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Large value of the electron-phonon coupling paramete(A=1.15 and the possibility
of surface superconductivity at the B€0001) surface
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The electron-phonon coupling parameter at the B€0001) surface is measured using angle-resolved
photoemission and found to be 1:48.1, more than four times the bulk Be valug=0.24. This large value
for g may imply the existence of an unusual form of surface superconductivity with a correspondingly large
transition temperatur¢ S0163-182€08)50312-§

The electronic density of statéBOS) at the Fermi level It has been shown that angle-resolved photoemission
(Eg) at the B€000)) surface is about four times larger than (ARP) can be used to determine; for crystalline metal
in the bulk® The Er DOS is an important parameter for surfaces.The basic idea is that, under proper conditions, the
describing many electronic processes. Anomalously largebserved width of a surface-state peak is equél/tg where
surface core-level shifté and giant surface Friedel r is the lifetime of the surface-state hole excitation. Since
oscillations have been observed on this surface, and haveirtually all of the temperature dependence ofs in the
been attributed to the large surface to bk DOS ratio.  phonon contribution, a measurement of the temperature de-
Electron-phonon coupling should also be enhanced. In @endence of the surface-state width is effectively a measure-
typical electron-phonon interaction event, an electron scatment of the temperature dependence of the phonon contribu-
ters from one state to another with the emission or absorptiotion to the hole lifetime. At high temperatures and small hole
of a phonon. By simple Fermi golden rule arguments, oneenergies the temperature dependence of the phonon contri-
expects the probability for this interaction to be proportionalbution to the inverse hole lifetime is given by/7
to the density of states into which the electron can scatter= 27AKT.% In this limit, X is just 2k times the slope of the
Since phonon and thermal energies are small on the scale Beak width vs temperature curve, and is easily measured.
electronic energies and the final-state energy is ne&izto  More careful consideration shows that this high temperature
the coupling should be proportional to the electronic densityiMit is approximately valid for temperatures greater than
of states aEr . The strength of the electron-phonon interac-abOUt one-third the debye temperature, and for hole energies
tion is conventionally measured by the dimensionless paran‘ﬁma” comparedl to the bandW|d1.hThe. depth penegth the
eter, called the mass enhancement or coupling paramete?.u.rface over which IS averaged in this technique is def[er-_
Accordingly, A at the B€0001 surface should be near mined by th_e penetration depth of the surface state, which is
unity, four times larger than the bulk valig=0.24% Since a few atomic layers for most surface states. o
the interaction also depends on the phonon spectrum and the We stydy a state on the G0 surface that exists in a
strength of the scattering matrix elements, which are poten\i\’—';je reg|on of momentu_m space centereq on the.zo.ne center
tially different at the surface than in the bulk, an experiment! - It disperses parabolically from a maximum binding en-
is necessary to determine whetheris in fact as large as this €rgy of 2.78 eV afl’, and crosse&; at a momentunkg
estimate. We find that,=1.15, more than four times larger =0.95A™*, about halfway to the Brillouin-zone boundary
than\, . K at 1.84 A1, This corresponds to an effective mass of

Many properties of solids depend directly an These 1.17m,. Atroom temperature we observe a width of 0.40 eV
include resistivity, superconductivity, structural instabilities, at I", which reduces to about 0.32 eV at a binding energy of
the specific heat, and the shape of the one-electron bands f0r35 eV. These observed widths are a combination of contri-
energies near the debye energy. Of particular interest is thigutions from the electron-phonon, electron-electron, and
possibility that a largeng can lead to surface superconduc- electron-impurity interactions.
tivity at temperatures well above the bulk Be superconduct- The data were taken on the U12 beamline at the National
ing transition temperatureT() of 0.026 K> A naive appli-  Synchrotron Light Source, Brookhaven National Laboratory.
cation of the standard formula that connect® T, yields 70 The ARP analyzer is a 50-mm mean radius hemispherical
K for the Bg0001) surface’ This formula is known to be analyzer. A Be single crystal was cut and mechanically pol-
inapplicable to thin superconducting films on nonsuperconished to within 0.25° 0f0001) by the Materials Preparation
ducting substrates due to the proximity effétle propose a Center of Ames Laboratory. The sample was electropolished
form of surface superconductivity where only the surfacebefore mounting in the chamber. The sample was mounted
states pair. This system should have a higlpotentially as  on 0.010-in-diam tungsten wires. Our initial cleaning proce-
high as 70 K. dure consisted of sputtering both the front and back of the
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FIG. 1. Surface-state spectra at several temperatures. The mg]
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FIG. 2. Surface-state widths from fits like those shown in Fig. 1
vs temperature. These data include two full cycles from room tem-
perature to 800 K and back to room temperature. The error bars on
the data are statistical uncertainties from the fits. The open circles
are for increasing temperature and the filled circles are for decreas-

ing temperature.

ore general equatiof/ 7(w,T) = Zwﬁfgmdw’azF(w’)[l

mentum is 0.89 A%, the hole energy is 0.35 eV, and the photon — f(®—@")+2n(w’)+f(w+w’)] if one assumes a model
energy is 15 eV. The open circles are the experimental data. Typfor the Eliashberg coupling function®F (w); n and f are
cally there are 1500 counts in the peak. The line is a fit to a functiorthe Bose and Fermi distribution functioh§Ve use a debye
of the form Lorentzian plus constant times the Fermi distribution.model [aZF(w)Z)\wZ/sz and w,=wp], and the bulk de-
bye temperature of 1000 K. This fit yields,;=1.25. We
choose to interpret these two values fqr(1.06 and 1.2pas
typical of the range of values that could result from the

sample for several hours with 2-keV Ne ions to remove theanalysis, and quote 1.33).1 as the measured valugp of

initial oxide layer. Subsequently, cleaning consisted of sputthe surface could, in principle, be quite different than that of
tering at 1 keV and annealing to 450—600 °C. During datdhe bulk. A recent analysis of the surface phonon dispersion
acquisition, the heating current was pulsed at 1 kHz with shows, however, that there are surface phonons with energies

duty cycle of 20% and electron counting was disabled during’e@r 70 meV, and calculations show that the highest energies
are near 80 meV correspondingdg near that of the bulk®

In principle, wp could be derived from a fit to the data, but
sample normal in the vertical plane. The electron exit angléower temperature data would be required for such an analy-

TemperaturesT) and widths W) derived from the fit are as indi-

cated.

the heating pulse. All data presented were taker: at
=15 eV. The light was inciderd polarized at 30° from the

was 33° in the horizontal plane, corresponding ke
=0.89 A~1 in the I'-K direction, with a binding energy of
0.35 eV. The angular resolution was @00 mR, corre-
sponding toAk,=0.013 A1, The total energy resolution
was 0.2 eV. The peak count rates were near 100 Hz.

sis to be useful.

It is common for large values ok to be associated
with high T.'s, especially in materials such as Be with
large wp . For a homogeneous systémT. can be found

from the following

formula?

KT.=(hwp/

In Fig. 1 we show spectra and fits vs temperature. The fitd.45) ™ 04" NI -p*(A+062)] % represents the effective
are to the function Lorentzian plus constant multiplied by aCoulomb interaction and is typically 0.1. For bulk B
Fermi function. The constant background is a crude approxi=0.24; u*=0.1, and the debye temperatufg=1000 K,
mation to the true inelastic background, but the backgroundesulting inT.=0.024 K; this compares well with the mea-
is such a small part of the spectrum that this form is ad-sured value of 0.026 R.If we use the surface valug,
equate, and preferred for simplicity. It is clear from the qual-=1.15 and leave the other parameters unchanged, we obtain
ity of the fits that the peaks are Lorentzian, indicating thatT.=70 K. This is incorrect, as it ignores the well-known
the interpretation of the widths as inverse lifetimes is valid.suppression off; for a thin film on a nonsuperconducting
The strong temperature dependence of the widths is alssubstrate. The missing physics is that Cooper pairs formed in
the surface region where the interaction is high can leak into

clear from the raw data.

The widths derived from these and other fits are plotted véhe bulk and break apart. This effect has been quantified by
temperature in Fig. 2. The fit of these widths to a straight lineDe Genne$,and essentially no enhancement is expected if
is shown; the slope yields;=1.06. The debye temperature we think of our surface as a few A film with largeon a
thick bulk substrate with lowk. If, however, a thin film with
and the straight-line fit is only approximately valid in the the (000]) structure could be grown on an insulating sub-
temperature range of our data. One can fit directly to thestrate, it ought to exhibit a high,. It is well known that

of Be is quite larggthe bulk value is near 1000 KRef. 9)
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amorphous thin films of Be havi, near 10 K!? It is thought  quickly destroy superconductivity at the surface. It is known
that the different structure enhances the DOE@at increas-  that two band effects are destroyed if the mean free path is

ing A and T as above. o . shorter than the superconducting coherence lettgtfhe
~ The most interesting possibility that we have considered,erg temperature coherence length of a superconductor can
is that the surface states superconduct without direct involvese \written aste=hve /(2 T.), Whereue is the Fermi ve-
ment of the bulk states: Cooper pairs would be formed berocity For the B€0001) surfai:e; assuming a 70 K., & is

tweelg surface-state Ileg_eliu(f,l—kgl), while ?ulk s:a:es about 300 A. A mean free path as large as this is difficult to
would remain normal. Since €lectrons In surface stales arg o e on a metal surface. However, only the interband
trapped at the surface and cannot leak into the bulk, th

mechanism discussed above for breaking uo pairs does n ﬁurface to bulk scattering should contribute to the averag-
gupp glg. Since the surface-state DOS is much larger than the

apply. This system can be described by the two band mode .
solved within the Bardeen-Cooper-Schrieff@CS) formal- ulk-state DOS, surface to surface scattering should be much
ism by Suhl, Matthias, and Walkérin 1959. This model more common than surface to bulk scattering, and a much

was intended to represemandd electrons in transition met- Smaller mean free path may be adequate1B#), with a

als, but the formalism is the same for any system charactefiMilarly large surface to bulleg DOS ratio as B&001),
ized by two distinct branches of the Fermi surface, which2nd @ much smalles: may be a better candidate to observe

includes surface and bulk states. Each branblas its own thel fpt;]enomfenon of sur;ace-state Tuperc(;)nducﬁ?/ity. h
Nii» and there is coupling between the branches giveR;py the surface states do pair at elevated temperatures, they

and\ j; . For simplicity, we specialize to the case where there&gprese_nt an mterestlng . opportunl_ty to study .tWO'
is no bulk interaction Xgg=0). The superconducting tran- |mgnS|onaI superconductivity for a simple system with a
sition is characterized by a formula identical in form to therelatlvely large energy scale. The one-electron_ ongins .Of the
BCS formula for a single bandkT,=1.14swpe A, many-body state are S|mple_ and well characte_r(;mdabollc
1 o ) bands, nearly circular Fermi surfacand the pairing mecha-

whereN g=3(\sst \_/)_\st+ 4hsehpg). In the limit of a thick  nism (phonong is well understood. The superconducting en-
crystal Ags is negligible}* and hey=\ss. The surface-state ergy gap ought to be resolvable by high-resolution ARP
electrons pair, with gap and transition temperature the samgyectrometers and by scanning tunneling microscaies
as they would be for an isolated surface-state system, and thecs value ofA is 10 meV for a 70 KT,). The critical
bulk electrons remain normal. Since omlgsappears in the  cyrrent densityj, at zero temperature can be estimated by
formulas describing pairing, while bothssandAsg play @ noting the maximum momentum a pair can have before it
role in the decay of surface-state holes, 1hg relevant to  can decay by one-electron processes. In three dimensions
pairing will be lower thark ;=1.15 determined by the decay this analysis yield$.=2neA/(%kg), wheree is the electron
rate. This should be a small effect, as most ofeDOS at  charge A is the gap, and is the (supey electron density’
the surface is from surface states, and thus most of the dec@y two dimensions the analysis is identical, excepts a
of surface states is to other surface states. A transition temyyrface electron density arjd is a surface current density.
perature near 70 K and a zero temperature gapfdear 20 ysing A=10 meV, ike=0.95 A1, and n=0.14/A2, one
meV seem reasonable expectations. finds j .=70 Alcm.

Impurities/defects will likely play a more important role
in destabilizing this system than they do in homogeneous We thank Ward Plummer and David Zehner for the use of
superconductors. The problem is that the impurities scattethe U12 beamline at the National Synchrotron Light Source.
surface states into bulk states, the one-electron eigenstatéhis work was supported by NSF Grant No. DMR-9218706.
become linear combinations of surface and bulk states, anthe NSLS is supported by the Division of Material Sciences,
the pairing interaction is averaged over surface and bulkU.S. Department of Energy, under Contract No. DE-ACO02-
Since the interaction in the bulk is weak, any averaging will76CH00016.
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