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Electron-phonon mass-enhancement parameter and the Fermi-line eccentricity
at the Be„101̄0… surface from angle-resolved photoemission

T. Balasubramanian,* P.-A. Glans, and L. I. Johansson
Department of Physics, Linko¨ping University, S-58183, Linko¨ping, Sweden
~Received 16 July 1999; revised manuscript received 9 December 1999!

We report angle-resolved photoemission measurements of the dispersion of the shallow surface state around
Ā and the surface electron-phonon mass-enhancement parameterls at the Be(101̄0) surface. The eccentricity
of the elliptical Fermi line formed by the surface state is found to bee50.684. We obtainls50.672
60.027 along the major axis andls50.64260.031 along the minor axis of the Fermi line. Thels values are
about three times larger than the bulklb50.24.
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Electron-phonon interaction plays an important role in u
derstanding various properties of a metal such as its spe
heat, resistivity, and thermal expansion. The strength of
interaction is given in terms of a dimensionless parametel
called the electron-phonon mass-enhancement or
electron-phonon coupling parameter.l is proportional to the
electron density of states~DOS! at the Fermi level (EF) and
the electron-phonon matrix elements.1,2 Typically l is mea-
sured using techniques such as tunneling, electrical resi
ity, and specific heat. These techniques are essentially
sensitive and hence give the bulk value ofl, lb . Further-
more, the very nature of these techniques implies that
resultinglb is averaged over all momenta on the Fermi s
face. In general, the surface electron DOS atEF and the
electron-phonon matrix elements at the surface could be
different from those in the bulk. This implies that the surfa
value ofl, ls , could be very different fromlb . Hence an
experimental determination ofls is needed. It has bee
shown3 that one can measurels at a crystalline metallic
surface by angle-resolved photoemission~ARPES!. The
ideas and the conditions under which this can be done
clearly presented in Ref. 3. One important point to notice
that unlike the bulk techniques, ARPES measurement ols

is not averaged over the Fermi line and hence one can m
surels in any momentum direction on the Fermi line.

The main ideas for the measurement ofls by ARPES can
be summarized as follows. For ARPES from a tw
dimensional band state of a perfect crystalline surface,
photohole~which will henceforth be referred to as hole! life-
time t is related to the widthW observed in the ARPES
spectra byW5\/t. The hole lifetime arises from electron
electron, electron-impurity, and electron-phonon inter
tions. For hole energies close toEF , the electron-electron
contribution to the hole lifetime and its temperature dep
dence are negligible. In the dilute impurity/defect limit, th
contribution from the electron-impurity interaction is ind
pendent of temperature. However, the electron-phonon c
tribution is not negligible and can be shown to be the do
nant contribution to the lifetime and its temperatu
dependence. The electron-phonon interaction contributio
the lifetime at any temperature can be calculated using
following formula:1
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Wep~v!5\/tep~v!

52p\E
0

vm
dv8a2F~v8!@12 f ~v2v8!

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

wherea2F(v) is the Eliashberg coupling function,vm is the
maximum phonon frequency, andf (v) and n(v) are the
Fermi and Bose-Einstein distributions. The electron-phon
mass-enhancement parameterls is related toa2F(v) by
ls52*0

vmdv8a2F(v8)/v8. For temperatures larger than th
Debye temperature (TD) and for hole energies close toEF ,
Eq. ~1! can be shown to lead to a simple form1 Wep
52plskT1const. This linear form is independent of th
shape and dimensionality of the phonon spectrum1,4 and can
be shown to be valid to within 20% down to temperatur
one-third ofTD . Hence in this high temperature limitls can
be determined3 from the slope of the width versus temper
ture data. However, because of the high bulk Debye temp
ture (TD51000 K! and high vapor pressure (1027 torr at 900
K! of Be, one cannot perform the experiments atT>TD .
Another way to determinels is to fit the experimental width
versus temperature data directly using Eq.~1! by assuming a
model for the phonon density of states. This requires one
assume a shape for the phonon spectrum and thus introd
additional uncertainties. Hence, the determination ofls at
the Be surface cannot be expected to be as accurate as th
low TD materials like Cu.3,6

Be is a semimetal with a very low DOS atEF . The sur-
face DOS’s atEF at the Be(101̄0) and Be~0001! surfaces are
much higher7–9 than the bulk DOS atEF . One of the main
differences between the surface electronic structure of th
two surfaces is the shape of the Fermi line formed by
surface state. At the Be~0001! surface, the surface stat
Fermi line is centered in the gap aroundḠ and is almost
circular.10,11 At Be(101̄0), the surface state Fermi line i
centered in the gap aroundĀ and is elliptical.8,9,11 Three
surface core-level shifted components13,14 corresponding to
layers 1 to 3 and anisotropic Friedel oscillations12 have been
observed earlier at this surface and attributed to the la
surface to bulk DOS atEF and to the anisotropic shape of th
Fermi line.
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A recent measurement5,6 of ls at the Be~0001! surface
reportedls50.760.1. The bulk value for Be islb50.24. If
one assumes the surface and bulk electron-phonon m
elements to be similar, the close scaling ofls /lb with the
ratio of the surface to bulk DOS atEF is not surprising.
However, this assumption is not obvious for Be, especiall
one takes into account that the bulk Fermi surface of Be
far from free-electron-like and thatlb measured by bulk
techniques is averaged over all momenta on the Fermi
face. The high surface to bulk DOS ratio atEF and the an-
isotropic shape of the Fermi line at the Be~101̄0! surface
make it a good candidate to check for the dependence ols
on the DOS atEF and the electron-phonon matrix elemen

The experiments were performed at beamline 33, at
MAX-I synchrotron radiation facility in Lund, Sweden. Th
beamline is equipped with a SGM monochromator15 and a
VG end station equipped with a variable angular resolut
VG 75 mm electron analyzer.16 A photon energy of 21.2 eV
and an incident angle of 45° were chosen for the exp
ments. The combined energy resolution of the photons
the analyzer was set to 35 meV. An angular resolution
60.2° was selected. The Be(1010̄) single crystal was
mounted on a 0.2 mm tungsten wire. This wire was also u
for heating the crystal. For the temperature dependent st
the heating current was pulsed at 1 kHz and the elec
counting was disabled when the heating current was on. D
ing the temperature dependent studies, the temperature o
sample was stable to within 5 °C. The crystal was cleaned
repeated Ne1 sputter and anneal cycles. The surface or
was checked with low-energy electron diffraction, whi
showed a rectangular 131 pattern typical of the Be(1010̄)
surface. The cleanliness of the surface was monitored by
Be 1s spectrum and the width of the shallow surface st
aroundĀ. There was no oxide component in the Be 1s spec-
trum and the surface state width decreased as it dispe
toward the Fermi level.

FIG. 1. Room temperature surface state spectra alongĀ-L̄ and

Ā-Ḡ at various angles. The anglesuh anduv are the analyzer angle
in the horizontal and vertical planes. The sample was oriented s

that Ḡ-M̄ is in the horizontal plane andḠ-Ā in the vertical plane.
The photon energy is 21.2 eV and the angular resolution is60.2°.
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A detailed mapping of the surface states at the Be(1010̄)
surface has been reported earlier.9 There are two surface
states located in the gap aroundĀ.9 Here we concentrate
only on the lower binding energy surface state. This surf
state has a binding energy of 415 meV atĀ and disperses
toward EF when moving away fromĀ. A series of spectra
taken at room temperature alongĀ2Ḡ andĀ-L̄ are shown in
Fig. 1. In order to determine the location of the surface st
peak, these and other similar spectra were fitted to a Lor
zian plus a linear background times a Fermi function. T
resulting dispersion is shown in Fig. 2. For convenience
use Ā as the origin for measuring the value of the paral
component of the electron wave vector. We use the nota
ki ,x9 along Ā-L̄ andki ,y8 along Ā-Ḡ. At Ā, ki ,x8 50 Å 21 and
ki ,y8 50 Å 21.

One can clearly see from Fig. 2 that the dispersion of
surface state in theĀ-L̄ direction is slower than the disper
sion alongĀ-Ḡ. Fitting these dispersions to a quadratic fun
tion in ki8 , we obtainE52048ki ,x8 22415 alongĀ-L̄ and E

54382ki ,y8 22415 alongĀ-Ḡ, whereE is measured in meV

andki8 in Å 21. The effective masses alongĀ-L̄ andĀ-Ḡ are
1.15 and 0.537, respectively. The Fermi momenta meas
from Ā alongĀ-L̄ andĀ-Ḡ are 0.450 Å21 and 0.308 Å21,
respectively. We thus obtain the eccentricity of the elliptic
Fermi line,e50.684. This is in contrast to the previous ph
toemission study,9 which reportede50.75. We believe that

ch

FIG. 2. The top part of the figure shows the dispersion of

surface state along theĀ-L̄ and Ā-Ḡ directions. The filled circles
are the derived peak positions and the lines represent the fi

these data. The fit alongĀ-L̄ is E52048ki ,x8 22415 andE54382

ki ,y8 22415 alongĀ-Ḡ, whereE is measured in meV andki8 in Å .
The bottom part of the figure is a picture of the first Brillouin zon
The thick line is the surface state Fermi line. The crosses indic
the points at which the temperature dependent studies were

formed~see text for details!. The Fermi momenta alongĀ-L̄ andĀ-

Ḡ are 0.450 Å21 and 0.308 Å21, respectively. The eccentricity o

the Fermi line ise50.684. The Brilliouin zone dimensions areĀ-

L̄51.375 Å21 and Ā-Ḡ50.877 Å21.
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PRB 61 12 711BRIEF REPORTS
this discrepancy is due to a better surface quality of
sample and to our better energy and momentum resolu
Our results compare well with the scanning tunneling m
croscopy results wheree50.69 was reported.11,12 The theo-
retical value11 for the eccentricity ise50.67.

The temperature dependent study was performed on
above mentioned surface state. From the spectra show
Fig. 1, it is seen that the background is almost constant
also the intensity atEF is small, as long as the surface sta
is not close toEF . The room temperature width of the su
face state atĀ is about 170 meV and decreases as the sur
state disperses towardEF . These observations suggest th
the impurity/defect contribution to the spectra is small.3,17

Hence one is justified in assuming that the temperature
pendence of the impurity contribution to the width is neg
gible and that all the temperature dependence of the w
for hole energies close toEF can be attributed the contribu
tion from the electron-phonon interaction.

The temperature dependent study was performed atki ,y8
50.222 Å21 and ki ,x8 50.324 Å21. These correspond to
binding energy of about 200 meV along both the axes
typical set of spectra forki ,x8 50.324 Å21 is shown in Fig. 3.
The 60.2° angular resolution used for collecting the spec
corresponds to a momentum resolution of60.003 Å21. It is
clearly seen in Fig. 3 that the width of the peak increa
with temperature. These and other similar spectra were fi
to a Lorentzian plus a linear background times a Fermi fu
tion. The resulting width versus temperature plot toget
with the fitted curve are shown in Fig. 4. The fit was do
using Eq. ~1! with the Debye model for phonons. In th
Debye model for phonons,a2F(v)5ls(v/vm)2. We used
the experimentally determined18 maximum surface phonon

FIG. 3. Surface state spectra at various temperatures. The

momentum is 0.324 Å21 along Ā-L̄. The filled circles are the ex
perimental data and the line is a fit using a Lorentzian plus a lin
background times a Fermi function. The photon energy is 21.2
The angular resolution is60.2° and the corresponding momentu
resolution is60.003 Å21.
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energy\vm560 meV. The fit yieldsls50.73760.033 for
the Ā-L̄ direction. The results of the temperature study
ki ,y8 50.222 Å21 are shown in Fig. 5. The Debye model fi

yields ls50.74960.038 for theĀ-Ḡ direction.
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FIG. 4. Surface state width versus temperature plots atki ,x8
50.324 Å21 ~see text for the definition ofki ,x8 ). The filled circles
are the widths obtained by fitting spectra similar to the ones sho
in Fig. 3 using a Lorentzian plus a linear background times a Fe
function. The line is a fit using Eq.~1! with the Debye model for
phonons and yieldsls50.73760.033. Applying the correction fac
tor to the widths~see text for details! and refitting the data yields
ls50.67260.027.

FIG. 5. Surface state width versus temperature plots atki ,y8
50.222 Å21 ~see text for the definition ofki ,y8 ). The filled circles
are the widths obtained by fitting experimental spectra at vari
temperatures~not shown!. The line is a fit using Eq.~1! with the
Debye model for phonons and yieldsls50.74960.038. Applying
the correction factor to the widths~see text for details! and refitting
the data yieldsls50.64260.031.
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It was recently pointed out5 that a correction needs t
be applied to the data analysis described above. It st
from the fact that when one takes data in the energy dis
bution mode, i.e., by fixing the angle and photon ene
and scanning the kinetic energy, the variation ofki within
the peak makes the peaks appear broader by a fa
@12(]E/]ki)(m/\2)(sin2u/ki)#

21, wherem is the free elec-
tron mass. This correction factor reduces the widths alongĀ-
L̄ andĀ-Ḡ by about 9% and 12%, respectively. Applying th
correction factor and refitting the temperature versus wi
data, we obtainls50.67260.027 for theĀ-L̄ direction, and
ls50.64260.031 for theĀ-Ḡ direction. Since the ratio o
the surface state DOS to the bulk DOS atEF for the
Be(101̄0) surface is about 3,8 our results suggest thatls /lb
roughly scales with the ratio of surface to bulk DOS’s atEF .
Our results also suggest that the electron-phonon matrix
ements do not vary significantly on the surface Fermi lin

One interesting aspect to consider due to the enhan
electron-phonon interaction at the surface is the po
bility that the Be(101̄0) surface could supercondu
at a much higher temperature than its bulk.6 A detailed dis-
cussion of this possibility for the Be~0001! surface is given
in Ref. 6. The main ideas are the following. In conve
tional superconductors, which are driven by the electr
phonon interaction, larger values ofl lead to higher super
conducting transition temperatures (TC). The relationship
betweenl and TC is given by McMillan’s equation,TC

5(TD/1.45)e21.04(11l)/[l2m!(110.62l)] , wherem! represents
the electron-electron interaction and is1,2 typically 0.1. If we
useTD5700 K andls50.66, we obtainTC'17 K. Here we
have implicitly assumed that the surface state el
s
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y

tor

h

l-

ed
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-
-

-

trons do not scatter into the bulk.6 It can be argued that in the
case of negligible density of impurity/defect at the surfa
the scattering of the surface state electrons into the bul
negligible.6 In this limit, it is conceivable that theTC at the

surface of Be(101̄0) is as much as 600 times higher than
the bulk. It is known that amorphous Be films of about 100
thickness haveTC510 K, about 400 times higher than th
TC50.026 K in bulk Be.19 It is believed that the enhance
TC in these films is related to the enhanced DOS atEF com-
pared to that in bulk Be.19

In conclusion, we have mapped the shallow surface s

aroundĀ and obtained the eccentricity of the elliptical Ferm
line to bee50.684. We measured the electron-phonon ma
enhancement parameterls50.67260.027 along the Ā-L̄
direction andls50.64260.031 along theĀ-Ḡ direction. The
ls values are about 3 times larger than the bulk va
lb50.24. From these observations we conclude that
Be(101̄0), ls /lb roughly scales with the ratio of the surfac
to bulk DOS’s atEF . We also conclude that the electron
phonon matrix elements do not vary significantly on the s
face Fermi line. Based onls50.66, we speculate that th
superconducting transition temperature at the surface
Be(101̄0) could be as high as 17 K, about 600 times high
than its bulkTC .
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