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Surface electronic structure of Ge„111… from 300 to 1100 K
by metastable deexcitation spectroscopy
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Metastable atom deexcitation spectroscopy is applied to the study of the temperature dependence of the
electronic structure of the Ge~111!c~238! surface. The present work is stimulated by the debate on tempera-
ture induced surface phase transitions. In this field the application of high surface sensitive atomic beam
spectroscopy appears to be extremely promising. Metastable deexcitation spectra are taken in the 300–1100 K
temperature interval, i.e., up to;100 K below the bulk melting point. Spectra show a monotonic variation with
temperature. Restatom and adatom contributions are identified and their evolution with temperature is fol-
lowed. In particular, the persistence of the adatoms up to the highest investigated temperatures and the
progressive metallization of the surface, already visible since 670 K, are observed. Data seem to indicate more
agreement with surface models where order is preserved at high temperatures.@S0163-1829~98!03503-6#
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I. INTRODUCTION

Surface phase transitions as a function of tempera
have attracted considerable attention in recent years
from theoretical and experimental points of view.1 A particu-
larly interesting example is represented by the case
Ge~111!c~238!. At room temperature the stable surfa
structure is characterized by adatoms that saturate 3/4 o
ideal dangling bonds and donate their extra electrons to
remaining 1/4 of surface atoms~restatoms!. At T1 ' 600 K
the surface undergoes a first~medium-temperature! structure
transition leading to a~131! low-energy electron diffraction
~LEED! pattern.2 Scanning tunneling microscopy~STM!,3,4

photoemission5,6 and ab initio molecular dynamics
calculations7 have suggested a picture of surface modifi
tion in which thec~238! adatom-restatom structure brea
up with the diffusion of the adatoms preferentially along t
^110& directions.

A second~high-temperature! structure transition atT2 '
1050 K ~160 K below the bulk melting temperatur
Tm51210 K! was observed by LEED for the first time b
McRae and Malic.8 The model they gave, suggested by t
rapid decrease of some diffraction peaks near 1050 K,
volved the preservation of the layerlike crystalline order
to the surface and a loss of the lateral long-range order in
outermost double layer. Models based on surface meltin
surface roughening were ruled out. Since the first LEED
servations, many experimental and theoretical works w
devoted to the study of Ge~111! at high temperatures, giving
rise to different and partially conflicting pictures. We rec
here some significant examples.

Electronic property changes were observed by electr
energy-loss spectroscopy~EELS! ~Ref. 9! and were first in-
terpreted in terms of the formation of an amorphouslike la
570163-1829/98/57~4!/2507~7!/$15.00
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at the surface at the transition temperatureT2 . Similar con-
clusions were also reached after ellipsometry experimen10

A ‘‘layered liquid’’ model was later proposed by Denier va
der Gonet al.11 after the results of medium-energy ion sca
tering ~MEIS! suggesting the idea on an incomplete melti
transition. Support to this model came also from photoel
tron diffraction and holography by Tranet al.12 Recently, in
a first-principles molecular-dynamics simulation, this pictu
was supported by Takeuchi, Selloni, and Tosatti13 who found
the first bilayer to be dynamically disordered and metal
Confirmations came also from a recent EELS experimen14

which was interpreted in terms of an abrupt increase in s
face optical conductivity atT2 , and from photoemission an
photoabsorption experiments,15,16 in which a metallic surface
layer was detected aboveT2 with a thickness of about one
bilayer.

Contrary to previous reports, a x-ray diffractio
experiment17 indicated a proliferation of random vacancie
aboveT2 suggesting a continuous change in surface struc
with no disordering phase transition.

Finally evidence for an order-order transition was r
ported by Meli et al.18 who observed with high-resolution
helium atom scattering~HAS! sharp integral-order diffrac-
tion structures that changed only in their relative amplitud
aboveT2, indicating the persistence of long-range~131! or-
der in the first bilayer. The model they suggested was ba
on a surface that remained highly ordered aboveT2 and that
could be metallic due to the delocalization of the adatom

Atomic beams are known to be particularly powerful too
in the investigation of the geometrical structure and dyna
ics of surfaces. In fact, because of their low kinetic ene
and neutrality, atoms do not penetrate into the lattice a
induce extremely low perturbation to the system, permitt
the achievement of a high surface sensitivity.
2507 © 1998 The American Physical Society



x
he
th
b

et

he
en
n

n-
a-
cit
tio
a
c
c
le
he

s

in
ng
th
es
ce
b

te

e
th
in
re

th

o
.

ns
wi

ul

t o
m
m
t
p

ith

y
z
-
H

ng

ble

ged
ble
r-
45°

tion
V.

was
ing
as
om
ra-
an
nd

d

ove

lsed
rent

on

ex-
olid

2508 57L. PASQUALI, S. NANNARONE, M. CANEPA, AND L. MATTERA
Within this context, it appears as extremely useful to e
ploit the peculiarities of neutral atomic beams not only in t
study of the geometrical structure of surfaces but also in
investigation of the surface electronic structure. This can
obtained by using thermal beams of neutral excited m
stable atoms.

Metastable atom deexcitation spectroscopy~MDS! has
proven during the years to be extremely powerful in t
study of the electronic properties of surfaces and low dim
sional systems19 and more recently in the study of clea
semiconductor surfaces.20 The technique is based on an i
teratomic Auger type deexcitation involving helium met
stable atoms impinging on the surface at thermal velo
and surface localized electronic orbitals. Since the interac
concerns preferentially orbitals of the first atomic layer th
are oriented towards vacuum, MDS performs surfa
valence-band spectroscopy with enhanced surface specifi

For these reasons, and after our recent results on c
GaAs~110!,20 we decided to apply the technique also to t
study of Ge~111! as a function of temperature.

For clean semiconductor surfaces deexcitation occur
two steps:resonant ionization~RI! followed by Auger neu-
tralization ~AN!.20 In the first step the metastable atom
front of the surface is resonantly ionized with the tunnelli
of the excited electron into the solid; in the second step
generated ion is neutralized by interatomic Auger proc
with the participation of two electrons from the solid valen
band. The energy distribution of the emitted electrons can
related to the self-convolution of the surface density of sta
~SDOS! weighted by the Auger matrix element.20 Usually
two different approaches to data analysis can be follow
the forward approach consists in attempting to reproduce
experimental spectrum by simulating the interaction, start
from a calculated surface electronic valence-band structu21

the inverseapproach consists in extracting aneffectiveSDOS
from the spectrum through a deconvolution operation. In
present case theinversemethod is adopted.

In the present work, MD spectra taken as a function
temperature, from 300 K up to 1100 K, are presented
preliminary discussion of raw data will be followed byeffec-
tive SDOS calculations through deconvolution operatio
Results will be discussed on the basis of the comparison
angle-resolved ultraviolet photoemission spectroscopy~AR-
UPS! data and with the theoretical and experimental res
reported in literature.

II. EXPERIMENTAL

The experiments were performed at the Departmen
Physics of the University of Modena in a ultrahigh-vacuu
~UHV! experimental system based on two coupled cha
bers, one specifically intended for sample preparation and
other for spectroscopy. The preparation chamber is equip
with LEED ~four grid OPR-304 Riber!, an ion gun~Leybold
IQ 10/35!, and a double pass cylindrical mirror analyzer w
coaxial electron gun~Perkin Elmer 15-255-G! for Auger-
electron spectroscopy~AES! and EELS. The spectroscop
chamber is equipped with a hemispherical electron analy
~VG ADES 400! mounted on a goniometer allowing inde
pendent rotations in both horizontal and vertical planes, a
windowless differentially pumped discharge lamp emitti
-
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He I ~21.2 eV! and He II~40.8 eV! photons, an electron gun
~Leybold EQ 22/35! and a hot cathode supersonic metasta
atom source.22

During the experiment, the He metastable beam impin
at 45° with respect to the sample normal. The metasta
beam intensity was;108 metastables/s on the sample su
face. Electrons were detected and energy analyzed at
with respect to the sample normal with a constant resolu
of 0.6 eV for MDS. Energy resolution for UPS was 0.4 e

The Ge~111! wafer (n-type, Sb doped, 0.1V cm! was
mounted on Ta clips and resistively heated. The surface
prepared in situ by cycles of Ar-ion sputtering and anneal
up to 1000 K in ultrahigh-vacuum. Surface cleanliness w
checked by Auger spectroscopy; surface ordering at ro
temperature was controlled by LEED. The sample tempe
ture was measured with an infrared pyrometer and with
optical pyrometer, both calibrated with a thermocouple a
against the Ge melting point.

In photoemission,EF position was determined on a gol
sample and on the tantalum clips of sample holder.

The base pressure in both chambers was,1310210 Torr
with the sample at room temperature and never rising ab
5310210 Torr at the highest temperatures reached.

During the measurements the heating current was pu
at few Hz and data acquisition was suspended during cur
flowing in the sample.

III. RESULTS

Figure 1 shows the experimental MD spectra taken

FIG. 1. Metastable deexcitation spectra on Ge~111! from 300 K
to 1100 K. The experimental curves are taken under the same
perimental conditions. Dots represent experimental spectra, s
line represents FFT filtered spectra.
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57 2509SURFACE ELECTRONIC STRUCTURE OF Ge~111! . . .
Ge~111! at different temperatures, from 300 K up to 1100
Fast Fourier Transform~FFT! smooth filtering was applied
to data to reduce high-frequency noise in order to accomp
the deconvolution operations.

All spectra in Fig. 1 present similar shapes and comm
overall characteristics. Two principal broad features can
identified at about 8 eV and at about 1 eV of kinetic ener
labeled byM3 andM1 , respectively. A progressive shift o
the first structureM3 maximum towards higher kinetic ene
gies can be noticed with increasing temperatures. A w
defined valleyM2 is present at about 6–7 eV, which is als
progressively reduced and shifted towards higher kinetic
ergies as temperature is increased. Consistently, the hig
netic energy onsets, indicated byM4 in Fig. 1, as determined
by linear extrapolation on the experimental curves,20 tend to
shift towards higher kinetic energies from 1260.2 eV to 13
60.2 eV for the room-temperature spectrum and for
1100 K spectrum, respectively. Values obtained for the
ferent temperatures investigated are reported in the inse
Fig. 2 which shows a blow up of the high kinetic energy p
of the spectra. The gradual displacement of onsets of
spectra can be observed together with a progressive varia
of the curve slope in the high-kinetic-energy region.

Due to the similar excitation energy and sampling regi
photoemission is often flanked to MDS as a source of b
support and comparison.

Photoemission data are presented in Figs. 3 and 4. Sp
were taken along the@110# direction with a photon incidence
angle of 45° with respect to the sample normal, as indica
in the inset on top of Fig. 3. In Fig. 3 full spectra at thr
different emission angles and at three example temperat
~300, 770, and 1100 K! are shown.

In Fig. 4 the valence band top is shown at all the tempe
tures investigated at constant emission angle of 28°.

FIG. 2. High-kinetic-energy region magnification of the filtere
spectra showing the progressive shift of the onset as the temper
is increased. The inset shows the onset variation as obtaine
linear extrapolation on the experimental spectra.
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IV. DISCUSSION

A. Photoemission results

Starting the discussion of the results from photoemiss
data, a good correspondence is present between our da
room temperature and other angle-resolved UP spectra
ported in literature.23–26 It can be noticed in Fig. 4 that the
spectra show a progressive reduction with temperature of
peak at about 1.4 eV of binding energy and an increas
emission in correspondence ofEF . The same behavior is
also observed on the spectra of Fig. 3 and is consistent
previous reported results.15,16

The prominent features labeledP3 , P4 , andP5 in Fig. 3
are related to bulk bands altered by the surface.23,24,26 The
featuresP1 and P2 are surface related structures associa
to the adatom-restatom complex. Various authors23–26 agree
in associating the peakP2 centered at about 1.4 eV of bind
ing energy to the adatompx,y bonds on the surface. The fain
feature labeled byP1 at about 0.7 eV is associated to thepz
restatom dangling bond.23–26

Focussing the discussion on surface state related feat
in Fig. 4 at 500 K, before the first structure transition fro
(238) to ~131!, the spectral intensity is still very low atEF
and theP2 peak is only weakly reduced. After the transitio
in the temperature range 670–770 K, this feature, altho

ure
by

FIG. 3. Photoemission spectra~hn521.2 eV! taken at 300, 770,
and 1100 K at three different emission angles along the@110# di-
rection. The experimental geometry is shown in the inset.
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reducing, is still present, indicating that the adatom-resta
structure is persistent. Coincidently a definite emission atEF
shows up. This observation is in agreement with scann
tunneling microscopy~STM! measurements3,4 and theoreti-
cal results,7 which show the surface demonstrating a stru
ture modification occurring preferentially through a
anisotropic adatom diffusion. During the hopping diffusio
of the adatoms, electron charge transfer takes place betw
the initial restatom to the final restatom producing a conc
tration of surface free carriers as well as a progressive c
ing of the surface-state gap.

At higher temperatures, theP2 feature smears out show
ing an overall agreement with previous data by Gold
et al.16

The total estimated shift of the UPS top of the valen
band from room temperature to 1100 K is about 0.4 eV,
obtained from Fig. 4, and has to be associated with the va
tion of the photoelectric thresholdf. The low kinetic energy
cutoff position of the spectra at increasing temperature
also measured by linear extrapolation of the low-kinet
energy tail of the secondaries peak. No significant wo
function variation was observed within the experimental
certitude.

B. Deconvolution of MD spectra

Focussing now on the MDS results of Fig. 1, let’s co
sider first the spectrum at room temperature and follow
same procedure adopted for GaAs~110! in Ref. 20.

The onset value~12 eV! and the shape of the experiment
spectrum are typical indicators of the RI1 AN deexcitation
process. This is expected for Ge, which presents at ro
temperature a value off54.66 eV.27 Similar considerations
allow us to conclude that emission is due to RI1 AN at all
the investigated temperatures.

FIG. 4. Photoemission spectra~hn521.2 eV! taken at all the
investigated temperatures at an emission angle of 28° along
@110# direction. Only the top of the valence band is shown. Spe
were taken under the same experimental conditions.
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The maximum kinetic energy of the emitted electrons
ferred to the vacuum level is given for the RI1AN process
by20

Ek,max5Ei eff
22f ~1!

whereEi eff
is the effective ionization energy of the He 1s

atomic electron in front of the surface.Ei eff
takes into ac-

count the image charge potential interaction and is giv
by19

Ei eff
5Ei2

~e21!3.6

~e11!z0
, ~2!

whereEi is the atom ionization energy,e the semiconductor
dielectric constant„e516 for Ge~Ref. 27!… andz0 the most
probable distance at which the deexcitation takes place
room temperature, an estimation of the high-kinetic-ene
onset withEi524.6 eV ~for He! and with z051 Å gives a
value forEk,max of 12.1 eV, which is in agreement with th
experimental value, within the experimental uncertainty.

Moreover, an overall agreement can be found between
present spectrum and previous ion neutralization spect
copy ~INS! results obtained by Sakurai and Hagstrum28 on
Ge~111!c(238) using He ions of 10 eV. Incidently, it is
well known19 that using neutral metastable atoms instead
ions as probes strongly reduces broadening effects on s
tra. This permits us to reduce the uncertainty in determin
the maximum electron kinetic energy, which is particula
important in data processing and, as in the present cas
detecting small relative variations in different spectra.

Because RI1AN is the deexcitation mechanism, theeffec-
tive SDOS is obtained by performing a deconvolution ope
tion. The spectra have been filtered, in order to reduce
high-frequency noise, and deconvoluted according to
method outlined in Ref. 20 where the surfaceeffectiveSDOS
of GaAs~110! was determined. The first derivatives of th
spectra were also calculated as a reliability test to the dec
volution procedure. Deconvolutions and derivatives a
shown in Figs. 5, 6, and 7. The correspondence of featu
between deconvolutions and first derivatives of spectra in
cates that the unfolding procedure applied is free from
merical artifacts.20,29

Deconvolution and the first derivative of the room
temperature spectrum are shown in Fig. 5. The deconv
tion curve is reported in binding energy where the zero
referred to the spectrum onset~12 eV of kinetic energy! in-
dicated in the inset of Fig. 2. For ease of discussion, f
main regions have been identified, according to the differ
portions of the SDOS, and have been indicated with lab
from I to IV.

According to the present and previous23–26photoemission
results and theoretical results,30 the intense feature in regio
II with maximum at 1.560.2 eV of binding energy can be
ascribed to surface states of the adatom-restatom comp
where the adatom and the restatom contribute to the high
low binding-energy side of the feature, respectively. The t
contributions have been labeledA andR in Fig. 5. The con-
siderable intensity of the structure is in agreement with
charge distribution associated with these surface states
are characterized by orbitals protruding out into the vacuu

he
a



th
to
e

in
he
n

en
n

nd
an
l

of

tio
ac
r
i

in
B

e

the
ne
ho-
es

nse-

the

c-
l-
i
th

ur
eli

re

so
at

an
he
tion
ced

57 2511SURFACE ELECTRONIC STRUCTURE OF Ge~111! . . .
The situation is analogous to the case of GaAs~110! where
the major spectral contribution was given by thepz-like sur-
face arsenic atom dangling bond. It is interesting to note
the intensity balance between the adatom and the resta
contributions is altered with respect to UPS. The higher s
sitivity of MDS to the restatom comes directly from thep z
nature of the orbital involved.

The shoulder in region III, labeled byB, can be associ-
ated with surface-modified bulk states that have a lower
teraction probability with the metastable atom. Again, t
information is different from that obtained by photoemissio
which shows well-defined intensity maxima in the same
ergy region. The position of the intensity minimum in regio
IV at about 4.8 eV is in good agreement with the correspo
ing intensity minimum in photoemission measurements
with the intensity minimum of DOS in theoretica
calculations.13,31 It can be associated with the minimum
the bulk DOS.

As far as temperature is concerned, each deconvolu
was first calculated separately by taking as origin of e
curve the experimental high-kinetic-energy onsets as
ported in the inset of Fig. 2. Deconvolutions are reported
Fig. 6 on a binding-energy scale, where the zero of bind
energy refers to the origin of the room-temperature curve.
assuming a negligible variation ofEi eff

@Eq. ~1!# with tem-
perature and by using Eq.~1! together with the values of th

FIG. 5. ~a! Deconvolution of the MD room temperature spe
trum representing theeffectiveSDOS. Deconvolution has been ca
culated on 80 experimental points following the method outlined
Ref. 20. Four main regions have been identified according to
assignment of the features in the text.~b! First derivative of the
filtered experimental spectrum. The correspondence of struct
between deconvolution and first derivative is indication of the r
ability of the unfolding procedure.
at
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high-kinetic-energy onsets shown in the inset of Fig. 2,
other curves are shifted horizontally with respect to the o
at room temperature, in order to take into account the p
toelectric edge change. This way of displaying the curv
emphasizes the variation of theeffectiveSDOS with tem-
perature with respect to the room-temperature case. Co
quently, the contributions ofeffective SDOS at negative
binding energy indicate the occurrence of states closer to

n
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FIG. 6. EffectiveSDOS at different temperatures. Curves a
reported in binding energy referred to the room-temperatureeffec-
tive SDOS. The four main regions identified in Fig. 5 are al
indicated. Inset shows the intensity variations of the features
three temperatures~300, 500, and 1100 K!.

FIG. 7. First derivatives of filtered experimental spectra as
internal test for the reliability of the deconvolution procedure. T
good correspondence between first derivative and deconvolu
features is an index that mathematical artifacts are not introdu
during the unfolding operation.
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vacuum level. Similarly, features showing up at the sa
binding energies are fixed with respect to the vacuum le

In principle, onset changes can be due to work-funct
variations together with, according to Eq.~1!, modifications
of Ei eff

andf. Work-function variations can be ruled out a

specified above when discussing photoemission results. C
cerning f, however, by assumingEi eff

constant with tem-

perature and by using the data of Fig. 2 and Eq.~1!, it can be
estimated thatf undergoes a monotonic reduction with tem
perature giving a value of 0.560.2 eV for its overall change
between room temperature and 1100 K. This value is in cl
agreement with the estimation of 0.460.2 eV obtained by
photoemission. This gives support to the assumption of
temperature independence ofEi eff

. In this respect it is impor-

tant to note that a reduction off implies a closer free-
electron behavior of the surface, resulting in an increase
the static surface dielectric constant. IfEi eff

varied it would

lead to a reduction ofEk,max, in contrast with the observa
tion.

Coming to the discussion of theeffectiveSDOS, the main
feature maximum in region II, after a shift of 0.2–0.3 e
towards lower binding energy passing from 300 K to 500
remains nearly unchanged at the various temperatures in
tigated. A shoulder shows up in region I in the 670-K cur
and persists, becoming more evident, in higher-tempera
curves. The minimum of theeffectiveSDOS, initially cen-
tered at 4.860.2 eV at 300 K~region IV!, widens in the
direction of lower binding energy. Further, a sizeable red
tion of the maximum intensity in region II~see the inset of
Fig. 6! with respect to the higher-binding-energy shoulder
region III ~featureB in Fig. 5! can be observed when passin
from room temperature to 500 K.

It is worth noting that the main changes to theeffective
SDOS already take place in the 300–670 K tempera
range. This effect has to be related to the first stages
surface modification around the first structure transition te
peratureT1. As shown by STM,3 disordered regions due t
the motion of the adatoms are formed near domain bou
aries, growing in size with increasing temperatures. This
fect causes an increase of surface conductivity. Since MD
extremely sensitive to small variations on the surface
surface-modified regions even of small dimensions
formed, they are expected to affect MD spectra. This eff
appears to be more evident in MDS than in photoemiss
Different experiments have shown that some degree of
tallicity, monotonically increasing, is present between 6
and 1050 K.14,15Nevertheless, this effect appears to be m
pronounced in the present case. We believe that this is du
the enhanced surface sensitivity of MDS.

Regarding region II in the 670–1100 K temperatu
range, the adatom feature does not change appreciably e
in energy position or in intensity. On the other hand, t
increase of the well-pronounced shoulder in region I is
lated to the progressive depletion of states observed at a
0.8 eV and it is responsible for the observed onset shift p
viously discussed. The emergence of the shoulder in regi
has to be related to the growth of temperature-induced st
in the band gap. The data presented indicate that these s
metallic in character, are due to temperature-induced m
e
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fications of the dangling-bond states associated with
restatoms, with a less important modification of the adat
states.

C. Comparison with literature models at high temperature

To date two main mechanisms have been proposed
explain the behavior of the Ge~111! surface at temperature
aroundT2 ~1050 K!. Molecular-dynamics simulations lead t
an incomplete melting of the surface bilayer accompanied
the formation of electronic states atEF and by a liquidlike
disordering of the surface.13 Photoemission experiments15,16

were interpreted as giving support to this picture.
A different picture comes from high-resolution H

scattering.18 Scattering data were explained on the basis
an order-to-order transition at high temperature within
131 symmetry interpreted in terms of a flattening of t
surface layer through an increase of thesp2 character of the
surface back bonds and a delocalization of the adatoms.

TheeffectiveSDOS at high temperature~Fig. 6! has been
compared with the molecular-dynamics results of incompl
molten Ge~Ref. 13! and liquid Ge.31 Liquid and incomplete
molten DOS present close similarities that are in qualitat
agreement with the upward shift of the minimum at; 4.8
eV in region IV and in the presence of states atEF . To go
further on a quantitative basis, a model calculation of
effectiveSDOS would be needed.

However, the feature assignment at room and interme
ate temperatures, made on the basis of the electronic pro
ties and the nature of the metastable deexcitation, allow
to obtain valuable information. In particular, we observed
persistence of the feature at; 1.3 eV, associated with the
adatoms, which is almost unaffected in intensity and in
ergy when passing from intermediate to high temperatu
We believe that this is an indication in favor of the pres
vation of a good degree of order. In fact evidence for lon
range order at high temperature was reported by Meliet al.18

using He scattering.
Moreover, the upward shift already observed at interm

diate temperatures~500–670 K! of the adatom associate
feature indicates some variation of the bonding condition
the adatom site that can be related to the parallel resta
contribution shift responsible of the surface metallic beh
ior. The upward energy shift of the adatom feature, beca
of its dangling-bond nature, indicates some degree of lo
ening of the adatom-surface interaction. Taking into acco
the geometrical and electronic properties of the Ge~111! sur-
face, metallicity can be explained in terms of a tendency
the first and restatom layer to assume a planar, graph
geometry, as proposed in Ref. 18. In this way in fact
half-filled pz orbital is formed producing free-electron be
havior at the surface.

The present data and the state of the current underst
ing of the Ge~111! surface at high temperature do not allo
us to be conclusive regarding the explanation of the upw
shift of the features in regions III and IV. However it seem
reasonable to relate the observed shift with a progres
transition towards a surface with metallic character.

A deeper and more conclusive analysis calls for theor
cal calculations of the electronic structure of the flatten
surface together with model calculations of theeffective
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SDOS obtained by MDS, in order to exploit further the se
sitivity of the technique to the shape and the direction of
electronic orbitals.

V. CONCLUSIONS

The evolution of the surface electronic properties of t
Ge~111! surface is followed from room temperature to 110
K. The study is carried out by MDS supported by UPS.

Clear evidence of a progressive surface metallization w
temperature is obtained. Metallization is accompanied by
overall shift towards lower binding energies of the featur
of the effectiveSDOS obtained from the experimental spe
tra through a deconvolution operation. One feature of
effectiveSDOS, at low binding energy (;0.8 eV at room
temperature!, is associated with the restatoms and is resp
sible of the progressive metallization of the surface wh
another feature, at;1.5 eV at room temperature, is ascribe
to the adatoms and persists up to the higher temperat
investigated. Thanks to the surface sensitivity of the te
nique, a sizeable metallization is already observed in m
surements at 670 K. Also, below this temperature MDS
lows us to observe, with greater sensitivity than oth
techniques, the first stages of surface modifications lead
to thec(238)→(131) structure transition.
s
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Because of the different excitation mechanism, UP
shows different spectral weights of the surface-states-rela
features. The restatom contribution is hardly visible wh
bulk structures are more pronounced. The evolution
changes in UPS is monotonic, at variance with the obser
tion reported in Refs. 15 and 16.

Differently from other studies,14–16 for temperatures
higher than 1050 K, the metallic character does not show
steplike increase. The persistence of the adatom feature, m
clearly visible in MDS, indicates the preservation of an o
dered surface of the type hypothesized to explain atom s
tering experiments.18 We stress that a structural change t
wards surface disordering would induce a drastic variation
the adatom related structure, not observed in our data.

These considerations support the so called order-or
transition at high temperature18 in contrast to an incomplete
surface melting transition.13
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