface-state
bands may then have the properties of smaller building
units of the surface, e.g., (1 X 1), (2X 1), or (2X2).
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FIG. 6. Photoemission spectra recorded at a photon energy
of 10.2 eV for various angles of emission (8, ) along the [211]
direction.
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FIG. 7. Initial-state energy dispersions for the surface struc-
tures in Fig. 6.
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