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Occupied electronic structure of Au and Ag on Ge(111)
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The surfaces formed by the vapor deposition of Au and Ag on c(2X8)Ge(111) were probed with

the technique of synchrotron-radiation angle-resolved photoelectron spectroscopy (ARPES), as well

as low-energy electron diffraction and Auger-electron spectroscopy. Depositions were performed

with the substrate at room and elevated temperatures (T=300—350 C) and both the valence and

core states were sampled with ARPES. Extensive studies were made of the occupied electronic
structure of the (&3X&3)R30' surfaces, which are formed by the deposition of small amounts of
Au or Ag onto an elevated-temperature Ge(111)substrate. The results of these experiments indicate
that the d states of the metal overlayer are atomiclike and that specific occupied electronic states
can be associated with the (&3X &3)R30 surface structure. Investigation of the electronic struc-
ture of surfaces formed by deposition onto a room-temperature substrate indicates that a bulklike

metallic valence-band structure is developing by coverages of 5 or more monolayers. These results

and the subtle variations between the Au and Ag systems are discussed.

I. INTRODUCTION

This work is part of a continuing effort to understand
the fundamental interactions between metal overlayers
and semiconductor substrates. Most of the research in
this field has thus far been applied to the technologically
important Si substrate. To attain a broader-based under-
standing of the metal-semiconductor interface, it is desir-
able to study the interfaces of metals deposited onto other
semiconductors, such as Ge.

In this paper we present novel results for the systems
Au/Ge(111) and Ag/Ge(111). In particular, the occupied
electronic structure of the low-coverage, high-
temperature (&3X &3)R 30' surfaces and high-coverage,
room-temperature overlayers has been probed. These
structures, plus insights concerning the growth modes of
Au and Ag on Ge(111)at room and elevated temperature,
will be discussed. Prior to this study of the occupied
electronic structure, other investigations of Au and Ag
on Ge(111) had been performed. For example, a study of
the unoccupied electronic structure of these same inter-
faces was recently completed in this laboratory. ' Previ-
ous to that, other investigators have studied various as-
pects of these interfaces, using a variety of techniques.
Extensive investigations of the growth mode of Ag and
Au (particularly Ag) for depositions onto a Ge(111) sub-
strate held at room and elevated temperatures are de-
scribed in Refs. 2 —4. The techniques used in their studies
include reAection high-energy electron diffraction
(RHEED), low-energy electron diffraction (LEED),
Auger-electron spectroscopy (AES), and thermal-
desorption spectroscopy (TDS). Wachs et al. ' and oth-
ers ' have studied the surfaces formed by deposition of
Au and Ag onto near-room-temperature Ge(111) sub-
strates using angle-integrated photoelectron spectros-
copies. Core levels and the valence bands were investi-
gated in these experiments. However, to the best of our
knowledge, this work and that in Ref. 1 are the first re-

ports of energy- and momentum-resolving studies of the
electronic structure of these interfaces.

In this paper we present the results of investigations
into the occupied electronic structure of surfaces formed
by deposition of Ag and Au onto RT (room temperature)
and ET (elevated temperature) c(2X 8)Ge(111) sub-
strates. These valence-band and core-level ARPES re-
sults will be interpreted in the context of previously
presented models for the growth of these overlayers.
In particular, the interfaces formed by deposition of small
amounts [-0.5 monolayers (ML)] of these metals onto
an ET substrate were extensively examined. Such
evaporation conditions result in a surface known as
( &3 X V'3 )R 30'I /Ge(111), where X = Ag or Au (Refs.
2 —4) Lthese structures will be referred to as (&3X V3)Ag
or ( V 3 X &3)Au]. Similar structures can form by deposi-
tion of Ag onto a heated Si(111)substrate" ' and com-
parison of the results and interpretations of the
(&3X &3)Ag/Ge(111), (+3X +3)Au/Ge(111), and
(&3 X &3)Ag/Si(111) interfaces will be made.

High-coverage depositions ( ~ 5 ML) of Au or Ag onto
a room-temperature Ge(111) substrate give rise to valence
spectra and electronic structures that bear a striking
resemblance to those of Au(111) and Ag(111), respective-
ly. The results for these surfaces and the &3 X&3 struc-
tures, as well as those for a variety of coverages deposited
both at room and elevated temperatures, will be com-
pared to previous published growth models.

The remainder of this paper is organized as follows.
The experimental procedures and conditions will be de-
scribed in Sec. II. In Sec. III the results will then be
presented and discussed. Finally, a conclusion will be
presented in Sec. IV.

II. EXPERIMENT

The experiments were performed in a vacuum chamber
containing an angle-resolved photoelectron spectrometer.
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The chamber also houses instrumentation for performing
(visual observation) LEED and AES with the LEED op-
tics, ion etching, sample heating and manipulation, and
metal evaporations. The base pressure in the chamber
was near 5X10 ' Torr. During heavy evaporations
(several monolayers or more) the pressures would rise
into the 10 Torr range.

The 99.999%%uo-pure Ge(111) crystal was purchased,
previously cut, and polished to within 1' of the (111)crys-
tallographic plane. The sample is a p-type crystal which
has been doped with Ga (resistivity of approximately
2.0X10 Qcm). A chemical etch of hydrofluoric
acid was used to remove the surface layers. ' In vacuo
sample cleaning was accomplished by continuous argon-
ion etching, at pressures of 10 Torr, while cycling the
temperature of the sample from near room temperature
to 600'C. After these cleaning cycles, the ion etching
was stopped and the sample was annealed to tempera-
tures of 600 C to reorder the surface, as confirmed by
LEED observations. The surface displayed a LEED pat-
tern corresponding to the c(2X8)Ge(111) reconstructed
surface. In the position of the one-half-order spots, a
"crosslike" pattern was observed indicating that the one-
eighth- and one-half-order spots were not being resolved.
Other authors have made similar observations for
Ge(111). AES was performed on the clean, annealed
surface to determine levels of contamination. Carbon,
sulfur, or oxygen were not observed in the AES spectra
above the level of the noise. The noise to Ge (47 eV) sig-
nal ratio was approximately 0.004. Similar AES experi-
ments were performed after depositing Ag or Au and
after the photoemission measurements were complete.
These experiments did not reveal any contamination.
However, some contamination peaks are interfered with
by adsorbate peaks. For example, in the case of surfaces
with Ag overlayers, observation of a potential carbon
AES signal (270 eV) is made difficult by a Ag AES peak.

Au or Ag was evaporated by resistively heating a cone
of W wire which contained the metal of interest. The W
wire was enclosed in a shuttered housing which also con-
tained a quartz-crystal oscillator. The quartz-crystal os-
cillator was used as a thickness monitor or microbalance
and was calibrated through the use of LEED and AES.
Typically, this calibration consisted of evaporating Au or
Ag onto a heated (T=300'C for Au; T=350'C for Ag)
Ge(111) substrate. When the metal AES signal is plot-
ted versus the thickness-monitor reading, a strong "break
in slope" at a specific coverage can be observed, as dis-
cussed by Le Lay. For the case of Ag, Bertucci et al.
determined the break in slope to be 0.46 Ag(111) ML. "
The coverage corresponding to the break in slope for the
Au calibration curves has not been as well determined.
However, in analogy to the Ag/Ge(111) result and be-
cause of the similarity of the Au and Ag LEED and AES
observations, as mell as their essentially identical lattice
parameters, the break-in-slope coverage is assumed to be
0.46 Au(111) ML. Generally, the thickness-monitor out-
put is used as a guide and the ultimate coverage deter-
minations are made by comparing LEED and AES obser-
vations to the calibration results. Usually, agreement is
quite good. However, in this case the calibration curves

are of limited value for determining coverages greater
than 0.46 ML. This is due to the small increase in the
metal AES signal, as the coverage is increased, for depo-
sitions performed on an ET substrate. Coverages were
therefore determined by using the calibrated thickness-
monitor readout. AES and LEED were performed on all
surfaces prepared and these results were internally con-
sistent with the calibration and other previous results.
Based on the reproducibility of the calibration curves, it
is estimated that the coverages are known to 25%%uo or
better.

The ARPES experiments were performed on the 1-
GeV storage ring of the University of Wis-
consin —Madison Synchrotron Radiation Center
(UWSRC), Stoughton, WI, using a spectrometer 5'

which was built in-house. The spectrometer consists of a
hemispherical electron-energy analyzer which is mounted
on a two-circle motion goniometer. A double-Einzel lens
is mounted on the front of the hemispheres to collect and
focus a small solid cone (approximately +3') of electrons
into the hemispherical analyzer. The pass energy of the
analyzer was set at 10 eV and this corresponds to an
electron-energy bandpass (full width at half maximum, or
FWHM) of 0.070 eV.

In the collection of the data, two di6'erent monochro-
mators were used, the normal-incidence monochromator
(NIM) and the stainless-steel Seya (SSS) monochromator.
The NIM was capable of providing photons from 8 to 50
eV energy through the use of two gratings. The total in-
strumental bandpass (FWHM) using the high-energy
grating of the NIM was experimentally determined from
the widths of Fermi-edge steps obtained from spectra of
heavy coverages of Ag and Au on Ge(111). Thermal-
broadening contributions were removed by subtracting in
quadrature. For this grating, the total instrumental
bandpass was determined as being 0.11 eV at 18 eV pho-
ton energy and increased to 0.16 eV at 50 eV photon en-
ergy. Based in part on an evaluation performed by the
UWSRC, the total instrumental bandpass using the low-
energy grating of the NIM is estimated to be 0.10 eV or
less at photon energies of 18 eV or less. The SSS mono-
chromator provided photons from 10 to 30 eV. General-
ly, parameters that gave rise to a total instrumental
bandpass of 0.08 eV at 10 eV photon energy and 0.25 eV
at 30 eV photon energy were utilized. However, for sur-
faces composed of heavy coverages of metal, conditions
were modified such that the total-energy bandpass was
0.07 eV at 10 eV photon energy and 0.14 eV at 30 eV
photon energy. The energy bandpass values reported
here for the SSS monochromator were experimentally
determined from Fermi-edge widths as described above.
Typically, the linearly polarized light was incident at an
angle of 60, relative to the surface normal. The polariza-
tion was in the plane defined by the Poynting vector of
the light and the surface normal. Figure 1(a) illustrates
the experimental geometry for the in-plane ARPES ex-
periments in which the sampled emission direction was in
the plane defined by the incident light and the surface
normal. For polar emissio~ angles greater than 50', an
incident angle of 45' was used to reduce the chance of
rejecting light into the analyzer. The out-of-plane
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FIG. 1. The sample geometry used in the ARPES experi-
ments is shown in this figure. {a)displays the in-plane geometry,
while {b) displays the out-of-plane geometry. For the in-plane
geometry, an angle of incidence of the light of 60, relative to
the surface normal, was used for angles of emission from 0 to
50. For angles of emission greater than 50', an angle of in-

cidence of 45 was used to avoid reAecting light into the
analyzer. The angle of incidence for all of the out-of-plane ex-
periments was 60'.

performed on a RT Ge(ill) substrate nearly layer-by-
layer growth occurs whereas for depositions performed
on an ET substrate the growth mode is Stranski-
Krastanov (completion of a layer followed by island
growth). Furthermore, it was determined that the AES
break-in-slope coverage (0.46 ML) corresponds to the
completion of the ( &3 X &3 )Ag structure. Generally,
the results of the combined LEED, AES, and ARPES in-
vestigation presented here are in agreement with those
previously reported observations and their proposed
growth modes of Ag on Ge(111), both at RT and ET.
Slight deviations were observed and those are described
elsewhere. Because of their novelty, the ARPES results
will be emphasized here.

The strong dependence of the spectra and electronic
structure of the Ag/Ge(111) interface upon both cover-
age and substrate temperature is illustrated in Fig. 2. In
this figure are normal-emission photoelectron spectra ob-
tained from surfaces prepared both with the Ge at RT
and ET. These spectra were acquired using a photon en-
ergy of 50 eV on the NIM. Data were also collected at
other photon energies (hv=10, 18, 21, 30, and 40 eV),
which also often exhibited the characteristics described
below. The spectra include both the valence bands and
the Ge 3d core level near B =30 eV. (Note that B is
the binding energy with respect to the Fermi energy. As
mentioned above, Fermi energies can be determined from
high-coverage, room-temperature depositions. ) The spec-
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geometry is shown in Fig. 1(b). In this geometry the
emission plane and incident light plane are perpendicular
to one another. The incident angle for all of the out-of-
plane experiments was 60'.

Orientation of the samples was performed through the
use of laser alignment and LEED. An estimate of the er-
ror associated with these techniques is 1 . The samples
were at or near room temperature for all of the photo-
emission measurements.
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III. PHOTOEMISSION RESULTS
AND DISCUSSION

This section is organized as follows. The results con-
cerning the Ag/Ge(111) system will be discussed before
those of the Au/Ge(111) system. For each metal, the
growth modes at RT and ET will be described and the
&3 X &3 structure will be analyzed.

A. Ag/Ge(111)
/

1. Growth modes and high-coverage depositions
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The growth modes of Ag on Ge(111) have been previ-
ously reported in Refs. 2—4. It was determined that very
di6'erent growth modes occur depending upon the sub-
strate temperature during deposition. For depositions

FIG. 2. Normal-emission ARPES spectra obtained with 50
eV photon energy are shown in this figure. Spectra of samples
prepared by deposition of Ag onto a substrate at room and
elevated temperature are included.
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tral structure in the region of the valence bands changes
dramatically upon addition of 0.5 ML of Ag onto either a
RT or ET Ge(111) substrate, relative to the spectrum ob-
tained from a clean Ge(111) surface. The prominent
features observed near B =5—6 eV are due to the Ag 4d
valence states. These states have a large photoionization
cross section relative to that of the Ge valence bands and
dominate the low-B region of the spectra at this photon
energy. Small but significant differences in the binding
energies of the Ag 4d features can be observed between
the spectra obtained from surfaces prepared at RT and
ET. The Ag 4d states from surfaces prepared at ET are
at larger values of 8 (5.3 and 6.2 eV) than those states
for surfaces prepared at RT (5.2 and 6.0 eV). Dissimilari-
ties were likewise discerned in the LEED patterns. The
(+3X+3)Ag pattern was seen in the case of the surface
prepared at ET. The LEED pattern from the surface
prepared at RT resembled that which could be expected
from a layer or islands with a Ag(111)-like structure,
growing in both perpendicular and parallel epitaxy to the
Ge(111) substrate. [It is not clear to us, however, what
the structure of this RT Ag/Ge(111) surface is.] These
observations indicate that the surface structures associat-
ed with depositions of 0.5 ML of Ag onto a RT and ET
substrate are different.

More pronounced variations between the spectral
features of the RT and ET interfaces can be seen at
higher coverages. Spectra from surfaces prepared by
deposition of 9.2 ML of Ag onto a RT and ET substrate
are also shown in Fig. 2. But before discussing the
differences between the 9.2-ML ET and RT spectra, the
following will be considered. The 9.2-ML ET spectrum is
strikingly similar to the one obtained from the surface
prepared by deposition of 0.5 ML of Ag onto an ET sub-
strate. This result is somewhat surprising. In view of the
increase of coverage of nearly 20-fold, one would expect
to see considerable change in the electronic structure of
the valence bands. Normal-emission ARPES spectra
were obtained from surfaces prepared by deposition of
9.2, 18.4, and 55.2 ML of Ag onto an ET substrate at this
and other photon energies (not shown). These data in-
dicate that only a slight perturbation of the Ag 4d
features can be observed even at very large coverages.
The ARPES results described here are consistent with
those reported in AES studies ' of such surfaces
prepared at ET. In those AES investigations, it was re-
ported that the Ag AES signal (350 eV) does not increase
substantially with increasing coverage nor does the
LEED pattern lose its &3 X v 3 characteristics, for cover-
ages greater than the break in slope. We have duplicated
these AES and LEED results in parallel with our ARPES
studies in order to provide an absolute correlation. The
earlier LEED and AES observations were interpreted in
terms of a Stranski-Krastanov growth model where the
(+3X+3)Ag structure is complete at 0.46 ML and
where at increasing coverages Ag(ill)-like islands are
forming on top of the V'3XV'3 surface. If the surface
area covered by the islands is not increasing with cover-
age, then the signal (both ARPES and AES) should not
change appreciably with increasing metal deposition.
This suggests that significant areas of the surface are ap-

parently not covered until 18.4—55.2 ML of Ag has been
deposited. These hypotheses are also supported by the
LEED patterns observed from these surfaces. A LEED
pattern corresponding to the (&3X+3)Ag structure is
observed at all of these coverages, indicating that the is-
lands are not affecting the long-range order on the sur-
face. Note, however, that the interpretation here is made
entirely in the context of the model developed earlier.
While our results are consistent with this model, we can-
not rule out completely the possibility of other geometri-
cal growth modes.

Now let us return to consideration of the temperature-
induced variations of the electronic structure at 9.2 ML,
as illustrated in Fig. 2. The spectrum of the surface
formed by the deposition of 9.2 ML of Ag onto a RT sub-
strate is very different than that obtained from the sur-
face formed by deposition of the same amount of Ag onto
an ET substrate. This observation is consistent with and
supportive of the previously proposed growth models for
ET and RT deposition. The growth mode of Ag on
Ge(111) at RT has been described as nearly layer by lay-
er ' which would result in a substrate signal that is at-
tenuated as the coverage is increased. This decrease in
signal can be observed in the spectrum of 9.2 ML of Ag
deposited onto a RT Ge(111) substrate: the Ge 3d core
peak is attenuated relative to the 0.5-ML spectrum
prepared under the same conditions. Additionally, the
valence bands are broadened and steplike emission is seen
at EF. These observations are consistent with bulklike,
metallic behavior of the overlayer.

Moreover, there is strong evidence that the higher-
coverage, room-temperature depositions are not only me-
tallic and bulklike but are specifically developing struc-
ture that strongly resembles that of bulk Ag(111). It has
been reported that RHEED and LEED patterns of heavy
depositions of Ag onto RT Ge(ill) resemble those of
Ag(111). These LEED observations are consistent
with the results of our study, in which the electronic
structure was probed using monochromatic light of many
different energies. An example of our data is shown in
Fig. 3: normal-emission ARPES spectra, obtained on the
NIM at 21 eV photon energy, exhibit a very rapid devel-
opment of spectral structure that is almost identical to
that of Ag(111). (The conditions in Ref. 30 have been
closely duplicated in our study, to facilitate comparison
of spectra. ) However, there is one major discrepancy:
the Ag(111) Shockley surface state near E~ was not ob-
served for the Ag/Ge(111) system. These observations
would indicate that the Ag overlayer on the Ge surface
has developed bulk-band structure similar to Ag(111), but
that the surface of the overlayer is not quite the same as
Ag(111).

Further information concerning this hypothesis of sur-
face imperfections can be gleaned from other techniques,
such as core-level measurements. Wachs, Miller, and
Chiang have reported that a small amount of Ge
"Goats" on top of the developing Ag overlayer for deposi-
tions of Ag onto a near-RT c(2 X 8)Ge(111) sample. This
"fioating" Ge could interfere with the formation of the
Ag(111)-like surface state, particularly in light of the
two-dimensionally delocalized nature of the Ag(111) sur-
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FIG. 3. Normal-emission ARPES spectra obtained at 21 eV
photon energy are displayed in this figure. The surfaces were
prepared by deposition of Ag onto a room-temperature Ge(111)
substrate. The development of Ag(111)-like behavior can be ob-
served by coverages near 4.6 ML.

face state. ' Additionally, the unoccupied version of this
surface state has been probed with k-resolved inverse
photoemission. It was reported in Ref. 1 that a spectral
feature, corresponding to the Shockley-type Ag(111) sur-
face state near E~, was observed for the Ag/Ge(111) sys-
tem. This raises the question: why is the state observed
with inverse photoemission but not ARPES'7 The answer
may lie in the magnitude of the coverages used. In the
ARPES experiments, coverages as large as 18.4 ML were
deposited onto a RT substrate and a Ag(111)-like surface
state was not observed in the normal-emission spectra at
any photon energy studied (10, 18, 21, 26, and 30 eV).
The coverages used in the inverse-photoemission study
were very much larger [50—120 Ag(111) ML] and it is be-
lieved that the fioating Ge is trapped in the developing
overlayer with these very heavy depositions of Ag, allow-
ing the formation of the Ag(111)-like surface state.

2. (V3XV3)Ag/Ge(111)

We now turn our attention to the highly ordered struc-
ture which forms at elevated substrate temperatures, the
V 3X&3 surface. The Stranski-Krastanov growth mode
has been reported to be occurring for depositions of Ag
onto an ET Ge(111) substrate. This growth model con-

sists of the following: the formation of a (&3X&3)Ag
structure, which is completed at 0.46 Ag(111) ML, and
the development of Ag(ill)-like islands on top of this
(+3X&3)Ag structure at higher coverages. In this
study, extensive ARPES experiments have been per-
formed to evaluate the occupied electronic structure of
the (&3X&3)Ag surface. Surfaces were prepared for
these studies by depositing 0.46 ML onto a 350-'C
Ge(111) substrate. This should result in a surface which
is singular in nature: islands should not have formed nor
should clean Ge(111) be exposed. This coverage was
chosen so that the spectral features could be related
directly to the (V'3 XV3)Ag structure. The ARPES ex-
periments consist of both normal-emission and off-
normal-emission measurements.

The normal-emission experiments were performed on
the NIM at photon energies from 8 to 40 eV. These mea-
surements test the dependence of the binding energies
upon momentum perpendicular to the surface. The po-
larization of the light was in the plane defined by the sur-
face normal and the (110) direction in the bulk Ge(111)
crystal [I —E azimuth of the (1 X 1)Ge(111)surface Bril-
louin zone (SBZ)]. Off-normal-emission ARPES experi-
ments were performed on the SSS monochromator.
These spectra were collected with two different photon
energies (18 and 26 eV). Off-normal experiments test the
dependence of the binding energies upon momentum
parallel to the surface. Using two different photon ener-
gies allows for different combinations of momenta paral-
lel and perpendicular to the surface. The spectra col-
lected at 26 eV were more sensitive to the Ag 4d spectral
features than those obtained at 18 eV photon energy.
The off-normal-emission experiments were performed in
two different experimental geometries, as shown in Fig. 1.
For both geometries the light is predominantly p polar-
ized. Two different high-symmetry azimuths of the
(1 X 1)Ge(111) surface Brillouin zone (SBZ) were probed
in these off-normal-emission measurements. These were
the I —K azimuth ((110) direction) and the I —M az-
imuth ((121) direction). The results from these ARPES
measurements of the (&3X&3)Ag surface are all conso-
lidated into Fig. 4. In Fig. 4(a) the B of the spectral
features versus photon energy is plotted for the normal-
emission measurements. This plot is shown versus pho-
ton energy (and not momentum) due to lack of knowledge
about the final states for this surface. However, it still
remains a strong test of the dependence of B upon the
component of momentum perpendicular to the surface.
The 8 of the spectral features versus the component of
momentum parallel to the surface for the (&3X/3)Ag
surface is plotted for both the I —M and I —K azimuths
in Figs. 4(b) and 4(c). [The horizontal scale of Figs. 4(b)
and 4(c) is arrived at by assuming that the component of
the momentum, of an electron, parallel to the surface is
conserved. ] The in-plane and out-of-plane measure-
ments as well as the results from spectra obtained at 18
and 26 eV photon energy are all represented in this
figure. Spectra from c(2X8)Ge(111) were obtained un-
der identical experimental conditions as those from the
(&3X&3)Ag surface for both the normal and off-normal
experiments. Spectral features that are clearly related to
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FIG. 4. This figure condenses all of the ARPES experiments performed on the (&3X&3)Ag surface. A plot of the B vs photon

energy for the normal-emission spectral features is shown in (a). (b) and (c) display 8 vs the parallel component of momentum for
the I —M and I —E azimuths, respectively. The open (solid) symbols represent data obtained with a photon energy of 26 eV (18 eV).
The circles (squares) depict data obtained in the in-plane (out-of-plane) geometry.

bulk Ge(111) are not shown in Fig. 4. (All of the data
and B plots are available in Ref. 28.) This elimination of
Ge bulklike features was done to simplify the analysis of
the features resulting from the (&3X&3)Ag structure.
The underlying Ge spectral features may occasionally be
contributing due to the difficulty of differentiating be-
tween features at similar binding energies. The ARPES
spectra from the (&3X&3)Ag surface do not display
steplike intensity at the Fermi energy. Therefore the
analyzer potentials corresponding to the Fermi energy
were determined from surfaces of heavy coverages of Au
and Ag on Ge(111)and these potentials were then used to
determine B for the (&3X&3)Ag surfaces. The stan-
dard deviation of these potentials was 0.023 eV or less for
all photon energies studied on both monochromators, in-
dicating the quality of the measurements. The implica-
tions of Fig. 4 will be discussed below.

Four different bands can be observed in Fig. 4 which
do not disperse (or disperse only weakly) with either pho-
ton energy (perpendicular component of momentum) or
the parallel component of momentum. The features at
8 =5.3 and 6.2 eV can be assigned to the Ag 4d states.
The nondispersive behavior of these spectral features is
indicative of atomiclike behavior where the states do not
show a dependency on momentum. The splitting of these
Ag 4d features is 0.88+0.05 eV. This value is consider-
ably greater than the spin-orbit-splitting parameter of the
Ag 4d states [/=0. 2 eV, which can cause a splitting
in atomic systems between the 4d3 /2 and 4d5&2 of 0.56 eV
(Ref. 32)] and suggests that factors other than spin orbit,
such as crystal-field and band effects, are playing an im-
portant role in the splitting of the Ag 4d states. The in-
tensities of these Ag 4d features (relative to one another)
vary with emission angle. However, the intensities do not
display a dependency upon the azimuth of the substrate
or on the geometry for the data collection (in plane
versus out of plane).

Another nondispersive band can be observed at

8 =2.5 eV. This feature is apparently related to the
&3 X V3 surface structure as it is observed in the ARPES
spectra of (+3X&3)Ag and (&3X&3)Au (to be dis-
cussed below), but not in spectra of clean Ge(111) or sur-
faces prepared by deposition of large amounts of Au or
Ag onto a room-temperature substrate. The feature does
not disperse with momentum (parallel or perpendicular)
and this observation suggests the localized or possibly
atomic nature of this peak. The peak becomes very weak
for experiments performed off normal. Thus, the 8
determination becomes less precise at nonzero values of
the parallel component of momentum. An intensity max-
imum for normal emission at photon energies of 24 —26
eV is observed. This behavior is different than the Ag 4d
states and may be indicative that the feature is either not
related to the Ag 4d states or is related but strongly per-
turbed.

A nondispersive or weakly dispersive band is observed
at 8 =1.2 eV. The intensity oscillations of this feature
are similar to those of a peak which has been assigned as
a surface state of Ge(111) at B =1.4 eV. ' At least one
other surface state has been reported for the clean
Ge(ill) surface at B =0.8 eV (Ref. 33): this feature is
not seen in the case of the (&3 X v'3)Ag surface. The at-
tenuation of a surface-related feature is not surprising.
One of the most commonly used probes of surface states
is to test for a reduction of their intensity upon contam-
ination. The observation of a (&3X &3)Ag feature simi-
lar to a surface state of clean Ge(111) may indicate that
major structural changes in the surface have not oc-
curred.

Next, the Ge 3d core peaks will be considered. The
spectra of the Ge 3d core levels from clean
c(2X8)Ge(111) surfaces display a small shoulder at a
lower B than the bulk peaks (approximately a 0.75-eV
shift). This feature has been described as intensity due
to adatoms on the surface of the reconstructed Ge sur-
face. Spectra of the Ge 3d core from the (&3XU'3)Ag
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surface, obtained on the NIM at normal emission with 50
eV photon energy, do not display a feature at a lower B".
This may indicate that the adatoms are not present in
this (+3X &3) Ag surface structure, or that the environ-
ment of these atoms has changed and resulted in a shift of
the feature to higher binding energy. If this were the
case, then the observation of this weak core feature
would be made very difficult by the bulk component. It
should be mentioned that an overall shift of 0.16 eV to-
ward a lower binding energy was observed in the core
spectra of the (&3X&3)Ag surface [compared to the
c(2XS)Ge(111)] and this has been attributed to band
bending for this interface.

Comparison of the Ag/Ge(111) system to the
Ag/Si(111) system reveals many similarities. The growth
modes with the substrate at RT or ET are very similar.
Moreover, both systems exhibit LEED patterns corre-
sponding to the &3 X &3 structure for depositions per-

,formed on an ET substrate. ARPES experiments per-
formed on the (+3X&3)Ag/Si(111) system have demon-
strated nondispersive behavior of the Ag 4d states, ' and
the splitting observed between these Ag 4d features is
near 0.9 eV. ' Furthermore, the Ag 4d states are more
deeply bound for the (+3X&3)Ag/Si(111) system than
for the surfaces prepared by deposition of Ag onto a RT
substrate. ' All of these observations are similar to those
for the Ag/Ge(111) system. These observations suggest
that the occupied electronic structures of the two systems
are very much the same and the geometrical structures
may, likewise, be similar. It has been previously reported
that the unoccupied electronic structures of these two sys-
tems also bear a strong resemblance to each other. ' Be-
cause of the strong similarity of the two interfaces, it is
useful to consider here the proposed structural models
for the (&3X v'3)Ag/Si(111).

Scanning-tunneling-microscopy (STM) studies of the
(&3X V'3)Ag/Si(111) surfaces have been performed. "
Two models have been proposed by the authors of these
studies and other research the embedded Ag trimer
model and the honeycomb model. As mentioned above,
it is reasonable to evaluate our ARPES and other results
in light of these two models. In both of the models the
Ag 4d states can be expected to display atomiclike behav-
ior. In the case of the honeycomb model, the Ag atoms
are separated from each other by considerable distances
and this would preclude overlap of the generally localized
Ag 4d electrons. (The localized and directionalized na-
ture of 4d orbitals also implies that bonding between the
Ag 4d states and the Ge states would tend to be hin-
dered, in almost any model. ) The embedded-Ag-trimer
model predicts that the Ag atoms exist as trimers in the
semiconductor double layer, "' raising the possibility of
d-d overlap. However, studies concerning small metal
clusters have suggested that bulklike behavior should not
be expected for clusters that are less than IOO atoms.
Therefore, trimer units seem to be unlikely candidates for
displaying bulklike dispersive behavior in the Ag 4d or-
bitals. Finally, neither of these models predicts Ge ada-
toms on the surface. The observation that the adatom-
related core feature is not visible in the Ge 3d core spec-
tra, for the (v'3X &3)Ag surface, is consistent with both

models. Thus, we are unfortunately unable to
differentiate between these models using our ARPES data
and must conclude that either is plausible for
(~3 X &3 )Ag/Ge(111).

B. Au/Ge(111)

Growth modes and high-coverage depositions

Studies of the growth modes of Au on Ge(111) were
conducted in a manner which is very similar to the case
of Ag/Ge(111). LEED, AES, and ARPES were all used
to investigate this interface. The LEED and AES results
obtained in this study compare favorably to those previ-
ously published. As with the Ag/Ge(111) interface, the
ARPES results will be emphasized.

The growth modes of Au/Ge(111) with the substrate
held at RT and ET (300'C) have been previously investi-
gated. These studies suggest that the Stranski-Krastanov
growth mode occurs for deposition of Au onto an ET sub-
strate. The case for deposition of Au onto a RT sub-
strate is not as well determined. Some investigators have
proposed that the interface is strongly intermixed, '

while others have suggested that island formation of the
Au on the Ge(111) interface cannot be ruled out. The
results obtained in the research presented here suggest
that the growth modes and structures of the Au/Ge(111)
interface are not significantly different for surfaces
prepared at RT and ET. This observation is very
different than that for the case of Ag/Ge(111). Our dis-
cussion will be broken into two parts: first we will con-
sider coverages of less than or equal to —,

' ML, which is
associated with the completion of the &3 X &3 structure;
then, higher coverages will be discussed.

Comparison of photoemission results obtained from
surfaces prepared by deposition of 0.5 ML of Au onto an
ET and RT substrate reveals definite similarities: the
binding energies and widths of the Au 5d's are much the
same in both cases. Furthermore, a peak near 2.4 eV,
previously identified as being related to the &3X&3
structure, can be seen in the ARPES spectra obtained
from surfaces prepared at either RT or ET. Additionally,
surfaces prepared by deposition of 0.5 ML of Au onto a
RT substrate give evidence of a weak +3XV3 LEED
pattern, the same pattern as for surfaces prepared at ET.
All of these observations suggest that the structures at
low coverages for surfaces prepared at RT and ET are
closely related. These trends are very different than those
for the case of Ag/Ge(ill), where the depositions per-
formed at ET and RT give rise to what are apparently
very dissimilar growth modes.

Bridging the two coverage regimes are the Auger-
intensity measurements. The plots of Au AES intensity
versus coverage for depositions performed onto an ET
substrate show a strong and distinct break in slope near a
coverage of 0.5 Au(111) ML. Depositions performed
onto a RT substrate result in a less distinct break or a
"knee" in the curve of Au AES intensity, occurring at a
coverage of about 1 ML. As mentioned above, the
growth mode at ET has been reported as being Stranski-
Krastanov, with the assumed completion of the
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V3XV3 structure at —,
' ML. It seems plausible that

much the same process is also occurring at RT, but in a
less perfect fashion: in the ET growth, island formation
follows the completion of the &3Xv 3, two-dimensional
layer, whereas, at RT, island formation begins before the
completion of the &3X&3, delaying the bending over of
the AES curve and the presumed completion of the
&3Xv'3 structure until coverages closer to 1 ML. Un-
fortunately, the utility of such AES measurements is lim-
ited and we cannot rule out other explanations. Addi-
tionally, no determinations of microscopic structure have
been reported to date. However, some information con-
cerning the island growth at higher coverages is avail-
able. RHEED observations of heavy depositions of Au
onto Ge(111) at RT have suggested that the islands are
Au(111)-like and are growing in parallel epitaxy. The
ARPES measurements discussed below confirm the
Au(111) nature of the overlayer at higher coverages.

Normal-emission ARPES measurements provide a
direct means of probing whether a high-coverage over-
layer is developing toward a specific bulk electronic struc-
ture. 2 In this case, we are testing if the overlaying of Au
is converging to an electronic structure similar to
Au(111). These normal-emission ARPES studies were
conducted over a wide photon-energy range upon sur-
faces prepared by deposition of 36.8 ML of Au onto a RT
substrate. The spectra were obtained with the same
geometry as was used for the normal-emission ARPES in-
vestigations of Ag/Ge(111) discussed above. A plot of
the B versus photon energy of the electronic states of
this Au/Ge(111) surface is shown in Fig. 5(a). For corn-
parison, Fig. 5(b) displays a B —versus —photon-energy
plot of clean Ge(111). Obvious differences between the
two plots can be seen, supporting the notion that the elec-
tronic structure of this high-coverage surface is dominat-
ed by the Au, not the Ge. Comparisons of Fig. 5(a) to
similar plo'ts for Au(111) and Au(111)-like surfaces re-
veal strong similarities. Moreover, spectra of this high-
coverage Au/Ge(111) surface bear a very strong resem-
blance to those obtained from Au(111) under similar ex-
perimental conditions. These observations suggest that
the surface produced by deposition of 36.8 ML of Au
onto a RT substrate is Au(111)-like. This is not to say
that the surface is necessarily an overlayer of Au(111)
that is 36.8 ML thick. Rather, it may be that islands are
growing on the surface and have some sort of structure
that is similar to Au(111) and they are coalescing to irreg-
ularly cover the surface. Additionally, a major difference
was found between the spectra obtained from the
Au/CJe(111) system and those of Au(111): the Au(111)
surface state near EF was not observed for the
Au/Ge(111) system. This result is very similar to that
found in the Ag/Ge(111) system and seems to suggest
that Ge is Aoating on top of the developing Au overlayer.
Unfortunately, other direct measurements, such as Cze 3d
core-level spectra, that could provide a test of this hy-
pothesis are not available for this interface.

%'e have also performed a parallel investigation using
an ET substrate. Deposition of 18.4 ML of Au onto an
ET substrate resulted in spectra and a
B —versus —photon-energy plot that is similar to that of
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FIG. 5. A plot of 8 vs photon energy for ARPES spectra
obtained at normal emission is shown for a surface prepared by
deposition of 36.8 ML of Au onto a room-temperature Ge(111)
substrate, in (a). A similar plot for a clean c(2X 8)Ge(111) sur-
face is shown in (b).

Au(111) (Ref. 37) and to the Au/Ge(111) surfaces
prepared at RT. In fact, the development of Au(111)-like
spectral features with increasing coverage appears to be
much the same for surfaces prepared at RT and ET.
These ARPES results for high-coverage Au/Ge(111) sup-
port the hypothesis that the growth mode of Au on
Ge(111) is not very different for depositions performed at
RT and ET and are consistent with the AES results dis-
cussed above.

Before going on to the +3X &3 Au surface, it is
worthwhile to consider the differences between the Au
and Ag systems more carefully. The observation that a
metal (111)-like surface forms for depositions of Au onto
an ET substrate is at variance with the results of the case
of Ag on Ge(111). Even for coverages of 55.2 ML of Ag
deposited onto an ET substrate, Ag(111)-like ARPES
spectra were not obtained. Additionally, the intensity in-
crease of the AES signal of the metal overlayer for the
two systems is different. For the case of Ag, very little in-
crease is observed as the coverage is increased above 0.46
ML, while for the case of Au a greater increase is ob-
served. These observations may be due to different island
morphologies for the two systems. The islands of the
Ag/Ge(111) system are apparently not covering as much
of the surface as those of the Au/Ge(111) system, for
similar coverages. This would result in more of the
(&3X&3)Ag structure being exposed, for a given cover-
age, than the corresponding (+3X &3)Au structure.
Therefore, more Ag is required to observe changes in the
spectral features than Au. The LEED observations also
support this hypothesis. Au(111)-like LEED patterns
(perpendicular and parallel epitaxy) could be observed for
deposition of 4.6 ML of Au onto an ET substrate,
whereas for Ag depositions performed under similar con-
ditions only the (&3X&3)Ag LEED pattern could be
observed. This suggests that Au(111)-like islands were
forming with long-range order sufBcient to produce
difFraction patterns while similar structures did not exist
for the case of Ag.
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FIG. 6. This figure depicts the ARPES results from the (&3X&3)Au surface. The plot of 8 vs photon energy of normal-
emission spectral features is shown in (a). (b) and (c) depict the off-normal ARPES results obtained in the I —M and I —II azimuths,
respectively. The open (solid) symbols represent data obtained at 26 eV (18 eV) photon energy. The circles (squares) depict data ob-
tained in the in-plane (out-of-plane) geometry.

2. (V3X V'3)Au/Ge(1II)

Extensive experiments were performed on surfaces
prepared by deposition of 0.5 ML of Au onto an ET
Ge(111) substrate. According to the Stranski-Krastanov
growth mode, this surface should be very singular in na-
ture. These experiments were performed in the same for-
mat as the (V3XV3)Ag studies. The geometries and
photon energies used are generally the same as the
(V 3 X V 3)Ag experiments, except that the normal-

- emission experiments were performed on the SSS using
photon energies from 10 to 30 eV. The results of these
normal- and off-normal-emission measurements are
shown in Fig. 6. As for the case of Ag/Ge(111), the
features clearly related to bulk Ge have been removed
from this figure. The Au 5d states near 8 =4.0, 4.4,
and 6.0 eV can be seen in these plots. Ge features near
4.0 eV could not be easily separated from the Au 5d
features close to this energy and, therefore, the B values
of these features are not as well determined as for the
features near 6.0 eV. In general, the binding energies of
the Au 5d features are not as well resolved as those of the
Ag 4d features. This may be due in part to the increased
spin-orbit-splitting parameter of Au (g~d =0.7 eV, Ref.
37) versus Ag ($4d =0.2 eV, Refs. 25 and 32). For exam-
ple, the larger spin-orbit effect in Au may be the underly-
ing cause of the observation of a third metal d feature in
(V 3 X V 3)Au, but not in (V3 X v 3)Ag. The splitting be-
tween the two most obvious Au 5d features is 1.91 eV
while the predicted splitting for the Au 5d3/p and 5dz&z is
1.77 eV. The fact that the experimental separation is
greater than pure spin-orbit splitting and that three peaks
are observed suggests that factors other than spin orbit
(such as crystal-field and band effects) are playing a role
in the splitting of these features. These trends concerning
the splitting of the Au Sd states in (V3XV3)Au are
similar to those for the Ag 4d states in the (V 3 X V'3)Ag
surface. The results summarized in Fig. 6 suggest that

the Au 5d states are at most weakly dispersive with
momentum parallel or perpendicular to the surface.
These observations parallel the ones made for the
(V 3 XV 3)Ag system, although the dispersion appears to
be stronger in the (V3XV'3)Au surface. Further simi-
larities between the two systems will be discussed below.

A nondispersive or weakly dispersive band near 2.4 eV
can be seen in Fig. 6. This feature displays intensity os-
cillations with photon energy and the parallel component
of momentum similar to those of the state at 2.5 eV on
the (V'3 X V'3)Ag surface. This peak has been attributed
to the V 3 X v'3 surface structure since it is not observed
in the spectra of clean Ge(111) and is present in those of
the (V3XV3)Ag and (V 3XV3)Au surfaces. Addition-
ally, a feature at B =1.2 eV can also be observed in Fig.
6 and it displays intensity oscillations similar to those of
the feature near 1.2 eV from the (V3XV3)Ag surface.
Again, it seems likely that this feature is related to a sur-
face state observed on the reconstructed Ge(111) surface,
as discussed above for the case of ( V 3 X V 3 )Ag.

The ( V 3 X V 3 )Ag and ( V 3 X V 3 )Au systems generally
exhibit trends in the data that parallel one another. This
implies that the occupied electronic structures of these
two systems are very similar. Furthermore, it has been
proposed that the unoccupied electronic structures of
these two systems are also alike. ' These observations
concerning electronic structure imply that the geometri-
cal structures for these V3XV'3 surfaces are much the
same and the V 3 X V 3 surfaces of Ge(111) are closely
analogous to the ( V 3 X V 3 )Ag/Si(111) surface, as dis-
cussed above.

IV. CONCLUSIONS

Extensive normal and off-normal ARPES experiments
were performed on the (V3XV3)Ag and (V3XV3)Au
surfaces. These results indicate that the occupied elec-
tronic structure of these two surfaces is similar to one
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another and to the (+3X+3)Ag/Si(111) interface. The
metal d states do not display strongly dispersive behavior.
This observation is suggestive of atomiclike d states. A
feature near 2.5 eV, B, was observed for these v'3 X V 3
surfaces and is apparently specific to this &3X &3 struc-
ture. A peak that may correspond to a surface state ob-
served on the c(2XS} Ge(111) surface is also observed
near 1.2 eV. These &3 X &3 surfaces may be interpreted
in the context of two suggested models for the
(&3X&3)Ag/Si(111) interface. Both models are con-
sistent with our results, but we cannot differentiate be-
tween the two.

Room-temperature deposition of high coverages of ei-
ther Ag or Au onto Ge(111) results in surfaces which
display bulk-band behavior that parallels that of the cor-
responding metal (111) surface. The Shockley-type sur-
face states associated with these metal (111)surfaces were
not observed, consistent with the notion the Ge is Qoating
on top of the metal depositions.

The growth modes of Ag and Au on Ge(111) have been

investigated, with the substrate at room and elevated
temperature. Basically, our results are consistent with
previous observations and models of Le Lay et al. , ex-
cept that we propose that the growth mode of
Au/Ge(ill) is Stranski-Krastanov at both room and
elevated temperatures.
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