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Electron-phonon coupling and temperature-dependent shift of surface states on Be„101̄0…
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The temperature dependence of two Schockley surface states~S1 andS2! on Be(101̄0), located in a wide

bulk projected band gap fromĀ to Ḡ, has been investigated with angle-resolved photoemission spectroscopy.

The electron-phonon coupling of the surface statesS1 andS2 at the zone boundary (Ā) were determined using
both Debye and Einstein phonon models. Based on fitting, this analysis indicates that the surface optical
phonon mode located around 64 meV contributes most strongly to the electron-phonon coupling of theS1
surface state, which is highly localized in the surface layer. The determined electron-phonon coupling param-
eterl of S1 andS2 ~0.647 and 0.491, respectively! is distinct from the bulk value (lbulk50.24). Both surface
statesS1 andS2 are observed to shift linearly with the temperature, but in opposite directions at the rates of
(20.6160.3)31024 eV/K and (1.7160.8)31024 eV/K, respectively. The different behavior of the two sur-
face states, with respect to both the electronic-phonon coupling and temperature-dependent shift of initial
energy, is attributed to the higher surface charge localization ofS1 thanS2.

DOI: 10.1103/PhysRevB.65.235428 PACS number~s!: 73.20.At, 71.38.2k, 79.60.Bm
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I. INTRODUCTION

Cleaving a bulk crystal results in broken symmetry a
consequent rearrangement of the electronic charge in the
vage region and generates a surface with static and dyn
properties that are quite different from its bulk counterpa
The unique, reduced-dimensional properties of metal
faces are reflected in the ensuing surface electronic struc
~e.g., surface states!; hence, probing the electronic properti
provides a window to understanding the fundamental pr
erties of this three-dimensional to two-dimensional~3D-to-
2D! world. In the present study, we focus on elucidati
unique properties of two Schockley surface states locate
the same point in the surface Brillouin zone~SBZ! on

Be(101̄0). Specifically, the differences between the electr
phonon coupling properties dictated by the quasipart
screening of these two surface states, with quite differ
charge distributions into the bulk, will be determined.

Beryllium is a sp-bonded ‘‘simple metal’’ with unusua
properties. Whereas the bulk, having a nonidealc/a ratio,
attenuated density of states~DOS! at EF ~i.e., semimetal!,
and a large degree of covalent bonding, can be considere
from ideal, the surface has been shown, both experimen
and theoretically, to be a nearly-free-electron system.
example, because surface states in Be~0001! account for
roughly 80% of the local DOS atEF in the outermost layer
the surface has been considered as the best model to in
tigate the purely 2D electronic system. Experimentally, t
peculiarly large surface-to-bulk ratio of the local DO
~LDOS! at EF has been shown to contribute to many o
served surface properties which deviate substantially fr
the bulk, including abnormally large surface core level sh
and giant surface Friedel oscillations.1,2 In addition, other
unique many-body effects at the surface of Be~0001! have
also been reported. For example, athreefold increase, rela-
tive to the bulk value, in the surface mass enhancement
pling parameterls , which expresses the strength of th
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electron-phonon interaction, has been reported from hi
resolution angle-resolved photoemission~ARUPS!
studies.3,4,5,6

In contrast to the close-packed Be~0001! surface, the

near-surface properties of the more open Be(1010̄) surface,
although qualitatively similar to that of the Be~0001!,7,8 re-
veal it to be less free-electron like and more covalent like.
a series of experimental papers which explored the atom9

dynamic,10 and electronic11 structure of Be(101̄0), Hoffman
et al. concluded that, while surface states dominate the D
at EF, the bonding in the underlying layers is progressive
more covalent like. Specifically, a covalent model of dire
tional backbonding was invoked to explain the large contr

tion between the first and second layers when the Be(100̄)
surface relaxes. Furthermore, Choet al.12 attributes the ob-
served surface core-level shifts, persisting down to the fi

layer in Be(101̄0), to the increased ‘‘stiffness’’ of electron
and consequent screening attenuation in underlying layer
light of this, the expectation is that the electron-phonon c

pling at the Be(101̄0) surface may be quite different from
that of Be~0001!, which is purely free-electron like. How
ever, Balasubramanianet al. determined, from temperature
dependent ARUPS data of one specific surface state, tha

electron-phonon coupling parameter of the Be(1010̄) surface
@lS1,Be(101̄0)50.64860.03 ~Ref. 13!#. This experimental
value is equal, within uncertainty, to that of the close-pack
surface @lS,Be(0001)50.760.1 ~Ref. 5!#. Both values are
nearly 3 times larger than the bulk value oflB50.24.

In the present study, the Be(1010̄) surface is reinvesti-
gated with high-resolution ARUPS to determine the tempe
ture dependence of the surface state linewidth~electron-
phonon coupling! and peak position. Specifically, we focu
on the difference in the electron-phonon coupling for tw
surface states at the same point in the SBZ. Both Schock
like surface states are centered at the surface zone boun
©2002 The American Physical Society28-1
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(Ā) and disperse within a wide bulk projected band gap~see
inset in Fig. 1!. Theoretically, Silkin and Chulkov14 have
shown, using self-consistent pseudopotential calculatio
that the symmetry and degree of surface charge localiza
of these two surface states~S1 andS2! are quite different.
Whereas 70% of the charge associated withS1 ~EB,S1

;0.6 eV atĀ! is located in the top atomic layer,S2 ~EB,S2

;2.9 eV atĀ! is less localized at the surface~only 50% of
charge is in first layer! and extends deeper into the selva
region. BothS1 andS2 extend throughout large sections
the surface Brillouin zone~along bothAG and AL direc-
tions! and hence contribute a large fraction of the total d
sity of states. The contribution of the LDOS ofS1 nearEF
makes the surface nearly free-electron like. Taking advan
of the distinct charge localization differences betweenS1
and S2, probing their individual character~temperature de-
pendence of width and energy! of these surface states wi
give insight into the dissimilar surface versus bulk prop
ties. Specifically, the supposition is that the bonding becom
more covalent as one goes into the bulk; thus, propertie
S2, being less localized at the surface, should be more ‘
valent like’’ thanS1.

Before presenting results, a brief review of how t
electron-phonon coupling parameterl is extracted from
ARUPS data is warranted. Specifically, it is important
question the assumptions used in the prior analyses.4 In the
case of a 2D band, the inverse lifetime of the photohole
proportional to the deconvoluted ARUPS peak width. T
temperature dependence of the photohole lifetime~t! is dic-
tated primarily by electron-phonon interactions at energ
close to EF ~electron-defect and electron-electron intera
tions are assumed to be nontemperature dependent a
small!. In general, the electron-phonon interaction (e-p)
contribution to the inverse-lifetime width at any temperatu
is given by the expression15

We-p~v!
\

te-p
52p\E

0

vmax
a2F~v8!@12 f ~v2v8!

12n~v8!1 f ~v1v8!#dv8, ~1!

wherea2F(v) is the Eliashberg coupling function,vmax is
the maximum phonon frequency, andn and f are the Bose-
Einstein and Fermi distribution functions, respective
Within a Debye model, the electron-phonon coupling co
stantl is linearly related to the Eliashberg coupling functio
a2F(v)5l(v/vD)2 if v,vD , wherevD is the Debye fre-
quency. Previous ARUPS studies of Be surface states
well as other systems,4,16 have employed this assumptio
namely, that above one-third of the Debye temperat
(QD), Eq. ~1! can be simplified to yield a linear relationsh
between the linewidth, as determined from an ARUPS sp
trum, and temperature. The slope of this relationship yie
ls for a given band ink space. Using this assumption, th
determined value ofls is extracted solely from the high
temperature data, wherein the linearity of Eq.~1! is most
valid and is independent of the detailed shape and dim
sionality of the phonon spectrum. In the case of mater
23542
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with low Debye temperatures~e.g.,QD&400 K!, employing
this linear approximation has been shown to be quite va

In the case of Be, which has a large Debye tempera
(QD,bulk51000 K), using the ‘‘high-temperature linear ap
proximation’’ is inadequate because it limits the extent
information that can be extracted. For example, it is w
known15,17 that for T!QD , the inverse lifetime due to
electron-phonon 3D scattering varies asT3. This ‘‘textbook’’
example clearly indicates the breakdown of the linear
proximation model. Because of beryllium’s large Debye te
perature, including relative lower-temperature dataT
&QD/3) in the analysis is experimentally undemanding a
hence, enables, through full use of Eq.~1!, better elucidation
of fundamental information, such as the detailed shape
dimensionality of the phonon spectrum, of the many-bo
e-p mechanism. For example, including data over a la
temperature range facilitates the ability to test, through go
ness of fitting, the choice of a phonon spectra model for
Eliashberg coupling function. In other words, if we invoke
given phonon spectra model~e.g., Debye or Einstein! in Eq.
~1! which can fit the extended temperature range better t
other models, it would add insight into which specifi
phonons ~e.g., a major phonon branch! interacts most
strongly with the screening process of the given surface s
photohole. As recently reported,18 this concept has bee
shown to be the case in close-packed noble metal surfa
wherein a specific Rayleigh mode dominated the electr
phonon interaction.

In this paper, we will show that this is indeed correct f
the two Schockley surface statesS1 andS2, centered abou
the same high-symmetryk point (Ā) on Be(101̄0). Namely,
our fitting analysis of ARUPS data indicates that the te
perature dependence of theS1 andS2 peak widths is phonon
model dependent. In the case ofS2, which has more bulklike
attributes thanS1, a Debye phonon model best fits the da
with an electron-phonon coupling parameter oflS250.491,
a factor approximately 2 times larger than the bulk valu
However, ARUPS data ofS1, whose charge is localized a
most exclusively in the first layer, are best fit with a mod
which assumes that the electrons in this state interact m
strongly with a surface optical phonon mode~i.e., Einstein
model withvE564 meV!. We will also show that an analy
sis of theS1 andS2 energy peak position versus temperatu
supports the assertion that the former is more localized at
surface. Specifically,S1 shows a fundamentally different be
havior ~i.e., DES1 /DT,0!, which indicates that its bulk
character~i.e., DES2 /DT.0, due to thermal expansion! is
small. These results will be discussed in light of their resp
tive binding energies within the bulk wideband gap atĀ in
Be(101̄0).

II. EXPERIMENTAL DETAILS

The experiments were performed at the CAMD synch
tron facility. All data presented here were acquired in
UHV system (Pbase59310211 Torr) equipped with a Sci-
enta 200 hemispherical energy analyzer in combination w
an Omicron He discharge lamp. In order to achieve an
8-2
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ELECTRON-PHONON COUPLING AND TEMPERATURE- . . . PHYSICAL REVIEW B 65 235428
ceptable surface-state photoelectron signal, the entranc
of the analyzer was chosen so that the overall experime
energy resolution was 50 meV, as confirmed through dec
volution of the Gaussian width from the Fermi edge. A cle
Be(101̄0) sample was prepared using methods descri
earlier.4 Based on Laue diffraction data, the sample w
mounted with the scattering plane along theGA direction. A
sample manipulator~button heater attached to the head of
open-cycle He cryostat! was used to control temperatur
The cleanliness of the sample was confirmed by the sh
and intensive surface-state peak in the spectra. All the spe
presented here were taken with He I photons~21.2 eV!.

III. RESULTS AND DISCUSSION

A. ARUPS spectra

Figure 1 shows the energy distribution curves~EDC’s! as
a function of emission angle along theGA direction. The

FIG. 1. Energy distribution curves ofS1 andS2 surface-state

dispersion fromḠ to Ā at room temperature. The emission ang

corresponding toĀ is 25.2° forS1 and 28° forS2. SR is the surface

resonance state, which disperses deeply in the bulk band froḠ

toward the bulk band edge atĀ. The inset at the bottom is th

surface Brillouin zone on the (1010̄) plane. The shaded area ind
cates the projection of the bulk Fermi surface, and the solid cu

aroundĀ are the Fermi lines contributed fromS1 surface state.
23542
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bottom spectrum~0° emission angle! corresponds to norma
emission~Ḡ point! and the increasing angle corresponds
increasing parallel momentum across the surface Brillo
zone, which has a large bulk projected band gap. At ro
temperature, the binding energies ofS1 andS2 at Ā are 0.37
and 2.62 eV, respectively. The third peak, observed at hig
binding energy, is a surface resonance~SR! that disperses
deeply in the bulk band fromḠ toward the bulk band edge a
Ā.11 The temperature dependence of the two surface st
S1 andS2 at Ā are shown in Figs. 2~a! and 2~b!, respec-
tively. After removing a Shirley background for each tem
perature EDC, theS1 peak was fitted with a Lorentzian lin
shape to extract both peak and width energies. BecauseS2
has an asymmetrical shape due to the bulk band edg
higher binding energy, the peak was partially fit with
Lorentzian line shape~full low-EB side and partial high-EB
side of the peak! after the Shirley background was remove
From this fitting procedure, one can immediately see that
expected, the linewidth increases with temperature: howe
quite surprisingly, the peak positions ofS1 andS2 shift in
opposite directions. We will first discuss the temperatu
dependent widths to the extract electron-phonon coup
constants and then return to the peak shifts.

B. Peak widths

Figure 3~a! shows results of this analysis procedure f
the S1 peak width versus temperature, along with a fitti
curve of Eq. ~1! employing a Debye phonon model. Th
solid line corresponds to a fit of the data between a temp
ture range of 303 and 700 K using a surface Debye energ
meV obtained from previous low-energy electron diffracti
~LEED! I -V measurements.9 The result of this fitting yields
lS150.65760.03, which is equal, within the error, to th
resultl50.64260.031 obtained from a previous experime
tal study.13 This agreement adds credibility to the results
both studies; an equivalent electron-phonon coupling par
eter is determined upon fitting ARUPS data over an equi
lent temperature range and Debye energy. However, w
the fitted line is extrapolated~dashed line! using Eq.~1! to
lower temperatures, specifically, 303–45 K, one can see
the overall fit to the extended data range is no longer
equate. Although previous studies have employed this m
odology, in the present case it is found that using a De
phonon model is insufficient to fit the data from this e
tended temperature range and indicates a breakdown in
approach.

This breakdown can be seen more clearly from the
~dashed line! found in Fig. 3~b!. As opposed to the limited
temperature range fitting and subsequent extrapolation
was shown in Fig. 3~a!, this time all temperature range da
are used in the fitting analysis. The dashed line correspo
to a fit, employing a Debye phonon model (vD560 meV) in
Eq. ~1!, yielding lS150.47660.0243. As seen by eye, th
best-fitted line, as determined from ax2 analysis, does no
adequately reproduce the high-temperature data. Figure~c!
~open circles! shows the results of the goodness of fit (x2)
using the Debye phonon model over the extended temp

s

8-3
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FIG. 2. ~a! Temperature de-

pendence ofS1 state atĀ from 50
to 700 K. ~b! Temperature de-

pendence ofS2 at Ā from 95 to
730 K.
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ture range as a function of the Debye energy (vD). Here we
only consider the range of Debye energy between 60 and
meV where the resulting peak width offset, which represe
the temperature-independent contribution frome-e interac-
tions ande-defect scattering, are physically reasonable~30–
100 meV!.19 From this figure, it is evident that the overall fi
to the ARUPS data is optimized when the Debye ene
increases and approaches 100 meV. However, even whe
ting parameters are optimized, this approach does not
equately, as judged by thex2 reliability factor, reproduce the
temperature-dependent linewidth data. This leads to the
clusion that a Debye phonon model is not appropriate
determining the electron-phonon coupling parameter of
S1 surface state.

Although this approach has been widely used for ot
systems, the failure of the Debye model as applied to theS1
state is not unexpected, due to the strong 2D charge loca
tion of this state in the top layer. In the Debye phonon mod
the phonon density of states is taken to be a smooth, con
ous function up to the cutoff energy (vD). As stated above
the model is independent of the detailed shape and dim
sionality of the phonon spectrum; basically, the electro
phonon interaction is smoothed out in energy and, more
portantly, momentum space. However, in the present c
because of the high 2D localization of this surface sta
there may be a limited number of phonon modes at the
face that dominate the electron-phonon coupling mechan
In other words, a phonon density of states more akin to
Einstein phonon model, instead of a Debye phonon mode
23542
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perhaps a more appropriate approach for properly descri
the electron-phonon interaction in the present case.

If this type of approach is assumed, a different function
form of the coupling constant in Eq.~1! must be used. In the
case of an Einstein phonon model, the Eliashberg coup
function in Eq. ~1! takes the forma2F(v)5(lvE/2)d(v
2vE). Assuming this model can be used, Fig. 3~c! ~solid
circles! shows the results of the goodness of fit (x2) using
the Einstein phonon model over the extended tempera
range as a function of the frequency parametervE . As seen,
throughout a wide range ofvE ~50–70 meV!,19 this model
yields overall better fits to the extended temperature ra
data than the Debye phonon model described above@i.e.,
x2(v) is a factor of 2 lower than the corresponding fit fro
Debye model#. This indicates that an Einstein phonon mod
methodology indeed better describes theS1 electron-phonon
interaction.

Because there is no distinct minima inx2 @Fig. 3~c!#, a
proper choice ofvE , which consequently yields a value o
l, must be made with additional input. From bulk propert
and prior electron-phonon studies of Be, one would exp
that if an Einstein phonon model were invoked, which mo
els the density of states with ad function at one frequency
the physically reasonable range ofvE should be between 50
and 80 meV.20 The justification for using an Einstein mode
in the present case is that the known high 2D localization
this surface state and thus the electron-phonon coup
mechanism are limited to phonon modes localized to
8-4
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FIG. 3. Surface-stateS1 peak-

width at Ā vs temperature: ~a!
The solid line corresponds to a fi
using Eq. ~1! ~Debye phonon
model with vD560 meV! over a
limited temperature range 303–
700 K, resulting in l50.657
60.03. The dashed line is an ex
trapolation of this fit to a lower-
temperature range:~b! The dotted
line corresponds to fit of all data
~45–700 K, Debye phonon mode
with vD560 meV!, resulting in
l50.47660.0243. The solid line
corresponds to fit of all data~45–
700 K, Einstein phonon mode
with vE564 meV!, resulting in
l50.64660.0209. The error bar
for each data point corresponds
statistical fitting uncertainties.~c!
Left axis: x2 of fit versus vD

(vE) for the fitting of whole tem-
perature range by the Debye~Ein-
stein! model as indicated with
open~solid! circles. Right axis:l
vs Einstein energy for the Einstei
model as indicated with the solid
curve. The intersection of the
solid curve and solid circles indi-
cates the chosen fitting paramet
(vE564 meV).
t a
e
e

im-
ed

akly
0%
surface. In accordance, Lazzeri and De Gironcoli21 have cal-
culated the theoretical surface phonons on Be(1010̄) using a
104-layer slab model. Results of this study indicate tha
theĀ point of the surface Brillouin zone, the density of stat
is dominated by two acoustic modes at 26.4 and 32.3 m
23542
t
s
V,

polarized mainly perpendicular to the surface, and more
portantly, one surface optical mode at 64 meV polariz
along the surface. The latter mode, which disperses we
through the SBZ, has a shear-horizontal character and 5
of the total displacement localized in thefirst two layers.10 If
8-5
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FIG. 4. Surface-stateS2 peakwidth atĀ vs temperature: ~a! The solid line corresponds to a fit using Eq.~1! of all data~95–730 K,
Debye phonon model withvD560 meV!, resulting withl50.49160.04. The error bar for each data point corresponds to statistical fi
uncertainties.~b! Left axis:x2 of fit vs vD (vE) for the fitting of whole temperature range by the Debye~Einstein! model as indicated with
open~solid! circles. Right axis:l vs vD for the Debye model as indicated with the solid curve. The intersection of the solid curve and
circles indicates the optimal fitting parameter (vD560 meV).
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we assume that this surface-localized optical phonon m
dominates the electron-phonon interaction, fitting theS1 data
over the extended temperature range yields a value oflS1
50.64660.021. As seen in Fig. 3~b! ~solid line!, this good-
ness of fit is much better than the Debye model appro
~dashed line!.

If the fitting methods applied toS1 are now applied to the
S2 state, the results indicate a fundamental difference in
23542
e

h

e

physics associated with the coupling of the surface state
different phonon modes. Specifically, the phonon model u
to characterize the interaction is different betweenS1 and
S2. Figure 4~a! shows the analyzed temperature-depend
peakwidth data@Fig. 2~b!# of theS2 surface state. Compare
to the S1 state, there is more scatter in the data, prima
due to the lower signal to noise and the intrinsic asymme
line shape, alluded to above. Figure 4~b! shows, similar to
8-6
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FIG. 5. Temperature dependence of the initial-state energyEO of the surface stateS1 ~solid square, left axis! andS2 ~open square, right

axis! at Ā. The solid and dashed lines are the linear fit; the resulting slopes are (20.6160.3)31024 eV/K for S1 and (1.7160.8)
31024 eV/K for S2, respectively. The error bar for each data point corresponds to statistical fitting uncertainties.
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Fig. 3~b!, the goodness of fit (x2) to the data@Fig. 4~a!# for
a broad range of phonon energies~vE and vD! for both
Einstein and Debye phonon models. In the case ofS2, the
Debye phonon model results in a better reliability factor
all phonon parameter frequencies. Moreover, in spite of
somewhat large scatter in the data, using a Debye m
yields a broad minimum inx2 nearvD560 meV, a value
equivalent to that extracted from a LEEDI -V study.8 Using
this parameter, the resulting electron-phonon coupling is
termined to bel50.4911260.04 and is shown in Fig. 4~a!
~solid line!. For comparison, thex2 value of the fit employ-
ing an Einstein model (vE564 meV), as used in the analy
sis of theS1 state, is larger and does not adequately fit
ARUPS temperature-dependent data. The offsets~e-e and
e-defect contribution! from the fitting ofS2 peak width ver-
sus temperature via both Debye and Einstein models ar
general, large~;300 meV! compared to theS1 data. Be-
cause theS2 state is less localized at the surface and p
etrates into the bulk states, its extra broadening is attribu
to consequent scattering into bulk states.22

C. Energy shift

In addition to the temperature-dependent peakwidth,
initial energies of both surface states shift with temperatu
Figure 5 shows the initial energy~peak position! of both
23542
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surface states as a function of temperature. As seen, thS1
andS2 states shift in opposite direction with the temperatu
at the rate of (20.6160.3)31024 eV/K and (1.7160.8)
31024 eV/K, respectively. Just for reference, due to therm
expansion, the bandwidth of typical bulk states decrea
with temperature~i.e., DEbulk /DT.0!, which is in agree-
ment with what is observed for theS2 state only. This par-
ticular surface state lies energetically close to the bulk b
edge atĀ and 40% of its charge distribution lies below th
second atomic layer.11,14 Similar to what has been observe
with zone-centered, Schockley surface states on no
metals,23 the temperature-dependent initial state ofS2 is dic-
tated by bulk band properties. In contrast toS2, theS1 sur-
face state is centered in a bulk gap atĀ and its charge den
sity, as detailed above, is extremely localized in the fi
atomic layer. Needless to say, the strange negative temp
ture dependence~i.e., DES1 /DT,0! of S1 is intimately tied
to the unique static and dynamic properties of the Be(1010̄)
surface. This phenomenon has been observed in other
tems. For example, previous ARUPS studies on Cu~100!
~Ref. 24! have shown that a Tamm surface state centere
M̄ shifts to lower binding energy when the temperature
creases (DECu(100)/DT520.631024 eV/K). This Tamm
state, withd-band symmetry, is known to be highly localize
in the top surface layer. Although theS1 on Be(101̄0) and
8-7
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the Tamm surface state on Cu~100! are quite different over-
all, their 2D charge localization and corresponding tempe
ture binding energy properties are similar.

The somewhat strangeDES1 /DT observation on this sur
face must correlate with the corresponding static relaxa
in the near-surface atomic structure. Based on ten-layer
calculations, Hjorstamet al.25 compared the differences be
tween the surface projected density of surface states of
relaxed and unrelaxed atomic configuration for Be(1010̄).
Upon relaxation, they found that the large first-layer contr
tion affects the LDOS nearEF , specifically that states nea
EF are pushed to higher binding energy~lower initial en-
ergy!. Extending this argument, knowing theS1 surface state
dominates the LDOS nearEF ,14 the binding energy ofS1
should correspondingly increase upon contraction. Based
a LEED I -V experimental study, Ismailet al.26 showed that
the first layer in Be(101̄0) indeed contracted with increasin
temperature toward 500 K (Dd12/DT,0). Our observations
are in agreement with these prior theoretical and experim
tal results. The contraction, due to thenegativethermal ex-
pansion and the negative thermal shift ofS1 (DES1 /DT
,0), is indeed correlated due to the large surface local
tion. In other words, the temperature-dependent shift ofS1 is
dictated by the localized nature of the surface charge and
observed thermal contraction of the surface. The exact
tails of this mechanism are not yet known: however, ther
a consistent argument for the shift ofS1 with temperature
with other experimentally determined surface propert
~e.g., negative thermal relaxation!. However, they certainly
involve the dynamic interplay between the anharmonic
tential of the surface atomic lattice and corresponding s
face energy dictated by the degree of 2D localization a
corrugation of the surface. The detailed coupling between
surface-state~s! charge density, the surface phonons, and
resulting thermal expansion is a challenging many-bo
problem and requires further theoretical input.

IV. CONCLUSIONS

In summary, ARUPS has been used to measure
temperature-dependent peak width and binding energy
two surface states on Be(1010̄). Based on extended tem
perature range data, model-dependent electron-phonon
pling parameters have been determined for the photo
decay of bothS1 and S2, which are both Schockley-like
surface states centered at the same point in the surface
louin zone. The extensive data set of this study facilitated
analysis, through comparison ofx2 reliability factors, of the
specific phonon model that best describes the Eliashb
coupling function of the electron-phonon interaction mec
nism. To our knowledge, this is the first time this type
enhanced analysis has been applied to such a system. I
dition, because the analysis is applied to both surface st
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it affords the ability to directly compare the degree of surfa
localization of each state with its ensuing properties. Ba
on this analysis, the resulting electron-phonon coupl
strengthl for S1 andS2 are 0.64660.0209~Einstein model,
vE564 meV! and 0.4911260.04 ~Debye model, vD
560 meV!, respectively. In the case ofS1, which is prima-
rily 2D localized to the surface layer, the better fitting~i.e.,
smallerx2! of the extended temperature range data with
Einstein phonon model indicates a stronge-p coupling
dominated by an interaction with a highly localized, surfa
optical phonon mode. This latter assertion, which is qu
unique, should be tested theoretically. A main conclus
from the analysis of theS1 data is that the typical use of Eq
~1! with a standard Debye phonon model should be qu
tioned. With extended temperature range data, this is poss
and provides a better fundamental understanding of thee-p
interaction. A recent publication18 showed that there is a dis
tinct difference ine-p coupling between bulk and surfac
phonons with zone-centered surface states on Cu~111! and
Ag~111!. In the case of Be(1010̄), we have shown that the
e-p decay of 2DS1 state is dominated by very localized
surface optical phonon modes. The suggested 2D localiza
of the S1 surface state is further confirmed by the uniq
temperature dependence of its initial energy. In the case
S2, whose charge extends into the underlying selvage reg
the lower value ofl, determined more appropriately with
Debye phonon model, along with the bulklike, positiv
DES2 /DT value suggests it is distinctly different fromS1.

As outlined in the Introduction, the electronic structure
bulk Be is quite unique and the bonding is best described
covalent like; the surface layer, however, is grossly differe
being better described as a simple metal. In accordance,
study has shown distinct differences between the two sur
states, due primarily to their respective degree of charge p
etration into the bulk.S1 has been shown, in agreement wi
prior studies,13 to have an abnormally high electron-phono
coupling compared to the bulk, largely due to its surfa
localization. BecauseS2 is not purely 2D localized in the
surface layer, there should be strong relation between
surface state and the covalentlike property in the Be(1010̄)
surface region. Indeed, Hoffmanet al.9 have suggested tha
surface state provides backbonding~covalent! of the under-
lying atomic layers and consequent contribution to the la
inward contraction of the surface. We also believe this
indeed correct and additional support of this argument w
be presented elsewhere.27
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