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The interplay between the surface phase transition-@8010) 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 surfac€state at
Finally, an electronic state was observed in the low-temperature phase very close to the FermiGevkat
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 nuni®er73.20-r, 68.35—p, 63.20.Kr
I. INTRODUCTION A. Structural properties

) . . The [010] direction is almost parallel to the direction of
The stablea phase of gallium is a metal with an unusual the dimers in the bulk, and for th@10) surface one can

zgﬂgﬂ:g i?}g; Qg:::g do(:rtlﬁgr'ﬁg:ggicp\rﬁfﬂ:eﬁi ;tr(');gu”gmagine two possible terminations of the bulk structure. The
g P€Lo-called A termination is a configuration where the crystal is

unit cell.” Each atom hgs only one nearest neighbor such thac:Ieaved without cutting the interdimer bonds. In the B termi-
the structure can be viewed as being made of Gmers or

“molecules” (see Fig. 1 The covalent and localized bond- nation these bonds are cut, creating dangling bonds at the

ing character of the dimers is also reflected in the electronié’ur,face apd a metallic sur.fgce stateoth term|nat!on§ are
structure where it leads to rather flat bands in certain direcindicated in Fig. 1. In addition to these bulk terminations, a
tions ofk space?® Metallicity is only present in the so-called third structural model, the C termlnatlon,l?as been proposed
buckled planes where the ends of the dimers overlap. Thi8Y Bernasconi, Chiarotti, and TosaCT).™ It consists of a
gives rise to a very anisotropic Fermi surfa@nd corre- reconstruction with(1X1) periodicity which can be thought
Sponding transport properties‘ MoreoveiGa has an unusu- of as two Iayers of Ga lll, another bulk modification, cover-
ally low melting temperature of only 303 K. As might be ing the (010 surface ofa-Ga. In BCT’s calculations, the C
expected from the structure, the electron-phonon interactiomodel had the lowest total energy and this was found to
plays an important role in bulk-Ga. The upper limit for the  explain the thermal stabilit}? Figure 2 shows the top view
phonon frequencies is 40 mévand the electron-phonon of a-Ga which is identical for all three suggested surface
mass enhancement parametenas a value of 0.93. terminations: it is a rectangulé&almost-squaneunit cell con-
The properties of thex-Ga010) surfacé® have so far taining two atoms, one at the corners and one slightly moved
been studied by optical techniquescanning-tunneling mi-  off the center. For all three terminations one would expect to
croscopy (STM),”® x-ray diffraction? low-energy electron observe a LEED pattern in which every odd-integer spot in
diffraction (LEED),'° spot profile analysigSPA) LEED,}*  the [100] direction is missing because of the glide-plane
angle-resolved photoemission spectroscOBRPES,*> and  symmetry of bulka-Ga which is preserved in the surface
first-principles calculation§® Several interesting properties structure.
have been found, among others an extraordinary thermal sta- Atomically resolved STM images taken near the melting
bility. The surface appears to be stable uf &md even temperature by Zger and Duig’ show the expected struc-
beyond the bulk melting point. Furthermore it has beenture but due to the lack of depth sensitivity in STM they do
found that the electron-phonon coupling on the surface isiot reveal which termination is actually present. However,
very strong, even stronger than in the Bélind finally that  only steps of height/2~3.8 A are observed indicating that
the surface undergoes a reversible phase transition upamly one termination prevails on the surface. It has to be
cooling below 220 K2 Understanding the nature of this noted that the STM data also give some indications of a
phase transition and its interplay with the electronic structurgossible surface reconstruction in which the atom near the
is the main objective of this paper. center of the unit cell is moved slightly off its ideal position
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_ _ FIG. 2. (a) Top view of -Ga(010). Only the first layer is shown.
FIG. 1. (8) The a-Ga crystal structure with the Galimers em-  This first layer geometry is identical for the terminations in Fig. 1.
phasized(b) Side v!eV\{ where the two possible truncated-bulk sur-(b) Surface Brillouin zone of-Ga(010). The marker( <) between
faces A and B are indicated. I' andC indicates thék; point where the data in Fig. 11 below were

) taken.
towards one of the corner atorhsSuch a reconstruction

breaks the glide-plane symmetry and is consistent with thénake matters even more complicated, SPA-LEED has shown
fact that Ziger and Duig have observed #1X1) LEED that the overstructure spots in the LT phase are actually split
pattern with no missing spots. A broken glide-plane symmealong the direction of the glide plane by a very small
try has also been found by Wallat al? in a surface x-ray- amount, corresponding to a real-space distance about 18
diffraction study pointing towarsla B termination. times larger than thélx1) unit cell

Dedicated LEED experiments, however, observe a glide- Using dynamic LEED analysis Momnd co-workers have
plane symmetry in accordance with the suggested surfaagot only been able to determine the structure of ¢he 1)
terminations. LEED(Ref. 10 and SPA-LEED(Ref. 1)  phase but also that of the low-temperature pHasges men-
studies observe the expected missing spots on well-afidnedtioned above, the high-temperature phase is a relaxed form
surfaces near the melting temperature. A quantitative LEEDRf the B termination. Good agreement between measured and
analysis finds the surface to be a relaxed type-B bulksimulated LEEDI (V) curves could be achieved but only by
termination'© assuming a very low surface Debye temperature. This indi-

An ARPES study by Hofmann, Cai, QGtar, and cates the presence of large-amplitude thermal vibrations or
Bilgram'? (HCGB) yielded an electronic structure which re- other types of disorder. The LT structure can be obtained
sembles the theoretical result of the B terminafidA pre-  from the HT structure by shifting the surface atoms, since no
dicted surface state was found at fBepoint of the surface major mass transport is involved. There is a certain degree of
Brillouin zone (SBZ) and the surface states in the lower- dimerization, likely to remove some of the dangling bonds
lying gaps which are predicted only for the(Ref. 14 and  present on a B-terminat¢dx 1) phase. As for the HT struc-
the C(Ref. 13 terminations were indeed not observed. Thereture, a low surface Debye temperature has to be assumed in
were, however, two noteworthy points of disagreement. Firstprder to achieve good agreement between experiment and
from the theoretical result an almost circular surface Fermgimulations.

surface around th€ point is expected® This did not seem

to be the case in the experiment, even though HCGB did not C. Surface phase transition

systematically measure the Fermi surface. Second, a pre- The aim of the present work is to study the detailed inter-
dicted surface state near tlepoint could not be observed. play between the surface electronic structure and the phase
In the present work we have now been able to find this statdransition in order to find the driving force behind the recon-
In conclusion, it is a well-established fact that in the high-struction. The above-described behavior is complicated,
temperature(HT) phase, close to the melting temperature,however, there are some facts which do point towards a pos-
the surface structure is a relaxed type-B bulk termination. sible scenario for a phase transition. From energetic grounds,
a B termination of the surface does not seem to be very
favorable because the bonds between the surface dimers need
to be broken, leaving a crystal which is terminated with a

~ HCGB have observed that the surface undergoes a revergyckled plane and which supports a high density of dangling
ible phase transition at about 220'KAbove this tempera- ponds. One could expect this surface to undergo a metal-
ture the LEED pattern i1X1) with missing spots. Upon jnsylator transition, removing the dangling bonds, or at least
cooling below approximately 220 K the LEED pattern g fraction of them, by dimerization, a picture which seems
changes reversibly from(1x1) to c¢(2x2) or (V2  consistent with the LEED results for the LT phase. A surface
X \2)R45° in the low-temperaturé.T) phase. Later addi- metal-insulator transition should be identifiable in the elec-
tional spots have been found in the LT LEED pattétn. tronic structure, in particular, in the states very close to the
These spots are very weak and only observable in a smaHermi level. Apart from the removal of dangling bonds, other
energy window. However, it turns out that the correct de-mechanisms might contribute to the phase transition, in par-
scription of the LT LEED pattern is (¢2X y2)R45°. To ticular, the strong electron-phonon coupling.

B. Low-temperature phase
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A type of surface metal-insulator transition which has re-multichannel detector. The analyzer position can be changed
cently attracted considerable attention is the formation of @y motors outside the chamber. The total-energy resolution
charge-density wave€CDW). While this type of instability is  used in this work was around 40 meV. The angular resolution
most likely to occur in one-dimensional systefi#, has also  was approximately=0.7°. The pressure during the experi-
been observed in quasi-two-dimensional crystals such as thfients with synchrotron radiation was in the & mbar
transition-metal dichalcogenides as well as on clean anghnge. Samples could be mounted on the end of a closed-
adsorbate-covered surfacés.” The main idea behind & cycle He refrigerator and cooled down to approximately 30
CDW can be explained as follows. One introduces a periodig The temperature was monitored viakatype thermo-

lattice distortion in a normal metal. This distortion will give couple. If measurements were to be performed above 30 K,

rise to a new Brillouin zone with gaps in the band structureipis had to be done by heating the sample using radiative

opening at the ZO”? boundﬂanes. If the new zone bou_ndarleﬁeat from a filament behind the sample holder. The filament
coincide with large “nested” parts of the original Fermi sur- . : X .
e%urrent could either be pulsed as to avoid a possible influ-

face, the energy of many occupied states will be decreas ence of the magnetic field on the measurement or it could be
h i f th . If this el i ini . )
by the opening of the gaps. If this electronic energy gain ISgrned on continuously. We decided to perform the

larger than the elastic energy which has to be spent to creaf

the distortion, the new CDW ground state is stable. In prin_temperature-dependent measurements in the latter mode after

ciple, this type of phase transition should be easily found ir{javing carefully tested that t_hg influence of the magnetic
photoemission: in the HT metallic phase one should be ablf€ld on our results was negligible. Most spectra were ob-

to observe the nested Fermi surface which disappears Hfined at photon energies of 15.5, 17.0, and 24.5 eV. These
opening a gap in the LT phase. energies are not special but are good choices in the sense that

Unfortunately, the general situation is never this clear cutthe investigated surface electronic states are well separated
The properties of the system depend on the strength of thisom bulk peaks and have relatively high intensities.
electron-phonon coupling and Tosatti has introduced a con- Our a-Ga010 sample was mechanically polished to a
venient distinction between “weak-" and “strong-" coupling perfect mirror finish. After insertion into the vacuum system
CDW scenariog® In a strong-coupling CDW material the via a load-lock the surface was cleaned by sputtering with
electronic states can be changed in a large fraction of the.5-2.0 keV Né ions and “annealing” between 253 K and
SBZ and the gap can be much larger than in the weak273 K. This procedure resulted in a shatp<1) low-energy
coupling case described abo\’e-’ Moreover, the phase tran- electron-diffraction(LEED) pattern at 273 K. Every odd-
sition from the ordered CDW phase to the HT phase isnteger spot in thd100] direction was missing, consistent
strongly influenced by fluctuations. Just above the transitionvith bulk glide-plane symmetry. Surface cleanliness was
temperature the long-range order which characterizes thehecked by photoemission. In the initial stages of the clean-
CDW state is lost but short-range order of a similar naturéing, monitoring the oxygen peaks in the valence band proved
may still be present and lead to confusing photoemissiomseful. Once an almost clean surface was obtained, the spec-

results ) o tral shape of the surface state@twas found to be a more
The present paper is structured as follows: after this introgensitive measure of the surface quality. As we show later,
duction we descrlb_e the experimental procedures. Handlingyme spread was found in the surface-state linewidth at a
and cleaninga-Ga is not an easy task because of the 10Wee(tain temperature following a given combination of sput-
melting temperature and there is a risk that experimental réging and annealing. The reason for this is most likely due to
sults become history dependent. Therefore we report Somgg preparation history. It is, for example, conceivable that if
details which are usually omitted for more “normal” metals. {he surface is “annealed” close to room temperature for a
In the results sectlor_l we first give an overview of. the d|f'fer-|ong time, then one may obtain a narrower linewidth after the
ent surface electronic states. After this, we describe the te“?:‘leaning procedure. Although a systematic history depen-

perature dependence of some of these states, of the surfaggnce could not be established, we believe that the limita-
Fermi surface and of the GadZore levels. This is followed  {jons of an effective high-temperature annealing of this sur-

by a detailed discussion and a short section giving the maigyce affect the observed spread in linewidth.

conclusions of our work. The temperature scans were performed using two differ-
ent approaches. The first was to clean the sample at 273 K
and to cool it down slowly, taking the data at the desired
temperatures. Cooling down the cryostat from 273 K to 30 K
The photoemission experiments were performed using atakes about one hour plus the time needed to collect the data.
angle-resolved electron spectrometer at the SGM-3 beamlinehis method works very well for temperatures above 80 K
on the undulator of the storage ring ASTRID in Aarhus. Awhere the surface is rather insensitive to contamination. At
detailed description of the instrument is given elsewl&re. lower temperatures the surface was found to be more reac-
In short, the beamline covers an energy range from 13 eV ttive. At 30 K the quality of the surface states decays quickly,
130 eV with a resolving power better than 15 000. Alterna-and spurious peaks become visible in the spectiuffhe
tively, data can be taken using unpolarized Headiation  other approach also involved cleaning the sample at 273 K.
from a UV lamp. The electron spectrometer is a commercialThen, however, it was taken out of the cryostat and left on a
hemispherical analyzefVG-ARUPS10 which is mounted wobble stick at room temperature until the cryostat was
on a goniometer inside the chamber and equipped with aooled down. Subsequently it was inserted again and cooled

II. EXPERIMENT
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to 30 K within a few minutes. The data were taken by warm- hv = 39 eV
ing the sample in steps.

For the photoemission measurements the sample was po- @
sitioned such that the angle between the surface normal and 5
the incident light was 40° and 60° for the measurements with £
synchrotron radiation and He respectively. The azimuthal =
orientation of the sample was chosen such that the polariza- '@
tion vector of the synchrotron radiation was oriented along 2 ‘
theI'-C direction of the SBZ. 5

All spectra taken with synchrotron radiation were normal- 8
ized to the photoemission current of the last focusing mirror 5
in the beamline. This enabled us to compare the absolute £
count rates, for example, for a set of temperature-dependent &
spectra.

15 10 05 0.0

Binding Energy (eV)
. RESULTS
) . FIG. 3. Energy distribution curvéEDC) taken in normal emis-
A. Surface electronic structure: An overview sion atT=78 K. The small feature at about 0.5-eV binding energy
As mentioned above, the surface electronic structure of the surface state at tfie point in the surface Brillouin zone.

a-Ga010) as determined here and previously in Ref. 12 re-
sembles closely the theoretical result obtained by BCT for
the relaxed B terminatioft We found a surface state situated

in the projected band gap around Beoint of the SBZ. The Two surface states can be found @t The first is the
experimental binding energy of this state at the high-dangling-bond stat&, with a binding energy of about 1.1
symmetry point was around 1.1 eV and thus somewhat largegV which can be observed at all temperatures. The second is
than the calculated value of 0.5 eV. This surface state is the additional stat&, found at low temperatures and very
dangling-bond state which arises due to the cutting of thelose to the Fermi level. Spectra of the low-temperature elec-
dimers. It is doubly degenerate since each of the two atomgonic structure aC taken at two different photon energies

in the surface unit cell supports such a state. We call thigre shown in Fig. 4. The figure illustrates the independence
state thes,, state in the following. Its dispersion, Fermi sur- of the features fronk, . Both spectra have been taken such

face and temperature dependence is discussed in detgi, theS,, surface state is exactly &, and theS, state is

below. . .
. L not. Moving the analyzer to the angle at which Hestate is
BCT's theoretical results for the A and C terminatibiné - g alyzerto gle & _
t C leads to an intensity increase in that peak. It is very

predict surface states in the lower-lying projected band gap ifficult to make statements about the binding energy and

hich h indi V. h
\éVOLlflzd ngtv E: f%lggéngnzﬁﬁregrybl))/elt_\lléeg]% gc?rngs_g ev. Such stat width of the S, state since it appears to be cut off by the
SH
{\

B. The two surface states aC

BCT also predicted a surface state at theoint of the
SBZ for all three terminations. This state was not observed
by HCBG but we have found it in the present work. It is
shown in Fig. 3. Its binding energy is about 0.5 eV, consis-

tent with the theoretical predictiori.The state was identified

by its position in a projected bulk band gap and the fact that

its binding energy is not altered upon a changé ofvia the hv =24.5eV

photon energy.The reason why the state was not observed Wy,

by HCBG was the limited temperature and photon energy \ J s
\a

range in that work. At low energies and high temperatures
the state is only visible as a very weak shoulder and is there-
fore not easily recognized. The weak cross section for this
surface state and its proximity to the bulk continuum make it
a poor candidate for studying temperature dependence and
this was not attempted.

Finally, a second surface-related feature was foun@ at 50 15 10 05 00
very close to the Fermi energy for the LT structure. We call it Binding Energy (eV)
the S, state in the following. Such a state is not predicted
for any of the three bulk terminations considered by BCT. FIG. 4. EDC's taken aT =45 K for two different photon ener-
The state has already been observed by HCBG as a wedgies with theS, surface state aC. The S, surface state is only
shoulder. approximately aC.

hv=155eV

Photoemission Intensity (arb. units)
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hv =155 eV re_ph=2wﬁf "o’ ?F(0)[1-f(o—»')+2n(w")
0

+f(o+w')], (1)

wherea?F (w) is the Eliashberg coupling functiof{w) and
n(w) are the Bose and Fermi distributions, respectively, and
®max 1S the maximum phonon frequency. The Eliashberg
coupling function contains the phonon spectrum and can be
approximated in the Debye model agF(w)=\(w/wp)?

for w<wp and zero elsewherewy, is the Debye frequency.

In the limit of high temperatureT>wp/3, and energies
T=273K close to the Fermi energy, a simple linear approximation to
Eqg. (1) is valid:

Photoemission Intensity (arb. units)

20 15 10 05 00 Fe pn=2m\KT. @)
Binding Energy (eV) ) . . . .
The Debye approximation is actually a three-dimensional

FIG. 5. Temperature dependence of the surface electronic struscheme, but calculations show that surface effects only give
ture atC. The spectra have been normalized by the photoemissiofise to small corrections, and the use of the Debye spectrum
current of the last beamline mirror and are plotted with a constants not expected to be a large source of errors efther.the
offset. The temperature is changed WI=20 K between the case of Ga with its low melting point E@2) is only appli-
spectra. cable in a limited temperature range. Therefore we also ana-
lyze the data with Eq(1) assuming the Debye approximation
to the Eliashberg coupling function. In both cases a
temperature-independent offs&f, due to electron-electron

Figure 5 shows a typical set of energy distribution curvesand eIectr.qn—impuri.ty scatteri_ng, iTQ’ addedltgpy . .
9 yp 9y An additional point to consider is how the measured line-

(EDC's) taken with theS,, state at theC point as a function width, T, is related to the hole-state linewidth, . A sur-

of temperature. One'clearly observes the narrowing oSphe_ face state has no dispersion wkh and in this case
peak and the evolution of th§ peak as the temperature is

lowered. An interesting spectral feature is the high back-

Fermi level. At the lowest temperatures t8g state is very
sensitive to surface contaminations.

ground intensity between the surface state and the Fermi [pn= I S (3)
level. From the gap in the bulk band structure one would ~ Mupsi i
actually expect the spectral intensity to be zero or at least fik,

very low. Finite intensities can be created by scattering ) o ) )
events which change the electron energy not at all or onlyvhere g is the emission angle ang, is the group velocity,
very little, notably events such as phonon or impurity scat? =%~ 9E/dk;.>*#°In this experiment the emission angle is
tering. At least at the lowest temperatures phonon scatteringl0sen such that the surface state is exactly at the symmetry
is unimportant. It is also inconceivable to assume a higtpoint C, thenvy =0 and Eq.(3) reduces td’,=T'y,.
amount of defects for this surface since the methods of For a quantitative analysis of the line shape, we proceed
preparation used here are known to lead to highly ordereds demonstrated in Fig. 6, and fit a Lorentzian-like line shape
surfaces with very large terracg$: to the peak in order to obtain the inverse lifetime of the hole
The temperature dependence of a surface-state linewidttate. The peak is slightly asymmetric and not purely Lorent-
can be used to extract information about the strength of theian due to the angular resolution of the analy@ard any
electron-phonon coupling on the surface as expressed by tlwher kj-integrating mechanisms However, the high
so-called electron-phonon mass enhancement paraméter binding-energy side of the peak ought not to be broadened
In short, this type of analysis is based on the following as-ssince the surface state is at an extremum of maximum bind-
sumptions. The linewidth of the surface-state peak is directlyng energy, and hence only states with less binding energy
connected to the inverse lifetime of the valence holdlgy can be scattered into the emission direction by an integration
=2m/7. There are three independent contributions to theoverk;. For this reason we approximate the peak shape with
lifetime: I'y=T¢.e+e.i+Tepn. The first,I'ee, is Auger  a line shape consisting of two “half” Lorentzians. The part
decay via the electron-electron interaction. The secbgdl, of the peak below the binding energy is a Lorentzian with
is defect or impurity scattering which elastically scatters thewidth I while the other part has width-. . The full width
hole, and the third]'e_,,, is phonon scattering. The two at half maximum of the peak is thdi=1/2- (I' . +T'.). We
first effects may give a considerable contribution to the holauseI',=2I"_ as the best measure of the inverse hole-state
lifetime but it is fair to assume that their temperature depentiifetime. Note that this way of fitting allows us to quantify
dence is small. This leaves the electron-phonon interaction gbe asymmetryo=(I'-—T'_)/(I'=+T'_), and to see if it
the major contribution to the temperature dependence. Thdepends on temperature. Our fits show no systematic tem-
inverse lifetime due to this interaction is given by perature dependence of the asymmetry and we obtain an
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FIG. 6. The surface state is fitted with an asymmetric Lorentzian 10&_
and a linear background in order to extract the linewidth. This is
shown for a high- and a low-temperature spectrum.
asymmetry parameter @fi=0.04+0.02. As indicated in the ] -:-:- 4=1.01, T=113 meV; lin. fit
figure, the fit is performed only over a restricted region : — A=1.17, T;,=88 meV;wp=28 meV
[1.45-0.7 eV including a linear background. This fitting 0 , , , N S ,
procedure yields consistent fits for all temperatures and vari- Y 506 100 150 200 250 300
ous photon energies. The absolute values for the widths de- Temperature (K)

pend on the specific choice of the line-shape function and the
energy range to be fitted. However, the qualitative behaviorrh
of the lineshape versus temperature we report below i§|
a robust and inherent feature independent of the fitting;

procedure. . . . linear fit in the high-temperature limiEqg. (2)] and a fit to the full
The resulting linewidth for several measurements PeTmodel[Eq. (1)] with wp=28 meV are shown. The transition tem-

formed at 15.5 eV photon energy is shown in Fig. 7. m_lperatureTC:ZSl K and the melting point,,=303 K are marked
between each temperature scan the sample was cleaned.

B}ﬁvertical lines.
most important observation is the almost sudden increase o
linewidth at the temperature of the phase transition. The lineperature range it is too short to permit a meaningful fit. A
width changes by over 100 meV in a temperature range ofinear fit, by Eq.(2), plus the temperature-independent offset
only 5 K. From this, the transition temperature can be deterl’o , has been performed for the region abo®g,/3
mined to be 231 K. Below the phase transition the linewidth=110 K and from this we find’o=113+6 meV and\,
appears not to be a linear function of the linewidth. Rather, it="1.01*0.06. When trying to apply the full model, E¢l)
is flattening out at the lowest temperatures. This behavior caplus offset, it turns out that the three free parameteys
be expected from Eq1) even in a simple Debye model. Itis wp, and Iy are highly correlated in the low-temperature
due to the “freezing” of the phonons at low temperatures. region. We have therefore fixed the Debye temperature to the
From the included error bars one sees that the spread ulk value of a-Ga (wp=28 meV). In this case we find
data is somewhat larger than the uncertainty in the individuagjood agreement with the data add)=88*=3 meV, A
fits. This is most likely caused by the preparation history,=1.17+0.04. This value ol ¢ indicates a strong electron-
e.g., the amount of surface defects. It is consistent with th@honon coupling in the surfac®,even stronger than in the
fact that a much narrower distribution can be obtained bybulk.
rigidly shifting the result from each temperature scan along The resulting fit parameters have to be viewed in light of
the vertical axis. Such a rigid shift would be expected fromthe preparation dependence we have found for the linewidth
the fact that the linewidth contributions are roughly additive,and keeping in mind that a different fitting region for the
which has recently been verified experimentaflyVe also  determination of the Lorentzian width also leads to slightly
notice that the relative spread is bigger in the HT phase. different results. This is mostly affecting the temperature-
Figure 7 also shows selected fits to the linewidth datandependent offset and the absolute value of this parameter
below the phase transition. The changes close to the phabas to be treated with care. Note also that we did not choose
transition cannot be explained by the model given in Etjs. to use the surface Debye temperature determined in the
and(2) and thus the region above 210 K has been exclude EED study because the meaning of this parameter is not
from the fitting region. Above the phase transition the tem-entirely clear here. Nevertheless, the choice of the Debye

FIG. 7. Linewidth of theS, state as a function of temperature.

e data set consists of 11 independent series; the sample was
eaned before each series. The error bars represent the uncertain-
es resulting from the line-shape fitting procedure. In addition, a
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(@) {b) —T_40K, SyatC

—T_40K SatC.

------ T - 263K, Seat G
SH,'\

hv = 15.5 eV j hv = 15.5 eV

Photoemission Intensity (arb. units)

20 15 10 05 00 20 15 10 05 00
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FIG. 8. (a) Spectra from the series shown in Fig. 5, plotted
without vertical offset and idT=10 K steps. A sudden change in
the spectral shape at the temperature of the phase transition is easi
recognizable(b) Comparison between a high-temperature EDC and
a low-temperature EDC for th8, surface state a. Also shown is
a low-temperature spectrum with tiS¢ surface state €. Notice
how the S, state increases the density of states at the Fermi level
aroundC.

Binding energy (eV)

temperature does have an influence on the other paramete ‘ m
due to the correlation in the fitting process, and the uncer- == = - =
tainty in those parameters is thus larger than that suggeste C XC wWC r

by the purely statistical errors. - Position in the surface Brillouin zone

In Fig. 8 we plot a set of EDC’s taken @tin the vicinity ) ion of th | lected high
of the phase transition without a vertical offset. Again one G- 9- Dispersion of th&, state along selected high-symmetry
observes the narrowing of tf&, state upon decreasing tem- directions away from th€ point and for two temperatures above
perature. More importantly, an apparently discontinuous"md below the phase-transition temperature. Black corresponds to
change of the spectral form'at the Fermi level and below igﬂgh photoemission intensity. Note that some data are taken with a
observed at the phase transition. Above the transition terfiScharge lamp(21.2 ey and some with synchrotron radiation
perature merely a high Fermi edge is present. Just below 4.5 e\). The dashed white line in the right lower map is a free-
small peak due to thé, state is seen near the.Fermi Ievel, electron parabola with an effective mass of 1.3 electron masses.

L 1

leading to an enhancement of spectral intensity there. Be-

tween theS, state and theS, state there is a considerable symmetry lines C-X and C-W) and along theC-T line is

loss of spectral intensity. Note that this loss is intimatelyshown in Fig. 9 for two temperatures, 253 K and 78 K. The
related to the sudden decrease of surface-state linewidth OB?spersion around was found to be well described by a

?ir\frer? evégirltf;omgerfggugp tt?nedi%gaztra]et:gir;sg(ﬁ;hggt.ha r%‘ree-electron parabqla vyith an eﬁecgle_ m_ass gf 1.3 electron
~1.8 eV does not seem to be affected much by the pha§@asse$also shown in Fig. P For theC-X direction HCGB
transition. have observed a Fermi-level crossing of the quasiparticle
We summarize the main findings of this section. A rein-peak in the HT phase. This crossing was removed in the LT
vestigation of the temperature dependence of $hestate phase. This simple scenario cannot be confirmed here. Our
confirms the presence of strong electron-phonon coupling détensity pictures of data which were taken over a larger
already reported by HCGE. In a small energy range around energy interval show clearly the presence of a strongly dis-
the phase transition we observe a quasidiscontinuous chan§grsing bulk feature which mixes with the surface state at
of spectral shape in the EDC'’s which is accompanied by @bout 0.5-eV binding energy. At lower binding energies, both -
change in the linewidth of th&, state. TheS, state is ob- features cannot be distinguished anymore. Close to the Fermi
served immediately below the transition temperature an@nergy, both states form a broad peak which may have some
seems to be characteristic for the LT phase, being complete§Pectral weight above the Fermi energy but does not show a
absent above the transition temperature. clear crossing. At 78 K the state is sharper and the spectral
weight at the Fermi level therefore smaller, but the qualita-
tive dispersion in this region is similar. F@-W we also see
- the strongly dispersing feature but it is unclear whether it
When moving away from th€ point, theS, state shows mixes with the surface state. In both directions no clear
a parabolic dispersion. The dispersion along two high+ermi-level crossing is observed in the HT phase butShe

C. The electronic structure away from c
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nothing special about thik point. We have performed such
measurements at many other points in the projected band gap
aroundC and made similar observations. A more systematic
approach to this is described in the next subsection of the
paper.

D. The two-dimensional Fermi surface

A discussion of the phase transition in terms of a CDW or,
more general, a metal-insulator transition requires the experi-
mental determination of the surface Fermi surface above and
below the transition temperature. In the previous sections we

the C-X direction atT=78 K. The EDC’s have been plotted with N@ve already seen that the phase transition leads to a quasi-
both vertical and horizontal offsets. Black corresponds to high phodiscontinuous change of photoemission intensity at the Fermi

toemission intensity.

level, at least at some points of the SBZ. The surface-state
dispersions shown in Fig. 9 do not reveal any clear-cut Fermi

quasiparticle peak closely approaches the Fermi level. In thgurface in the directions considered but there may be some

C-T direction the situation is clearer. Here the surface-stat

ectral intensity aEg from the S, state, or a surface reso-
&P y atg

dispersion ends in the bulk continuum about 400-meV belowtance derived from this state, in both tieX and C-W

the Fermi level.

directions. In order to obtain more complete information

The S, state is barely visible in the low-temperature dataabout the surface Fermi surface in the entire SBZ, we have

of Fig. 9 because its intensity with respectSg is relatively

measured the photoemission intensity at the Fermi level for

low; in addition to this the state is only present in a narrowtwo photon energie§l5.5 eV and 17 eYand at two tem-
range arounf_ This can be seen in F|g 10. When moving peratures(273 K and 83 K. The intensity at the Fermi level

the emission angle away frolg, the S, state appears to
either cross the Fermi level or lose its intensity and disap

pear.

was determined by integrating over a 50-meV energy win-
dow centered on the Fermi level. A background correction
was performed by subtracting the averaged intensity of a

phase transition taken at an arbitrary point away f@rthe

point is indicated in Fig. 2 An observation similar to that in

mapping was only done in one irreducible quarter of the
SBZ. The rest of the plots are obtained by symmetry. The

Fig. 8 is made: at the phase transition the spectral shag&Sulting Fermi-level intensity maps are shown in Fig. 12.

changes discontinuously. Away from, the S, state is not
present and consequently one finds a decrease of spectﬁ’f\
intensity from the Fermi level down to tH®, state. There is

hv =24.5eV

Photoemission Intensity (arb. units)

20 15 10 05 00
Binding Energy (eV)

FIG. 11. Temperature-dependenA =10 K) EDC's taken
away from theC point on thek; point indicated in Fig. &). At the

The color scale at each photon energy is chosen such that the
me scaling applies to the HT and LT scans.
The strongest features in our maps of the Fermi-level in-

tensity are the half circles close Pin the [-X direction,
the two horizontal features at the sides of ¥apoint, and the
pointlike feature atW. All these are interpreted as bulk re-

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

gap atW.3 All the other features are immediately identified
as bulk related because one can see their form change with
photon energy, demonstrating a sensitivity towards a change
of k, . For the HT phase, we do not observe a clear-cut
surface Fermi surface caused by the Fermi-level crossing of
the quasiparticle peak from tHg, state at any point of the
SBZ. Instead, we find a relatively high intensity at the Fermi
level in almost all of the projected bulk band gap around the
C point. This intensity is much lower in the LT phase, con-
sistent with Fig. 11. In the LT data tt# state is visible as a

relative maximum in intensity arour@, as expected. We do,
however, also observe an increase of Fermi-level intensity in

a broader region arour@ in the HT data, suggesting that the

temperature of the phase transition a sudden loss of spectral inte®_ state is still present to some degree but smeared okit in
sity is observed between the Fermi level and approximately 1.5-e\space, i.e., characteristic features of the LT structure are still

binding energy.

present in a disordered way in the HT phase. This seems
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FIG. 12. (Color) Map of the integrated Fermi-level intensity at two different photon energies and temperatures. Data were only obtained
in an irreducible quarter of the SBZ; the rest of the image was generated by symmetry. The difference is calculatedl as)(l -

surprising when only considering the data in Fig. 8 where thdine are apparently broadened as well as slightly shifted in
S, state appears to be vanishing abruptly at the phase traenergy. The line-shape change has some minor dependence
sition. on the emission angle as shown in Fig. 13. The changes
related to the surface phase transition must obviously origi-
E. Core levels nate in a surface contribution to the 3ignal. The core-level

Signs of the surface phase transition were also found ill?inding energies of atoms in the surface layer may be differ-

the shape of the GadBcore-level lines. The temperature €Nt by the so-called surface core-level s8CLS, from
dependence of the core-level spectra is shown in Fig. 13. Julifé bulk values. One could now imagine the SCLS to be
as in the valence band, a sudden change of the core-level lififferent for the two phases, giving rise to the observed
shape is observed at the transition temperature. In the lowPrupt change in line shape. We have not been able to clearly

temperature phase the spin-orbit split components of the 3'dentify SCLS components of the Gal3ines. In fact, spec-
tra of the Ga 8l line for various emission angles and photon

energies are generally quite well fitted with two Gaussian
broadened Doniach-Sunjic line shapes. The fit parameters
were Gaussian width 290 meHT) and 340 meV(LT),
Lorentzian width 180 meV, and asymmetry parameter 0.05.
Note that the Gaussian broadening is an intrinsic effect due
to phonon scattering of the core hole, and it is significantly
greater than the instrumental broadening. The fact that we
are not able to resolve any SCLS components does not rule
out this explanation of the line-shape change. The angular
dependence seen in Fig. 13 is most likely due to different
photoelectron-diffraction effects for the surface and the bulk
components.

Related to the SCLS difference between the surface and
bulk, one may also consider whether the Gh<3ates show
some band-structure behavior. The States are shallow and

FIG. 13. Temperature dependence of G& f8r two different may not be fU”y localized. If this is the case, the surface
polar emission angle®). The spectra are taken kiT=10 K steps  band structure would be expected to be different from that of
between 203 K and 253 K. the bulk. Our observation could then be explained by a

6=0° — T>T|| 0=205° —
hv=52eV 4 - T<T|| hv=52eV == T<T,

Photoemission Intensity (arb. units)

19.5 19.0 185 180 175 195 19.0 185 180 17.5
Binding Energy (eV)
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change in the 8 surface band structure at the phase transiy, the - C direction nor anywhere else. Instead we observe a
tion. We have investigated the possibility of band dispersionsmeared out Fermi-level intensity in the HT phase which

in the 3d states by looking at the angular dependence of th%. in the low-t t h t onl
line shape. Such a dependence was not found. ISappears in Ine low-temperature phase not only alorg
but in a large fraction of the projected bulk band gap around

C. The absence of a well-defined Fermi surface for the HT

IV. DISCUSSION phase is particularly striking when we compare our data to

Several ingredients seem to be important in the phasg‘e theory of BCT for the B termination which we assume to
transition: an at least partial dimerization of the surface e the correct structure for the HT phase.Accor_dlng to BCT’_
atomsL? a loss of spectral intensity near the Fermi level in athe Sy surface state should have an almost circular Fermi

large fraction of the SBZ, the absence of a clear-cut nestegurface around th€ point and a maximum binding energy
Fermi surface from theéS, state quasiparticle peak, a par- Of about 0.5 eV. Our findings reveal no clear Fermi surface
tially disordered HT phase which resembles the LT phaseand a maximum binding energy of 1.1 eV. One could be
and probably also the strong electron-phonon coupling. Alfempted to argue that the absence of the Fermi surface is
these points lead us to interpret the transition tentatively as eelated to the higher binding energy at t@epoint which
scenario which was termed a “strong-coupling CDW” by shifts the whole surface-state dispersion down and causes the
Tosatti*® In this case the HT phase is governed by the saméands to end up in the bulk continuum rather than cross the
short-range order as the LT phase, only the long-range ordeéfermi surface. But the problem lies deeper than this. $he

is lost. Just above the transition temperature the local strugtate on the B termination is a dangling-bond state and thus
ture and electronic structure will be very similar to that of theonly partly occupied. This means that it has to have a Fermi
LT structure but governed by strong fluctuatidfist is im-  surface.

portant to point out that in this case the HT structure is most This apparent problem is solved by considering the im-
adequately described in a short-range real-space picture, npbrtance of fluctuations in the HT phase which destroy the
in k space where all the structures will be smeared out. Onlyong-range order present in the LT phase. These fluctuations
at a much higher temperature, above the melting temperatusgill necessarily lead to a situation where the information
of the sample, also the short-range ordering is undone anglathered in photoemission is unclear. In simple terms this is
the sample can be described again as an ordered sokd indue to the fact thak is not a good quantum number any-
space. In the following, we give a detailed discussion of ourmore and one cannot expect to measure a well-defined two-
findings in light of this picture. dimensional Fermi surface. Our findings for the spectral
changes near the Fermi level which accompany the phase
transition fit very well into this picture: In most regions of
the SBZ this change is a loss of spectral intensity. Directly at

this is not the case. The intensity at the Fermi level

A. Surface Fermi surface

The most important result of our Fermi-surface scans i
that the HT to LT transition is accompanied by a decrease o hanges only very little because of tBg state’s appearance

spectral intensity at the Fe_rmi level in a large fraction of thebeIow the transition temperature. The change of spectral in-
projected band gap arour@. At the same time we fail to tensity is not restricted to the immediate vicinity of the Fermi
observe a nested Fermi surface in the HT phase. We shopvel. In fact, Fig. 11 shows a loss of spectral intensity all the
that these results are consistent with the strong-couplingjay from the Fermi level to the surface-state peak where one
CDW picture. observes an intensity increase. At binding energies higher
In order to discuss the possibility of Fermi-surface nestthan 1.8 eV or so the phase transition does not seem to have

ing, it is useful to have two limiting cases of the structure ina major influence on the spectral features, neither off nor at
mind. The first is to view the reconstruction, crudely simpli- =

) 2 o : C. The entire behavior can be interpreted as the removal of
fied, as (/2 y2)R45°. In this case one would have to 100k 1 jiidefined Fermi surface, as expected for a strong-

for a Fermi surface with a nesting vector corresponding Q.4 njing CDW. Note that the spectroscopic signatures of our
theI'-C vector. TheS surface state would be a good can- phase transition are very similar to the findings of Dardel
didate to set up such a nesting. It would have to have Fermiet al. for the incommensurate to quasicommensurate transi-

level crossings half way along tHe-C line. In addition to  tion on IT-Ta$.?" In that system one observes the sudden

this, the Fermi surface should continue as straight lines pef@Pening of a pseudogap together with spectral changes over
an energy range much larger than #ieassociated with the

pendicular to thel-C line. The other limiting case is the .
phase transition.

complicated real structure which is not only (2
X \2)R45° but also shows split spots in SPA-LEED which
indicate a periodicity about 18 times the lattice constant in
the direction of the glide plane. In this structure, Fermi- The present study has confirmed the fact that the electron-
surface nesting could happen almost over the ertfirel) phonon coupling is very strong oa-Ga010), a fact that
Brillouin zone where theS, state crosses the Fermi level. would favor the type of phonon-softening transition we have
It turns out, however, that both the surface-state disperin mind. The sudden increase of linewidth of tBg state at
sion in Fig. 9 and the Fermi-level intensity scans in Fig. 12the phase-transition temperature, however, cannot be ex-
do not show any clear surface Fermi-level crossings, neithgplained in the usual picture of lifetime effects. Indeed, one

B. Electron-phonon coupling and lifetime effects
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could expect a jumjn the other directiorwhen considering which lies just above the Fermi level for the HT phase and is
the fact that the low-temperature structure is reconstructegulled down by the reconstruction. This seems rather un-
This is because the reconstruction provides smallelikely, too. When we view the LT structure as a slight distor-
reciprocal-lattice vectors which couple t8g state to other tjon of the HT phase, a state above the Fermi ener@ at
electronic states, potentially reducing the lifetime. A possibleshould be found in the calculations of the electronic structure
explanation for the observed linewidth increase in the HTgf the B termination but this is not the ca$dt seems more
phase is that a new decay channel, which could but does n@kely that theS, peak has a more complicated many-body
have to be a phonon, is opened at the phase transition. Suglature which is linked to the LT phase. It could originate

a channel could be the coupling to structural fluctuations stilfrom low-lying excitations of the CDW state. More theoret-
present in the HT phase. An alternative explanation is th§cal work is needed to resolve this issue.

fact thatk ceases to be a good quantum number in the HT
phase. The transition from the LT to the HT phase is accom-
panied by ak; smearing. This leads to a broadening of the D. Core levels
surface state not because of a new decay channel for the hole we have observed signs of the phase transitions not only
but simply because the initial state is not well defined any-n the valence band but also in the 8ore-level spectrum. It
more ink;. In this case, however, one would expect anjeads to an apparent broadening of the peaks when cooling
asymmetric broadening of tH&, state towards lower bind- from the HT phase to the LT phase. Unfortunately, the effect
ing energies which was not found in our analysis of the pealis rather small and we have not been able to pin down its
shape. origin, neither with data taken at different emission direc-
In a strong-coupling CDW scenario, the above considertions nor at different photon energies. In any event, a broad-
ations would also apply, to a small degree, to the LT phaseening in the low-temperature phase is counterintuitive. If sur-
At finite temperatures, a CDW state is not perfectly orderedace core-level shifts play a role, one would expect them to
either. An interaction between the excitations of the CDWhe smaller in the LT phase because of the tendency of the
state and the electronic states will at least contribute to thgyrface to form dimers. If the B states are bandlike,
finite background intensity below the Fermi level and to thesmearing inthe HT phase would predict broader peaks '[here7
surface-state linewidth. This effect has to also to be kept irhot in the LT phase_ The On|y possib|e exp|anati0n was al-
mind when linking a strong temperature dependence of theeady given when discussing 8, state. In the LT phase
surface state width below the transition temperature eXCIUthe new and small reciproca|_|attice vectors could Coup|e dif-
sively to electron-phonon coupling. However, at very lowferentk; points giving rise to a partial SBZ integration and
temperatures this should be Unimportant and we must Clearluroader lines. This Specu|ation does not get us very far, how-
state that the reason for the relatively high background inteneyer. What we do learn from thed3states is that it might be
sity below the Fermi level is not yet understood. important to include them as valence states in a future cal-
culations of thea-Ga010) surface properties.

C. Similarity between HT and LT phases: TheS, state

There are indications pointing towards a close similarity E. Other issues
between the HT and the LT phases which would be expected The presence of large thermal fluctuations in the HT

for the strong coupling CDW model. From the temperature,, , e agrees well with an increased surface disorder at the
scans of the5, state peak a€ it appears that this feature is phase transition observed by SPA-LEEDsNd with the fact
closely linked to the phase transition and genuinely belonggat good agreement between simulated and measured LEED
to the LT phase. Our Fermi-level intensity scans show, howy (V) curves for the HT phase can only be achieved using a
ever, that a higher but smeared out Fermi-level intensity,ery |ow surface Debye temperature in the simulatithhs.
aroundC, reminiscent of the peak caused by tBe state, Note that the concept of the surface Debye temperature in a
can also be found above the transition temperature. Thiguantitative LEED analysis is intended to describe the en-
change from a sharp pedln kj) to a broad maximum is hanced thermal vibrations at the surface. Other kinds of dis-
consistent with a strong-coupling CDW model which only order will, however, also result in the need to assume a low
destroys the long-range order and therefore leads kp a Debye temperature for the LEED simulations. On the other
smearing in the HT phase. hand, the LEED analysis of the LT data also requires the
The problem is that we have little knowledge of the sig-assumption of a low Debye temperature. This leaves the pos-
nificance of the5, state in the first place since we are lacking sibility that the surface vibrational amplitudes are indeed
theoretical calculations of the electronic structure in the LTvery large.
phase. When viewing the reconstruction as “almos{2( The LEED results suggest, in agreement with naive intu-
><\/§)R45° one could expect an umklapp process whichition, that a dimerization in the surface does at least play

— =gl some role in driving the phase transition. Such a dimeriza-
folds the states from thi point into theC point, and thes, tion should remove the dangling bonds and decrease the me-

state could be the same as the surface stalé sttown in  5)jicity of the surface. In other words, one should observe a
Fig. 3. This origin of theS, state can, however, be excluded gecrease in the density of states at the Fermi level in the LT
because it is much closer to the Fermi level than the state "ﬁhase or, in a pure band picture, the remdyalrtly) of the

T. Another possibility is that th&, state is simply a band surface Fermi surface.
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In connection to the discussion of CDW phenomena it istemperature phase still resembles the low-temperature phase
interesting to point out thabulk) a-Ga can be viewed, in a but the long-range order is lost.
certain sense, as a layered material where metallic planes, the There are several open questions which call for further
buckled planes, are separated by covalent bonds. This poieperiments and calculations. First of all, it would be desir-
of view agrees with the very anisotropic Fermi surface andable to measure the surface vibrational structure by electron
transport properties ai-Ga. In this picture, a B-terminated energy-los spectroscopy or He scattering in order to learn
(010 surface is a quasi-two-dimensional metal. It should bemore about the role of the surface phonons in the phase
even more metallic than the corresponding bulk layers due ttransition. Furthermore, knowing more details about the
the dangling bonds. It is a curious fact that this increasedong-range order in the low-temperature structure would be
metallicity apparently leads to an unstable situation and @amportant. LEED or x-ray scattering are probably not options
phase transition which is not observed in the bulk bucklechere and low-temperature STM seems to be the only possible
planes. alternative. Last but not least, first-principles calculations of
the low-temperature structure and electronic structure, at
V. CONCLUSIONS least for a (/2x \2)R45° phase or maybe even for (2

i i X y2)R45°, would be most valuable.
We have studied the interplay between the surface phase ¥2) wou vaid

transition and the electronic structure @aGa010). Our
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Systemgsedited by E. Bertel and M. Donattworld Scientific, tus used by Zger and Duig was not perfectly aligned this could
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explain the discrepancy with the other LEED experiments. data analysis is different from that pursued by HCGB where the
30The value ofx ¢ determined here is similar to the result of HCGB fitting of the peaks was done with a Voigt line, assuming a
although the absolute linewidth values in that work were smaller certain energy resolution. Our energy resolution is much smaller
and the fit was performed with the unlikely assumption of no  than the peak width such that only a fit with a Lorentzian is
temperature-independent broadening. Note that our approach to required, i.e., we neglect any Gaussian broadening.
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