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Electron-phonon coupling in photoemission spectra

M. Hengsberger, R. Fre´sard, D. Purdie, P. Segovia, and Y. Baer
Institut de Physique, Universite´ de Neuchaˆtel, CH-2000 Neuchaˆtel, Switzerland

~Received 13 April 1999!

We present high-resolution photoemission data of theḠ-surface state on Be~0001!. Near the Fermi surface
a narrow quasiparticle peak caused by strong electron-phonon coupling emerges. A many-body calculation is
performed, which describes precisely the exceptional evolution of the experimental spectra. We demonstrate
that all the necessary parameters can be directly deduced from the experiment.@S0163-1829~99!00236-2#
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I. INTRODUCTION

The great popularity of photoemission in the study of s
ids can be mainly attributed to the capacity of this techniq
to yield direct access to the energy and momentum of
occupied electronic states. This simple interpretation of
spectra relies on the assumption that the different inte
tions experienced by the electrons are sufficiently weak
allow an identification of the observed excitations with t
single-particle description of the electrons in the initial sta
The success of this approach for conventional solids
been demonstrated in numerous studies performed with
dium energy and angular resolution. The recent technical
provements of photoemission have opened the possibilit
make more detailed studies of quasiparticle line shape
moderately correlated electron systems, and to analyze
spectral form successfully within the framework of Fer
liquid theory.1,2 When the properties of a material are dom
nated by a very high electron correlation, as in hea
fermions,3 or by some other unconventional interaction, as
high-temperature superconductors,4 a straightforward inter-
pretation of the photoemission data is no longer possi
Spectral functions calculated from many-body treatments
veal complex and extended structures. Nevertheless,
usually possible to identify in some region of the spectrum
quasiparticle peak reminiscent of the single-particle conc
The most extreme situation is probably encoutered in o
dimensional systems, where this link is no longer tractab5

In order to observe the exceptional excitations directly
lated to unconventional behavior in photoemission spectr
is essential to probe the system on the parameter scale~en-
ergy, momentum, and temperature! of the relevant interac-
tions.

In the present study we show that a nearly free-electr
like surface state of Be~0001! is drastically modified by the
electron-phonon interaction. As already pointed out in a
cent publication,6 the relevant energy scale for this intera
tion is the narrow energy range spanned by the phonon b
width below the Fermi energyEF . The electron-phonon
coupling mechanism has been well understood for three
cades, and the corresponding spectral functions have
calculated.7–12 We demonstrate that the dramatic evoluti
of the low-energy excitations in the photoemission spec
resulting from this interaction is well predicted by conve
tional many-body theory.

The well documented Be~0001! surface13 offers favorable
PRB 600163-1829/99/60~15!/10796~7!/$15.00
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conditions for studying a nearly perfect two-dimension
~2D! electron gas. The very low density of states~DOS! at
EF in Be ensures a weak coupling of the surface with
bulk.14 The projection of the bulk band structure onto t
~0001!-surface Brillouin zone~SBZ! leaves broad unoccu
pied regions allowing the existence of a surface state aḠ.
This is represented in Fig. 1 as plot of spectra along theGM
direction of the SBZ. The surface system is almost isotrop
as shown in measurements of the electron and phonon
persion curves.13,14 Earlier photoemission data of thi
state15,16 are in good agreement with the theoretical calcu
tions of the surface electronic structure,17 but the spectra
close toEF were not sufficiently well resolved to reveal th
exceptional line shape evolution analyzed in the present
per. However, two previous studies provide clear indicatio
that this surface state interacts strongly with surface pho
modes: very high amplitudes of Friedel oscillations result
from defect scattering have been observed with scann
tunneling microscopy~STM!,14 and a strong temperature de
pendence of the surface state linewidth has been extra

FIG. 1. Photoemission spectra of theḠ surface state on
Be~0001! showing its parabolic dispersion alongGM . The spectra
were recorded with unpolarized He I photons at 60 K. 0° cor
sponds to normal emission, and the angular resolution is 1°.
difference in angle between two neighboring spectra is 2.5°.
10 796 ©1999 The American Physical Society
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PRB 60 10 797ELECTRON-PHONON COUPLING IN PHOTOEMISSION SPECTRA
from photoemission data.18 Our aim in this paper is to exten
our recent presentation of high resolution photoemiss
spectra6 of this surface state in the energy range where
electron-phonon interaction plays a dominant role. Mo
over, we demonstrate that the data are very accurately
dicted by the appropriate many-body formalism using rea
tic experimental parameters.

This work is organized as follows: in Sec. II, a simp
model for the calculation of the spectral function is pr
sented; experimental details are given in Sec. III; the co
parison of theoretical predictions and the experimental sp
tra appears in Sec. IV; and, finally, Sec. V is the Conclusi

II. THEORY

In a photoemission experiment, the sudden ejection o
electron from the ground state creates a hole, which can
selected according to its momentumk. The new state doe
not generally correspond to an eigenstate of
(N21)-particle system and has to be projected onto all p
sible final eigenstates. Under the assumption that the op
matrix elements are constant, the energy distribution of
photoelectrons recorded in the experiment corresponds to
spectral function of the holes. If for some momentum va
one final state dominates the spectral function, it is calle
quasiparticle, appearing as a peak with Lorentzian shap
the spectra. Its linewidth corresponds to the inverse lifetim
its energy position to the energy of an elementary excita
from the ground state. These are given, respectively, by
imaginary part and the real part of the self-energy, wh
enters the calculation of the spectral function. A detai
description of the self-energy and its properties is beyond
scope of this work and can be found, for example, in Ref.

A. Spectral function and momentum distribution

The spectral functionA(k,v) is given by the following
general expression:

A~k,v!5
uIm S~k,v!u

@v2E0~k!2ReS~k,v!#21@ Im S~k,v!#2
,

~1!

whereE0(k) is the band dispersion in the absence of int
actions, andS(k,v) the complex self-energy.S contains the
whole many-body physics. In our particular case this co
prises the electron-electron interaction, the electron-pho
interaction, and damping due to hole scattering at sam
impurities and defects. To lowest order in the various int
actions, the different contributions are simply summed up19

S5Sph1Sel-el1S imp. ~2!

The isolation of the interesting electron-phonon termSph

is a rather difficult task, because it necessitates ana priori
estimation of the last two contributions. However, in t
present situation, the conditions are favourable and offe
simple way to circumvent this difficulty. First, the impurit
term is purely imaginary and nearly constant in the sm
energy range of interest.20 Second, the real part of th
n
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electron-electron term can be linearized close to the Fe
level on the scale of the electron bandwidth,1 leading to a
constant change in the Fermi velocityvF . If the experimen-
tally observed dispersionE(k)5\vF3(k2kF) is extrapo-
lated from binding energies higher than the phonon ba
width but small with respect to the electron bandwid
ReSel-el is taken into account: E(k)5E0(k)
1ReSel-el(k,v). In order to implement the imaginary part
a parameterD(k)5Im Sel-el@k,v5E(k)#1Im S imp is intro-
duced, which is used in the first step of the analysis a
fitting parameter of the spectral function to the moment
resolved spectra.D depends on energy throughE(k). The
electron-electron contribution can be calculated in two
mensions to yield:21

Im Sel-el~k,v!} v2F110.53U lnS v

EF
D UG , ~3!

where v is measured fromEF . Equation~3! results in an
almost parabolic function. When analyzing the experimen
data, this function cannot be distinguished from the we
known quadratic dependence in three dimensions.19,22 The
proportionality factor can be related to the electron dens
and the plasmon energy,1,22 but this link is much less eviden
in two dimensions than in three. We will therefore analy
our data using both the 2D and the 3D formalisms. The
sulting energy dependence ofD@E(k)# should reflect Eq.~3!,
with the addition of a constant term accounting for impur
scattering. Equation~2! leads then to

S~k,v!5Sph~k,v!1 iD~k!, ~4!

which is inserted into Eq.~1!.
The momentum distributionn(k,T) can be obtained by

integratingA(k,v,T) f (v,T) over all energiesv, f being the
Fermi function.23 For T50, n(k) exhibits a discontinuity at
kF of the height of the quasiparticle weightZ. In a noninter-
acting electron system,Z is 1 andn(k) reduces to the usua
Fermi function. In the presence of interactions, the Fe
velocity is diminished by a factor ofZ51/(11g), whereg
is the renormalization constant or enhancement factor of
effective mass. Since the electron-electron contribution is
ready taken into account in our case, we are allowed
equate the measured renormalizationg to the electron-
phonon coupling parameterl.6

B. Electron-phonon coupling

In an isotropic system, the electron-phonon part of
self-energy can be well approximated by averaging
electron-phonon coupling function over the Fermi surface10

The phonon modes then enter into the calculation thro
the so-called McMillan or Eliashberg functiona2F(ṽ), ap-
proximated here as a product of the coupling strength and
phonon DOS. The latter is taken to be linear in energy in t
dimensions. The coupling strength is a smooth function
energy10,24and is taken here to be constant. The basic ide
our approach is, therefore, the linearization of the Eliashb
function submitted to the constraint that the maximum ph
non energy equals the experimentally observed va
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10 798 PRB 60M. HENGSBERGERet al.
vm.13,25 It is this value which sets the relevant energy sc
of the interaction.6 The value of the coupling parameterl,
which is defined by the following integral:26

l52E
0

vm a2F~ṽ !

ṽ
dṽ, ~5!

then givesa2F(ṽ). The experimental value ofl is obtained
from photoemission data either as the renormalization fa
of the band dispersion atEF

6 or, equivalently, from the tem
perature dependence of the surface state linewidth nea
Fermi surface.18 A straightforward evaluation of Eq.~5!

yields thena2F(ṽ)5lṽ/(2vm).
Since the self-energy is only weaklyk dependent,

Sph(k,v) can be replaced by its value atkF .7 One then
arrives at the standard expression, dropping the indexkF
~Ref. 10!

Sph~v!5E
2EF

`

deE
0

vm
dṽ a2F~ṽ !H 12 f ~e,T!1N~ṽ,T!

v2e2ṽ1 id6

1
f ~e,T!1N~ṽ,T!

v2e1ṽ1 id6 J , ~6!

where f (e,T) and N(ṽ,T) are the Fermi-Dirac and Bose
Einstein factors, respectively.v50 refers to the Fermi en
ergy, andd6[sgn(v)d is an infinitesimal number. Assum
ing particle-hole symmetry, the limits of thee integration are
set to6EF . Sph from Eq.~6! at T50 is displayed in Fig. 2.
Its behavior is strongly reminiscent to results of oth
calculations8–10 except for the imaginary part in the limitv
→0. In contrast to calculations in three dimensions, wh
Im Sph has av3 dependence,8 the 2D results reveal av2 law.
The real part shows the expected linear dependence
slope 2l and vanishes atEF according to Luttinger’s

FIG. 2. Plot of the electron-phonon part of the self-energy u
in this work~see text!. The real and the imaginary part are shown
thick solid and dotted lines, respectively. The real part can be
earized nearEF ~thin solid line!. The experimentally derived maxi
mum phonon energy is 70 meV~Ref. 25! ~indicated by a stick!, and
the coupling parameterl equals 1.18.
e

or

the
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theorem.27 At energies further than the maximum phono
frequency fromEF , the real part decreases towards ze
whereas the imaginary part remains constant and vani
for uvu.EF . The strong influence of the electron-phono
coupling on the structure of the spectral function is thus s
to be confined to a small energy region of the order ofvm
around the Fermi surface.

III. EXPERIMENT

The sample was mechanically polished prior to insert
into vacuum, where it was treated with standard cycles
sputtering and annealing.6 The surface exhibited the ex
pected hexagonal low-energy-electron diffraction patte
For the photoemission experiment, two separate He
charge lamps can be used as light source. One of thes
connected by a quartz capillary to the measurement cham
and the second one through a double-focusing monoc
mator, which produces a linearly polarized output with
efficiency greater than 90%. The angle between both incid
light beams and the analyzer axis is fixed to 45°. The to
spectrometer energy resolution is better than 5 meV. T
angular resolution was set to 0.2° in the direction of t
strong dispersion~except when otherwise stated! and 0.5
21° perpendicular to it.6 The relevantk-space resolution a
kF is dk'0.009 Å21. All spectra presented here are tak
with He I-photons~21.2 eV!. The emission angle is varied b
rotation of the sample.

In a photoemission process, only the component of
electron wave vector parallel to the surface is conserved,
this can easily be calculated for a given emission angle
kinetic energy.28 Surface states have a truly 2D behavior, i.
no dispersion perpendicular to the surface. The advantag
our experiment is twofold: the wave vector of the photoho
is known exactly, and the width of an observed peak ori
nates exclusively from the lifetime of the photohole.28 In Fig.
1, a set of spectra is shown, covering the whole band dis
sion alongGM . The spectra were recorded with an angu
resolution of 1° at a sample temperature of 60 K, using
I-photons from the unmonochromatized source. An analy
yields the following band parameters forGM (GK): a para-
bolic dispersion with an effective mass of 1.19~1.14! times
the electron rest mass, and a Fermi wavevector
0.924 Å21 (0.90 Å21). The occupied bandwidth wa
found to be 2.73 eV, in good agreement with publish
data.15,16Due to the even symmetry of the surface state wa
function with respect to the measurement plane,15 the state is
only observed when excited byp-polarized light, i.e., with
the vector potential lying within this plane.

IV. RESULTS AND DISCUSSION

Figure 3 displays spectra~dots! taken forT512 K in a
narrow range aroundkF alongGK. They are labeled by the
wave vectork(EF) with respect tokF and numbered for the
sake of simplicity. The spectra alongGM ~Fig. 4! were al-
ready presented in detail in a recent publication.6 All curves
are normalized to the integrated photon flux. The evolut
of the spectra is the same forGK and for GM .6 As the
surface state approachesEF ~spectra 1–6 in Fig. 3!, a second
peak appears at270 meV. Its intensity increases drama

d

-



al

ct

w
ng
y-

e
le

ul
n
t

-

m

rg

ted
ul-

nd
ver
sed
he

ture
is

on-
htly

ak,

m

its

pa-
lts
,
are
een
he
er-

sio
rre
r
re

er to

PRB 60 10 799ELECTRON-PHONON COUPLING IN PHOTOEMISSION SPECTRA
cally towardskF , where it finally dominates the spectr
function~No. 8!. Fork.kF ~No. 9 to 11 in Fig. 3!, the whole
spectral intensity decreases rapidly. However, the spe
show a sharp peak remaining pinned atEF and a second
weak structure at about270 meV~see inset of Fig. 4!. The
same line shapes can be observed around2kF and in the
corresponding spectra excited with He II-radiation~40.8 eV,
spectra not shown!.

In order to simulate the photoemission line shapes,
adopt the procedure described in Sec. II with the followi
parameters:vm570 meV was taken from electron-energ
loss measurements,13,25 and l51.18 was determined by
comparison of the quasiparticle dispersions in the pres
spectra.6 The high Debye temperature of the samp
(;1000 K) with respect to the sample temperature~12 K!
allows us to compare the experimental spectra with calc
tions performed forT50. The Eliashberg coupling functio
and the phonon contribution to the self-energy are evalua
using Eqs.~5! and~6!. k is fixed by the experiment andE(k)
is given by extrapolation. WithD as the only variable pa
rameter,A(k,v) is calculated from Eqs.~1! and~4! and mul-
tiplied by the Fermi function at 12 K. The resulting spectru
is then convoluted ink-space with a Gaussian of widthdk to
account for the experimental angular resolution, the ene

FIG. 3. Photoemission spectra~12 K, p-polarized He I photons!
of the surface state nearEF in the directionGK ~dots!, compared to
the spectral functions, calculated for the corresponding emis
angles~lines!. Spectra are numbered and labeled with the co
sponding wave vectorsDk5k(EF)2kF ; k was calculated here fo
emission from the Fermi level. The range in emission angle cove
by these spectra is 3°.
ra

e
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resolution being neglected. The intensity of each calcula
spectrum is adjusted to the experimental counterpart by m
tiplication with a factor, found to vary only slightly withk
~standard deviation 10%; see upper panel in Fig. 5!. This
underlines the stability of the experimental conditions a
the reproducibility of the spectra, which were recorded o
a period of several weeks. The final results are superimpo
as lines in Figs. 3 and 4 in order to facilitate comparison. T
calculation reproduces almost perfectly the double struc
and the intensity ratio between the two main peaks. It
interesting to notice that the sharp peak atEF for k.kF does
not appear in the spectral function of the pure electr
phonon system, in contrast to the weak structure at slig
higher binding energies~at ;vm, see inset in Fig. 4!. It was
found to be the remnant of the strong quasiparticle pe
centered far aboveEF and broadened byD. It serves,
thereby, as a sensitive probe for the fitting procedure.

In the lower panel of Fig. 5 the theoretical momentu
distribution n(k) at T50, obtained by integration of the
spectral function according to Sec. II, is plotted. Curve~a!,
calculated for the pure electron-phonon coupling, exhib
the expected discontinuity of heightZ51/(11l) at kF .
Curve~b! takes both the experimental resolution and the
rameterD(k) into account, the latter coming from the resu
of the line-shape fits~see below!. The experimental values
obtained by integration of the photoemission spectra,
given by the symbols in the plot. The raw spectra have b
used without any adjustment of their relative intensities. T
errors due to the cutoff of the spectra at high binding en

n
-

d

FIG. 4. As in Fig. 3, but with the wave vector alongGM . The
spectra extend over 6°. Inset: spectrum No. 9, enhanced in ord
show the sharp peak pinned atEF .
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10 800 PRB 60M. HENGSBERGERet al.
gies and the inelastic background were found to be sm
compared to the error radius of the experimental normal
tion procedure. The discontinuity is smeared out, but
intensity excess abovekF , typical for an interacting fermion
system, is clearly reproduced.

Keeping in mind that the only fit parameter used isD, the
overall agreement between the experimental data and th
sults of our simple model is excellent. The physical mean
of D becomes clearer if one plots the values obtained a
function of the band energyE ~Fig. 6!. As anticipated in Sec
II, this term can be decomposed into a constant offset va
D0575 meV and a pseudoparabolic function~with curva-
tureb). Figure 6 demonstrates that this functional form ofD
is a good approximation of the experimental values, and
only two parameters,D0 andb, are sufficient to fit the whole
set of spectra. Using Eq.~3!, a value of 0.063 eV21 is found
for the prefactorb2D @curve ~1! in Fig. 6#, whereas the cal-
culation in three dimensions yieldsb3D50.12 eV21 @curve
~2!#. Following the interpretation given in Ref. 1, the pla
mon energy of the Coulomb gas can be derived fromb3D . A
value of 13.3 eV is obtained from our analysis, which co
pares favorably with both bulk and surface plasmon ener
of Be ~19.5 eV and 11.3 eV, respectively29!. A well founded
prediction forD0 is more speculative. The contribution of th
electron-electron and electron-phonon interactions due to
finite measurement temperature are less than 1 meV and
therefore, be neglected.30 Scattering due to surface disord
and impurities is taken to be the dominant mechanism.D0
can be translated into a mean-free pathlmfp of about 15 Å in
the surface plane. Previous photoemission studies reveal
ues for the linewidth similar to our room temperature da

FIG. 5. Upper panel: intensity values used to adjust the ca
lations to the experimental spectra of Figs. 3~open triangles! and 4
~open circles!. Lower panel: a comparison of experimental valu
~symbols! and theory~solid lines! for the momentum distribution
n(k). The thin line ~a! is calculated forT50, D50 and infinite
angular resolution, the thick line~b! for T50, D(k) ~from the fit
results! and a resolution of 0.2°.
ll,
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e

re-
g
a

e
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both at Ḡ and nearEF .16,18 Such a correspondence ca
hardly be accidental and seems to indicate an inherent l
tation of the quality of the Be~0001!-surface resulting from
the preparation.

For the electron-phonon coupling, the description of t
observed peaks in terms of quasiparticles is only reliable

-

FIG. 6. Plot of the fit parameterD versusE; symbols like in Fig.
5. The lines are fits using a two-dimensional~curve 1, thick line!
and a three-dimensional~curve 2, thin line! model ~see text for
detail!.

FIG. 7. Comparison of the positions of the peak maxima, o
served alongGM andGK ~symbols as in Fig. 5! with the calculated
quasi-particle dispersions. The solid/dashed line correspond
E(k) in absence of the electron-phonon coupling, and the thick
to the dispersion renormalized by the electron-phonon interact
ZE(k). The size of the symbols reflects the intensity of the cor
sponding peaks.
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PRB 60 10 801ELECTRON-PHONON COUPLING IN PHOTOEMISSION SPECTRA
energies either very close toEF , or substantially further than
vm from EF .8,10 For the intermediate region, a two-pea
structure is observed reflecting the interplay of different
citation channels, and the calculated spectra no longer
count for elementary excitations. In order to illustrate th
we show the quasiparticle dispersions in Fig. 7 together w
the positions of the experimental peak maxima. The t
solid line denotes the dispersion of the bandE(k) in the
energy range where only the electron-electron interac
plays a role and the quasiparticle description is adequate
dashed continuation towardkF is the extrapolation used in
the calculation. The thick solid line nearkF is the quasipar-
ticle dispersion lowered by the electron-phonon coupl
ZE(k). Superimposed as symbols are the experime
points for both directions,GM and GK. The size of the
symbols scales with the relative intensities of the peaks.
obvious that the experimental points follow the quasiparti
dispersion atEF only in a small range below the Fermi en
ergy, where the corresponding peak dominates the spe
function. Its weight causes an important enhancement of
DOS at EF and confirms, thereby, the conclusion reach
without explicit calculation in the first paper.6

As a last point, we show in Fig. 8 a collection of spectra
taken at a sample temperature of 300 K alongGM , the spec-
tra being labeled accordingly to Fig. 4. Two features
conspicious. Firstly, the two bottommost spectra~Nos. 3 and
4! cannot be fitted with a single Lorentzian but exhibit sho
ders at approximatelyvm, indicated by a vertical dashed
dotted line in Fig. 8. Hence, at high temperature the coup
to surface phonons markedly influences the spectral funct
even though it is smeared out by the broadening of the Fe
function. Secondly, in the spectra fork.kF ~Nos. 7–10!, the
point of half-intensity of the spectral cutoff is located som
20–30 meVabovethe Fermi energy. This thermal popula
tion of states directly aboveEF demonstrates that the surfac
state dispersion is continuous across the Fermi energy.

FIG. 8. Spectra taken aroundkF along GM at 300 K ~He I, p
polarized!. The numbers correspond to those in Fig. 4. The ma
mum phonon frequency is indicated by a vertical dashed-do
line.
-
c-
,
h
n

n
Its

g
al

is
e

ral
e

d

e

-

g
n,
i

e

have verified that when these spectra are divided by
Fermi function for 300 K, the peak maxima follow the sam
quasiparticle dispersion as in the occupied part. This ob
vation rules out any interpretation of these data in terms
other mechanisms, like superconductivity or charge den
waves, which imply the opening of a gap with concomita
accumulation of states belowEF .6

V. SUMMARY AND CONCLUSION

Our data demonstrate that the photoemission spectr

the Ḡ surface state on Be~0001! are progressively dominate
by the electron-phonon interaction as the state approa
and crosses the Fermi surface. This remarkable behavio
interpreted within a many-body framework, which includ
all relevant interactions determining the spectral function.
addition to the instrumental conditions, two parameters
posed by independent experiments are used: the dispe
of the surface state without electron-phonon coupling
given by extrapolation from the spectra measured at bind
energies larger than the surface phonon bandwidthvm, and
vm is taken from electron-energy-loss data.25 The Eliashberg
coupling function is approximated by a linear function
energy, and, as a consequence, the electron-phonon int
tion is determined in a simple way by the coupling parame
l. The energy dependence of the inverse lifetime result
from electron-electron scattering contains only the unkno
factorb. Finally, electron scattering due to sample imperfe
tions is accounted for by a constant termD0. The fit of the
spectral functions to the whole set of photoemission spe
is performed by adjusting exclusively the three parame
l, b, andD0, and reliable values are obtained. In particul
the large electron-phonon coupling explains the origin of
unusual STM images observed on this surface.14 Despite the
stringent conditions imposed in the fitting procedure, the
provides an exceptionally good prediction of the spec
shape evolution and momentum distribution.

Recently, we became aware of similar work by LaSh
and co-workers.31 They obtainl50.760.1 for the Be~0001!
surface state using a different approach. Despite the dif
ence in the coupling parameter, their results are in gen
agreement with ours and thus confirm the physical corre
ness of the analysis.

In conclusion, we have shown that this many-body tre
ment provides an adequate framework for describing
strong electron-phonon interaction in two dimensions. T
nearly perfect reproduction of the full set of experimen
spectra by the calculations demonstrates that the fundam
parameters underlying the different interactions can be
tracted from the photoemission spectra with a high degre
confidence.
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