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Interplay between electronic structure and surface phase transition ona-Ga„010…
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The interplay between the surface phase transition ona-Ga~010! and the electronic structure was studied by
temperature-dependent high-resolution angle-resolved photoemission using synchrotron radiation. The transi-
tion causes several changes in the spectral features. Most importantly, it is accompanied by a decrease of
spectral intensity around the Fermi level in large fractions of the surface Brillouin zone. Moreover, it leads to

a quasidiscontinuous change in the temperature-dependent linewidth of the dangling-bond surface state atC̄.

Finally, an electronic state was observed in the low-temperature phase very close to the Fermi level atC̄. We
discuss these findings in the context of a surface charge-density wave model. Above the transition temperature,
the electronic structure is somewhat reminiscent of the low-temperature phase but it is influenced by strong
fluctuations.

DOI: 10.1103/PhysRevB.67.165422 PACS number~s!: 73.20.2r, 68.35.2p, 63.20.Kr
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I. INTRODUCTION

The stablea phase of gallium is a metal with an unusu
structure and a number of intriguing properties. The b
structure is face-centered orthorhombic with eight atoms
unit cell.1 Each atom has only one nearest neighbor such
the structure can be viewed as being made of Ga2 dimers or
‘‘molecules’’ ~see Fig. 1!. The covalent and localized bond
ing character of the dimers is also reflected in the electro
structure where it leads to rather flat bands in certain dir
tions ofk space.2,3 Metallicity is only present in the so-calle
buckled planes where the ends of the dimers overlap. T
gives rise to a very anisotropic Fermi surface2 and corre-
sponding transport properties. Moreover,a-Ga has an unusu
ally low melting temperature of only 303 K. As might b
expected from the structure, the electron-phonon interac
plays an important role in bulka-Ga. The upper limit for the
phonon frequencies is 40 meV,4 and the electron-phono
mass enhancement parameterl has a value of 0.98.5

The properties of thea-Ga~010! surface28 have so far
been studied by optical techniques,6 scanning-tunneling mi-
croscopy ~STM!,7,8 x-ray diffraction,9 low-energy electron
diffraction ~LEED!,10 spot profile analysis~SPA! LEED,11

angle-resolved photoemission spectroscopy~ARPES!,12 and
first-principles calculations.13 Several interesting propertie
have been found, among others an extraordinary thermal
bility. The surface appears to be stable up to6 and even
beyond8 the bulk melting point. Furthermore it has bee
found that the electron-phonon coupling on the surface
very strong, even stronger than in the bulk12 and finally that
the surface undergoes a reversible phase transition u
cooling below 220 K.12 Understanding the nature of th
phase transition and its interplay with the electronic struct
is the main objective of this paper.
0163-1829/2003/67~16!/165422~13!/$20.00 67 1654
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A. Structural properties

The @010# direction is almost parallel to the direction o
the dimers in the bulk, and for the~010! surface one can
imagine two possible terminations of the bulk structure. T
so-called A termination is a configuration where the crysta
cleaved without cutting the interdimer bonds. In the B term
nation these bonds are cut, creating dangling bonds at
surface and a metallic surface state.13 Both terminations are
indicated in Fig. 1. In addition to these bulk terminations
third structural model, the C termination, has been propo
by Bernasconi, Chiarotti, and Tosatti~BCT!.13 It consists of a
reconstruction with~131! periodicity which can be though
of as two layers of Ga III, another bulk modification, cove
ing the ~010! surface ofa-Ga. In BCT’s calculations, the C
model had the lowest total energy and this was found
explain the thermal stability.13 Figure 2 shows the top view
of a-Ga which is identical for all three suggested surfa
terminations: it is a rectangular~almost-square! unit cell con-
taining two atoms, one at the corners and one slightly mo
off the center. For all three terminations one would expec
observe a LEED pattern in which every odd-integer spot
the @100# direction is missing because of the glide-pla
symmetry of bulka-Ga which is preserved in the surfac
structure.

Atomically resolved STM images taken near the melti
temperature by Zu¨ger and Du¨rig7 show the expected struc
ture but due to the lack of depth sensitivity in STM they
not reveal which termination is actually present. Howev
only steps of heightc/2'3.8 Å are observed indicating tha
only one termination prevails on the surface. It has to
noted that the STM data also give some indications o
possible surface reconstruction in which the atom near
center of the unit cell is moved slightly off its ideal positio
©2003 The American Physical Society22-1
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towards one of the corner atoms.7 Such a reconstruction
breaks the glide-plane symmetry and is consistent with
fact that Züger and Du¨rig have observed a~131! LEED
pattern with no missing spots. A broken glide-plane symm
try has also been found by Walkoet al.9 in a surface x-ray-
diffraction study pointing towards a B termination.

Dedicated LEED experiments, however, observe a gli
plane symmetry in accordance with the suggested sur
terminations. LEED~Ref. 10! and SPA-LEED ~Ref. 11!
studies observe the expected missing spots on well-align29

surfaces near the melting temperature. A quantitative LE
analysis finds the surface to be a relaxed type-B b
termination.10

An ARPES study by Hofmann, Cai, Gru¨tter, and
Bilgram12 ~HCGB! yielded an electronic structure which re
sembles the theoretical result of the B termination.13 A pre-
dicted surface state was found at theC̄ point of the surface
Brillouin zone ~SBZ! and the surface states in the lowe
lying gaps which are predicted only for the A~Ref. 14! and
the C~Ref. 13! terminations were indeed not observed. The
were, however, two noteworthy points of disagreement. F
from the theoretical result an almost circular surface Fe
surface around theC̄ point is expected.13 This did not seem
to be the case in the experiment, even though HCGB did
systematically measure the Fermi surface. Second, a

dicted surface state near theḠ point could not be observed
In the present work we have now been able to find this st
In conclusion, it is a well-established fact that in the hig
temperature~HT! phase, close to the melting temperatu
the surface structure is a relaxed type-B bulk termination

B. Low-temperature phase

HCGB have observed that the surface undergoes a rev
ible phase transition at about 220 K.12 Above this tempera-
ture the LEED pattern is~131! with missing spots. Upon
cooling below approximately 220 K the LEED patte
changes reversibly from~131! to c(232) or (A2
3A2)R45° in the low-temperature~LT! phase. Later addi-
tional spots have been found in the LT LEED pattern10

These spots are very weak and only observable in a s
energy window. However, it turns out that the correct d
scription of the LT LEED pattern is (2A23A2)R45°. To

FIG. 1. ~a! The a-Ga crystal structure with the Ga2 dimers em-
phasized.~b! Side view where the two possible truncated-bulk s
faces A and B are indicated.
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make matters even more complicated, SPA-LEED has sh
that the overstructure spots in the LT phase are actually s
along the direction of the glide plane by a very sm
amount, corresponding to a real-space distance abou
times larger than the~131! unit cell.11

Using dynamic LEED analysis More´ and co-workers have
not only been able to determine the structure of the~131!
phase but also that of the low-temperature phase.10 As men-
tioned above, the high-temperature phase is a relaxed f
of the B termination. Good agreement between measured
simulated LEEDI (V) curves could be achieved but only b
assuming a very low surface Debye temperature. This in
cates the presence of large-amplitude thermal vibration
other types of disorder. The LT structure can be obtain
from the HT structure by shifting the surface atoms, since
major mass transport is involved. There is a certain degre
dimerization, likely to remove some of the dangling bon
present on a B-terminated~131! phase. As for the HT struc
ture, a low surface Debye temperature has to be assume
order to achieve good agreement between experiment
simulations.

C. Surface phase transition

The aim of the present work is to study the detailed int
play between the surface electronic structure and the ph
transition in order to find the driving force behind the reco
struction. The above-described behavior is complicat
however, there are some facts which do point towards a p
sible scenario for a phase transition. From energetic grou
a B termination of the surface does not seem to be v
favorable because the bonds between the surface dimers
to be broken, leaving a crystal which is terminated with
buckled plane and which supports a high density of dang
bonds. One could expect this surface to undergo a me
insulator transition, removing the dangling bonds, or at le
a fraction of them, by dimerization, a picture which see
consistent with the LEED results for the LT phase. A surfa
metal-insulator transition should be identifiable in the ele
tronic structure, in particular, in the states very close to
Fermi level. Apart from the removal of dangling bonds, oth
mechanisms might contribute to the phase transition, in p
ticular, the strong electron-phonon coupling.

-

FIG. 2. ~a! Top view ofa-Ga~010!. Only the first layer is shown.
This first layer geometry is identical for the terminations in Fig.
~b! Surface Brillouin zone ofa-Ga~010!. The marker~L! between

Ḡ andC̄ indicates thekW i point where the data in Fig. 11 below wer
taken.
2-2
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INTERPLAY BETWEEN ELECTRONIC STRUCTURE AND . . . PHYSICAL REVIEW B67, 165422 ~2003!
A type of surface metal-insulator transition which has
cently attracted considerable attention is the formation o
charge-density wave~CDW!. While this type of instability is
most likely to occur in one-dimensional systems,15 it has also
been observed in quasi-two-dimensional crystals such as
transition-metal dichalcogenides as well as on clean
adsorbate-covered surfaces.16,17 The main idea behind a
CDW can be explained as follows. One introduces a perio
lattice distortion in a normal metal. This distortion will giv
rise to a new Brillouin zone with gaps in the band structu
opening at the zone boundaries. If the new zone bounda
coincide with large ‘‘nested’’ parts of the original Fermi su
face, the energy of many occupied states will be decrea
by the opening of the gaps. If this electronic energy gain
larger than the elastic energy which has to be spent to cr
the distortion, the new CDW ground state is stable. In pr
ciple, this type of phase transition should be easily found
photoemission: in the HT metallic phase one should be a
to observe the nested Fermi surface which disappears
opening a gap in the LT phase.

Unfortunately, the general situation is never this clear c
The properties of the system depend on the strength of
electron-phonon coupling and Tosatti has introduced a c
venient distinction between ‘‘weak-’’ and ‘‘strong-’’ coupling
CDW scenarios.16 In a strong-coupling CDW material th
electronic states can be changed in a large fraction of
SBZ and the gap can be much larger than in the we
coupling case described above.18,19Moreover, the phase tran
sition from the ordered CDW phase to the HT phase
strongly influenced by fluctuations. Just above the transi
temperature the long-range order which characterizes
CDW state is lost but short-range order of a similar nat
may still be present and lead to confusing photoemiss
results

The present paper is structured as follows: after this in
duction we describe the experimental procedures. Hand
and cleaninga-Ga is not an easy task because of the l
melting temperature and there is a risk that experimenta
sults become history dependent. Therefore we report s
details which are usually omitted for more ‘‘normal’’ metal
In the results section we first give an overview of the diffe
ent surface electronic states. After this, we describe the t
perature dependence of some of these states, of the su
Fermi surface and of the Ga 3d core levels. This is followed
by a detailed discussion and a short section giving the m
conclusions of our work.

II. EXPERIMENT

The photoemission experiments were performed using
angle-resolved electron spectrometer at the SGM-3 beam
on the undulator of the storage ring ASTRID in Aarhus.
detailed description of the instrument is given elsewher20

In short, the beamline covers an energy range from 13 eV
130 eV with a resolving power better than 15 000. Altern
tively, data can be taken using unpolarized HeI radiation
from a UV lamp. The electron spectrometer is a commer
hemispherical analyzer~VG-ARUPS10! which is mounted
on a goniometer inside the chamber and equipped wit
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multichannel detector. The analyzer position can be chan
by motors outside the chamber. The total-energy resolu
used in this work was around 40 meV. The angular resolut
was approximately60.7°. The pressure during the expe
ments with synchrotron radiation was in the 10211-mbar
range. Samples could be mounted on the end of a clo
cycle He refrigerator and cooled down to approximately
K. The temperature was monitored via aK-type thermo-
couple. If measurements were to be performed above 30
this had to be done by heating the sample using radia
heat from a filament behind the sample holder. The filam
current could either be pulsed as to avoid a possible in
ence of the magnetic field on the measurement or it could
turned on continuously. We decided to perform t
temperature-dependent measurements in the latter mode
having carefully tested that the influence of the magne
field on our results was negligible. Most spectra were o
tained at photon energies of 15.5, 17.0, and 24.5 eV. Th
energies are not special but are good choices in the sense
the investigated surface electronic states are well separ
from bulk peaks and have relatively high intensities.

Our a-Ga~010! sample was mechanically polished to
perfect mirror finish. After insertion into the vacuum syste
via a load-lock the surface was cleaned by sputtering w
0.5–2.0 keV Ne1 ions and ‘‘annealing’’ between 253 K an
273 K. This procedure resulted in a sharp~131! low-energy
electron-diffraction~LEED! pattern at 273 K. Every odd
integer spot in the@100# direction was missing, consisten
with bulk glide-plane symmetry. Surface cleanliness w
checked by photoemission. In the initial stages of the cle
ing, monitoring the oxygen peaks in the valence band pro
useful. Once an almost clean surface was obtained, the s
tral shape of the surface state atC̄ was found to be a more
sensitive measure of the surface quality. As we show la
some spread was found in the surface-state linewidth
certain temperature following a given combination of sp
tering and annealing. The reason for this is most likely due
the preparation history. It is, for example, conceivable tha
the surface is ‘‘annealed’’ close to room temperature fo
long time, then one may obtain a narrower linewidth after
cleaning procedure. Although a systematic history dep
dence could not be established, we believe that the lim
tions of an effective high-temperature annealing of this s
face affect the observed spread in linewidth.

The temperature scans were performed using two dif
ent approaches. The first was to clean the sample at 27
and to cool it down slowly, taking the data at the desir
temperatures. Cooling down the cryostat from 273 K to 30
takes about one hour plus the time needed to collect the d
This method works very well for temperatures above 80
where the surface is rather insensitive to contamination.
lower temperatures the surface was found to be more r
tive. At 30 K the quality of the surface states decays quick
and spurious peaks become visible in the spectrum.21 The
other approach also involved cleaning the sample at 273
Then, however, it was taken out of the cryostat and left o
wobble stick at room temperature until the cryostat w
cooled down. Subsequently it was inserted again and co
2-3
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CH. SØNDERGAARDet al. PHYSICAL REVIEW B 67, 165422 ~2003!
to 30 K within a few minutes. The data were taken by war
ing the sample in steps.

For the photoemission measurements the sample was
sitioned such that the angle between the surface normal
the incident light was 40° and 60° for the measurements w
synchrotron radiation and HeI, respectively. The azimutha
orientation of the sample was chosen such that the pola
tion vector of the synchrotron radiation was oriented alo

the Ḡ-C̄ direction of the SBZ.
All spectra taken with synchrotron radiation were norm

ized to the photoemission current of the last focusing mir
in the beamline. This enabled us to compare the abso
count rates, for example, for a set of temperature-depen
spectra.

III. RESULTS

A. Surface electronic structure: An overview

As mentioned above, the surface electronic structure
a-Ga~010! as determined here and previously in Ref. 12
sembles closely the theoretical result obtained by BCT
the relaxed B termination.13 We found a surface state situate
in the projected band gap around theC̄ point of the SBZ. The
experimental binding energy of this state at the hig
symmetry point was around 1.1 eV and thus somewhat la
than the calculated value of 0.5 eV. This surface state
dangling-bond state which arises due to the cutting of
dimers. It is doubly degenerate since each of the two ato
in the surface unit cell supports such a state. We call
state theSH state in the following. Its dispersion, Fermi su
face and temperature dependence is discussed in d
below.

BCT’s theoretical results for the A and C terminations13,14

predict surface states in the lower-lying projected band g
which have a binding energy between 6 and 9 eV. Such st
could not be found, neither by HCGB,12 nor us.

BCT also predicted a surface state at theḠ point of the
SBZ for all three terminations. This state was not obser
by HCBG but we have found it in the present work. It
shown in Fig. 3. Its binding energy is about 0.5 eV, cons
tent with the theoretical prediction.13 The state was identified
by its position in a projected bulk band gap and the fact t
its binding energy is not altered upon a change ofk' via the
photon energy.3 The reason why the state was not observ
by HCBG was the limited temperature and photon ene
range in that work. At low energies and high temperatu
the state is only visible as a very weak shoulder and is th
fore not easily recognized. The weak cross section for
surface state and its proximity to the bulk continuum mak
a poor candidate for studying temperature dependence
this was not attempted.

Finally, a second surface-related feature was found aC̄
very close to the Fermi energy for the LT structure. We ca
the SL state in the following. Such a state is not predict
for any of the three bulk terminations considered by BC
The state has already been observed by HCBG as a w
shoulder.
16542
-

o-
nd
h

a-
g

-
r
te
nt

of
-
r

-
er
a
e
s

is

tail

s
es

d

-

t

d
y
s
e-
is
it
nd

t

.
ak

B. The two surface states atC̄

Two surface states can be found atC̄. The first is the
dangling-bond stateSH with a binding energy of about 1.1
eV which can be observed at all temperatures. The secon
the additional stateSL found at low temperatures and ver
close to the Fermi level. Spectra of the low-temperature e
tronic structure atC̄ taken at two different photon energie
are shown in Fig. 4. The figure illustrates the independe
of the features fromk' . Both spectra have been taken su
that theSH surface state is exactly atC̄, and theSL state is
not. Moving the analyzer to the angle at which theSL state is
at C̄ leads to an intensity increase in that peak. It is ve
difficult to make statements about the binding energy a
width of the SL state since it appears to be cut off by th

FIG. 3. Energy distribution curve~EDC! taken in normal emis-
sion atT578 K. The small feature at about 0.5-eV binding ener

is the surface state at theḠ point in the surface Brillouin zone.

FIG. 4. EDC’s taken atT545 K for two different photon ener-

gies with theSH surface state atC̄. The SL surface state is only

approximately atC̄.
2-4
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INTERPLAY BETWEEN ELECTRONIC STRUCTURE AND . . . PHYSICAL REVIEW B67, 165422 ~2003!
Fermi level. At the lowest temperatures theSL state is very
sensitive to surface contaminations.

Figure 5 shows a typical set of energy distribution curv
~EDC’s! taken with theSH state at theC̄ point as a function
of temperature. One clearly observes the narrowing of theSH
peak and the evolution of theSL peak as the temperature
lowered. An interesting spectral feature is the high ba
ground intensity between the surface state and the Fe
level. From the gap in the bulk band structure one wo
actually expect the spectral intensity to be zero or at le
very low. Finite intensities can be created by scatter
events which change the electron energy not at all or o
very little, notably events such as phonon or impurity sc
tering. At least at the lowest temperatures phonon scatte
is unimportant. It is also inconceivable to assume a h
amount of defects for this surface since the methods
preparation used here are known to lead to highly orde
surfaces with very large terraces.8,11

The temperature dependence of a surface-state linew
can be used to extract information about the strength of
electron-phonon coupling on the surface as expressed by
so-called electron-phonon mass enhancement parametel.22

In short, this type of analysis is based on the following
sumptions. The linewidth of the surface-state peak is dire
connected to the inverse lifetime of the valence hole byGh
52p/t. There are three independent contributions to
lifetime: Gh5Ge-e1Ge- i1Ge-ph . The first, Ge-e , is Auger
decay via the electron-electron interaction. The second,Ge- i ,
is defect or impurity scattering which elastically scatters
hole, and the third,Ge2ph , is phonon scattering. The tw
first effects may give a considerable contribution to the h
lifetime but it is fair to assume that their temperature dep
dence is small. This leaves the electron-phonon interactio
the major contribution to the temperature dependence.
inverse lifetime due to this interaction is given by

FIG. 5. Temperature dependence of the surface electronic s

ture atC̄. The spectra have been normalized by the photoemis
current of the last beamline mirror and are plotted with a cons
offset. The temperature is changed byDT520 K between the
spectra.
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Ge-ph52p\E
0

vmax
dv8a2F~v8!@12 f ~v2v8!12n~v8!

1 f ~v1v8!#, ~1!

wherea2F(v) is the Eliashberg coupling function,f (v) and
n(v) are the Bose and Fermi distributions, respectively, a
vmax is the maximum phonon frequency. The Eliashbe
coupling function contains the phonon spectrum and can
approximated in the Debye model asa2F(v)5l(v/vD)2

for v,vD and zero elsewhere;5 vD is the Debye frequency
In the limit of high temperature,T.vD/3, and energies
close to the Fermi energy, a simple linear approximation
Eq. ~1! is valid:

Ge2ph52plkT. ~2!

The Debye approximation is actually a three-dimensio
scheme, but calculations show that surface effects only g
rise to small corrections, and the use of the Debye spect
is not expected to be a large source of errors either.23 In the
case of Ga with its low melting point Eq.~2! is only appli-
cable in a limited temperature range. Therefore we also a
lyze the data with Eq.~1! assuming the Debye approximatio
to the Eliashberg coupling function. In both cases
temperature-independent offset,G0, due to electron-electron
and electron-impurity scattering, is added toGe-ph .

An additional point to consider is how the measured lin
width, Gm , is related to the hole-state linewidthGh . A sur-
face state has no dispersion withk' and in this case

Gm5
Gh

U12
mvhisin2u

\ki
U , ~3!

whereu is the emission angle andvhi is the group velocity,
v5\21]E/]ki .24,25 In this experiment the emission angle
chosen such that the surface state is exactly at the symm
point C̄, thenvhi50 and Eq.~3! reduces toGm5Gh .

For a quantitative analysis of the line shape, we proc
as demonstrated in Fig. 6, and fit a Lorentzian-like line sh
to the peak in order to obtain the inverse lifetime of the h
state. The peak is slightly asymmetric and not purely Lore
zian due to the angular resolution of the analyzer~and any
other ki-integrating mechanisms!. However, the high
binding-energy side of the peak ought not to be broade
since the surface state is at an extremum of maximum b
ing energy, and hence only states with less binding ene
can be scattered into the emission direction by an integra
overki . For this reason we approximate the peak shape w
a line shape consisting of two ‘‘half’’ Lorentzians. The pa
of the peak below the binding energy is a Lorentzian w
width G, while the other part has widthG. . The full width
at half maximum of the peak is thenG51/2•(G,1G.). We
useGm52G, as the best measure of the inverse hole-s
lifetime. Note that this way of fitting allows us to quantif
the asymmetry,a5(G.2G,)/(G.1G,), and to see if it
depends on temperature. Our fits show no systematic t
perature dependence of the asymmetry and we obtain

c-

n
nt
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CH. SØNDERGAARDet al. PHYSICAL REVIEW B 67, 165422 ~2003!
asymmetry parameter ofa50.0460.02. As indicated in the
figure, the fit is performed only over a restricted regi
@1.45–0.7# eV including a linear background. This fittin
procedure yields consistent fits for all temperatures and v
ous photon energies. The absolute values for the widths
pend on the specific choice of the line-shape function and
energy range to be fitted. However, the qualitative beha
of the lineshape versus temperature we report below
a robust and inherent feature independent of the fitt
procedure.

The resulting linewidth for several measurements p
formed at 15.5 eV photon energy is shown in Fig. 7.
between each temperature scan the sample was cleaned
most important observation is the almost sudden increas
linewidth at the temperature of the phase transition. The li
width changes by over 100 meV in a temperature range
only 5 K. From this, the transition temperature can be de
mined to be 231 K. Below the phase transition the linewid
appears not to be a linear function of the linewidth. Rathe
is flattening out at the lowest temperatures. This behavior
be expected from Eq.~1! even in a simple Debye model. It i
due to the ‘‘freezing’’ of the phonons at low temperatures

From the included error bars one sees that the sprea
data is somewhat larger than the uncertainty in the individ
fits. This is most likely caused by the preparation histo
e.g., the amount of surface defects. It is consistent with
fact that a much narrower distribution can be obtained
rigidly shifting the result from each temperature scan alo
the vertical axis. Such a rigid shift would be expected fro
the fact that the linewidth contributions are roughly additiv
which has recently been verified experimentally.26 We also
notice that the relative spread is bigger in the HT phase.

Figure 7 also shows selected fits to the linewidth d
below the phase transition. The changes close to the p
transition cannot be explained by the model given in Eqs.~1!
and ~2! and thus the region above 210 K has been exclu
from the fitting region. Above the phase transition the te

FIG. 6. The surface state is fitted with an asymmetric Lorentz
and a linear background in order to extract the linewidth. This
shown for a high- and a low-temperature spectrum.
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perature range it is too short to permit a meaningful fit.
linear fit, by Eq.~2!, plus the temperature-independent offs
G0 , has been performed for the region aboveQD/3
.110 K and from this we findG0511366 meV andls
51.0160.06. When trying to apply the full model, Eq.~1!
plus offset, it turns out that the three free parametersls ,
vD , and G0 are highly correlated in the low-temperatu
region. We have therefore fixed the Debye temperature to
bulk value of a-Ga (vD528 meV). In this case we find
good agreement with the data andG058863 meV, ls
51.1760.04. This value ofls indicates a strong electron
phonon coupling in the surface,30 even stronger than in the
bulk.

The resulting fit parameters have to be viewed in light
the preparation dependence we have found for the linew
and keeping in mind that a different fitting region for th
determination of the Lorentzian width also leads to sligh
different results. This is mostly affecting the temperatu
independent offset and the absolute value of this param
has to be treated with care. Note also that we did not cho
to use the surface Debye temperature determined in
LEED study10 because the meaning of this parameter is
entirely clear here. Nevertheless, the choice of the De

n
s

FIG. 7. Linewidth of theSH state as a function of temperatur
The data set consists of 11 independent series; the sample
cleaned before each series. The error bars represent the unce
ties resulting from the line-shape fitting procedure. In addition
linear fit in the high-temperature limit@Eq. ~2!# and a fit to the full
model @Eq. ~1!# with vD528 meV are shown. The transition tem
peratureTc5231 K and the melting pointTm5303 K are marked
by vertical lines.
2-6
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temperature does have an influence on the other param
due to the correlation in the fitting process, and the unc
tainty in those parameters is thus larger than that sugge
by the purely statistical errors.

In Fig. 8 we plot a set of EDC’s taken atC̄ in the vicinity
of the phase transition without a vertical offset. Again o
observes the narrowing of theSH state upon decreasing tem
perature. More importantly, an apparently discontinuo
change of the spectral form at the Fermi level and below
observed at the phase transition. Above the transition t
perature merely a high Fermi edge is present. Just belo
small peak due to theSL state is seen near the Fermi leve
leading to an enhancement of spectral intensity there.
tween theSL state and theSH state there is a considerab
loss of spectral intensity. Note that this loss is intimate
related to the sudden decrease of surface-state linewidth
served when cooling through the phase transition~see Fig.
7!. The spectral intensity at binding energies higher th
;1.8 eV does not seem to be affected much by the ph
transition.

We summarize the main findings of this section. A re
vestigation of the temperature dependence of theSH state
confirms the presence of strong electron-phonon couplin
already reported by HCGB.12 In a small energy range aroun
the phase transition we observe a quasidiscontinuous ch
of spectral shape in the EDC’s which is accompanied b
change in the linewidth of theSH state. TheSL state is ob-
served immediately below the transition temperature
seems to be characteristic for the LT phase, being comple
absent above the transition temperature.

C. The electronic structure away from C̄

When moving away from theC̄ point, theSH state shows
a parabolic dispersion. The dispersion along two hig

FIG. 8. ~a! Spectra from the series shown in Fig. 5, plott
without vertical offset and inDT510 K steps. A sudden change i
the spectral shape at the temperature of the phase transition is e
recognizable.~b! Comparison between a high-temperature EDC a

a low-temperature EDC for theSH surface state atC̄. Also shown is

a low-temperature spectrum with theSL surface state atC̄. Notice
how theSL state increases the density of states at the Fermi l

aroundC̄.
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symmetry lines (C̄-X̄ and C̄-W̄) and along theC̄-Ḡ line is
shown in Fig. 9 for two temperatures, 253 K and 78 K. T

dispersion aroundC̄ was found to be well described by
free-electron parabola with an effective mass of 1.3 elect

masses~also shown in Fig. 9!. For theC̄-X̄ direction HCGB
have observed a Fermi-level crossing of the quasipart
peak in the HT phase. This crossing was removed in the
phase. This simple scenario cannot be confirmed here.
intensity pictures of data which were taken over a larg
energy interval show clearly the presence of a strongly d
persing bulk feature which mixes with the surface state
about 0.5-eV binding energy. At lower binding energies, bo
features cannot be distinguished anymore. Close to the F
energy, both states form a broad peak which may have s
spectral weight above the Fermi energy but does not sho
clear crossing. At 78 K the state is sharper and the spec
weight at the Fermi level therefore smaller, but the quali
tive dispersion in this region is similar. ForC̄-W̄ we also see
the strongly dispersing feature but it is unclear whethe
mixes with the surface state. In both directions no cle
Fermi-level crossing is observed in the HT phase but theSL

sily
d

el

FIG. 9. Dispersion of theSH state along selected high-symmet

directions away from theC̄ point and for two temperatures abov
and below the phase-transition temperature. Black correspond
high photoemission intensity. Note that some data are taken wi
discharge lamp~21.2 eV! and some with synchrotron radiatio
~24.5 eV!. The dashed white line in the right lower map is a fre
electron parabola with an effective mass of 1.3 electron masse
2-7
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CH. SØNDERGAARDet al. PHYSICAL REVIEW B 67, 165422 ~2003!
quasiparticle peak closely approaches the Fermi level. In

C̄-Ḡ direction the situation is clearer. Here the surface-s
dispersion ends in the bulk continuum about 400-meV be
the Fermi level.

The SL state is barely visible in the low-temperature da
of Fig. 9 because its intensity with respect toSH is relatively
low; in addition to this the state is only present in a narr
range aroundC̄. This can be seen in Fig. 10. When movin
the emission angle away fromC̄, the SL state appears to
either cross the Fermi level or lose its intensity and dis
pear.

Figure 11 shows a set of spectra in the vicinity of t
phase transition taken at an arbitrary point away fromC̄ ~the
point is indicated in Fig. 2!. An observation similar to that in
Fig. 8 is made: at the phase transition the spectral sh
changes discontinuously. Away fromC̄, the SL state is not
present and consequently one finds a decrease of spe
intensity from the Fermi level down to theSH state. There is

FIG. 10. Dispersion of theSL state in the vicinity ofC̄, along

the C̄-X̄ direction atT578 K. The EDC’s have been plotted wit
both vertical and horizontal offsets. Black corresponds to high p
toemission intensity.

FIG. 11. Temperature-dependent (DT510 K) EDC’s taken

away from theC̄ point on thekW i point indicated in Fig. 2~b!. At the
temperature of the phase transition a sudden loss of spectral i
sity is observed between the Fermi level and approximately 1.5
binding energy.
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nothing special about thisk point. We have performed suc
measurements at many other points in the projected band

aroundC̄ and made similar observations. A more systema
approach to this is described in the next subsection of
paper.

D. The two-dimensional Fermi surface

A discussion of the phase transition in terms of a CDW
more general, a metal-insulator transition requires the exp
mental determination of the surface Fermi surface above
below the transition temperature. In the previous sections
have already seen that the phase transition leads to a q
discontinuous change of photoemission intensity at the Fe
level, at least at some points of the SBZ. The surface-s
dispersions shown in Fig. 9 do not reveal any clear-cut Fe
surface in the directions considered but there may be s
spectral intensity atEF from theSH state, or a surface reso

nance derived from this state, in both theC̄-X̄ and C̄-W̄
directions. In order to obtain more complete informati
about the surface Fermi surface in the entire SBZ, we h
measured the photoemission intensity at the Fermi level
two photon energies~15.5 eV and 17 eV! and at two tem-
peratures~273 K and 83 K!. The intensity at the Fermi leve
was determined by integrating over a 50-meV energy w
dow centered on the Fermi level. A background correct
was performed by subtracting the averaged intensity o
50-meV energy window well above the Fermi level. Th
mapping was only done in one irreducible quarter of t
SBZ. The rest of the plots are obtained by symmetry. T
resulting Fermi-level intensity maps are shown in Fig. 1
The color scale at each photon energy is chosen such tha
same scaling applies to the HT and LT scans.

The strongest features in our maps of the Fermi-level

tensity are the half circles close toḠ in the Ḡ-X̄ direction,

the two horizontal features at the sides of theX̄ point, and the

pointlike feature atW̄. All these are interpreted as bulk re

lated. The peak atW̄ must be a bulk feature or at least
surface resonance because there is no projected bulk

gap atW̄.13 All the other features are immediately identifie
as bulk related because one can see their form change
photon energy, demonstrating a sensitivity towards a cha
of k' . For the HT phase, we do not observe a clear-
surface Fermi surface caused by the Fermi-level crossin
the quasiparticle peak from theSH state at any point of the
SBZ. Instead, we find a relatively high intensity at the Fer
level in almost all of the projected bulk band gap around
C̄ point. This intensity is much lower in the LT phase, co
sistent with Fig. 11. In the LT data theSL state is visible as a
relative maximum in intensity aroundC̄, as expected. We do
however, also observe an increase of Fermi-level intensit
a broader region aroundC̄ in the HT data, suggesting that th
SL state is still present to some degree but smeared outk
space, i.e., characteristic features of the LT structure are
present in a disordered way in the HT phase. This see

-

n-
V
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FIG. 12. ~Color! Map of the integrated Fermi-level intensity at two different photon energies and temperatures. Data were only o
in an irreducible quarter of the SBZ; the rest of the image was generated by symmetry. The difference is calculated as (I LT2I HT)/I HT .
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surprising when only considering the data in Fig. 8 where
SL state appears to be vanishing abruptly at the phase
sition.

E. Core levels

Signs of the surface phase transition were also found
the shape of the Ga 3d core-level lines. The temperatur
dependence of the core-level spectra is shown in Fig. 13.
as in the valence band, a sudden change of the core-leve
shape is observed at the transition temperature. In the
temperature phase the spin-orbit split components of thed

FIG. 13. Temperature dependence of Ga 3d for two different
polar emission angles~u!. The spectra are taken inDT510 K steps
between 203 K and 253 K.
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line are apparently broadened as well as slightly shifted
energy. The line-shape change has some minor depend
on the emission angle as shown in Fig. 13. The chan
related to the surface phase transition must obviously or
nate in a surface contribution to the 3d signal. The core-level
binding energies of atoms in the surface layer may be dif
ent, by the so-called surface core-level shift~SCLS!, from
the bulk values. One could now imagine the SCLS to
different for the two phases, giving rise to the observ
abrupt change in line shape. We have not been able to cle
identify SCLS components of the Ga 3d lines. In fact, spec-
tra of the Ga 3d line for various emission angles and photo
energies are generally quite well fitted with two Gauss
broadened Doniach-Sunjic line shapes. The fit parame
were Gaussian width 290 meV~HT! and 340 meV~LT!,
Lorentzian width 180 meV, and asymmetry parameter 0.
Note that the Gaussian broadening is an intrinsic effect
to phonon scattering of the core hole, and it is significan
greater than the instrumental broadening. The fact that
are not able to resolve any SCLS components does not
out this explanation of the line-shape change. The ang
dependence seen in Fig. 13 is most likely due to differ
photoelectron-diffraction effects for the surface and the b
components.

Related to the SCLS difference between the surface
bulk, one may also consider whether the Ga 3d states show
some band-structure behavior. The 3d states are shallow an
may not be fully localized. If this is the case, the surfa
band structure would be expected to be different from tha
the bulk. Our observation could then be explained by
2-9
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change in the 3d surface band structure at the phase tran
tion. We have investigated the possibility of band dispers
in the 3d states by looking at the angular dependence of
line shape. Such a dependence was not found.

IV. DISCUSSION

Several ingredients seem to be important in the ph
transition: an at least partial dimerization of the surfa
atoms,10 a loss of spectral intensity near the Fermi level in
large fraction of the SBZ, the absence of a clear-cut nes
Fermi surface from theSH state quasiparticle peak, a pa
tially disordered HT phase which resembles the LT pha
and probably also the strong electron-phonon coupling.
these points lead us to interpret the transition tentatively
scenario which was termed a ‘‘strong-coupling CDW’’ b
Tosatti.16 In this case the HT phase is governed by the sa
short-range order as the LT phase, only the long-range o
is lost. Just above the transition temperature the local st
ture and electronic structure will be very similar to that of t
LT structure but governed by strong fluctuations.18 It is im-
portant to point out that in this case the HT structure is m
adequately described in a short-range real-space picture
in k space where all the structures will be smeared out. O
at a much higher temperature, above the melting tempera
of the sample, also the short-range ordering is undone
the sample can be described again as an ordered solidk
space. In the following, we give a detailed discussion of
findings in light of this picture.

A. Surface Fermi surface

The most important result of our Fermi-surface scans
that the HT to LT transition is accompanied by a decreas
spectral intensity at the Fermi level in a large fraction of t
projected band gap aroundC̄. At the same time we fail to
observe a nested Fermi surface in the HT phase. We s
that these results are consistent with the strong-coup
CDW picture.

In order to discuss the possibility of Fermi-surface ne
ing, it is useful to have two limiting cases of the structure
mind. The first is to view the reconstruction, crudely simp
fied, as (A23A2)R45°. In this case one would have to loo
for a Fermi surface with a nesting vector corresponding

the Ḡ-C̄ vector. TheSH surface state would be a good ca
didate to set up such a nesting. It would have to have Fe

level crossings half way along theḠ-C̄ line. In addition to
this, the Fermi surface should continue as straight lines

pendicular to theḠ-C̄ line. The other limiting case is the
complicated real structure which is not only (2A2
3A2)R45° but also shows split spots in SPA-LEED whic
indicate a periodicity about 18 times the lattice constan
the direction of the glide plane. In this structure, Ferm
surface nesting could happen almost over the entire~131!
Brillouin zone where theSH state crosses the Fermi level.

It turns out, however, that both the surface-state disp
sion in Fig. 9 and the Fermi-level intensity scans in Fig.
do not show any clear surface Fermi-level crossings, nei
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in theḠ-C̄ direction nor anywhere else. Instead we observ
smeared out Fermi-level intensity in the HT phase wh

disappears in the low-temperature phase not only alongḠ-C̄
but in a large fraction of the projected bulk band gap arou
C̄. The absence of a well-defined Fermi surface for the
phase is particularly striking when we compare our data
the theory of BCT for the B termination which we assume
be the correct structure for the HT phase. According to BC
the SH surface state should have an almost circular Fe
surface around theC̄ point and a maximum binding energ
of about 0.5 eV. Our findings reveal no clear Fermi surfa
and a maximum binding energy of 1.1 eV. One could
tempted to argue that the absence of the Fermi surfac
related to the higher binding energy at theC̄ point which
shifts the whole surface-state dispersion down and cause
bands to end up in the bulk continuum rather than cross
Fermi surface. But the problem lies deeper than this. TheSH
state on the B termination is a dangling-bond state and t
only partly occupied. This means that it has to have a Fe
surface.

This apparent problem is solved by considering the i
portance of fluctuations in the HT phase which destroy
long-range order present in the LT phase. These fluctuat
will necessarily lead to a situation where the informati
gathered in photoemission is unclear. In simple terms thi
due to the fact thatki is not a good quantum number an
more and one cannot expect to measure a well-defined
dimensional Fermi surface. Our findings for the spect
changes near the Fermi level which accompany the ph
transition fit very well into this picture: In most regions o
the SBZ this change is a loss of spectral intensity. Directly
C̄ this is not the case. The intensity at the Fermi lev
changes only very little because of theSL state’s appearanc
below the transition temperature. The change of spectra
tensity is not restricted to the immediate vicinity of the Fer
level. In fact, Fig. 11 shows a loss of spectral intensity all t
way from the Fermi level to the surface-state peak where
observes an intensity increase. At binding energies hig
than 1.8 eV or so the phase transition does not seem to h
a major influence on the spectral features, neither off no
C̄. The entire behavior can be interpreted as the remova
an ill-defined Fermi surface, as expected for a stro
coupling CDW. Note that the spectroscopic signatures of
phase transition are very similar to the findings of Dard
et al. for the incommensurate to quasicommensurate tra
tion on 1T-TaS2.27 In that system one observes the sudd
opening of a pseudogap together with spectral changes
an energy range much larger than thekT associated with the
phase transition.

B. Electron-phonon coupling and lifetime effects

The present study has confirmed the fact that the elect
phonon coupling is very strong ona-Ga~010!, a fact that
would favor the type of phonon-softening transition we ha
in mind. The sudden increase of linewidth of theSH state at
the phase-transition temperature, however, cannot be
plained in the usual picture of lifetime effects. Indeed, o
2-10



te
lle

bl
H

n
Su
sti
th
H
m

he
h

ny
an
-
ea

e
s

re
W
th
he
t
th

clu
w
a
te

ity
cte
r

s
ng
w

sit

h

ly
a

ig
ng
LT

ic

d
e

is
un-
r-
t
ure

dy
te
t-

nly

ling
ect
its
c-
ad-
ur-
to
the

ere,
al-

dif-
d
ow-

cal-

T
t the

EED
g a
.
in a
en-
dis-
low
her
the
os-

ed

tu-
lay
za-
me-

e a
LT

INTERPLAY BETWEEN ELECTRONIC STRUCTURE AND . . . PHYSICAL REVIEW B67, 165422 ~2003!
could expect a jumpin the other directionwhen considering
the fact that the low-temperature structure is reconstruc
This is because the reconstruction provides sma
reciprocal-lattice vectors which couple theSH state to other
electronic states, potentially reducing the lifetime. A possi
explanation for the observed linewidth increase in the
phase is that a new decay channel, which could but does
have to be a phonon, is opened at the phase transition.
a channel could be the coupling to structural fluctuations
present in the HT phase. An alternative explanation is
fact thatki ceases to be a good quantum number in the
phase. The transition from the LT to the HT phase is acco
panied by aki smearing. This leads to a broadening of t
surface state not because of a new decay channel for the
but simply because the initial state is not well defined a
more in ki . In this case, however, one would expect
asymmetric broadening of theSH state towards lower bind
ing energies which was not found in our analysis of the p
shape.

In a strong-coupling CDW scenario, the above consid
ations would also apply, to a small degree, to the LT pha
At finite temperatures, a CDW state is not perfectly orde
either. An interaction between the excitations of the CD
state and the electronic states will at least contribute to
finite background intensity below the Fermi level and to t
surface-state linewidth. This effect has to also to be kep
mind when linking a strong temperature dependence of
surface state width below the transition temperature ex
sively to electron-phonon coupling. However, at very lo
temperatures this should be unimportant and we must cle
state that the reason for the relatively high background in
sity below the Fermi level is not yet understood.

C. Similarity between HT and LT phases: TheSL state

There are indications pointing towards a close similar
between the HT and the LT phases which would be expe
for the strong coupling CDW model. From the temperatu
scans of theSL state peak atC̄ it appears that this feature i
closely linked to the phase transition and genuinely belo
to the LT phase. Our Fermi-level intensity scans show, ho
ever, that a higher but smeared out Fermi-level inten
aroundC̄, reminiscent of the peak caused by theSL state,
can also be found above the transition temperature. T
change from a sharp peak~in ki) to a broad maximum is
consistent with a strong-coupling CDW model which on
destroys the long-range order and therefore leads toki
smearing in the HT phase.

The problem is that we have little knowledge of the s
nificance of theSL state in the first place since we are lacki
theoretical calculations of the electronic structure in the
phase. When viewing the reconstruction as ‘‘almost’’ (A2
3A2)R45° one could expect an umklapp process wh

folds the states from theḠ point into theC̄ point, and theSL

state could be the same as the surface state atḠ shown in
Fig. 3. This origin of theSL state can, however, be exclude
because it is much closer to the Fermi level than the stat

Ḡ. Another possibility is that theSL state is simply a band
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which lies just above the Fermi level for the HT phase and
pulled down by the reconstruction. This seems rather
likely, too. When we view the LT structure as a slight disto
tion of the HT phase, a state above the Fermi energy aC̄
should be found in the calculations of the electronic struct
of the B termination but this is not the case.13 It seems more
likely that theSL peak has a more complicated many-bo
nature which is linked to the LT phase. It could origina
from low-lying excitations of the CDW state. More theore
ical work is needed to resolve this issue.

D. Core levels

We have observed signs of the phase transitions not o
in the valence band but also in the 3d core-level spectrum. It
leads to an apparent broadening of the peaks when coo
from the HT phase to the LT phase. Unfortunately, the eff
is rather small and we have not been able to pin down
origin, neither with data taken at different emission dire
tions nor at different photon energies. In any event, a bro
ening in the low-temperature phase is counterintuitive. If s
face core-level shifts play a role, one would expect them
be smaller in the LT phase because of the tendency of
surface to form dimers. If the 3d states are bandlike, aki
smearing in the HT phase would predict broader peaks th
not in the LT phase. The only possible explanation was
ready given when discussing theSH state. In the LT phase
the new and small reciprocal-lattice vectors could couple
ferentki points giving rise to a partial SBZ integration an
broader lines. This speculation does not get us very far, h
ever. What we do learn from the 3d states is that it might be
important to include them as valence states in a future
culations of thea-Ga~010! surface properties.

E. Other issues

The presence of large thermal fluctuations in the H
phase agrees well with an increased surface disorder a
phase transition observed by SPA-LEED,11 and with the fact
that good agreement between simulated and measured L
I (V) curves for the HT phase can only be achieved usin
very low surface Debye temperature in the simulations10

Note that the concept of the surface Debye temperature
quantitative LEED analysis is intended to describe the
hanced thermal vibrations at the surface. Other kinds of
order will, however, also result in the need to assume a
Debye temperature for the LEED simulations. On the ot
hand, the LEED analysis of the LT data also requires
assumption of a low Debye temperature. This leaves the p
sibility that the surface vibrational amplitudes are inde
very large.

The LEED results suggest, in agreement with naive in
ition, that a dimerization in the surface does at least p
some role in driving the phase transition. Such a dimeri
tion should remove the dangling bonds and decrease the
tallicity of the surface. In other words, one should observ
decrease in the density of states at the Fermi level in the
phase or, in a pure band picture, the removal~partly! of the
surface Fermi surface.
2-11



t i

,
o
n

d
b
e
se
d
le

a

m
c
rm
n
ig
t

gh

hase

her
ir-

tron
arn
ase
the
be
ns
ible
of

, at

ns
i.

Re-
nks

CH. SØNDERGAARDet al. PHYSICAL REVIEW B 67, 165422 ~2003!
In connection to the discussion of CDW phenomena i
interesting to point out that~bulk! a-Ga can be viewed, in a
certain sense, as a layered material where metallic planes
buckled planes, are separated by covalent bonds. This p
of view agrees with the very anisotropic Fermi surface a
transport properties ofa-Ga. In this picture, a B-terminate
~010! surface is a quasi-two-dimensional metal. It should
even more metallic than the corresponding bulk layers du
the dangling bonds. It is a curious fact that this increa
metallicity apparently leads to an unstable situation an
phase transition which is not observed in the bulk buck
planes.

V. CONCLUSIONS

We have studied the interplay between the surface ph
transition and the electronic structure ona-Ga~010!. Our
findings lead us to an interpretation of the transition in ter
of a surface charge-density wave. The most important fa
to support this are the loss of spectral intensity at the Fe
level in large fractions of the SBZ, the strong electro
phonon coupling, and the presence of disorder in the h
temperature state. This disorder is most probably due to
fact that the short-range surface structure in the hi
,
.
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temperature phase still resembles the low-temperature p
but the long-range order is lost.

There are several open questions which call for furt
experiments and calculations. First of all, it would be des
able to measure the surface vibrational structure by elec
energy-los spectroscopy or He scattering in order to le
more about the role of the surface phonons in the ph
transition. Furthermore, knowing more details about
long-range order in the low-temperature structure would
important. LEED or x-ray scattering are probably not optio
here and low-temperature STM seems to be the only poss
alternative. Last but not least, first-principles calculations
the low-temperature structure and electronic structure
least for a (A23A2)R45° phase or maybe even for (2A2
3A2)R45°, would be most valuable.
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10S. Moré, E. Soares, M. A. van Hove, Ph. Hofmann, S. Lizzit,

Baraldi, Ch. Gru¨tter and J. H. Bilgram~unpublished!.
11S. Lizzit, A. Baraldi, Ph. Hofmann, Ch. Gru¨tter and J. H. Bilgram

~unpublished!.
12P. Hofmann, Y. Q. Cai, Ch. Gru¨tter, and J. H. Bilgram, Phys. Rev

Lett. 81, 1670~1998!.
13M. Bernasconi, G. L. Chiarotti, and E. Tosatti, Phys. Rev. Le

70, 3295~1993!; M. Bernasconi, G. L. Chiarotti, and E. Tosatt
Phys. Rev. B52, 9999~1995!.

14M. Bernasconi, Ph.D. thesis, International School for Advanc
Studies~ISAS!, Trieste, 1993.

15G. Grüner,Density Waves in Solids, Vol. 89 of Frontiers in Phys-
ics ~Persus, Cambridge, MA, 1994!.

16E. Tosatti, inElectronic Surface and Interface States on Metal
Systems, edited by E. Bertel and M. Donath~World Scientific,
Z.

.

d

Singapore, 1995!, and references therein.
17T. Aruga, J. Phys.: Condens. Matter14, 8393 ~2002!, and refer-

ences therein.
18W. L. McMillan, Phys. Rev. B16, 643 ~1977!.
19J. E. Inglesfield, J. Phys. C12, 149 ~1979!.
20S. V. Hoffmann, Ch. So”ndergaard, Ch. Schultz, Z. Li, and Ph

Hofmann~unpublished!.
21Ch. Søndergaard, Ph.D. thesis, University of Aarhus, 2001.
22B. A. McDougall, T. Balasubramanian, and E. Jensen, Phys. R

B 51, 13 891~1995!.
23J. Kliewer, R. Berndt, E. V. Chulkov, V. M. Silkin, P. M. Ech

enique, and S. Crampin, Science288, 1399~2000!.
24N. V. Smith, Comments Condens. Matter Phys.15, 263 ~1992!.
25N. V. Smith, P. Thiry, and Y. Petroff, Phys. Rev. B47, 15 476

~1993!.
26L. Perfetti, C. Rojas, A. Reginelli, L. Gavioli, H. Berger, G. Ma

garitondo, M. Grioni, R. Gaa´l, L. Rorró, and F. R. Albenque,
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