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Natural linewidth of the Ag(111) L-gap surface state as determined
by photoemission spectroscopy
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The Ag111) surface state in the gap has been measuredTat 30 K by high-resolution photoemission
spectroscopy AE=3.7 meV). The experimental linewidilfull width at half maximum at normal emission
is less than 10 meV, from which an internal lifetime width of the surface statd§,gf6.2-0.5 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 equivaledi=t6.8
+1.2 meV.

[. INTRODUCTION surface states, and here thgap Shockley-type surface state

on the(111) surface of noble metals has played a special role

The past decades have seen a considerable understandify model systems for the investigation of two-dimensional
of the electronic structure of solids and surfaces, where man}'ecvon system§. It is therefore tempting to try to measure

of the interesting results have been obtained by photoemidl® linewidth of s.uch_asurface'state as acgurately as possible
sion spectroscopy. Only recently successful attempts to megl_nd to compare it with theoretical calculations or the results

- . f other measurements.
sure the dynamics of excited electron states have been pef- . . .
y P The L-gap surface state on Abll) is particularly inter-

formed. The knowledge and understanding of electron_ .. . . s
dynamics on surfaces is important to understand, e.g Cheme__stmg:], because for this surface state an alternative and. intrin-

y . T .sically very accurate method has been used to determine the
cal reactions on surfaces. Furthermore, a long-standing dl%—

. b he [i h d lifeti idth of th atural lifetime width, namely, ST&' This landmark experi-
cussion about the line shape and lifetime width of the Specyan( has the advantage that in a first step one can carefully
tral function in many-body systemge.g. the high-

° R select an almost perfect, defect-free area3000 nnf) of
temperature  superconductprshas  stimulated  lifetime  the gyrface at which subsequently the surface state and in
investigations on simple model systems under well-definegharticular its lifetime width is determined. This experiment
experimental conditions. Improving and establishing theyesyited in an intrinsic full width at half maximugEWHM)
available experimental techniques is therefore of considergf [=9.8+1.2 meV, about half the value previously deter-
able importance. mined by PES{=19.9 meV)!® an experiment that is in-
There are basically two different methods to determiHQegrating over a relatively large surface aréspically
the lifetime of an excited state: one is by measuring directly=1 mn?) and contains contributions from surface imper-
the decay timer (in this case by two-photon time-resolved fections over the whole investigated surface ralfig@éhe
photoemission spectroscopy® the other one relies on a STS result was identified as the pure imaginary padf the
direct measurement of the spectral linewidthof a quasi- electron self-energy, corresponding to a lifetime of 66
particle excitation in the energy space, which is related to the: 8 fs, and therefore gives the smallest experimental natural
inverse lifetime byl'=#%/7. The theoretically predicted life- linewidth I'=2%, for this system until now.
time width T" for quasiparticle excitations in simple metals  In addition the Agl11l) L-gap surface state is—because
lies typically in the range between 1-10 meV at low tem-of its narrow linewidth and well defined dispersion—
perature (1 meV corresponds to a lifetime of~0.67 particularly suitable for the characterization of a high-
X 1012 sec), a regime that has recently become available tperformance photoelectron spectrometer with respect to en-
photoemission spectroscdpy (PES and is accessible to ergy and angular resolution. Much to our surprise, our
time-dependent techniques and scanning tunneling spec- spectra showed extremely narrow peaks, yielding a linewidth
troscopy(ST9.578 even smaller than that of the STS experiment, namely, 6.2
In a three-dimensional solid the spectral linewidth of a£0.5 meV. This value is very close to the theoretical value
photoemission excitation is determined by the lifetime of theof 5 meV atT=0 K calculated by Berndet al.” Contribu-
photohole state, in which one is interested in the preserions from thermally generated phonons at the chosen sample
context, because it reflects the initial-state lifetime, but alsdemperature of =30 K increase this theoretical value only
by the electron lifetime of the final-state photoelectron,by approximately 0.5 meV.
which very often dominates the experimentally observed The spectral linewidth of an electronic state in a metal is
linewidth and is hard to subtratlf one works, however, determined by three lifetime-related contributions, namely,
with two-dimensional systems it can be shown that by kinethe electron-electron interactiohi.., the electron-phonon
matic considerations the electron linewidth drops out and’.,,, and the impurity scatterind’c;, which can be
one is able to measure the lifetime of the photoholesummed up independentfto give the total internal line-
directly 1> One example for two-dimensional systems iswidth
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Ag(111) Surface State at Normal Emission, Line Shape Analysis

1000
—— Lorentzian, FWHM I'=6.2 meV 0
----------- incl. experimental broadening
— —- incl. asymmetry %‘
800 | O experimental data \ E 20
>
0 2
i 7]
L c
y (]
240
z é? i
g 800 W5
> ;
£ <\w) 60 -
= i\ . . . . L
& ,/ 1O 2 1 0 1 2
5 400 | & \b angle off normal [deg]
c |

binding energy [maV]

FIG. 1. Line-shape analysis of the Bd 1) surface state taken by photoemission spectroscbfgy |: hy=21.23 meV) in normal
emission atT=30 K (open circleg, the total experimental FWHM amounts to €.8.5 meV. The spectrum can be decomposed in a
Lorentzian(FWHM I"'=6.2 meV, solid ling convoluted with the energy resolution functi@@aussian with FWHMAE=3.7 meV) and an
asymmetry factor of 18%, to describe the low-binding-energy(téiishegl The dotted curve fits to the left part of the spectrum and includes
only lifetime and instrumental broadening. The inlet shows the dispersion of the peak maxbiask 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 digpeligdion
line, fit only for maxima at=10 meV) yields a value ofm*/m,=0.40+0.01. The effective angular resolutiahd.; is indicated as
horizontal error bars.

I'=TeetTepntTei. (1)  encloses the complete space where the surface state lies
below the Fermi energ¥r. The angular resolution of the
The first two terms in Eq(1) are energy dependent and analyzer in this mode i4 #=0.2°; the net energy resolution,
can be expressed by consisting of broadenings from light sourtide 1) and ana-
lyzer, amounts t\E=3.7 meV (determined from an poly-
Tee=2p[(mkeT)*+ 0] 2 crystalline Ag Fermi edge &=8 K). The recorded sample
for the three-dimensional electron-electron scattering and area is approximately 1 nimgiven by the finite light spot
of the VUV source. The base pressure was1® ! mbar.
During the measurement with the VUV discharge lamp the
pressure raised t0>810 ° mbar He. The sample tempera-
ture could be cooled down tb=8 K, but the measurements
+f(ow'—w)] (3)  presented here have been performed@at30 K, which re-
duces the deterioration speed of the sample suffadée
Ag single crystal (thickness d=2 mm, diameter &

Cepn(o,T)= f:da)'azF(a}')[Zn(w’)-l—f(a)’ +w)

for the electron-phonon interactioa’F (w) is the Eliash-
berg coupling functionn(w) andf(w) are the Fermi-Dirac =10 mm) was cleaned by the standard procedure, i.e., a

and Bose-Einstein functions. ) . . i
In addition to these intrinsic contributions, the experimen-nungg(zEC%des of mlld_grgoln-lon spbuttegngdand an?ealmg
tal photoemission spectra will be broadened by the finitea:; hours Tgerivglrsg-r?;vee %gzgc:z e%Te daL etrgetnt ig;llse]\;)
energy resolution, which can be described by convoluting th%mes until.the Iin()a/Width of the A@ll)psurface gtateyapt norY
E%ﬁazlfgméhar?h e?xgre b;/l“n (\)Ar/]lfg er?ec(t;al:)zsrlci:r:ﬂ (,;er;t/h a mgl_emission [ point) had converged to the experimental
stepped, surface causes an asymmetric péak broad€ning minimum value ! eported here. After .th|s pr ocedure t.h_e re-
' " sulting spectra did not depend on the investigated position on

the sample surface.
Il. EXPERIMENT

. . Ill. RESULTS
The experiments were performed with an photoelectron
spectrometer equipped with a monochromatized VUV source Ever since the A@L11) L-gap surface state had been de-
(GAMMADATA ) and a Scienta SES-200 photoelectron anatected for the first time in PESRef. 18 there have been
lyzer, used in the angular mode for the data presented hereuch interest on this spectral feature over the y&at$?°

The parallel detection allows us to measure an angular winfhe most recent photoemission data has been published by
dow of approximately 15° simultaneously. Already at a pho-Paniagoet al.*® showing a slightly asymmetric line with a
ton energy ofhv=21.23 eV (He I) this angular window total experimental linewidth of FWHM35 meV at an en-
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Ag(111) LGap Surface State, STS and PES
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ergy resolution oAE=21 meV. Here the asymmetry is as- the linewidth betwee@=8 K and 30 K differed only by
signed to the finite angular resolution Afd=+0.9°. Be- about 1 meV—the final analysis was done with the data
cause of this peak asymmetry only the high-binding-energyaken at 30 K given in Fig. 1. Note that this line has about
side, which is supposed to be free from this additional conthe same width as that obtained from a Tamm surface state at
tribution, was used for the analysis and gave a lifetime widthCu(100) by Purdieet al. at T=10 K.’ from which an in-

of aboutl’=20 meV. herent natural linewidth of =7 meV was deduced.

Figure 1 shows a typical AG@11) surface state spectrum In Fig. 2 our photoemission results are compared to the
taken in normal emission at a sample temperatureTof STS results of Let al® The top curve gives their experimen-
=30 K (open circley without any background correction tal data and the unbroadened model -curfee.,
applied. To extract the intrinsic lifetime contribution we arctan@/%)], which represents the internal linewidth of
modeled this spectrum by a LorentzidfWHM T'), an T ,=22=9.8+=1.2 meV. The first derivative of this model
asymmetry factor to describe the low-binding-energy tailcurve is a Lorentzian with a FWHMI' and can therefore
(compare Ref. 16 and a Gaussian instrumental broadeningdirectly be compared to the photoemission spectra. The
with a FWHM=3.7 meV. This yields a Lorentzian FWHM lower trace of the figure shows our experimental photoemis-
of I'=6.2+0.5 meV for the intrinsic lifetime width of the sion data as open circles. To compare STS and PES data the
L-gap surface state on ALl (full line). STS derivativedashed lingis shifted by about 8 meV to the

The effective angular resolution might differ from the in- energy position of the PES dafg;=62.5 meV, which—
strumental value oA #=0.2° because of a finite deviation of within experimental errors—is identical with the data pub-
the crystal orientation over the investigated sample area. Thished by Paniaget al!® This shift is approximately twice
value A 6.+ can be easily determined from the data by ana-as large as the value anticipated from the temperature depen-
lyzing the spectra at angles with strokglependence, i.e., in dence reported in Ref. 13 at the temperature difference of 25
the branches of the parabolic surface state disper@ea K here. In spite of the higher temperature of the PES data—
inset Fig. 2. The angular broadening at e.g., 1.7° off normalresulting in an increased phonon broadeniing,,, a differ-
leads to a total linewidth of less than 18 meV at this angleence that is, however, small in comparison to the total
equivalent to a maximum effective angular resolution oflinewidth—the internal Lorentzian contribution I'(5S
A 6=0.38°, indicated as horizontal error bars in Fig. 1. At=6.2 meV, solid ling is definitely narrower than the STS
normal emission this angular resolution has no effect on lineesult "S™=9.8 meV, dashed line
shape and linewidth. The photoemission spectra of seireral ~We have at this point no explanation for this apparent
situ prepared surfaces showed only very slight changes in thdifference between the tunneling and photoemission tech-
individual line shapes. The main difference was found in theniques. However, although the STS results look like a
asymmetry, which is most likely due to a stepped surfacecleaner experiment—the influence of temperature and modu-
whose quality can differ from preparation to preparafidA.  lation voltage can be subtracted easily, large defect-free
detailed discussion of the analysis will be publishedsample areas can be chosen, whereas photoemission is inte-
elsewheré! grating over=1 mnf—the data presented here suggest that

We have also performed experimentsTat8 K; how-  there are still broadening mechanisms in the published STS
ever, at this temperature the sample surfaces deteriorate ragiata that contribute to the lifetime value determined by this
idly, presumably due to hydrogen adsorptidrand—since technique. However, unpublished results of the same gfoup
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indicate that electronic noise in the power supply of the tunthe photoemission results is no longer existent. Our experi-
neling microscope has yielded an additional, unnoticednental value ofl'=6.2+=0.5 meV is a upper limit for the
broadening effect. Their new STS measurements agree comatural linewidth of this surface state.
pletely with the present PES result. In addition, this group
has recalculated the lifetime width and finds now a value of
I'=7.5 meV, slightly larger than the PES and new STS re- ACKNOWLEDGMENTS
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In summary we have presented high-resolution photo{Kassel for a number of very extensive discussions on sur-
emission measurements on the(Afl) L-gap Shockley-type face state measurements by photoemission spectroscopy. We
surface state, which give internal lifetime contributions to thethank Professor R. Berndt for making his restflsvailable
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