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Surface-State Lifetime Measured by Scanning Tunneling Spectroscopy
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Quasiparticle interactions broaden spectral features at surfaces, which can be measured using the
scanning tunneling microscope (STM). We report the first study of lifetime effects on Shockley surface-
state electrons using low-temperature STM spectroscopy. Data taken from Ag(111) are analyzed using
detailed tunneling calculations and a simple model, and are found to correspond to a self-energy of
3 =49 + 0.6 meV. This is considerably below values determined by angle-resolved photoemission,
but remains higher than theoretical predictions. [S0031-9007(98)07612-1]

PACS numbers: 73.20.At, 61.16.Ch, 72.10.Fk, 73.20.Dx

Noble metal surface states have been the focus of eyprompts the question of whether the remaining differences
perimental interest for over two decades, from their initialoriginate in some continuing experimental artifact or point
observation by angle-resolved photoemission spectroscopy a true deficiency of theoretical estimates and the under-
(ARPES) by Gartland and Slagsvold [1] through to recentying assumptions upon which they are made.
studies of defect scattering and lateral confinement to sur- With this in mind, we have sought to determine the
face nanostructures [2—4]. On the whole, they are vergurface-state lifetime by an alternative technique, using
well characterized, with accurate values known for theidow-temperature tunneling measurements taken from
binding energies, effective masses, and Fermi wave ve&g(111) with the scanning tunneling microscope (STM).
tors, including the temperature dependence and their réFhe ability of the STM to detect surface topology and
sponse to various changes in surface conditions [5], antb identify minute amounts of contamination, well below
these agree well with theoretical predictions. Howeverthe limits of conventional surface analytical techniques,
the surface-state lifetime remains an elusive quantity, ensures that we study an effectively defect-free surface.
despite prolonged investigation by ARPES [6—9], with Although the surface state is localized at the metal surface,
current best estimates for inverse lifetimes exceeding the@and so might not be expected to carry current, numerous
retical predictions by~300% in the case of Ag. studies have shown otherwise, imaging the surface state

The lifetime is of interest as it determines the mean freespectroscopically [12] as well as mapping out the wave
path of the surface-state electrons, and hence the effectifenction of the surface state interacting with various sur-
range of surface-state mediated interactions [10]. Moreface defects [2—4]. We attribute this to electron-electron
over, measurements af have played a fundamental role and electron-phonon scattering which couple the surface
in honing the analysis of ARPES experiments, one of thestate to extended bulk states, and which give relaxation
key techniques of solid-state spectroscopy, through studimes much shorter than the time between tunneling events
ies establishing the connection between intrinsic samplan the 1 nA regime. With lifetime effects included, pertur-
properties and recorded peak widths. These are also ifative theories of the tunneling, which do not distinguish
fluenced by finite energy and angular resolution, and imbetween localized or extended states, become valid [13],
portantly surface conditions, and a full understanding isand we show below that they provide a consistent account
required before ARPES may be confidently used for studyef the STM tunneling data from Ag(111).
ing the dynamical properties of many-electron systems, a Our experiments are performed in a custom-built ul-
point cogently highlighted by Smith [11]. The failure to trahigh vacuum (UHV) STM [14], operating down to
observe the expected lifetimes is despite recent successtiemperatures of 5 K and using electrochemically etched
achieving a quantitative understanding of the temperatur@/ tips. A Ag(111) substrate, cleaned by sputter-anneal
dependence of [7], and an observed correlation betweencycles in UHV, is scanned to identify a surface region
= and surface roughness [9], which has enabled an extrap(=3000 nn?) free from defects. Spectroscopy of the dif-
lation to a hypothetical defect-free surface. Indeed this latferential conductancel/dV versus the sample voltage
ter work appears to remove the final refuge of most recenty is performed under open feedback loop conditions,
attempts to determine, which have tended to attribute the adding a voltage modulation (amplitudg, = 1-10 mV
remaining discrepancy to imperfect surface conditions, andt @ = 230 Hz) and using a lock-in amplifier to record

4464 0031-900798/81(20)/4464(4)$15.00 © 1998 The American Physical Society



VOLUME 81, NUMBER 20 PHYSICAL REVIEW LETTERS 16 MVEMBER 1998

the signal atw. In Fig. 1 we showd//dV spectra mea- single atom, using a 4 eV optical potential to give a re-
sured at 5 K. Figure 1la showH /dV over an extended alistic spectral density. We calculate the sample Green’s
voltage range, with the sharp rise in the conductance nedunction using multiple-scattering techniques treating the
—70 meV corresponding to the onset of the contributioncrystal within the atomic sphere approximation [16]. Life-
from the surface state. This is typical of many taken undetime effects are incorporated via an imaginary self-energy
a variety of tunneling conditions at 5 K, although the over-which we treat at an empirical level, using for the self-
all slope of the spectrum shows some variation which weenergy operatok (r,r’; E) a local constant term restricted
attribute to differences in tip structure, tip-sample sepato the sample, with magnitude = //27. Figure 2 shows
ration, and drift. This may be seen in Figs. 1b,1c, whichconductance spectra evaluated for various values of this
show two separately recorded spectra. The width of theelf-energy. A< increases, the onset of the surface-state
onset, which forms the basis of our analysis below, isontribution is seen to broaden, while the relative contri-
more consistent from spectrum to spectrum. bution of the surface state to the conductance above the
To quantify how the lifetime influences spectra suchonset decreases.
as those in Fig. 1, we calculate the conductance within As a simple model to show the connection betw&en
the framework of the many-body tunneling theory of and the width of the onset i/ /dV we write for the tunnel
Zawadowski, Appelbaum, and Brinkman [15], numerically current
differentiating the current calculated from o

1(V)=cC nE + V)LfE) — f(E + V)lde, (2)
(V) = %fdrgfdrg/dw[f(w) — flo + V)] f_‘”

; wheren(E) is the surface density of states. This model
X [V = V)IMG.(r,r, 0 + V) assumes that we are in the weak coupling regime between
= = the sample and an electronically featureless tip, and that
— ! )
X (V= V)ImGg(r.r, w)]. 1) the energy and momentum dependence of the tunneling

Gr and G, are retarded Green’s functions of the tip andMatrix elements in Eq. (2) can be neglected [17]. Taking
sample, f the Fermi function, and the surface integralsfor n(E£) a constant backgroun&/z of bulk states at
are taken over the plane bisecting tip and sample. Fofthe surface plus a contribution from the surface state, a

lowing Hérmandinger [13] we approximate the tip by atwo-dimensional electron gas with effective massand
binding energys, and again including lifetime effects via

a constant self-energy, then [18{E) = N + m*[7# —

—t @ ' ' ' ' 1 ¢(E — Eg)]/27* where cosp(E) = E/JE? + X2, and
3
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FIG. 1. (a) Experimentadl//dV spectra taken from Ag(111),

showing the steplike onset neaf70 mV due to tunneling into  FIG. 2. CalculatediI/dV spectra for various self-energi&s

the surface state. (b) and (c) show the onset region in detaCurves for3, = 4 and 5 meV are offset for clarity, and each is
from spectra recorded with different tips, showing the variationgiven relative to the conductance below the surface-state onset.
in slope above the onsetV,, is the modulation voltage and The inset compares the experimenia/dV spectrum with the

in (b) the geometrical width used in the analysis is illustrated.theoretical result found witl® = 5 meV, convoluted with a
dl/dV doubles just above the onset. V.. = 5 meV modulation voltage.
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the differential conductance follows from (2): 30

dl Cm* ]w 3,

V,,=10mV

S = CNp +
av B om ) L E2+ 3

S f(E =V + Es)dE.
(3)

This has the characteristics of Figs. 1 and 2, namely
a sharp increase nedfs, with the width varying with
3. To quantify the width, which we denot&, we
adopt the geometrical definition illustrated in Fig. 1b, 15 | / 1
extrapolating the slope at the midpoint of the rise to
the continuation of the conductance above and below Ag(111)
the onset. The variation in the slope found above the 10 T=5K
surface-state onset in the experimental data, as previously
mentioned, prevents a proper “line-shape” analysis, while
this definition of the width has the advantage of allowing 0 2 4 6 8 10
an analytical treatment. In particular at 5 K, < 3 > (meV)
enabling a Sommerfeld expansion of Eq. (3). This gives

FIG. 3. The solid lines relate the self-energyused in the

A =731+ o(T/3)], (4)  tunneling calculations and the resulting widthof the surface-
state onset, for different modulation voltagés. The shaded

showing a linear relation exists between the geometricalegions relate experimentally determined widths, including
width of the onset and the self-energy [19]. Our detailedincertainties, to corresponding self-energies.

calculations using Eq. (2) confirm this result, but with a
slope=0.97, the smaller value reflecting the probability
of the finding the electron in the barrier region where
S(r,r;E) = 0.

25 1 \,, =5mV

20 ¢ Vi, =1mV

A (meV)

4.1 = 1.1 meV, and4.9 = 0.9 meV, giving an estimated
imaginary self-energy ok = 4.9 = 0.6 meV.
Equation (4) provides the relationship between thef Further support for_a _value around 5 meV comes
measured width of the onset il /dV and the self- 1O the relative contribution of the surface state to the
energy. However, in our measurements we use trlj%otal conductance for voltages above the onset. As may
modulation technique to improve the signal-to-noise ratig’®_Seen from Fig. 2, foi = 5 meV the surface state

d b 9 gontrlbutes approximately 50% of the total signal, which

by eliminating phase-incoherent noise contributions at th th Hributi b d . wallv. Th i
expense of an additional source of broadening. This i the contribution observed experimentally. The variation

. - : ith X is due to changes in the relative contribution of
well understood, with the signal at given by [20 Wi L2 o ' S
9 9 y 120] tunneling intobulk states, with increasing resulting in

2 [ Vn JV2 — E2 increased spectral weight within the bulk band gap.
lo = — f_v IV +E)~—7—dE. (9 Previous attempts to evaluatehave been by ARPES,

where the full width at half maximum of the Lorentzian
It is possible to apply this convolution to the expressionline shape of the peak associated with the surface state
for the model current in Eq. (2) and repeat the aboves I' = 23. The surface state on Cu(111) has received
analysis for the widthA analytically. This givesA =  most attention, with the study by McDougadt al.[7]
(mV2/2)[\/22 + V2 — 317! + O(T/2)?. For practi- having the highest resolution. They observEdvary-
cal purposesV,, is in the 1-10 mV range, comparable ing linearly between 75 meV at 625 K and 30 meV
to 3, in which case this result indicates thef, and >  at 30 K, in guantitative agreement with theoretical pre-
do not combine in a simple manner in determining thedictions of the temperature dependence of the dominant
overall width. Conversely, given a width measured us- phonon contribution [7]. However, the theory, based on
ing a known modulation voltag®,,, it is not straight- perturbative treatment of the electron-phonon coupling
forward to extract the correspondirty To achieve this [22] with the Debye model for the phonon spectrum and
we use a plot of3 vs A, as shown in Fig. 3. The di- on Fermi liquid theory for the electron-electron scatter-
agonal lines connecting and A are based upon spec- ing [23] predictsI” to be 14 meV aff’ = 30 K, and the
tra from the detailed tunneling calculations [21], which larger value seen experimentally was attributed to surface
have been numerically convoluted with various modu-roughness [7]. Theilmanet al. [9] have identified an ob-
lation voltages. A measured value af including un- served correlation between the photoemission linewidth
certainties representing the broadly acceptable range @ind the width of LEED spots from the same surface, en-
widths, is related via the appropriate theoretical line toabling an extrapolation to perfect surface order and yield-
a self-energy. In this way we deduce from three low-ing I' = 43 = 5 meV at room temperature, compared to
temperature STM spectra valuesdf= 6.2 = 1.3 meV, the theoretical estimate &f = 30 meV.
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For Ag(111) the most accurate study to date is by *Present address: Department of Electrical and Computer
Paniagcet al. [8], who foundI” = 20 meV atT = 56 K. Engineering, University of lllinois at Urbana-Champaign,
The temperature dependence was not reported, but re- 3025 Beckman Institute, Urbana, IL 61801.
peating the calculations performed in Ref. [7] assuming [1] P.O. Gartland and B. J. Slagsvold, Phys. Re\134047
an electron-phonon mass enhancement parameter of 0.13 (1975). )

[22] and Debye energy of 18 meV givds= 5 meV at [2] 2( Ha)segawa and Ph. Avouris, Phys. Rev. L&, 1071

- - 1993).

I' = 0K for states at the surface-state binding energy .31 "¢ rommie, C. P. Lutz, and D. M. Eigler, Scien2é2,
and only a small increase of the phonon contribution to

218 (1993).
I"at T =56 K of ~1 meV. Therefore our value for 41 5 T, Ljetal,Phys. Rev. Lett80, 3332 (1998).
3 (=1T1/2) of 4.9 = 0.6 meV represents a significantly [5] R. Matzdorf, Surf. Sci. Rep30, 153 (1997).
lower experimental estimate &, but remains above the [6] S.D. Kevan, Phys. Rev. Let60, 526 (1983); J. Tersoff
theoretical value. Whether this remaining difference re- and S.D. Kevan, Phys. Rev. 28, 4267 (1983).
sults from the simplifications used in lifetime calculations [7] B.A. McDougall, T. Balasubramanian, and E. Jensen,
or is caused by the measurement via tunneling is an open Phys. Rev. B51, 13891 (1995).
question. [8] R. Paniagcet al., Surf. Sci.336 113 (1995).

It is natural to ask whether similar studies might be 1[9] Z LhellmaTnetdaII:_.,I;hys.IR:k\]/. 53 365’2 (1297)-1 _
used to study the energy dependenc& pfor example to 110 N-Memmel and E. Bertel, Phys. Rev. Letb, 485 (1995);

confirm the expected quadratic dependence with binding E'lfgéflilgégoos’ and J. Lehmann, Phys. RevS23

energy of the electron-electron scattering contributiop [11] N.V. Smith, Comments Condens. Matter Phys, 263
to the self energy [23]. Since on the clean surface it is (1992).

only the sharp onset at the surface-state binding energy2] m.p. Everson, R. C. Jaklevic, and W. J. Shen, J. Vac. Sci.

Eg which carries the spectroscopic signature Xf in Technol.48, 3662 (1991).

effect yielding 2(Es), the energy dependence can be[13] G. Hérmandinger, Phys. Rev. 89, 13897 (1994).

identified only through changes ifis. As Eg rises with  [14] R. Gaischet al., Ultramicroscopy42—-44 1621 (1992).

temperature [8], it may be possible to perform studies akl5] A. Zawadowski, Phys. Rev.163 341 (1967); J.A.

various temperatures, and hence extB®@E). However, Appelbaum and W.F. Brinkman, Phys. Rei86 464

the larger electron-phonon coupling contribution to the (1969).

lifetime also increases with temperature, and the therm !1[6] S. Crampin, J. Phys. Condens. Maltierg47 (1993).

broadening increases rapidly, so that it may prove difficul 7] Valid because in the rate of exponential decay into
g pialy, y P

. . L vacuum, botheV and the energy associated with the
to accurately identify the small contribution from,.. momentum of the surface state are much smaller than

Another possibility is to shift the position dfs through the tunneling barrier height. This approximation does not
alloying [24] with some polyvalent solute, but in this case affect the surface-state dispersion.

disorder provides an addition contribution &. This  [18] Found from the Green’s function for two-dimensional free

would itself be an interesting subject of study. Finally, electrons. See E.N. EconomoGreen’s Functions for
we note that the energy dependence Dfmight be Quantum PhysicéSpringer-Verlag, Berlin, 1983).
accessible through the spatial decay of oscillations in19] In the 7 = 0 limit the model corresponds to identify-
dl/dv surrounding surface defects [2]. ing dI/dV as n(V). Convoluting a steplike density of
To summarize, we have reported the first study of life- ~ States with a Lorentzian of FWHMX, and then ap-

plying the same definition of the width provides an

time effects on Shockley surface states imaged in the alternative route toA — 7S, The geometrical width

scanning tunneling microscope. We have analyzed data of the Lorentzian alone can readily be shown to be

frpm Ag(111) using .detal'led tunneling calculations and a 23, so the additional factor ofr/2 can be identified
simple model, and identify a value of the electron self- 55 esulting from the distribution of states probed by
energy of3 = 4.9 + 0.6 meV, corresponding to a life- the STM.

time 7 = 67 = 8 fs. This value of the self-energy lies [20] J. Kleinet al., Phys. Rev. B7, 2336 (1973).

considerably below those determined by angle-resolveff1] These lie below the corresponding analytic result, due
photoemission, but remains above theoretical predictions. to = = 0 in the barrier region and the approximations
In view of the high resolution now attainable in scan-  leading to Eq. (5). This leads to slightigrger estimates
ning tunneling (and photoelectron [25]) spectroscopies, it f = than predicted with the analytic model.

would clearly be worthwhile to take a fresh look at de- [22] G. Grimvall, The Electron-Phonon Interaction in Metals

. . ) o . (North-Holland, New York, 1981).
tailed calculatlons of surf_ace state lifetimes and partlcu[zs] D. Pines and P. NoziéreShe Theory of Quantum Liquids
larly their measurement via tunneling processes.

: . (Benjamin, New York, 1969).
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