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Quasiparticle interactions broaden spectral features at surfaces, which can be measured usin
scanning tunneling microscope (STM). We report the first study of lifetime effects on Shockley surfa
state electrons using low-temperature STM spectroscopy. Data taken from Ag(111) are analyzed
detailed tunneling calculations and a simple model, and are found to correspond to a self-energ
S  4.9 6 0.6 meV. This is considerably below values determined by angle-resolved photoemiss
but remains higher than theoretical predictions. [S0031-9007(98)07612-1]
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Noble metal surface states have been the focus of e
perimental interest for over two decades, from their initia
observation by angle-resolved photoemission spectrosco
(ARPES) by Gartland and Slagsvold [1] through to rece
studies of defect scattering and lateral confinement to s
face nanostructures [2–4]. On the whole, they are ve
well characterized, with accurate values known for the
binding energies, effective masses, and Fermi wave ve
tors, including the temperature dependence and their
sponse to various changes in surface conditions [5], a
these agree well with theoretical predictions. Howeve
the surface-state lifetimet remains an elusive quantity,
despite prolonged investigation by ARPES [6–9], wit
current best estimates for inverse lifetimes exceeding the
retical predictions by,300% in the case of Ag.

The lifetime is of interest as it determines the mean fre
path of the surface-state electrons, and hence the effec
range of surface-state mediated interactions [10]. Mor
over, measurements oft have played a fundamental role
in honing the analysis of ARPES experiments, one of th
key techniques of solid-state spectroscopy, through stu
ies establishing the connection between intrinsic samp
properties and recorded peak widths. These are also
fluenced by finite energy and angular resolution, and im
portantly surface conditions, and a full understanding
required before ARPES may be confidently used for stud
ing the dynamical properties of many-electron systems
point cogently highlighted by Smith [11]. The failure to
observe the expected lifetimes is despite recent succes
achieving a quantitative understanding of the temperatu
dependence oft [7], and an observed correlation betwee
t and surface roughness [9], which has enabled an extra
lation to a hypothetical defect-free surface. Indeed this la
ter work appears to remove the final refuge of most rece
attempts to determinet, which have tended to attribute the
remaining discrepancy to imperfect surface conditions, a
0031-9007y98y81(20)y4464(4)$15.00
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prompts the question of whether the remaining differenc
originate in some continuing experimental artifact or poi
to a true deficiency of theoretical estimates and the und
lying assumptions upon which they are made.

With this in mind, we have sought to determine th
surface-state lifetime by an alternative technique, usi
low-temperature tunneling measurements taken fro
Ag(111) with the scanning tunneling microscope (STM
The ability of the STM to detect surface topology an
to identify minute amounts of contamination, well below
the limits of conventional surface analytical technique
ensures that we study an effectively defect-free surfa
Although the surface state is localized at the metal surfa
and so might not be expected to carry current, numero
studies have shown otherwise, imaging the surface st
spectroscopically [12] as well as mapping out the wa
function of the surface state interacting with various su
face defects [2–4]. We attribute this to electron-electro
and electron-phonon scattering which couple the surfa
state to extended bulk states, and which give relaxat
times much shorter than the time between tunneling eve
in the 1 nA regime. With lifetime effects included, pertur
bative theories of the tunneling, which do not distinguis
between localized or extended states, become valid [1
and we show below that they provide a consistent acco
of the STM tunneling data from Ag(111).

Our experiments are performed in a custom-built u
trahigh vacuum (UHV) STM [14], operating down to
temperatures of 5 K and using electrochemically etch
W tips. A Ag(111) substrate, cleaned by sputter-anne
cycles in UHV, is scanned to identify a surface regio
($3000 nm2) free from defects. Spectroscopy of the dif
ferential conductancedIydV versus the sample voltage
V is performed under open feedback loop condition
adding a voltage modulation (amplitudeVm  1 10 mV
at v  230 Hz) and using a lock-in amplifier to record
© 1998 The American Physical Society
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the signal atv. In Fig. 1 we showdIydV spectra mea-
sured at 5 K. Figure 1a showsdIydV over an extended
voltage range, with the sharp rise in the conductance n
270 meV corresponding to the onset of the contributio
from the surface state. This is typical of many taken und
a variety of tunneling conditions at 5 K, although the ove
all slope of the spectrum shows some variation which w
attribute to differences in tip structure, tip-sample sep
ration, and drift. This may be seen in Figs. 1b,1c, whic
show two separately recorded spectra. The width of t
onset, which forms the basis of our analysis below,
more consistent from spectrum to spectrum.

To quantify how the lifetime influences spectra suc
as those in Fig. 1, we calculate the conductance with
the framework of the many-body tunneling theory o
Zawadowski, Appelbaum, and Brinkman [15], numericall
differentiating the current calculated from

IsV d 
e
p

Z
drS

Z
dr0

S

Z
dvffsvd 2 fsv 1 V dg

3 fs=
√

2 $=d Im GLsr, r0, v 1 V d

3 s=
√

2 $=d Im GRsr0, r, vdg . (1)

GR andGL are retarded Green’s functions of the tip an
sample,f the Fermi function, and the surface integral
are taken over the plane bisecting tip and sample. F
lowing Hörmandinger [13] we approximate the tip by a
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FIG. 1. (a) ExperimentaldIydV spectra taken from Ag(111),
showing the steplike onset near270 mV due to tunneling into
the surface state. (b) and (c) show the onset region in de
from spectra recorded with different tips, showing the variatio
in slope above the onset.Vm is the modulation voltage and
in (b) the geometrical width used in the analysis is illustrate
dIydV doubles just above the onset.
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single atom, using a 4 eV optical potential to give a r
alistic spectral density. We calculate the sample Gree
function using multiple-scattering techniques treating th
crystal within the atomic sphere approximation [16]. Life
time effects are incorporated via an imaginary self-ener
which we treat at an empirical level, using for the sel
energy operatorSsr, r0; Ed a local constant term restricted
to the sample, with magnitudeS  h̄y2t. Figure 2 shows
conductance spectra evaluated for various values of t
self-energy. AsS increases, the onset of the surface-sta
contribution is seen to broaden, while the relative cont
bution of the surface state to the conductance above
onset decreases.

As a simple model to show the connection betweenS

and the width of the onset indIydV we write for the tunnel
current

IsV d  C
Z `

2`

nsE 1 V d ffsEd 2 fsE 1 V dgde , (2)

wherensEd is the surface density of states. This mod
assumes that we are in the weak coupling regime betwe
the sample and an electronically featureless tip, and t
the energy and momentum dependence of the tunnel
matrix elements in Eq. (2) can be neglected [17]. Takin
for nsEd a constant backgroundNB of bulk states at
the surface plus a contribution from the surface state
two-dimensional electron gas with effective massmp and
binding energyES , and again including lifetime effects via
a constant self-energy, then [18]nsEd  NB 1 mpfp 2

fsE 2 ESdgy2p2 where cosfsEd  Ey
p

E2 1 S2, and
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FIG. 2. CalculateddIydV spectra for various self-energiesS.
Curves forS  4 and 5 meV are offset for clarity, and each i
given relative to the conductance below the surface-state on
The inset compares the experimentaldIydV spectrum with the
theoretical result found withS  5 meV, convoluted with a
Vm  5 meV modulation voltage.
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the differential conductance follows from (2):

dI
dV

 CNB 1
Cmp

2p2

Z `

2`

S

E2 1 S2 fsE 2 V 1 ESddE .

(3)

This has the characteristics of Figs. 1 and 2, nam
a sharp increase nearES , with the width varying with
S. To quantify the width, which we denoteD, we
adopt the geometrical definition illustrated in Fig. 1b
extrapolating the slope at the midpoint of the rise
the continuation of the conductance above and bel
the onset. The variation in the slope found above t
surface-state onset in the experimental data, as previou
mentioned, prevents a proper “line-shape” analysis, wh
this definition of the width has the advantage of allowin
an analytical treatment. In particular at 5 K,T ø S

enabling a Sommerfeld expansion of Eq. (3). This give

D . pSf1 1 OsTySd2g , (4)

showing a linear relation exists between the geometri
width of the onset and the self-energy [19]. Our detaile
calculations using Eq. (2) confirm this result, but with
slope.0.9p, the smaller value reflecting the probabilit
of the finding the electron in the barrier region whe
Ssr, r0; Ed  0.

Equation (4) provides the relationship between t
measured width of the onset indIydV and the self-
energy. However, in our measurements we use
modulation technique to improve the signal-to-noise ra
by eliminating phase-incoherent noise contributions at t
expense of an additional source of broadening. This
well understood, with the signal atv given by [20]

Iv 
2
p

Z Vm

2Vm

IsV 1 Ed
p

V 2
m 2 E2

V 2
m

dE . (5)

It is possible to apply this convolution to the expressio
for the model current in Eq. (2) and repeat the abo
analysis for the widthD analytically. This givesD .
spV 2

my2d f
p

S2 1 V 2
m 2 Sg21 1 OsTySd2. For practi-

cal purposesVm is in the 1–10 mV range, comparabl
to S, in which case this result indicates thatVm and S

do not combine in a simple manner in determining th
overall width. Conversely, given a widthD measured us-
ing a known modulation voltageVm, it is not straight-
forward to extract the correspondingS. To achieve this
we use a plot ofS vs D, as shown in Fig. 3. The di-
agonal lines connectingS and D are based upon spec
tra from the detailed tunneling calculations [21], whic
have been numerically convoluted with various mod
lation voltages. A measured value ofD, including un-
certainties representing the broadly acceptable range
widths, is related via the appropriate theoretical line
a self-energy. In this way we deduce from three low
temperature STM spectra values ofS  6.2 6 1.3 meV,
4466
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FIG. 3. The solid lines relate the self-energyS used in the
tunneling calculations and the resulting widthD of the surface-
state onset, for different modulation voltagesVm. The shaded
regions relate experimentally determined widths, includin
uncertainties, to corresponding self-energies.

4.1 6 1.1 meV, and4.9 6 0.9 meV, giving an estimated
imaginary self-energy ofS  4.9 6 0.6 meV.

Further support for a value around 5 meV come
from the relative contribution of the surface state to th
total conductance for voltages above the onset. As m
be seen from Fig. 2, forS . 5 meV the surface state
contributes approximately 50% of the total signal, whic
is the contribution observed experimentally. The variatio
with S is due to changes in the relative contribution o
tunneling intobulk states, with increasingS resulting in
increased spectral weight within the bulk band gap.

Previous attempts to evaluateS have been by ARPES,
where the full width at half maximum of the Lorentzian
line shape of the peak associated with the surface st
is G  2S. The surface state on Cu(111) has receiv
most attention, with the study by McDougallet al. [7]
having the highest resolution. They observedG vary-
ing linearly between 75 meV at 625 K and 30 meV
at 30 K, in quantitative agreement with theoretical pr
dictions of the temperature dependence of the domin
phonon contribution [7]. However, the theory, based o
perturbative treatment of the electron-phonon couplin
[22] with the Debye model for the phonon spectrum an
on Fermi liquid theory for the electron-electron scatte
ing [23] predictsG to be 14 meV atT  30 K, and the
larger value seen experimentally was attributed to surfa
roughness [7]. Theilmannet al. [9] have identified an ob-
served correlation between the photoemission linewid
and the width of LEED spots from the same surface, e
abling an extrapolation to perfect surface order and yie
ing G  43 6 5 meV at room temperature, compared t
the theoretical estimate ofG  30 meV.
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For Ag(111) the most accurate study to date is b
Paniagoet al. [8], who foundG  20 meV atT  56 K.
The temperature dependence was not reported, but
peating the calculations performed in Ref. [7] assumin
an electron-phonon mass enhancement parameter of 0
[22] and Debye energy of 18 meV givesG  5 meV at
T  0 K for states at the surface-state binding energ
and only a small increase of the phonon contribution
G at T  56 K of ,1 meV. Therefore our value for
S ( Gy2) of 4.9 6 0.6 meV represents a significantly
lower experimental estimate ofS, but remains above the
theoretical value. Whether this remaining difference r
sults from the simplifications used in lifetime calculation
or is caused by the measurement via tunneling is an op
question.

It is natural to ask whether similar studies might b
used to study the energy dependence ofS, for example to
confirm the expected quadratic dependence with bindi
energy of the electron-electron scattering contributionSee

to the self energy [23]. Since on the clean surface it
only the sharp onset at the surface-state binding ene
ES which carries the spectroscopic signature ofS, in
effect yielding SsESd, the energy dependence can b
identified only through changes inES. As ES rises with
temperature [8], it may be possible to perform studies
various temperatures, and hence extractSsEd. However,
the larger electron-phonon coupling contribution to th
lifetime also increases with temperature, and the therm
broadening increases rapidly, so that it may prove difficu
to accurately identify the small contribution fromSee.
Another possibility is to shift the position ofES through
alloying [24] with some polyvalent solute, but in this cas
disorder provides an addition contribution toS. This
would itself be an interesting subject of study. Finally
we note that the energy dependence ofS might be
accessible through the spatial decay of oscillations
dIydV surrounding surface defects [2].

To summarize, we have reported the first study of lif
time effects on Shockley surface states imaged in t
scanning tunneling microscope. We have analyzed d
from Ag(111) using detailed tunneling calculations and
simple model, and identify a value of the electron se
energy ofS  4.9 6 0.6 meV, corresponding to a life-
time t  67 6 8 fs. This value of the self-energy lies
considerably below those determined by angle-resolv
photoemission, but remains above theoretical predictio
In view of the high resolution now attainable in scan
ning tunneling (and photoelectron [25]) spectroscopies
would clearly be worthwhile to take a fresh look at de
tailed calculations of surface-state lifetimes and partic
larly their measurement via tunneling processes.
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