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Electron-phonon coupling and temperature-dependent shift of surface states on m)TO)
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The temperature dependence of two Schockley surface $&itesndS2) on Be(lO_IJ), located in a wide
bulk projected band gap from to ', has been investigated with angle-resolved photoemission spectroscopy.
The electron-phonon coupling of the surface st&e&ndS2 at the zone boundarN 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 couplingbf the
surface state, which is highly localized in the surface layer. The determined electron-phonon coupling param-
eter\ of S1 andS2 (0.647 and 0.491, respectivelg distinct from the bulk valueN,,,=0.24). Both surface
statesS1 andS2 are observed to shift linearly with the temperature, but in opposite directions at the rates of
(—0.61+0.3)X 10 % eV/K and (1.71-0.8)x 10 * 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 localizatidsllothanS2.
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[. INTRODUCTION electron-phonon interaction, has been reported from high-
resolution  angle-resolved  photoemission(ARUPS
Cleaving a bulk crystal results in broken symmetry andstudies>*>®
consequent rearrangement of the electronic charge in the sel- In contrast to the close-packed B801) surface, the

vage region and generates a surface with static and dynamitearsurface properties of the more open Be(@purface,
properties that are quite different from its bulk counterpart.ajthough qualitatively similar to that of the B¥01),”® re-
The unique, reduced-dimensional properties of metal sulyeal it to be less free-electron like and more covalent like. In
faces are reflected in the ensuing surface electronic structuggseries of experimental papers which explored the atdmic,
(e.g., surface statgshence, probing the electronic properties dynamic,lo and electronit® structure of Be(lﬁm), Hoffman

pro_wde? a;].wmhdow (t;.) und(_arstalndmg thg_ funde}mental PrOP&t al. concluded that, while surface states dominate the DOS

ggles 0 I(; 'IS t fr]ee- |menS|onad o twof— |menS|o(iIHD—_t(§)—. at Eg, the bonding in the underlying layers is progressively
.) world. In t e present study, we focus on elucidating .o coyalent like. Specifically, a covalent model of direc-

unique properties of two Schockley surface states located Fonal backbonding was invoked to explain the large contrac-

the same point in the surface Brillouin zori&BZ) on , X —
P &B2) tion between the first and second layers when the Be101

Be(1010). Specifically, the differences between the eleCtron'surface relaxes. Furthermore, Chball? attributes the ob-

phonon coupling properties dictated by _the q_ua5|part|cle%erved surface core-level shifts, persisting down to the fifth
screening of these two surface states, with quite differen

charge distributions into the bulk, will be determined. layer in Be(10D), to the increased “stiffness” of electrons
Beryllium is aspbonded “simple metal” with unusual and consequent screening attenuation in underlying layers. In
properties. Whereas the bulk, having a nonide/@ ratio,  light of this, the expectation is that the electron-phonon cou-

attenuated density of statéBOS) at Er (i.e., semimetal pling at the Be(lﬁﬂ)) surface may be quite different from
and a large degree of covalent bonding, can be considered fetat of B€0001), which is purely free-electron like. How-
from ideal, the surface has been shown, both experimentallgver, Balasubramaniagt al. determined, from temperature-
and theoretically, to be a nearly-free-electron system. Fogependent ARUPS data of one specific surface state, that the
example, because surface states if0Be1 account for  g0.4on-phonon coupling parameter of the Be(@paurface

roughly 80% of the local DOS & in the outermost layer, - _ - -

the surface has been considered as the best model to inved:SLee(ion)=0-648=0.03 (Ref. 13]. This experimental

. ) . . Value is equal, within uncertainty, to that of the close-packed
tigate the purely 2D electronic system. Experimentally, this ‘ N —0.7+01 (Ref Both val
peculiarly large surface-to-bulk ratio of the local DOS surface [ -S,Be(0001) ™ ¥ /= (Ref. 5). Both values are
(LDOS) at E¢ has been shown to contribute to many Ob_nearly 3 times larger than the b% valueof=0.24.

served surface properties which deviate substantially from In the present study, the Be(10) surface is reinvesti-
the bulk, including abnormally large surface core level shiftsgated with high-resolution ARUPS to determine the tempera-
and giant surface Friedel oscillatioh®.In addition, other ture dependence of the surface state linewititectron-
uniqgue many-body effects at the surface of{@¥1) have phonon couplingand peak position. Specifically, we focus
also been reported. For examplethaeefoldincrease, rela- on the difference in the electron-phonon coupling for two
tive to the bulk value, in the surface mass enhancement cowsurface states at the same point in the SBZ. Both Schockley-

pling parameter\g, which expresses the strength of the like surface states are centered at the surface zone boundary
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(A) and disperse within a wide bulk projected band ¢sge  with low Debye temperature@.g.,® ;<400 K), employing
inset in Fig. 1. Theoretically, Silkin and Chulkd$ have this linear approximation has been shown to be quite valid.
shown, using self-consistent pseudopotential calculations, In the case of Be, which has a large Debye temperature
that the symmetry and degree of surface charge localizatio® p pu=1000 K), using the “high-temperature linear ap-
of these two surface stat€¢S1 andS2) are quite different. proximation” is inadequate because it limits the extent of
Whereas 70% of the charge associated wih (Egg;  information that can be extracted. For example, it is well

e 5,17 ; et
~0.6eV atA) is located in the top atomic laye®2 (Egs, ~ Known'>'’ that for T<®p, the 'Uvegse lifetime due to
~2.9¢eV atA) is less localized at the surfagenly 50% of electron-phonon 3D scattering variesTas This “textbook

charge is in first laygrand extends deeper into the Selvageexample.clearly indicates the breakQOV\{n of the linear ap-
region. BothS1 andS2 extend throughout large sections of proximation model. Because of beryllium's large Debye tem-

L — . perature, including relative lower-temperature datad (
the surface Brillouin zondalong bothAl' and AL direc- : s : .
tions) and hence contribute a large fraction of the total den =0p/3) in the analysis is experimentally undemanding and,

sity of states. The contribution of the LDOS 81 nearEy hence, enables, through full use of Efy), better elucidation

makes the surface nearly free-electron like. Taking advantag%f fundamental information, such as the detailed shape and
of the distinct charge localization differences betwegin Imensionality of the phonon spectrum, of the many-body

) A e-p mechanism. For example, including data over a large
and S2, probmg_ their individual charactdtemperature de_— temperature range facilitates the ability to test, through good-
pendence of width and enenggf these surface states will

give insight into the dissimilar surface versus bulk proper—ness of fitting, the choice of 2 phonon spectra model for the

fies. Specificallv. th ition is that the bondina b Eliashberg coupling function. In other words, if we invoke a
1€s. Specitically, the supposition’is tha _e onding becomeg;y oy phonon spectra mod@.g., Debye or Einstejrin Eq.
more covalent as one goes into the bulk; thus, properties

2 being | localized at th ¢ hould b - ) which can fit the extended temperature range better than
» Deing less localized at the surface, should be more “Cogq models, it would add insight into which specific

phonons (e.g., a major phonon branchinteracts most
strongly with the screening process of the given surface state
photohole. As recently reportéd,this concept has been
shown to be the case in close-packed noble metal surfaces,

question the assumption§ used in the prior analyseshe .wherein a specific Rayleigh mode dominated the electron-
case of a 2D band, the inverse lifetime of the photohole i$honon interaction.

proportional to the deconvoluted ARUPS peak width. The" |, s haper, we will show that this is indeed correct for

temperature dependence of the photohole lifetimes dic- the two Schockley surface stat8% andS2, centered about
tated primarily by electron-phonon interactions at energies '

close toEg (electron-defect and electron-electron interac-the same high—sy.mmetﬂypoint (A) on Bg(lOD ). Namely,
tions are assumed to be nontemperature dependent andf3t’ fitting analysis of ARUPS data |nd|ca_tes th_at the tem-
smal). In general, the electron-phonon interactioe- ) perature dependence of tB& andS2 peak widths is phonon

contribution to the inverse-lifetime width at any temperaturemoqel dependent. In the case3d, which has more bulklike
is given by the expressidh attributes tharS1, a Debye phonon model best fits the data

with an electron-phonon coupling parametera@b=0.491,
a factor approximately 2 times larger than the bulk value.
We_p((l))izZWﬁjwmaxazF(w')[l—f(w—a)/) However, ARUPS data chl, whose charge i; Iopalized al-
0 most exclusively in the first layer, are best fit with a model
, , , which assumes that the electrons in this state interact most
+2n(w')+f(o+to')]do’, 1) strongly with a surface optical phonon modee., Einstein
) ) ) ) ) ] model with wg=64 me\). We will also show that an analy-
where a’F(w) is the Eliashberg coupling functiommax i sjs of theS1 andS2 energy peak position versus temperature
the maximum phonon frequency, andandf are the Bose- g nnorts the assertion that the former is more localized at the
Einstein and Fermi distribution functions, respectively. g face. Specificallys1 shows a fundamentally different be-
Within a Debye model, the electron-phonon coupling con-ayior (ie., AEg /AT<0), which indicates that its bulk
stant\ is linearly related to the Eliashberg coupling function character(i.e., AEs,/AT>0, due to thermal expansibiis

s > 5 :
a’F(w) =N/ wp)® if o<wp, wherewp is the Debye fre- g1 These results will be discussed in light of their respec-

quency. Previous ARUPS studies of Be surface states, gs . . . L . —
well as other systenfsl® have employed this assumption:ehve binding energies within the bulk wideband gapAain

namely, that above one-third of the Debye temperatur@e(lojo)-
(0p), Eq.(1) can be simplified to yield a linear relationship

between the linewidth, as determined from an ARUPS spec-

trum, and temperature. The slope of this relationship yields

\s for a given band irk space. Using this assumption, the  The experiments were performed at the CAMD synchro-
determined value of\ is extracted solely from the high- tron facility. All data presented here were acquired in an
temperature data, wherein the linearity of Ed) is most UHV system @p,.e=9X10 1 Torr) equipped with a Sci-
valid and is independent of the detailed shape and dimerenta 200 hemispherical energy analyzer in combination with
sionality of the phonon spectrum. In the case of materialan Omicron He discharge lamp. In order to achieve an ac-

valent like” thanS1.

Before presenting results, a brief review of how the
electron-phonon coupling parametar is extracted from
ARUPS data is warranted. Specifically, it is important to

Te-p

Il. EXPERIMENTAL DETAILS
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s Y W I I R Y [ '|Ie' bottom spectrun{0® emission anglecorresponds to normal
emission an . . — . . .
- g, — emission(I" point) and the increasing angle corresponds to

increasing parallel momentum across the surface Brillouin
zone, which has a large bulk projected band gap. At room

temperature, the binding energies3if andS2 atA are 0.37
and 2.62 eV, respectively. The third peak, observed at higher
binding energy, is a surface resonan&R) that disperses

deeply in the bulk band frori toward the bulk band edge at
A.' The temperature dependence of the two surface states

S1 andS2 at A are shown in Figs. (@) and 2b), respec-
tively. After removing a Shirley background for each tem-
perature EDC, th&1 peak was fitted with a Lorentzian line
shape to extract both peak and width energies. Bec8se
has an asymmetrical shape due to the bulk band edge at
higher binding energy, the peak was partially fit with a
Lorentzian line shapéfull low-Eg side and partial higleg

side of the peakafter the Shirley background was removed.
From this fitting procedure, one can immediately see that, as
expected, the linewidth increases with temperature: however,
quite surprisingly, the peak positions 81 andS2 shift in
opposite directions. We will first discuss the temperature-
dependent widths to the extract electron-phonon coupling
constants and then return to the peak shifts.

Intensity (arb.units)

B. Peak widths

LA BLLELELE BRI BLELELELE BLEC AL AL B Figure 3a) shows results of this analysis procedure for
4 3 2 1 0 the S1 peak width versus temperature, along with a fitting
Binding energy (eV) curve of Eq.(1) employing a Debye phonon model. The

o solid line corresponds to a fit of the data between a tempera-
FIG. 1. Energy distribution curves @1 andS2 surface-state  y,re range of 303 and 700 K using a surface Debye energy 60
dispersion froml” to A at room temperature. The emission angle meV obtained from previous low-energy electron diffraction
corresponding t@\ is 25.2° forS1 and 28° forS2. SR is the surfﬁ:e (LEED) I-V measurementsThe result of this fitting yields
resonance state, which disperses deeply in the bulk band from \ g =0.657+0.03, which is equal, within the error, to the
toward the bulk band edge #. The inset at the bottom is the resulth =0.642+0.031 obtained from a previous experimen-
surface Brillouin zone on the (10) plane. The shaded area indi- tal study'* This agreement adds credibility to the results of
cates the projection of the bulk Fermi surface, and the solid curveboth studies; an equivalent electron-phonon coupling param-
aroundA are the Fermi lines contributed froB surface state. eter is determined upon fitting ARUPS data over an equiva-
lent temperature range and Debye energy. However, when

ceptable surface-state photoelectron signal, the entrance dite fitted line is extrapolatettiashed ling using Eq.(1) to
of the analyzer was chosen so that the overall experimentaWer temperatures, specifically, 30345 K, one can see that

energy resolution was 50 meV, as confirmed through decorfh® overall fit to the extended data range is no longer ad-
volution of the Gaussian width from the Fermi edge. A clean®duate. Although previous studies have employed this meth-

Be(lCHO) sample was prepared using methods describe8do|ogy, in the present case it is found that using a Debye

: . . Sphonon model is insufficient to fit the data from this ex-
earlier’ Based on Laue diffraction data, the sample wa L )
. . — tended temperature range and indicates a breakdown in the
mounted with the scattering plane along tha direction. A

approach.
sample manipulatofbutton heater attached to the head of an PP

This breakdown can be seen more clearly from the fit
open-cycle He cryostatwas used to control temperature. dashed lingfound in Fig. 3b). As opposed to the limited
The cleanliness of the sample was confirmed by the shar.

. . . mperature range fitting and subsequent extrapolation that
and intensive surface-state peak in the spectra. All the spect P g g d P

i {flas shown in Fig. @), this time all temperature range data
presented here were taken with He | phot(2%.2 e\V). are used in the fitting analysis. The dashed line corresponds

to a fit, employing a Debye phonon model{=60 meV) in
Ill. RESULTS AND DISCUSSION Eq. (1), yielding Ag;=0.476+0.0243. As seen by eye, the
best-fitted line, as determined fromy& analysis, does not
A. ARUPS spectra adequately reproduce the high-temperature data. Figaje 3
Figure 1 shows the energy distribution cur¢&DC’s) as  (open circley shows the results of the goodness of §f)
a function of emission angle along tH&A direction. The using the Debye phonon model over the extended tempera-
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FIG. 2. (a) Temperature de-
pendence ofl state a from 50
to 700 K. (b) Temperature de-
pendence ofS2 atA from 95 to
730 K.
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ture range as a function of the Debye energy). Here we  perhaps a more appropriate approach for properly describing
only consider the range of Debye energy between 60 and 10@e electron-phonon interaction in the present case.

meV where the resulting peak width offset, which represents If this type of approach is assumed, a different functional
the temperature-independent contribution frene interac-  form of the coupling constant in E¢l) must be used. In the
tions ande-defect scattering, are physically reasonal3@-  case of an Einstein phonon model, the Eliashberg coupling
100 meV.** From this figure, it is evident that the overall fit function in Eq.(1) takes the forma?F(w)=(\wg/2)é(w

to the ARUPS data is optimized when the Debye energy_ ). Assuming this model can be used, Figc)3(solid
i_ncreases and approach(_as 100 meV. However, even when fEl“rcles shows the results of the goodness of ) using

ting parameters are optimized, this approach does not agke Einstein phonon model over the extended temperature
equately, as judged by the reliability factor, reproduce the range as a function of the frequency parameter As seen,

temperature-dependent linewidth data. This leads to the COMrouahout a wide rande ab (50-70 meV.® this model
clusion that a Debye phonon model is not appropriate in 9 9 E '

determining the electron-phonon coupling parameter of thé(IeIdS overall better fits to the extended temperature range
S1 surface state data than the Debye phonon model described aljoes

Although this approach has been widely used for othef(z(“’) is afactor_of_z I_ower than the c_orres_ponding fit from
systems, the failure of the Debye model as applied tcSthe Debye model This indicates that an Einstein phonon model

state is not unexpected, due to the strong 2D charge localizg€thodology indeed better describes 8leelectron-phonon
tion of this state in the top layer. In the Debye phonon model!nteraction.

the phonon density of states is taken to be a smooth, continu- Because there is no distinct minima jf [Fig. 3©)], a

ous function up to the cutoff energysf). As stated above, Proper choice ofwe, which consequently yields a value of
the model is independent of the detailed shape and dimen., must be made with additional input. From bulk properties
sionality of the phonon spectrum; basically, the electron-and prior electron-phonon studies of Be, one would expect
phonon interaction is smoothed out in energy and, more imthat if an Einstein phonon model were invoked, which mod-
portantly, momentum space. However, in the present case]s the density of states with &function at one frequency,
because of the high 2D localization of this surface statethe physically reasonable range ©f should be between 50
there may be a limited number of phonon modes at the suand 80 me\#° The justification for using an Einstein model
face that dominate the electron-phonon coupling mechanisnin the present case is that the known high 2D localization of
In other words, a phonon density of states more akin to athis surface state and thus the electron-phonon coupling
Einstein phonon model, instead of a Debye phonon model, immechanism are limited to phonon modes localized to the
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0 100 200 300 400 500 600 700 model with wDZGO me\b over a
Temperature(K) limited temperature range 303-
0 35_1 ] ] 1 L 1 1 L 700 K, resulting in \=0.657
’ (b) +0.03. The dashed line is an ex-
_ T Debye model 1 trapolation of this fit to a lower-
S1 atA ) _ temperature rangeb) The dotted
S 0.30 — Einstein model - line corresponds to fit of all data
[ (45-700 K, Debye phonon model
::_: with wp=60 me\), resulting in
2 254 N A=0.476+0.0243. The solid line
3 corresponds to fit of all data#5—
%‘“ 700 K, Einstein phonon model
S_J with wg=64 me\), resulting in
0.20+ . B A=0.646:0.0209. The error bar
1.4 for each data point corresponds to
.- statistical fitting uncertaintieqc)
0.154 - Left axis: x? of fit versus wp
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0 100 200 300 400 500 600 700 (wg) for the fitting of whole tem-
perature range by the DebyEin-
Temperature(K) stein model as indicated with
6 [l ! ' L L L open(solid) circles. Right axis\
120x10 0.9 vs Einstein energy for the Einstein
(C) 81 surface state ‘ model as indicated with the solid
100 curve. The intersection of the
—_ - solid curve and solid circles indi-
I B L cates the chosen fitting parameter
T:f 807 - o 0.8 & (wg=64 meV).
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surface. In accordance, Lazzeri and De Girorfédiave cal-  polarized mainly perpendicular to the surface, and more im-

culated the theoretical surface phonons on BeQ)@king a  portantly, one surface optical mode at 64 meV polarized

104-layer slab model. Results of this study indicate that atlong the surface. The latter mode, which disperses weakly
the A point of the surface Brillouin zone, the density of statesthrough the SBZ, has a shear-horizontal character and 50%
is dominated by two acoustic modes at 26.4 and 32.3 me\of the total displacement localized in thefirst two lay&r#.
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FIG. 4. Surface-stat§2 peakwidth atA vs temperature: (a) The solid line corresponds to a fit using Ed) of all data(95-730 K,
Debye phonon model witw,= 60 meV), resulting with\=0.491+0.04. The error bar for each data point corresponds to statistical fitting
uncertainties(b) Left axis: 2 of fit vs wp (wg) for the fitting of whole temperature range by the Delfnstein model as indicated with

open(solid) circles. Right axisA vs wp for the Debye model as indicated with the solid curve. The intersection of the solid curve and open
circles indicates the optimal fitting parametesy= 60 meV).

we assume that this surface-localized optical phonon modghysics associated with the coupling of the surface states to
dominates the electron-phonon interaction, fitting$iedata  different phonon modes. Specifically, the phonon model used
over the extended temperature range yields a valuespf to characterize the interaction is different betwesin and
=0.646+0.021. As seen in Fig.(B) (solid line), this good-  S2. Figure 4a) shows the analyzed temperature-dependent
ness of fit is much better than the Debye model approacheakwidth datdFig. 2(b)] of the S2 surface state. Compared
(dashed ling to the S1 state, there is more scatter in the data, primarily

If the fitting methods applied t81 are now applied to the due to the lower signal to noise and the intrinsic asymmetric
S2 state, the results indicate a fundamental difference in théne shape, alluded to above. Figuréyshows, similar to
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FIG. 5. Temperature dependence of the initial-state enegggf the surface stat81 (solid square, left axjsandS2 (open square, right

axi9 at A. The solid and dashed lines are the linear fit; the resulting slopes-ae6{+0.3)x 10" * eV/K for S1 and (1.710.8)
X 10~ eV/K for S2, respectively. The error bar for each data point corresponds to statistical fitting uncertainties.

Fig. 3(b), the goodness of fity?) to the datdFig. 4a)] for  surface states as a function of temperature. As seerSihe

a broad range of phonon energiésg and wp) for both  andS2 states shift in opposite direction with the temperature
Einstein and Debye phonon models. In the cas&afthe  at the rate of ¢0.61+0.3)x10 % eV/K and (1.710.8)
Debye phonon model results in a better reliability factor forx 10~4 eV/K, respectively. Just for reference, due to thermal
all phonon parameter frequencies. Moreover, in spite of thexpansion, the bandwidth of typical bulk states decreases
somewhat large scatter in the data, using a Debye modglith temperature(i.e., AE,,/AT>0), which is in agree-
yields a broad minimum iny* nearwp=60 meV, a value ment with what is observed for th&2 state only. This par-
equivalent to that extracted from a LEBBV study® Using ticular surface state lies energetically close to the bulk band

this parameter, the resulting electron_-phonon qoup_ling is deédge atA and 40% of its charge distribution lies below the
termined to be\=0.49112-0.04 and is shown in Fig.(d  secong atomic layé! Similar to what has been observed
(solid ling). For comparison, thg* value of the fit employ-  \yith zone-centered, Schockley surface states on noble
ing an Einstein modelde =64 meV), as used in the analy- 65623 the temperature-dependent initial stateSafis dic-

sis of theS1 state, is larger and does not adequately fit thgiaq by bulk band properties. In contrast3®, the S1 sur-
ARUPS temperature-dependent data. The offéets and face state is centered in a bulk gapA_aand its charge den-

e-defect contributionfrom the fitting ofS2 peak width ver- sity, as detailed above, is extremely localized in the first

sus temperature via both Debye and Einstein models are, M o .
atomic layer. Needless to say, the strange negative tempera-

general, largeg~300 meV} compared to thesl data. Be- . A )
cause theS2 state is less localized at the surface and penJEure dependencé.e., AEs; /AT=0) of S1 is intimately tied

etrates into the bulk states, its extra broadening is attributetf the unique static and dynamic properties of the Be()01
to consequent scattering into bulk statés. surface. This phenomenon has been observed in other sys-

tems. For example, previous ARUPS studies on(100
(Ref. 249 have shown that a Tamm surface state centered at
C. Energy shift M shifts to lower binding energy when the temperature de-
In addition to the temperature-dependent peakwidth, th€réases &Ecy1o0/AT=—0.6x10"* eV/K). This Tamm
initial energies of both surface states shift with temperaturesState, withd-band symmetry, is known to be highly localized
Figure 5 shows the initial energfpeak position of both  in the top surface layer. Although tH&l on Be(10D) and
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the Tamm surface state on @00 are quite different over- it affords the ability to directly compare the degree of surface
all, their 2D charge localization and corresponding temperalocalization of each state with its ensuing properties. Based
ture binding energy properties are similar. on this analysis, the resulting electron-phonon coupling
The somewhat strangkEg; /AT observation on this sur- strength\ for S1 andS2 are 0.646:0.0209(Einstein model,
face must correlate with the corresponding static relaxatiomg=64 me\) and 0.491120.04 (Debye model, wp
in the near-surface atomic structure. Based on ten-layer slab 60 me\), respectively. In the case &1, which is prima-
calculations, Hjorstanet al?> compared the differences be- rily 2D localized to the surface layer, the better fittifige.,
tween the surface projected density of surface states of themaller y?) of the extended temperature range data with an

relaxed and unrelaxed atomic configuration for Be(@nl Einstein phonon model indicates a stroegp coupling
Upon relaxation, they found that the large first-layer contracdominated by an interaction with a highly localized, surface
tion affects the LDOS nedr, specifically that states near optical phonon mode. This latter assertion, which is quite
Er are pushed to higher binding ener@pwer initial en- ~ unique, should be tested theoretically. A main conclusion
ergy). Extending this argument, knowing ti$4 surface state from the analysis of th&1 data is that the typical use of Eq.
dominates the LDOS nedt,** the binding energy o1 (1) with a standard Debye phonon model should be ques-
should correspondingly increase upon contraction. Based difPned. With extended temperature range data, this is possible
a LEED |-V experimental study, Ismaét al?® showed that and provides a better fundamental understanding oktipe

the first layer in Be(10Q) indeed contracted with increasing mteracpon. A rec;ent pubhcayéﬁshowed that there is a dis-
temperature toward 500 K\d;,/AT<0). Our observations tinct dlffere_nce ine-p coupling between bulk and surface
are in agreement with these prior theoretical and experimerf2honons with zone-centered_surface states ofl1h and

tal results. The contraction, due to thegativethermal ex- Ag(111). In the case of Be(1d1), we have shown that the
pansion and the negative thermal shift 8 (AEg /AT  ©-p decay of 2DS1 state is dominated by very localized,
<0), is indeed correlated due to the large surface localizasurface optical phonon modes. The suggested 2D localization
tion. In other words, the temperature-dependent shi&lofs of the S1 surface state is further confirmed by the unique
dictated by the localized nature of the surface charge and tHémperature dependence of its initial energy. In the case of
observed thermal contraction of the surface. The exact deS2, whose charge extends into the underlying selvage region,
tails of this mechanism are not yet known: however, there ighe lower value ofz, determined more appropriately with a

a consistent argument for the shift 81 with temperature Debye phonon model, along with the bulklike, positive
with other experimentally determined surface propertiesd Es2/AT value suggests it is distinctly different froBi.

(e.g., negative thermal relaxatiorHowever, they certainly As outlined in the Introduction, the electronic structure of
involve the dynamic interplay between the anharmonic pobulk Be is quite unique and the bonding is best described as
tential of the surface atomic lattice and corresponding surcovalent like; the surface layer, however, is grossly different,
face energy dictated by the degree of 2D localization andP€ing better described as a simple metal. In accordance, this
corrugation of the surface. The detailed coupling between thétudy has shown distinct differences between the two surface
surface-stat@) charge density, the surface phonons, and thétates, due primarily to their respective degree of charge pen-
resu“jng thermal expansion is a Cha”enging many_bod)ﬁtration into the bulkS1 has been shown, in agreement with

problem and requires further theoretical input. prior studies® to have an abnormally high electron-phonon
coupling compared to the bulk, largely due to its surface
IV. CONCLUSIONS localization. Becaus&2 is not purely 2D localized in the

surface layer, there should be strong relation between this

Insummary, ARUPS has been used to measure thgface state and the covalentlike property in the Be(}01
temperature-dependent peak width and binding energy afyface region. Indeed, Hoffmaet al® have suggested that
two surface states on Be(10L Based on extended tem- surface state provides backbondifmvalen of the under-
perature range data, model-dependent electron-phonon colying atomic layers and consequent contribution to the large
pling parameters have been determined for the photohol@ward contraction of the surface. We also believe this is
decay of bothS1 and S2, which are both Schockley-like indeed correct and additional support of this argument will
surface states centered at the same point in the surface Bribe presented elsewhete.
louin zone. The extensive data set of this study facilitated an
analysis, through comparison gf reliability factors, of the ACKNOWLEDGMENTS
specific phonon model that best describes the Eliashberg
coupling function of the electron-phonon interaction mecha- The authors wish to acknowledge the discussions and
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