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Electron-phonon coupling in photoemission spectra
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We present high-resolution photoemission data oflthgurface state on Be001). 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 expe[B0d®3-18289)00236-7

[. INTRODUCTION conditions for studying a nearly perfect two-dimensional
(2D) electron gas. The very low density of sta(@09S) at
The great popularity of photoemission in the study of sol-Eg in Be ensures a weak coupling of the surface with the
ids can be mainly attributed to the capacity of this techniquebulk.** The projection of the bulk band structure onto the
to yield direct access to the energy and momentum of th€000J)-surface Brillouin zongSBZ2) leaves broad unoccu-
occupied electronic states. This simple interpretation of thejied regions allowing the existence of a surface statE.at
spectra relies on the assumption that the different interacrp;s js represented in Fig. 1 as plot of spectra alongithe

tions experienced by the electrons are sufficiently weak tQjirection of the SBZ. The surface system is almost isotropic,
allow an identification of the observed excitations with theas shown in measurements of the electron and phonon dis-

single-particle description of the electrons in the initial state persion curved®* Earlier photoemission data of this

The success of this approach for conventional solids hastatd>1® are in good agreement with the theoretical calcula-
been demonstrated in numerous studies performed with Mgjpns of the surface electronic structdfebut the spectra
dium energy and angular resolution. The recent technical img|ose toE were not sufficiently well resolved to reveal the
provements of photoemission have opened the possibility tayceptional line shape evolution analyzed in the present pa-
make more detailed studies of quasiparticle line shapes iger, However, two previous studies provide clear indications
moderately correlated electron systems, and to analyze thgat this surface state interacts strongly with surface phonon
spectral form successfully within the framework of Fermi modes: very high amplitudes of Friedel oscillations resulting
liquid theory™ When the properties of a material are domi- from defect scattering have been observed with scanning
nated by a very high electron correlation, as in heavytynneling microscopySTM),* and a strong temperature de-

. 3 . . . . A i
fermions; or by some other unconventional interaction, as inpendence of the surface state linewidth has been extracted

high-temperature superconductdra, straightforward inter- _
M
f

pretation of the photoemission data is no longer possible.
Spectral functions calculated from many-body treatments re-
veal complex and extended structures. Nevertheless, it is
usually possible to identify in some region of the spectrum a
guasiparticle peak reminiscent of the single-particle concept.
The most extreme situation is probably encoutered in one-
dimensional systems, where this link is no longer tractable.
In order to observe the exceptional excitations directly re-
lated to unconventional behavior in photoemission spectra, it
is essential to probe the system on the parameter $eale
ergy, momentum, and temperatuef the relevant interac-
tions.

In the present study we show that a nearly free-electron-
like surface state of BO00Y) is drastically modified by the
electron-phonon interaction. As already pointed out in a re-
cent publicatior?, the relevant energy scale for this interac-
tion is the narrow energy range spanned by the phonon band-
width below the Fermi energ¥r. The electron-phonon - - -
coupling mechanism has been well understood for three de- Energy (6V)
cades, and the corresponding spectral functions have been
calculated.™? We demonstrate that the dramatic evolution FIG. 1. Photoemission spectra of tHe surface state on
of the low-energy excitations in the photoemission spectrae(0001) showing its parabolic dispersion alodgv. The spectra
resulting from this interaction is well predicted by conven-were recorded with unpolarized He | photons at 60 K. 0° corre-
tional many-body theory. sponds to normal emission, and the angular resolution is 1°. The

The well documented B8001) surfacé® offers favorable difference in angle between two neighboring spectra is 2.5°.

Intensity (arbitrary units)
]
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from photoemission dat®.Our aim in this paper is to extend electron-electron term can be linearized close to the Fermi
our recent presentation of high resolution photoemissiotievel on the scale of the electron bandwidtteading to a
spectrd of this surface state in the energy range where theonstant change in the Fermi velocity . If the experimen-
electron-phonon interaction plays a dominant role. More+ally observed dispersiof(k) =7%vgX (k—kg) is extrapo-
over, we demonstrate that the data are very accurately préated from binding energies higher than the phonon band-
dicted by the appropriate many-body formalism using realiswidth but small with respect to the electron bandwidth,
tic experimental parameters. Re3®® is taken into account: E(k)=E°(k)

This work is organized as follows: in Sec. Il, a simple +Re3®"®(k, ). In order to implement the imaginary parts,
model for the calculation of the spectral function is pre-a parameten (k) =Im 3¢¢{k,w=E(k)]+Im 3™ is intro-
sented; experimental details are given in Sec. Ill; the comduced, which is used in the first step of the analysis as a
parison of theoretical predictions and the experimental speditting parameter of the spectral function to the momentum
tra appears in Sec. IV, and, finally, Sec. V is the Conclusionresolved spectraA depends on energy throudf(k). The

electron-electron contribution can be calculated in two di-
Il. THEORY mensions to yield!
ool

, ) 1+0.53In| =—
selected according to its momentmnThe new state does Er
not generally correspond to an eigenstate of the
(N—1)-particle system and has to be projected onto all poswhere w is measured fronEg. Equation(3) results in an
sible final eigenstates. Under the assumption that the opticallmost parabolic function. When analyzing the experimental
matrix elements are constant, the energy distribution of thelata, this function cannot be distinguished from the well-
photoelectrons recorded in the experiment corresponds to theown quadratic dependence in three dimenst6ié.The
spectral function of the holes. If for some momentum valueproportionality factor can be related to the electron density
one final state dominates the spectral function, it is called and the plasmon enerdy? but this link is much less evident
quasiparticle, appearing as a peak with Lorentzian shape im two dimensions than in three. We will therefore analyze
the spectra. Its linewidth corresponds to the inverse lifetimepur data using both the 2D and the 3D formalisms. The re-
its energy position to the energy of an elementary excitatiorsulting energy dependence SfE(k) ] should reflect Eq(3),
from the ground state. These are given, respectively, by theith the addition of a constant term accounting for impurity
imaginary part and the real part of the self-energy, whichscattering. Equatiof2) leads then to
enters the calculation of the spectral function. A detailed
description of the self-energy and its properties is beyond the _ yph ;
scope of this work and can be found, for example, in Ref. 19. (k@) =2k, 0) +iA(K), @

In a photoemission experiment, the sudden ejection of an
electron from the ground state creates a hole, which can be Im 3 ek, w)oc w2

} ) ()

which is inserted into Eq1).
The momentum distributiom(k,T) can be obtained by
The spectral functiolA(k,w) is given by the following integratingA(k,w,T)f(w,T) over all energies,f being the
general expression: Fermi function?® For T=0, n(k) exhibits a discontinuity at
ke of the height of the quasiparticle weight In a noninter-
acting electron systenz, is 1 andn(k) reduces to the usual
[Im3(k w)| Fermi function. In the presence of interactions, the Fermi
[w—E%K)—Re3 (k,w)]2+[Im3(k,0)]? velocity is diminished by a factor af=1/(1+ y), wherey
(1) is the renormalization constant or enhancement factor of the
effective mass. Since the electron-electron contribution is al-
whereE°(k) is the band dispersion in the absence of inter-ready taken into account in our case, we are allowed to
actions, an& (k,w) the complex self-energ, contains the equate the measured renormalizatignto the electron-
whole many-body physics. In our particular case this comphonon coupling parametar.®
prises the electron-electron interaction, the electron-phonon
interaction, and damping due to hole scattering at sample B. Electron-phonon coupling
impurities and defects. To lowest order in the various inter-
actions, the different contributions are simply summedp:

A. Spectral function and momentum distribution

AK,w)=

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

S =3ph3ekelysime (20 The phonon modes then enter into the calculation through

the so-called McMillan or Eliashberg functia#?F (), ap-

The isolation of the interesting electron-phonon t&f!  proximated here as a product of the coupling strength and the
is a rather difficult task, because it necessitates gmiori phonon DOS. The latter is taken to be linear in energy in two
estimation of the last two contributions. However, in thedimensions. The coupling strength is a smooth function of
present situation, the conditions are favourable and offer anergy®?*and is taken here to be constant. The basic idea of
simple way to circumvent this difficulty. First, the impurity our approach is, therefore, the linearization of the Eliashberg
term is purely imaginary and nearly constant in the smalffunction submitted to the constraint that the maximum pho-
energy range of intereé!. Second, the real part of the non energy equals the experimentally observed value
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theoren?’ At energies further than the maximum phonon
i frequency fromEg, the real part decreases towards zero,
whereas the imaginary part remains constant and vanishes

50

@ 40 | for |w|>Eg. The strong influence of the electron-phonon
N coupling on the structure of the spectral function is thus seen
%g to be confined to a small energy region of the ordekwgf
=% il around the Fermi surface.

n 20 i IIl. EXPERIMENT

[+

The sample was mechanically polished prior to insertion
into vacuum, where it was treated with standard cycles of
ol u sputtering and annealifgThe surface exhibited the ex-
250 20 T i =0 & pected hexagonal low-energy-electron diffraction pattern.

© (mev) For the photoemission experiment, two separate He dis-
charge lamps can be used as light source. One of these is

FIG. 2. Plot of the electron-phonon part of the self-energy usedconnected by a quartz capillary to the measurement chamber,
in this work (see text The real and the imaginary part are shown asand the second one through a double-focusing monochro-
thick solid and dotted lines, respectively. The real part can be linfmator, which produces a linearly polarized output with an
earized neaEg (thin solid ling. The experimentally derived maxi- efficiency greater than 90%. The angle between both incident
mum phonon energy is 70 meRef. 25 (indicated by a stickand  light beams and the analyzer axis is fixed to 45°. The total
the coupling parametex equals 1.18. spectrometer energy resolution is better than 5 meV. The

angular resolution was set to 0.2° in the direction of the
wm. 2?1t is this value which sets the relevant energy scalestrong dispersionexcept when otherwise stajednd 0.5
of the interactiorf. The value of the coupling parametey  —1° perpendicular to . The relevank-space resolution at
which is defined by the following integraf: ke is 6k~=0.009 A 1. All spectra presented here are taken
with He I-photong21.2 e\j. The emission angle is varied by
om a2F (@) rotation of the sgmple.
)\sz - —do, (5) In a photoemission process, only the component of the
0 o) electron wave vector parallel to the surface is conserved, and
this can easily be calculated for a given emission angle and
e 2 (T - - - kinetic energy’® Surface states have a truly 2D behavior, i.e.,
then givese“F(w). The experimental value of is obtained X 9 ) y
from photoemission data either as the renormalization factdf® dispersion perpendicular to the surface. The advantage for
of the band dispersion &:° or, equivalently, from the tem- our experiment is twofold: the wave vector of the photohole

perature dependence of the surface state linewidth near i Known exactly, and the width of an observed peak origi-
Fermi surfacd® A straightforward evaluation of Eq(s)  Nates exclusively from the lifetime of the photoh&fdn Fig.
yields thena?F (@) =\ o/ (2w.). 1', a set of spectra is shown, covering the thle band disper-
Since the self-energy ig only weaklx dependent, sion aI_ongFM. The spectra were recorded with an apgular
SP(k ) can be replaced by its value &t .’ One then resolution of 1° at a sample tempefature of 60 K, using Hg
arrives at the standard expression, dropping the inklex I-photons from the unmonochromatized source. An analysis
(Ref. 10 yields the following band parameters f6M (I'K): a para-
bolic dispersion with an effective mass of 1.(014) times
_ the electron rest mass, and a Fermi wavevector of
1—f(e,T)+N(w,T) 0.924 A"' (0.90 A1), The occupied bandwidth was
w——m+ist found to be 2.73 eV, in good agreement with published
data'®®Due to the even symmetry of the surface state wave
f(e,T)+ N(Z),T)] function with respect to the measurement pl&tie state is
+ ,

3P ()= f fEFde f:de} azF(Zn[

(6) only observed when excited hypolarized light, i.e., with

w—etwotis” the vector potential lying within this plane.

where f(e,T) and N(w,T) are the Fermi-Dirac and Bose- IV. RESULTS AND DISCUSSION
Einstein factors, respectivelyp=0 refers to the Fermi en- ] ) .
ergy, ands*=sgn(w) 4 is an infinitesimal number. Assum-  Figure 3 displays spectraloty taken forT=12 Kin a

ing particle-hole symmetry, the limits of theintegration are  narrow range arouni- alongI’K. They are labeled by the
set to+Eg. 3P from Eq.(6) at T=0 is displayed in Fig. 2. Wwave vectork(Eg) with respect tdg and numbered for the
Its behavior is strongly reminiscent to results of othersake of simplicity. The spectra alodgM (Fig. 4 were al-
calculation& 1% except for the imaginary part in the limis  ready presented in detail in a recent publicafiiil curves
—0. In contrast to calculations in three dimensions, whereare normalized to the integrated photon flux. The evolution
Im 3P"has aw® dependencBthe 2D results reveal@® law.  of the spectra is the same fétK and for 'M.® As the
The real part shows the expected linear dependence witburface state approachEs (spectra 1-6 in Fig.)3a second
slope —\ and vanishes aEr according to Luttinger's peak appears at 70 meV. Its intensity increases dramati-
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FIG. 3. Photoemission spectt&2 K, p-polarized He | photons FIG. 4. As in Fig. 3, but with the wave vector alofigVl. The

of the surface state neBr- in the direction'K (dotg, compared to  spectra extend over 6°. Inset: spectrum No. 9, enhanced in order to
the spectral functions, calculated for the corresponding emissioshow the sharp peak pinned&¢ .

angles(lines). Spectra are numbered and labeled with the corre- . . . .
sponding wave vectorsk=k(Er) — ke : k was calculated here for resolution being neglected. The intensity of each calculated

emission from the Fermi level. The range in emission angle coveregdP€ctrum is adjusted to the experimental counterpart by mul-
by these spectra is 3°. tiplication with a factor, found to vary only slightly witk

(standard deviation 10%; see upper panel in Fig. This
underlines the stability of the experimental conditions and
cally towardskg, where it finally dominates the spectral the reproducibility of the spectra, which were recorded over
function(No. 8). Fork>kg (No. 9 to 11 in Fig. 3, the whole  a period of several weeks. The final results are superimposed
spectral intensity decreases rapidly. However, the spectras lines in Figs. 3 and 4 in order to facilitate comparison. The
show a sharp peak remaining pinnedEgt and a second calculation reproduces almost perfectly the double structure
weak structure at about 70 meV (see inset of Fig. 4 The  and the intensity ratio between the two main peaks. It is
same line shapes can be observed arotiigt and in the interesting to notice that the sharp pealEatfor k>kg does
corresponding spectra excited with He Il-radiati@®.8 eV, not appear in the spectral function of the pure electron-
spectra not shown phonon system, in contrast to the weak structure at slightly
In order to simulate the photoemission line shapes, weaigher binding energie@t ~ w,,, see inset in Fig. % It was
adopt the procedure described in Sec. Il with the followingfound to be the remnant of the strong quasiparticle peak,
parametersw,,=70 meV was taken from electron-energy- centered far aboveEr and broadened by. It serves,
loss measurementd?®> and A=1.18 was determined by thereby, as a sensitive probe for the fitting procedure.
comparison of the quasiparticle dispersions in the present In the lower panel of Fig. 5 the theoretical momentum
spectré® The high Debye temperature of the sampledistribution n(k) at T=0, obtained by integration of the
(~1000 K) with respect to the sample temperat(i2 K)  spectral function according to Sec. Il is plotted. Cufsg
allows us to compare the experimental spectra with calculaealculated for the pure electron-phonon coupling, exhibits
tions performed fof =0. The Eliashberg coupling function the expected discontinuity of heigt=1/(1+\) at kg.
and the phonon contribution to the self-energy are evaluateGurve (b) takes both the experimental resolution and the pa-
using Egs(5) and(6). k is fixed by the experiment artg(k) rameterA (k) into account, the latter coming from the results
is given by extrapolation. Witl\ as the only variable pa- of the line-shape fit§see below. The experimental values,
rameter A(k, w) is calculated from Eqg1) and(4) and mul-  obtained by integration of the photoemission spectra, are
tiplied by the Fermi function at 12 K. The resulting spectrumgiven by the symbols in the plot. The raw spectra have been
is then convoluted ik-space with a Gaussian of wid#tk to  used without any adjustment of their relative intensities. The
account for the experimental angular resolution, the energgrrors due to the cutoff of the spectra at high binding ener-
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FIG. 5. Upper panel: intensity values used to adjust the calcu- 600 -400 -200 Er 200 400 600
lations to the experimental spectra of Figgopen trianglesand 4 Energy (meV)

(open circles Lower panel: a comparison of experimental values
(symbols and theory(solid lineg for the momentum distribution
n(k). The thin line(a) is calculated forT=0, A=0 and infinitt 5 Thg jines are fits using a two-dimensiorialirve 1, thick ling

angular resolution, the thick lingo) for T=0, A(k) (from the fit 54 5 three-dimensiondturve 2, thin ling model (see text for
resultg and a resolution of 0.2°. detai).

FIG. 6. Plot of the fit parameteX versusE; symbols like in Fig.

gies and the inelastic background were found to be smalboth atI" and nearEg.%'8 Such a correspondence can
compared to the error radius of the experimental normalizahardly be accidental and seems to indicate an inherent limi-
tion procedure. The discontinuity is smeared out, but thdation of the quality of the B@001)-surface resulting from
intensity excess above:, typical for an interacting fermion the preparation.
system, is clearly reproduced. For the electron-phonon coupling, the description of the
Keeping in mind that the only fit parameter usediisthe ~ observed peaks in terms of quasiparticles is only reliable for
overall agreement between the experimental data and the re-
sults of our simple model is excellent. The physical meaning
of A becomes clearer if one plots the values obtained as a
function of the band enerdy (Fig. 6). As anticipated in Sec. E ,
I, this term can be decomposed into a constant offset value J‘”m q}ﬁé
Ao=75 meV and a pseudoparabolic functimith curva- . o 2 ”
ture B). Figure 6 demonstrates that this functional form\of -100| ¢ 4 g
is a good approximation of the experimental values, and that
only two parameters\, andg, are sufficient to fit the whole
set of spectra. Using E¢3), a value of 0.063 eV is found
for the prefactorB,p [curve (1) in Fig. 6], whereas the cal-
culation in three dimensions yielg8;p=0.12 eV ! [curve
(2)]. Following the interpretation given in Ref. 1, the plas- -3001 7
mon energy of the Coulomb gas can be derived f@gyy. A A
value of 13.3 eV is obtained from our analysis, which com-
pares favorably with both bulk and surface plasmon energies -0op L ' ! ]
of Be (19.5 eV and 11.3 eV, respectivély. A well founded 008 _0'°4k_|;°'(:§.‘) 000 002
prediction forA, is more speculative. The contribution of the )
electron-electron and electron-phonon interactions due to the £, 7. comparison of the positions of the peak maxima, ob-

finite measurement temperature are less than 1 meV and cagyed alond'™ andTK (symbols as in Fig. Bwith the calculated
therefore, be neglectell. Scattering due to surface disorder quasi-particle dispersions. The solid/dashed line corresponds to

and impurities is taken to be the dominant mechanid.  g(k) in absence of the electron-phonon coupling, and the thick line
can be translated into a mean-free pafi, of about 15 Ain {0 the dispersion renormalized by the electron-phonon interaction,
the surface plane. Previous photoemission studies reveal vat£(k). The size of the symbols reflects the intensity of the corre-
ues for the linewidth similar to our room temperature datasponding peaks.

-200 -

Energy (meV)
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have verified that when these spectra are divided by the
Fermi function for 300 K, the peak maxima follow the same
quasiparticle dispersion as in the occupied part. This obser-
vation rules out any interpretation of these data in terms of
other mechanisms, like superconductivity or charge density
waves, which imply the opening of a gap with concomitant
accumulation of states belo@ .°

V. SUMMARY AND CONCLUSION

Intensity (arbitrary units)

Our data demonstrate that the photoemission spectra of

thel surface state on §@001) are progressively dominated

by the electron-phonon interaction as the state approaches
and crosses the Fermi surface. This remarkable behavior is
interpreted within a many-body framework, which includes
=08 ) all relevant interactions determining the spectral function. In

m

-800 600  -400  -200 Er 200 addition to the instrumental conditions, two parameters im-
Energy (meV) posed by independent experiments are used: the dispersion

_ of the surface state without electron-phonon coupling is

FIG. 8. Spectra taken arourig alongI'M at 300 K(He I, p  given by extrapolation from the spectra measured at binding

polarized. The numbers correspond to those in Fig. 4. The maXi'energies larger than the surface phonon bandwigth and
mum phonon frequency is indicated by a vertical dashed-dotted

., is taken from electron-energy-loss datahe Eliashberg
coupling function is approximated by a linear function in

energies either very close K-, or substantially further than €nergy, and, as a consequence, the electron-phonon interac-
wy, from Eg .81 For the intermediate region, a two-peak tion is determined in a simple way by the coupling parameter
structure is observed reflecting the interplay of different ex-\. The energy dependence of the inverse lifetime resulting
citation channels, and the calculated spectra no longer adrom electron-electron scattering contains only the unknown
count for elementary excitations. In order to illustrate this,factor 8. Finally, electron scattering due to sample imperfec-
we show the quasiparticle dispersions in Fig. 7 together withions is accounted for by a constant te. The fit of the

the positions of the experimental peak maxima. The thinspectral functions to the whole set of photoemission spectra
solid line denotes the dispersion of the bai(k) in the s performed by adjusting exclusively the three parameters
energy range where only the electron-electron interaction | g, andA,, and reliable values are obtained. In particular,
plays a role and the quasiparticle description is adequate. lige large electron-phonon coupling explains the origin of the
dashed continuation t(.)Wﬁflq:.iS 'the extrapolation us_ed iN" unusual STM images observed on this surfdddespite the

the calculation. The thick solid line ne&E is the quasipar-  gyingent conditions imposed in the fitting procedure, theory
ticle dispersion lowered by the electron-phonon coupling, . iqes an exceptionally good prediction of the spectral
ZE(k). Superimposed as_symbols_are the experimentaly,ne eyolution and momentum distribution.

points for both directionsI'M and T'K. The size of the — Recently, we became aware of similar work by LaShell
symbols scales with the relative intensities of the peaks. It ISind co-workerg! They obtain\ =0.7+ 0.1 for the B&000Y)
obvious that the experimental points follow the quasiparticleg,itace state using a different approach. Despite the differ-
dispersion a&g only in a small range below the Fermi en- gnce in the coupling parameter, their results are in general

ergy, where the corresponding peak dominates the spectrghreement with ours and thus confirm the physical correct-
function. Its weight causes an important enhancement of thgoqg of the analysis.

DOS atEg and confirms, thereby, the conclusion reached |, conclusion, we have shown that this many-body treat-
without explicit calculation in the first papér.. ment provides an adequate framework for describing the
As a last point, we show in Fig8 a collection of spectra  gong electron-phonon interaction in two dimensions. The
taken at a sample temperature of 300 K alditg, the spec- nearly perfect reproduction of the full set of experimental
tra being labeled accordingly to Fig. 4. Two features arespectra by the calculations demonstrates that the fundamental
conspicious. Firstly, the two bottommost spedf¥®s. 3 and  parameters underlying the different interactions can be ex-

4) cannot be fitted with a Single Lorentzian but exhibit Shoul'tracted from the photoemission Spectra with a h|gh degree of
ders at approximatelw,,, indicated by a vertical dashed- confidence.

dotted line in Fig. 8. Hence, at high temperature the coupling

to surface phonons markedly influences the spectral function,

even.though itis sm_eared out by the broadening of the Fermi ACKNOWLEDGMENTS

function. Secondly, in the spectra for- kg (Nos. 7-10, the

point of half-intensity of the spectral cutoff is located some We are indebted to H. Beck for stimulating discussions,
20-30 meVabovethe Fermi energy. This thermal popula- and to M. Garnier for his help during the first measurements.
tion of states directly abover demonstrates that the surface The work was funded by the Fonds National Suisse de la
state dispersion is continuous across the Fermi energy. \Weecherche Scientifique.

line.
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