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Natural linewidth of the Ag „111… L-gap surface state as determined
by photoemission spectroscopy

G. Nicolay, F. Reinert,* S. Schmidt, D. Ehm, P. Steiner, and S. Hu¨fner
Fachrichtung Experimentalphysik, Universita¨t des Saarlandes, 66041 Saarbru¨cken, Germany

~Received 15 December 1999; revised manuscript received 14 February 2000!

The Ag~111! surface state in theL gap has been measured atT530 K by high-resolution photoemission
spectroscopy (DE53.7 meV). The experimental linewidth~full width at half maximum! at normal emission
is less than 10 meV, from which an internal lifetime width of the surface states ofG tot56.260.5 meV is
deduced. This value agrees with theoretical predictions but is smaller than the result obtained by a recent
low-temperature scanning tunneling experiment, which gave a lifetime width equivalent toG59.8
61.2 meV.
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I. INTRODUCTION

The past decades have seen a considerable understa
of the electronic structure of solids and surfaces, where m
of the interesting results have been obtained by photoe
sion spectroscopy. Only recently successful attempts to m
sure the dynamics of excited electron states have been
formed. The knowledge and understanding of elect
dynamics on surfaces is important to understand, e.g., ch
cal reactions on surfaces. Furthermore, a long-standing
cussion about the line shape and lifetime width of the sp
tral function in many-body systems~e.g. the high-
temperature superconductors! has stimulated lifetime
investigations on simple model systems under well-defi
experimental conditions. Improving and establishing
available experimental techniques is therefore of consid
able importance.

There are basically two different methods to determ
the lifetime of an excited state: one is by measuring direc
the decay timet ~in this case by two-photon time-resolve
photoemission spectroscopy!,1–3 the other one relies on
direct measurement of the spectral linewidthG of a quasi-
particle excitation in the energy space, which is related to
inverse lifetime byG5\/t. The theoretically predicted life
time width G for quasiparticle excitations in simple meta
lies typically in the range between 1–10 meV at low te
perature ~1 meV corresponds to a lifetime oft'0.67
310212 sec), a regime that has recently become availabl
photoemission spectroscopy4,5 ~PES! and is accessible to
time-dependent techniques1–3 and scanning tunneling spec
troscopy~STS!.6–8

In a three-dimensional solid the spectral linewidth of
photoemission excitation is determined by the lifetime of
photohole state, in which one is interested in the pres
context, because it reflects the initial-state lifetime, but a
by the electron lifetime of the final-state photoelectro
which very often dominates the experimentally observ
linewidth and is hard to subtract.9 If one works, however,
with two-dimensional systems it can be shown that by ki
matic considerations the electron linewidth drops out a
one is able to measure the lifetime of the photoh
directly.10,11 One example for two-dimensional systems
PRB 620163-1829/2000/62~3!/1631~4!/$15.00
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surface states, and here theL-gap Shockley-type surface sta
on the~111! surface of noble metals has played a special r
as model systems for the investigation of two-dimensio
electron systems.12 It is therefore tempting to try to measur
the linewidth of such a surface state as accurately as pos
and to compare it with theoretical calculations or the resu
of other measurements.

The L-gap surface state on Ag~111! is particularly inter-
esting, because for this surface state an alternative and in
sically very accurate method has been used to determine
natural lifetime width, namely, STS.6,7 This landmark experi-
ment has the advantage that in a first step one can care
select an almost perfect, defect-free area (>3000 nm2) of
the surface at which subsequently the surface state an
particular its lifetime width is determined. This experime
resulted in an intrinsic full width at half maximum~FWHM!
of G59.861.2 meV, about half the value previously dete
mined by PES (G519.9 meV),13 an experiment that is in-
tegrating over a relatively large surface area~typically
*1 mm2) and contains contributions from surface impe
fections over the whole investigated surface range.14 The
STS result was identified as the pure imaginary partS of the
electron self-energy, corresponding to a lifetime oft566
68 fs, and therefore gives the smallest experimental nat
linewidth G52S for this system until now.

In addition the Ag~111! L-gap surface state is—becau
of its narrow linewidth and well defined dispersion—
particularly suitable for the characterization of a hig
performance photoelectron spectrometer with respect to
ergy and angular resolution. Much to our surprise, o
spectra showed extremely narrow peaks, yielding a linewi
even smaller than that of the STS experiment, namely,
60.5 meV. This value is very close to the theoretical va
of 5 meV atT50 K calculated by Berndtet al.7 Contribu-
tions from thermally generated phonons at the chosen sam
temperature ofT530 K increase this theoretical value on
by approximately 0.5 meV.

The spectral linewidth of an electronic state in a meta
determined by three lifetime-related contributions, name
the electron-electron interactionGe-e , the electron-phonon
Ge-ph , and the impurity scatteringGe-i , which can be
summed up independently15 to give the total internal line-
width
1631 ©2000 The American Physical Society
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FIG. 1. Line-shape analysis of the Ag~111! surface state taken by photoemission spectroscopy~He I: hn521.23 meV) in normal
emission atT530 K ~open circles!, the total experimental FWHM amounts to 9.560.5 meV. The spectrum can be decomposed in
Lorentzian~FWHM G56.2 meV, solid line! convoluted with the energy resolution function~Gaussian with FWHMDE53.7 meV) and an
asymmetry factor of 18%, to describe the low-binding-energy tail~dashed!. The dotted curve fits to the left part of the spectrum and inclu
only lifetime and instrumental broadening. The inlet shows the dispersion of the peak maximum~black dots!. For small binding energies
(&10 meV) the Fermi distribution shifts the apparent peak maximum away from the Fermi energy. A fit with a parabolic dispersio~solid
line, fit only for maxima at*10 meV) yields a value ofm* /me50.4060.01. The effective angular resolutionDueff is indicated as
horizontal error bars.
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G5Ge-e1Ge-ph1Ge-i . ~1!

The first two terms in Eq.~1! are energy dependent an
can be expressed by

Ge-e52b@~pkBT!21v2# ~2!

for the three-dimensional electron-electron scattering and

Ge-ph~v,T!5E
0

`

dv8a2F~v8!@2n~v8!1 f ~v81v!

1 f ~v82v!# ~3!

for the electron-phonon interaction.a2F(v) is the Eliash-
berg coupling function,n(v) and f (v) are the Fermi-Dirac
and Bose-Einstein functions.

In addition to these intrinsic contributions, the experime
tal photoemission spectra will be broadened by the fin
energy resolution, which can be described by convoluting
natural Lorentzian given byG with a Gaussian with
FWHM5DE. Furthermore a non-perfect, particularly
stepped, surface causes an asymmetric peak broadenin16

II. EXPERIMENT

The experiments were performed with an photoelect
spectrometer equipped with a monochromatized VUV sou
~GAMMADATA ! and a Scienta SES-200 photoelectron a
lyzer, used in the angular mode for the data presented h
The parallel detection allows us to measure an angular w
dow of approximately 15° simultaneously. Already at a ph
ton energy ofhn521.23 eV ~He I! this angular window
-
e
e

n
e
-
re.
n-
-

encloses the completek space where the surface state li
below the Fermi energyEF . The angular resolution of the
analyzer in this mode isDu50.2°; the net energy resolution
consisting of broadenings from light source~He I! and ana-
lyzer, amounts toDE53.7 meV~determined from an poly-
crystalline Ag Fermi edge atT58 K). The recorded sample
area is approximately 1 mm2, given by the finite light spot
of the VUV source. The base pressure was 5310211 mbar.
During the measurement with the VUV discharge lamp
pressure raised to 8310210 mbar He. The sample tempera
ture could be cooled down toT58 K, but the measurement
presented here have been performed atT530 K, which re-
duces the deterioration speed of the sample surface.17 The
Ag single crystal ~thickness d52 mm, diameter B
510 mm) was cleaned by the standard procedure, i.e
number of cycles of mild argon-ion sputtering and anneal
at '500 °C by reverse-side electron bombardement for s
eral hours. The cycles have been repeated up to typically
times until the linewidth of the Ag~111! surface state at nor
mal emission (G point! had converged to the experiment
minimum value reported here. After this procedure the
sulting spectra did not depend on the investigated position
the sample surface.

III. RESULTS

Ever since the Ag~111! L-gap surface state had been d
tected for the first time in PES~Ref. 18! there have been
much interest on this spectral feature over the years.12,19,20

The most recent photoemission data has been publishe
Paniagoet al.,13 showing a slightly asymmetric line with a
total experimental linewidth of FWHM535 meV at an en-
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FIG. 2. Comparison of scanning tunnelin
spectroscopy~STS! at T55 K ~i.e., dI/dV vs
sample voltage! and the photoemission data (T
530 K) of the Ag~111! surface state. The ex
perimental STS data~black dots! are extended by
the unbroadened model function describing a lif
time contribution ofG59.8 meV ~dashed line!.
The corresponding Lorentzian~shifted by about 8
meV towardsEF) is shown below~dashed!, com-
pared with the experimental photoemission da
~open circles! and its internal Lorentzian contri
bution ~solid line!.
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ergy resolution ofDE521 meV. Here the asymmetry is a
signed to the finite angular resolution ofDu560.9°. Be-
cause of this peak asymmetry only the high-binding-ene
side, which is supposed to be free from this additional c
tribution, was used for the analysis and gave a lifetime wi
of aboutG520 meV.

Figure 1 shows a typical Ag~111! surface state spectrum
taken in normal emission at a sample temperature oT
530 K ~open circles!, without any background correctio
applied. To extract the intrinsic lifetime contribution w
modeled this spectrum by a Lorentzian~FWHM G), an
asymmetry factor to describe the low-binding-energy
~compare Ref. 16!, and a Gaussian instrumental broaden
with a FWHM53.7 meV. This yields a Lorentzian FWHM
of G56.260.5 meV for the intrinsic lifetime width of the
L-gap surface state on Ag~111! ~full line!.

The effective angular resolution might differ from the i
strumental value ofDu50.2° because of a finite deviation o
the crystal orientation over the investigated sample area.
valueDueff can be easily determined from the data by a
lyzing the spectra at angles with strongk dependence, i.e., in
the branches of the parabolic surface state dispersion~see
inset Fig. 1!. The angular broadening at e.g., 1.7° off norm
leads to a total linewidth of less than 18 meV at this ang
equivalent to a maximum effective angular resolution
Du50.38°, indicated as horizontal error bars in Fig. 1.
normal emission this angular resolution has no effect on
shape and linewidth. The photoemission spectra of severin
situ prepared surfaces showed only very slight changes in
individual line shapes. The main difference was found in
asymmetry, which is most likely due to a stepped surfa
whose quality can differ from preparation to preparation.16 A
detailed discussion of the analysis will be publish
elsewhere.21

We have also performed experiments atT58 K; how-
ever, at this temperature the sample surfaces deteriorate
idly, presumably due to hydrogen adsorption,17 and—since
y
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the linewidth betweenT58 K and 30 K differed only by
about 1 meV—the final analysis was done with the d
taken at 30 K given in Fig. 1. Note that this line has abo
the same width as that obtained from a Tamm surface sta
Cu~100! by Purdieet al. at T510 K,17 from which an in-
herent natural linewidth ofG57 meV was deduced.

In Fig. 2 our photoemission results are compared to
STS results of Liet al.6 The top curve gives their experimen
tal data and the unbroadened model curve@i.e.,
arctan(v/S)#, which represents the internal linewidth o
G tot52S59.861.2 meV. The first derivative of this mode
curve is a Lorentzian with a FWHM5G and can therefore
directly be compared to the photoemission spectra. T
lower trace of the figure shows our experimental photoem
sion data as open circles. To compare STS and PES dat
STS derivative~dashed line! is shifted by about 8 meV to the
energy position of the PES dataEB562.5 meV, which—
within experimental errors—is identical with the data pu
lished by Paniagoet al.13 This shift is approximately twice
as large as the value anticipated from the temperature de
dence reported in Ref. 13 at the temperature difference o
K here. In spite of the higher temperature of the PES dat
resulting in an increased phonon broadeningGe-ph , a differ-
ence that is, however, small in comparison to the to
linewidth—the internal Lorentzian contribution (GPES

56.2 meV, solid line! is definitely narrower than the STS
result (GSTS59.8 meV, dashed line!.

We have at this point no explanation for this appare
difference between the tunneling and photoemission te
niques. However, although the STS results look like
cleaner experiment—the influence of temperature and mo
lation voltage can be subtracted easily, large defect-f
sample areas can be chosen, whereas photoemission is
grating over*1 mm2—the data presented here suggest t
there are still broadening mechanisms in the published S
data that contribute to the lifetime value determined by t
technique. However, unpublished results of the same gro22
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indicate that electronic noise in the power supply of the t
neling microscope has yielded an additional, unnotic
broadening effect. Their new STS measurements agree c
pletely with the present PES result. In addition, this gro
has recalculated the lifetime width and finds now a value
G57.5 meV, slightly larger than the PES and new STS
sult.

IV. SUMMARY

In summary we have presented high-resolution pho
emission measurements on the Ag~111! L-gap Shockley-type
surface state, which give internal lifetime contributions to t
full linewidth smaller than the narrowest published surfa
tunneling spectroscopy results. With our data the differe
between theoretically calculated lifetime contributions a
-
d
m-
p
of
-

o-

e
e
ce
d

the photoemission results is no longer existent. Our exp
mental value ofG56.260.5 meV is a upper limit for the
natural linewidth of this surface state.
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