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its current

Angle-resolyed photoemission has proven to be a  powerfUl tool, especlally  in cembination

with  polarircd, tunable light prodaced by synchrotron  radiation,  for the study  of the elec-

tronic structure  ofa  wide  rangc  ofmaterials.  Its intrinsic surface  sensitivity makes  it an  ideal

choice  for addressing  some  issues of  current  interest in surface  scicnce, among  which  are

the electronic structure of  metal-oxitie  thin films and  the effects  of  electron-phonon  interac-

tioninsimple,two-dimensionalmetallicsystems.Afterabriefintroductionofthetechnique

of angle-resoived  photoemission and  the properties of  synchrotron  radiation,  examples  are

given to illustrate some  currcnt activities in these areas, In particular, the electronic struc-

ture of an iron-oxide thin film, namcly,  Fe304(11i) epitaxially grown  en  Pt(i 1l), and  the

effects of strong  electron-phonon  interaction on  a-Ga(O1O)  surfhce and  its link with  a  phasc

transition on  the surface  will  be described and  discussed.

1. INTRODUCTION

   Photoemissioni is conceptually  a  simple  process in which  one  observes  the emission  ofelec-

trons from matter  in response  to incident radiation.  A  typical modern  angle-resolved  photoemis-
sion  (ARP) experiment  [see Fig. 1(a)] involves therefore the incidence of  rnonochromatic  radi-

ation onto  a sample  and  the measurernent  of  the angular  (mornentum) and  energy  distribution of

the photoelectrons. The  use  of  synchrotron  radiation2  as a light source  enriches  the way  in which

ARP  experiments  can  be perfOrmed. Such radiation  is produced by fast-moving (fi =  iij2r f s 1)

electrons in a  circular  orbit.  The light is intrinsically polarized in the plane of  the  orbit  and  can

be monochromatized  by gratings that allow the energy  to be tuned over  a wide  range.  One may,

for example,  sweep  the photon energy  while  keeping the kinetic energy  fixed during an  ARP  ex-

periment. The spectra1 variations obtained  will  emphasize  initial-state density effects [i.e., the

so-called  constant-final-state  mede].  If the kinetic energy  and  the photon energy  are  varied  si-

multaneously,  transitions from a fixed initial state are measured,  so  the spectra  reflect mainly  the

density variation of  the final states [the constant-initial-state mode].  Polarization and  the angle

of  incidence of  the light may  be used  in a simi1ar way  to study,  for example,  the transition se!ec-

tion rules  or  to increase surface  sensitivity.3  The spin  of  the ernitted  electrons  can  also be utilized

in a  spin-resolved  experiment  to obtain important information on  magnetic  propenies.4

   In principle, the kinetic energy  (Eki.) of the photoelectrons with  respect  to the vacuum  level

(E.a,) of  the  spectrometer  is measured.  The  initial-state energy  (El) of  the electron  is then  in-

ferred based on  the fbllowing energy  conservation  relation:

Ei -- Ekin +  Evac -  hW, (1)

where  E: and  E.., are both relative  to the Fermi level (EF). In practice, particularly fOr metallic

systems,  Ei is more  conveniently  measured  directly from the spectra  since  the position of  the

Femi  level is known  experimentally  [see Fig. 1 (b)l. For semiconductors,  it is more  common  to
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FIG. 1. (a) A  schematic illustration of, and  (b) the energy  relation  in an  angle-resolved  photoe-
mlsslon  expenment.

refer to the valence  band maximum,  although the position of  which  is not  always  well defined.3
Insulators present additional problems unless the effect  of electrostatic charging  is circumyented
(see Sec. ll). Since the excitation leaves a  hote behind, it is important to realize that the energy
so obtained  is the difference in total energy  between the original  IV-electron system  and  the re-
maining  one  with  (N -  1) electrons, and  should  therefore be regarcled  only  as  the energy  of  an

excited, quasiparticle state.3

   On  the other hand, due to the breaking of  the periodicity along  the surface  nofinal  direction,
onlythecomponentofthewavevectorparalleltothesurfaceisconservedfbllowingtheemission

of  the photoelectrons from the solid:

k[1= Kll± g, (2)

where  g is a surface  reciprocal  lattice vectog  and  kII and  Kll are  the wave  vector  inside and  outside

the solid, respectively. The magnitude  of KII can  be obtained  from 4i. and  the emission  polar
angle  e through:

                            Kll=  
2MhEki"sine,

 (3)

and  therefore kll can  be inferred. [Ibgether with  the surface  sensitivity  offered  by the finite escape

depth of  the photoelectrons,3 this makes  angle-resolved  photoemission an  ideal tool fbr inves-
tigating the electronic  structure of 2D systems,  for which  kll is the only  good quantum num-
be: For the component  perpendicular to the surface  (ki), howeveg no  corresponding  relation

of  conservation  exists. Tb completely  detemine the wave  vector  of  3D, bulk electronic  states

in angle-resolved  photoemission, additional effort  must  hence be rnade.  For that purpose, two
approaches  have been pursued.3 One involves an  assumption  about  the final states  involyed in
the optical  transition step  of  the three-step model3  using,  e.g., the so-called  free-electron final
states, or  a  calculated  band structure. The other  takes advantage  of some  special  properties of

photoemission, a  good representative  of  which  has been the energy  coincidence  (or triangula-
tion) method.3  The  fbrmer approach  is more  commonly  used  and  will  be illustrated in Sec. ll, in
which  a  study  of  the valence  electronic  structure of an epitaxial Fe304(1 1 1) thin film will be de-
scribed. In Sec. I[I, an  example  will be presented of a 2D  electronic  system,  narnely  the surface
electronic stmcture  of a-Ga(OIQ)  that shows  strong  e]ectron-phonon  coupling  effects.
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IL VALENCE-BAND  STRUCTURE  OF  A  FE304(111) FILM

   The motivation  to study  the iron oxide  thin film stems  from the fact that, despite the crucial
role  played by the surfaces  of metal  oxides  in many  of the applications of  these technologically
important  materials,  little is known  about  their atomic  and  electronic structure  as  compared  to
those of  metals  and  semiconductors.5  The  central problem responsible  fbr this state  of  affairs  lies
in the diMculty in the preparation of  well-defined  surfaces  of  metal  oxides  for surface  science

studies. Their brittle nature  and  the diraculty in maintaining  the oxygen  concentration  during
conventional  cleaning  processes of  bulk single-crystal  surfaces  in ultrahigh  vacuum  often  lead
to disordered andlor  non-stoichiometric  surfaces.  In contrast,  the recent  development of  growing
single-crystal  metal-oxide  thin films epitaxially  on  conducting  substrates appears  to have solved
these problems.6 The  cleanliness,  stoichiometry  and  crystalline order  of the surface  of these thin
oxide  films can  be well  controlled, and  yet structurally  and  chemically  they are  found to be iden-
tical with  their bulk counterparts.6i7 Furthermore, for insulating oxides  the electrostatic  charges

caused  by analytical techniques involving the use  of charged  particles can  be dissipated via  the

conducting  substratc, These oxide  thin films therefore provide a new  playground for spectro-
scopic  arid  microscopic  studies of  the electronic and  atomic  structures  of  metal  oxides,  which  is
a  prerequisite fOr understanding  the physical principles governing their rich electrical and  mag-

netic  preperties.8

   For iron oxides,  it has been shown  that well-ordered  Fe304(1 1 1) films can  be prepared epi-
taxially on  clean  Pt(1 1 1) surfaces.7 The film is grown by repeated  cycles  of  iron deposition and

subsequent  oxidation  in a 1 × 1O"6-mbar oxygen  partial pressure at  a  temperature  between  600 -
730 

eC.
 A  thorough scanning  tunnelling microscopy  (STM) investigation has foufid that the iron

oxide  grows layer by layer in the FeO  structure  up  to 2 monolayers;  afterward,  Fe304(1 1 1) is-
lands begin to form and  eventually  coalesce  to give athick  film.9 X-ray photoelectron and  Auger
electron  spectroscopy  studiesiO,ii of  this oxide  film have confirmed  the Fe304 stoichiometry,  and

a  dynamic  low-energy-electron diffraction (LEED) intensity analysisi' has shown  the surface  to
be a strongly  relaxed,  unreconstructed  Fe304(1 1 1) surface.

   The electronic  and  magnetic  properties of  Fe304 (magnetite) have been studied  intensively
over  the years. Fe304  is a ferrimagnet with  the cubic  inverse spinel  structure.8  TWo  cation sites

exist in the crystal:  One  site designated A  is tetrahedrally coordinat'ed  to oxygen  and  is occu-

pied enly  by Fe3+ ions. The  other  site designated B  is octahedrally  coordinated  to oxygen  and

is occupied  by equal  numbers  of  Fe2+ and  Fe3+ ions. At al)out 120 K  (Tl,), magnetite  undergoes

a phase transition, narned  after  Verwey,i2 in which  the conductivity  drops sharply  by two  or-

ders of magnitude8  and  the crystallographic  stmcture  changes  from cubic  te monoclinic.i3  The
high electrical  conductivity  of  magnetite  at room  temperature is attributed to electron hopping
between the Fe2+ and  the Fe3+ ions occupying  the B site by theories based on  the localized-
electron  point of  view.  The 

"Vk)rwey
 transition freezes these electrons and  causes  an  ordering  of

the extra  electron  (compared to Fe3+) at the Fe2+ B  site at temperatures below 7b, although the

precise erdering  is still unclear.i4 The  same  phenomenon, however, can  also be explained from
band theory which  considers  the high conductivity  as a natural consequence  ofthe  halfifilled 3d
band of  iron atoms  located at the B  site. The  Verwey  transition is a  result  of  a band splitting due
to the increasing importance of  electron-electron correlation  and/or  electron-phonon  interactions
at low temperatures.8

   Our angle-resolved  photoemission study  on  the Fe304(111) thin film supports  the band-
theory  description of  the electronic  stmcture  of  magnetite.i5  In Fig. 2 the normal  emission  spec-
tra of  the valence  band region  at room  temperature (300 K)  are  shown.  The spectra are collected

-277-



Bussei Kenkyu

NII-Electronic Library Service

BusseiKenkyu

Mee7-F

in the photon energy  range  of  40 -  80 eV;  which

includes the Fe 3p -  3d excitation  threshold at 56
eV  where  strong  resonant  enhancement  of  photoe-
mission  is seen.  The  Fermi level corresponds  to

that of  the platinum substrate. The film thickness
is estimated  to be about  60 A, in which  case  the in-
fluence of  the platinum substrate on  the spectra is
diminishingly smal1.  There is finite phetoemission
intensity at the Fermi level in al1 spectra  which

is clearly  due to the feature at the ]owest binding
energy  and  is compatible  with  the high conductiv-
ity of  magnetite  seen  for bulk single  crystals.i6ii7

Clear dispersion of  several  distinct features can  be
seen  in Fig. 2. This is attributed  to the higher sur-
face quality of  the iron oxide  film compared  to the
cleaved  surfaces  where  the k-smearing caused  by
surface  roughness  is less of  a problem.
  One  can  examine  in detail the observed  valence-

band stmcture  by comparing  with  first-principles
calculations. This is carried out using  the so-called
structure  plot in which  both the experimental  data

points and  calculated  transition lines are  shown

(Fig. 3). Here, the data points are  peak or  shou]-

der positions in the spectra  determined from the lo-
cal  minima  positions in the second  derivative of

the smoothed  spectra.  Solid lines represent  direct
transitions satisfying:3

vE;"s-b8eE

1612  S 4

Binding Energv  CeV}o

FIG. 2. Valence-band normal-emission  spec-

tra from the Fe304(111) film taken at room

temperature (3oo K). From  Ref. 15,

hw  =Ef(k)  -  E,(k), (4)

where  the  initial states  (E;) are the band structure along  the rL  symmetry  Iine calculated  recently

by Yanase  and  Hamada.i8  The final states (Ef) are free-electron final states of the fomi:

        h2
El(k) =

        2m(k
 +  G)2 -  Eo, (5)

where  Eb is the inner potential with  respect to the Fermi level, and  G  a bulk reciprocal  lattice
vector.  Only the primary cone3  is used  here. In order  to produce the match  shown  in Fig. 3, a
value  of  13.0 eV  has been used  for Eb. The calculated  valence  bands have also  been shifted  to
higher binding energies  by O.2 eVl The transition lines calculated  using  the majority  and  rninority

spin  bands are shown  separately  for clarity  in the left and  right  panels, respectively.

   For the feature at S O.9 eV  binding energy  good agreement  is found with  the minority  (spin-
down)  transitions at photon energies  between  40  

-
 53 eVl In fact this is the only  possible fit since

the spin  polarization has been found to be negative  from the Fermi level down  to approximately
1.7 eV  at 200 K  by spin-polarized  photoemission,i9 Its dispersion shows  a clear  maximum  in
binding energy  at areund  46 eV  photon energy  and  therefore it is identified as  emission  from the
r point. The other  critical  point L  in the symmetry  line, as well  as  the wave  vector  (k) of  all the
other  data points, are then fixed by the calculation.
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  A  more  carefu1  examination

of the spectra  in this region, as

shown  in Fig. 4, reveals that two
bands, derived from a  peak and  a

shouldeg  are in factpresent in the
spectra.  The two  bands thus ap-

pear to correspond  to the first two
occupied  minority-spin  bands in
thecalculation,bothofwhichclis-

perse upward  towards the zone
boundary. Although in al)solute
energy  terms  there is sti11 up  to
O.4 eV  difference between the ex-

periment and  the calculation in
the critical-point  energies,i5 the
observation  of  these lowest bind-
ing  energy  features and  of  the fi-
nite intensity  at the Fermi level
firmly establishes  the metallic  na-

ture of  magnetite  and  indicates
that magnetite  should  be treated
with  band theory.

  Agreement for the rest  of  the
data is less obvious.  While the
weaktransitions  are fbund tobe
associatedequ

pear tofeature
 around  4.0 eV  for hw
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FIG. 3. Structure plot for norrnal  emission  data taken at 300 K.
Refer to the text for details, From  Ref. 15.

     ally well  with  both the majority-  and  minority-spin  bands, the strong features ap-

agree  better with  the minority-spin transitions. This is particularly true for the strong
                 <  56 eV  and  that around  5.5 eV  for hw  >  70 eV  These two  fea-

                               tures appear  to be parts of  the same  calculated

1.5 1.o e.s o.o

 Binding Energy  (eV}
".5

L

1
･

FIG  4. Spectra taken at 300 K  showing  the dis-

persionofthelowestbindingenergyfeatures(in-
dicated by the verdcal  bars). Frorn Ref, 15.

band which  disperses downward  from 3.5, eV
at r to about  5.0 eV  at the zone  boundary L,
where  a smal1  gap opens.  It then  extends  into
the next  zone  and  disperses to 5.5 eV  at hw  =

80 eVL  The  gap is not  visible  in the experimen-
tal data, but the band folding at the zone  bound-
ary  (circled in Fig. 3) can  be seen,  Alterna-
tively, a nearby  majority-spin  band with  similar

dispersion may  also be assigned  to these  strong

transitions. The energies,  however, differ sub-

stantially more  from those  in the experiments,

The comparison  therefore fayors the minority-
spin  band assignment.  Since the thin film was
not  magnetized  throughout its preparation, it is
unlikely  that this apparently  better agreement  is
due to a  preferential domain orientation. The

prob]em rnay  simply  be due to some  inaccuracy

inthecalculatedbandenergies.i5Thesefeatures
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may  therefore contain  contribu-

tions from both the majority-  and

minority-spin bands, a precise
identification of which  can  only

be achieved  in spin-resolved  ARP
expenments.

  Changes to the photoemission
spectra  associated  with  the Ver-
wey  transition have also  been in-
vestigated  by taking data at 90 K
and  are found to be quite subtle.
The data has been analyzed  in the
same  way  as  that at 3OO K. The re-

sults  are  shown  in Fig. 5. No  ap-

preciable changes  are  observed  in
the spectral region  near  the Fermi
edge  within  the range  of  photon
energies  used.  Chainani et  al.20

have, however, reported  photoe-
mission  experiments  on  cleaved

Fe304(110) surfaces  and  found a
downwards shift  of  about  7O  meV

of  the Femi  edge  when  their sam-

ple was  cooled  from 300 K  to 1oo
K, consistentwiththecharacte-

ristics of  the Verwey transition.
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FIG. 5. Structure plot for data taken at 90 K. From  Ref, 15.

eo

                          In principle, one  would  expect  the opening  up  of  a band gap at
the point where  the first minority-spin  band in the high temperature phase is expected  to cross

the Fermi level in order  to explain  the Verwey transition from the band structure  point of  view.

Following the dispersion observed  in Fig. 4, a crossing  should  eccur  at a  htv <  40 or  >  54 eV
Howeveg  due to the lack of  data at photon energies  <  40 eV  and  to the interference of  resonant

photoemission at photon energies  >  54 eV  (see below), the above  possibility was  not  confirmed.

Nevertheless, an  interesting difference can  be seen  within  the eircled regions  in Figs. 3 and  5. In

the data taken at 3oo K, as stated above,  fblded transitions from the zone  boundary L  are present,
whereas  at 90 K  no  such  band folding is observed.  The al)sence of  folded transitions at the lower
temperature is consistent  with  the change  of  the crystallographic  symmetry  associated  with  the

Vk)rwey transition:i3 the L point is no  longer a Brillouin zone  boundary of the monoclinic  struc-

ture at low temperature.

   The  band  dispersion discussed above  is strongly  interrupted by  the resonant  photoemission
across  the Fe 3p -  3d excitation  threshold at 56 cV;  particularly of  those Fe 3d-derived bands
above4  eV  binding energies.  The mechanism  of  resonant  photoemission in 3d transition metals
and  their compounds  is well  known.2i For iron oxides  and  other  late transition-metal oxides, it is

generally believed that the 3p -  3d excitations are quite localized and  involve only  3d-derived
states.  This may  therefore explain  the above  observation  that mainly  the dispersion of  Fe 3d-

derived bands is affected  by the resonant  photoemission.
   The resonant  behavior of  the final states involved in the resonant  photoemission has also
been  investigated and  fbund to be in essential  agrcement  with  preyious resonant  photoemission
studies  of  Fe304(1 IO) by Lad  and  Henrich.i7 It should,  however, be pointed out  that the bind-
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ing energies  of  the resonating  states are somewhat  different from the values  obtained  for the
Fe304(111) film. These differences haye been attributed to crystal  anisotropy  and  band struc-
ture effects.i5 This is because the resonant  photoemission invo]ves direct photoemission from
the 3d levels which  is deterrnined by the initial- and  final-state band stmctures,  and  despite the
Coulomb interaction in the Auger decay the wave  vector  remaihs  a good quantum number.

   Finally, no  changes  have been observed  in the resonant･behavior  as the temperature is low-
ered  to 90 K,i5 indicating that the Verwey transition does not change  the nature  ofthe  final states
involved in the resonant  photoemission. This demonstrates that resonant  photoemission is in-
deed a  localized process on  which  neither  a  charge  ordering  at the cation  B  site nor  crystallo-

graphic symmetry  variations  would  have any  noticeable  effect.

ltl. ELECTRON-PHONON  INTERACTiON  ON  or-GA(OIO)

  a-gallium  is one  of  these semi-metals  that not  only

have a lovv density of  states  at the Fermi level, but also
support  electronic  states  on  theif surfaces  which  cross

EF and  render  the surface  much  more  metallic  than the

bulk.22,23 Hence, these surfaces  provide the opportunity
ferinvestigatingthepropertiesofquasitwo-dimensional
rnetals.  The motivation  fbr the work  presented here is

to study  the effe6ts  ofelectron-phonon  interactien on  the

electronic  dispersion of  a  two-dimensional  metal.24  Al-

though this effect is resnicted  to a smal1  energy  window

around  EF. it can  be quite dramatic: In three dimensions

it is predicted to lead to a non-quasiparticle  behaviour in

the spectral function.25

  The (OIO) surface  of a-gallium  is a  promising candi-

date fbr establishing  an  influence of  the electron-phonon

coupling  on  the dispersion of the electrenic states, The

size  of  the effect  is given mainly  by two  factors: The

phonon bandwidth Ein.. sets  the energy  scale and  the so-

called  electron-phonon  mass  enhancement  parameter A

determines the change  in curvature  of the dispersion at

EF. Both are relatively high in bulk a-Ga  (E... =  40

meV26  and  A =  O.9827).

cally flat,

the case  of  the (O1O) surface  of  a-Ga  as  shown

E-=les.b.ess!g-!Es6s

2,O 1.5 1,O O.5 O.O

      Bindlng Energy  CeV}

FIG. 6. Tbmperature dependence of  the

surface  state  linewidth near  C, hLv =  16

eVl  From  Ref. 24.

                   An  important practical requirement  is that the surface  should  be atomi-

        because the small  effect  would  otherwise  be smeared  out.  This seems  to be fu1filled in

                                    by the results  of  a scanning  tunnel1ing microscopy

study  near  its melting  temperature (29.8 
eC).28i29

 Finally, the surface  has to support  a surface

state  which  crosses  EF  . Such a state was  predicted for a-Ga(O  1O) in a recent  first-principles cal-

culation  by Bernasconi, Chiarotti and  
"Ibsatti

 (BCT).23 The state was  found to forrn an electron

pocket centered  around  the corner  (the O  point) of the surface  Brillouin zone  (SBZ) and  to have

a bandwidth of  about  1.5 eXC

   The  predicted surface  state  at the E7 point was  indeed fOund experimentally.24  The  surface

state  has been  identified by the al)sence of  dispersion with  k±
 , their sensitivity  towards contam-

ination and  their position in gaps of  the prejected bulk band s,tructure. We  used  the temperature

dependence of  its linewidth to determine the magnitude  of the electrOn-phonon  mass  enhance-

ment  parameter A at the surfiice  fo11owing the example  carefu11y illustrated by McDougal1, Ba-
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1asubramanian and  Jensen fbr the Cu(1 1 I) surface

state.30 Fig. 6 shows  the energy  distribution curves

of the surface  state  at C  for temperatures between
127 and  270 K. Apart from the obvious  broaden-
ing, the peak shifts slightly towards Iower binding
energies  with  increasing temperatures. Fig. 7 dis-

plays the Lorentzian width  of  the peak as a func-
tion of  temperaturc.  It was  determined by fitting
the peak with  a  Vbigt line and  a linear background.

Assuming that the impurity scattering and  Auger
decay contributions  to the hole lifetime are  negli-

gible, the temperature dependence of  the 1inewidth
can  be calculated  from the Eliashberg coupling

function.27 In the Debye  model  this temperature

dependence  is best fitted with  a  value  of  A !  1.4

± O.10 using  wD  =  28 meV  and  EB =  1.1 eV  Ap-

parently the theoretical phonon contribution  to the

linewidth within  the Debye model  accounts  for the
entire  experimental  Iinewidth in the present case,

which  in turn suggests  that the irnpurity scattering

and  Auger decay contributions  to the life time  are

surface  has very  few defects, consistent  with  th

on  this surface  is very  strong,

sesEMlENgts;
300

2oo

1oo

oo1co200

 300

 T(K)

400soo

FIG. 7, Lorentzian conuibution  to the line-

width  as a  function of  temperature. The eF

ror bars represent  the uncertainties  resulting

from the fitting. [he curve  is a  fit to the the-
oretical  phonon contribution  to the linewidth
within  the Debye  model  which  yields A =  1.4

±  O.1. From  Ref. 24.

                                          indeed very  small. This indicates that the

                                      e STM  results.28 The electron-phonon  coupling

                        even  stronger  than that fbr bulk a-gallium.

   At 273 K  a sharp  (1 × 1) LEED  pattem was  observed.  Every odd-integer  spot  in the [100]
direction is missing,  consistent  with  the glide-plane symmetry  in bulk cr-gallium.  There are at

Ieast three different possible terminations fbr this surface,  all ofwhich  are  consistent  with  a glide-

plane symrnetry.23  When  the sample  is cooled  below  about  220 K, the surface  undergoes  a phase

transition in which  the LEED  pattern changes  reversibly  from (l × 1) to c(2 × 2). The superstruc-

ture spots arc weaker  and  less sharp  than the (1× 1) spets;  spots  can  be obseryed  at atl integer

positions which  is compatible  with  the ioss of  the glide plane symmetry.

   Fig. 8 shows  the surface  state  dispersion at 273 and  120 K  superimposed  on  the prQjected
bulk band structure from BCT23  as  well  as  the SBZs for both phases. For both temperatures the

surface  state  clearly  runs  into the bulk bands in the C  
-

 W  direction. In the C  
-

 r direction the

situation  is somewhat  unclear:  The peak can  no  longer be observed  beyond  a certain  point due to

the vicinity  of  the intense and  broad transitions from the bulk bands. The C  
-

 X  direction, how-

ever, shows  pronounced differences between the high and  the low temperature measurements.

While the surface state  crosses  EF  in the former it does not  reach  it in the latter and,  again,  runs

into the bulk bands instead. The  smallest  binding energy  of  the surface state peak is estimated

to be about  120 meVL

   Apart from this surface  state band there is only one  additional  surface-related featurg/ Upon

cooling  a  small  peak can  be observed  very  close to EF in the irnrnediate vicinity of C. This

feature is visible  in Fig. 6 for the data taken at 127 K  and  is plotted in Fig. 8. wnen  we  try to fit

the structure to detemine its temperature dependence and  dispersion, it is not  possible to decide

whether  it disperses upwards  and  disappears, or  whether  it just broadens out  as  the separation

frorn O  increases or  the ternperature is raised.  Hence, the weak  dispersion indicated in Fig. 8

has been obtained  only  by fitting the peak with  a  fixed width  .and a variahle  energy  position.

   While  our  fits to the surfttce  state peak suggest  that the phase transition causes  the opening  of
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a  local band gap we  have to be carefu1 about

such  a statement.  Indeed, all our  data show  a

high background spectral  intensity in the pro-
jected bulk band gap and  our  surface  state  to

background ratio  is significantly  smaller  than

in other  modern  investigations of  sp-derived
surface  states (see e.g. Ref. 30). A  possible ex-

planation for such  a  high background is defect-

induced k-smearing. This, howeveg seems

very  unlikely  in view  of  the measured  surface

state linewidth (see above)  and  the STM  re-

sults.  It seems  more  likely that the spectral in-

tensity iS due to a  breakdown of  the quasiparti-
cle picture for this system.  A  non-quasiparticle

behavior would  in fact be expected  because

of  the strong  electron-phonon  coupling  in the

present systern ,25

   As  for the nature  of  the phase transition,

from  our  data it is not  possible to deterrnine

whether  the transition is a  purely electronic

long-range instability, i.e,, a weak  coupling

charge  density wave  orcaused  by a short-range

interaction.3i The  latter is more  likely as  this

could  explain  a  lower transition temperature

than  what  the gap size would  suggest  if it was

 the former.32 Furthermore, it would  fit very
       '
 well  with  the dangling bond character  of  the

 surface  state at tr suggested  by BCr23  It seems

 likely that the surface  gets rid of  the dangling

 bonds by a dimerization of  the surface  atoms

 similar  to the dimers in bulk a-Ga.

   Apart from opening  the gap the transition is

 accompanied  by the new  feature at C.

ssxtsdipvsm

T=273K

o

-5

10

o

-5

NN-x
+HHg-""of

T=120K

-10

w- E Y r r/

FIG. 8. Experimenta1  surface  state  dispersion for

T=  273 and  120  K, i.e. above  and  below, respec-

tively, the (1 × 1) to c(2 × 2) phase transition. The

prejected bulk band structure  has been taken from

Ref. 23, The  inset in the top part of  the figure

shows  the irreducible part of  the surface  Brillouin

zones  for the (1 × 1) (solid) and  c(2x2)  (dashed)
phase. From  Ref. 24.

                                This could  be simply  a bandjust pulled close to EF or

it could  be a  direct rnanifestation  of  the new  state  in the spectral  function. After al1, it is found

precisely at the new  i point and  only  in a  yery  narrow  angular  range.  Note that there is no  
state

at the f point which  could  be folded into the new  one  by the reconstruction.
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