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Dimensionality Effects in the 

Lifetime of Surface States 


A long-standing discrepancy between experimental and theoretical values for 
the lifetimes o f  holes in  the surface-state electron bands on noble metal 
surfaces is resolved; previous determinations of both are found t o  have been 
in  error. The ability of the scanning tunneling microscope t o  verify surface 
quality before taking spectroscopic measurements is used t o  remove the 
effects o f  defect scattering on experimental lifetimes, found t o  have been 
a significant contribution t o  prior determinations. A theoretical treatment 
o f  inelastic electron-electron scattering is developed tha t  explicit ly includes 
intraband transitions wi th in  the surface state band. In  our model, t w o -  
dimensional decay channels dominate the electron-electron interactions 
tha t  contribute t o  the hole decay and are screened by the electron states 
o f  the underlying three-dimensional electron system. 

A fundamental concept in condensed matter 
physics is the notion of a quasiparticle, an 
elementary excitation of an interacting Fermi 
liquid. The interactions between quasipar-
ticles limit how long the corresponding quan- 
tum states retain their identity: a quasiparticle 
is said to have a lifetime, which sets the 
duration of the excitation. Furthermore, in 
combination with the velocity, this lifetime 
determines the mean free path of the quasi- 
particle, a measure of the range of influence 
of the excitation. Thus, the quasiparticle life- 
time enters the description of many important 
phenomena, such as the dynamics of charge 
and energy transfer; screening in an electron 
gas and the Friedel oscillations; electron-pho- 
non coupling, the cornerstone of convention- 
al superconductivity; localization; quantum 
interference; and many more. 

In metallic systems, two-dimensional 
(2D) quasiparticle states-states that are lo- 
calized in one of the three spatial directions- 
are of natural and increasing importance in 
surface science (I)  and in nanoscale technol- 
ogy (2). In these systems, the situation is 
generally both more complex and less well 
understood compared with more homoge-
neous three-dimensional (3D) (3) and 2D (4) 
systems, even when the states in question are 
readily accessible to experiment. This applies 
to the surface electronic states that have been 
observed on the faces of many crystals (1, 
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5-10), 2D states that overlap in energy and 
space with 3D states and produce interesting 
possibilities for quasiparticle decay to pro- 
ceed simultaneously through both 2D and 3D 
channels (Fig. I), whilst the quasiparticles are 
stabilized through 3D screening, which may 
involve energetically well-separated levels. 
Despite prolonged experimental and theoret- 
ical effort [reviewed in ( l l ) ] ,  the lifetime of 
one of the simplest quasiparticles, a hole in 
such a surface state band, remains unclear. 
Theoretical models predict significantly long- 
er lifetimes than are observed with photoelec- 
tron spectroscopy (PES)-differing by as 
much as a factor of 8 for Au(l1 I). As a result, 
the surface state lifetime has achieved a wider 
importance in the context of understanding 
quasiparticle interactions (12). 

We present experimental data collected 
with a scanning tunneling microscope (STM) 
and a model for electron-electron scattering, 
in an effort to address this discrepancy. The 
STM enables defect scattering to be eliminat- 
ed, and we are able to report increased exper- 
imental lifetimes. Our calculations show that 
important screening corrections had been 
overlooked previously, and thus the electron- 
electron scattering rate was significantly un- 
derestimated due to neglect of the dominant 
contribution of intraband transitions within 
the 2D surface state band. 

Our experiments were performed with an 
in-house built ultra-high vacuum (UHV) low- 

STM (I3) 'perating at 4.6 K, 
using etched tips that 
were further prepared in UHV by heating and 
Art bombardment. Samples of the (I 11) fac- 
es of A ~ ,  AU, and cu crystals were prepared 
in UHV by standard cycles of and 
annealing, With the STM, large defect-free 
regions of the surfaces were identified, and 
their electronic structure was studied by 
dI1dV differential conductance spectroscopy, 

which measures a quantity that approximates 
the density of electronic states at the surface. 
From the experimental data (Fig. 2), where 
the dIldV spectra have been averaged over 
experiments with many different STM tips 
(I#),  the surface states appear as a prominent 
rise at V= -67, -505, and -445 mV for Ag, 
Au, and Cu, respectively, reflecting the 
threshold for tunneling from the partially oc- 
cupied surface state band. 

Previous work (15) has shown that the 
width of this onset in Fig. 2, A, is directly 
related to the lifetime of holes at the surface 
state band-edge 

h 
7 = p-

4A (1) 

where h is Planck's constant and P is a factor 
close to unity that measures the extent to 
which the tunneling state couples to lifetime- 
limiting processes. To identify values of T ,  

we determine p for these noble metal surface 
states with the method previously described 
(15). Current-voltage characteristics are cal- 
culated for each of the surfaces with a many- 
body tunneling theory implemented within a 
multiple-scattering framework, and the calcu- 
lations are numerically differentiated to ob- 
tain dIldV spectra. These are then analyzed to 
determine the proportionality between A and 
a local uniform imaginary self-energy within 
the solid. Analyzing the data from Fig. 2, we 
then arrive at lifetimes of T = 120,35, and 27 
fs for the states at the surface-state band edge 
on Ag, Au, and Cu, respectively (Table 1) 
(16). 

An important asset of STM is that surface 
quality can be verified before performing 
spectroscopic measurements. This is in con- 

Fig. 1. Schematic energy diagram for an elec- 
tron (electrons shown as solid circles) tunneling 
from the bottom (Eo) of an occupied surface 
band (solid parabola) of the sample to a me- 
tallic tip. States in the sample are displayed as 
a projected band structure. The dashed parab- 
ola indicates the maximum of the bulk bands. 
Fermi energies are denoted E,. The hole (open 
circle) left behind by a tunneling is 
filled by an intraband transition (arrow 2D) or a 
bulk state (arrow 3D). 
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trast to PES, which historically has been the 
principal tool for studying surface states. In 
PES, radiation incident on the metal surface 
illuminates a region typically lo2 to lo3 km 
across, which contains an unknown distribu- 
tion of surface defects. Defects are known to 
strongly couple the surface state electrons to 
bulk states and thus reduce lifetimes (17). 
With PES it is conventional to discuss not the 
lifetime but the line width l- = hi7 of the 
associated transition in which an electron in 
the surface state band absorbs a photon and is 
ejected from the sample (11). In Table 1, we 
compare line widths obtained from our STM 
measurements with previous PES data. For 
Ag(ll1) and Au(1 1 1), STM measures line 
widths smaller by a factor of 3 than PES (i.e., 
longer lifetimes), illustrating how large the 
electron-surface imperfection scattering con- 
tribution is. For Cu(l l l ) ,  the situation is 
markedly different. In this case, the PES val- 
ue of 21 meV has been obtained by exploiting 
an observed correlation with low-energy 
electron diffraction spot profiles (18) to ex- 
trapolate the PES line width to zero defect 
density. The good agreement here with the 
STM value provides evidence to support the 
use of this novel procedure for removing 
defect-induced broadening in PES. 

Eliminating the defect-scattering contri- 
bution partially improves agreement be- 
tween experiment and theory, but a large 
discrepancy remains. Table 1 lists theoret- 
ical values of r0,,based on previous theory. 
In the absence of defect scattering, two 
processes limit the lifetime of the hole: 
inelastic electron-electron scattering and 
electron-phonon coupling. Previous esti-
mates of the former have assumed 3D de- 
cay channels dominate, with the hole filled 
by interband transitions involving the bulk 
electrons near the surface, and have calcu- 
lated the line width using the degenerate 
electron gas model (DEGM) of an isotropic 
Fermi liquid (3). Also included in the value 
listed in Table 1 is the screening contribu- 
tion of the d-electrons [(19); discussed be- 
low]. The importance of the phonon contri- 
bution was only recently identified (20) and 
was used to successfully describe the tem- 
perature dependence of the line width of 
the Cu(l l1)  surface state in terms of the 
electron-phonon scattering rate evaluated 
using the bulk Debye model for the spectral 
density of the electron-phonon coupling a2 
F(w) (21). The r,,, values listed in Table 1 
include contributions of 5.2, 5.2, and 8 
meV for Ag, Au, and Cu, respectively 
(22), which we calculated with this ap-
proach. Surface effects lead only to minor 
corrections of these numbers (23), indicat- 
ing that the electron-phonon scattering con- 
tribution is not sensitive to the dimension- 
ality, whilst the fact that the surface state 
band edges of the noble metals lie at ener- 

Table 1. Summary of measured and calculated lifetimes and line widths of the band-edge surface state 
on the (1 11) faces of the noble metals. The lifetime T is obtained from the differential conductance 
spectra obtained with the STM, combining measured lineshape parameters A (Fig. 2) with proportionality 
constants p determined from tunneling theory. T,,, is the corresponding line width h / ~ .Tp,, denotes the 
line width previously determined by PES. These are to  be compared with theoretical values. Tolddenotes 
the line width in the degenerate electron gas model, and T,,, denotes the present calculation, including 
band structure and surface effects. Both of these calculations include d-screening in the electron-electron 
scattering and electron-phonon scattering as calculated within a 3D Debye model. 

Experiment Theory 

Metal 
h 

(me'.') 
P 

7 

(fs) rSTM rPES Fold '-new 

(meV1 (me'.') (me'.') (mew 

* (11 )  +Extrapolation down t o  T = 0 K of data from (30). $(18) 

Sample Voltage (mV) 

Fig. 2. dlldVspectra for Ag( l1 I ) ,  Au( l1 I), and Cu(l11). All spectra were taken at least 200 A away 
from impurities and are averages of different single spectra from varying sample locations and tips. 
In particular, the Au( l l1 )  spectrum constitutes an average over 17 single spectra taken across 
various positions across the surface reconstruction. 

gies well below the maximum phonon fre- 
quency and that the phonon spectrum enters 
in integral form (22, 23) also means that 
these values are rather insensitive to the 
precise form of the a2F(w); consequently, 
the use of the Debye spectrum is not ex- 
pected to be a large source of error. We are The sums over bands n and surface momenta 
therefore led to conclude that the discrep- k, include all states lying in energy between 
ancy between theory and experiment orig- the surface state energy and the Fermi level, 
inates in the evaluation of the inelastic E,, where cp,(z) is the corresponding wave 
electron-electron contribution. function normal to the surface and cp, refers 

In the new treatment we report, both band to the surface state. The screened interaction 
structure and surface effects are included, so W is found from the density response func- 
that we correctly include both 2D and 3D tion that we evaluate in the random-phase 
decay processes in describing the lifetime of approximation (RPA) (25). 
the holes in the surface state band. The elec- The wave functions cpn and cp, entering 
tron-electron scattering contribution to the Eq. 2 are calculated with a well-tested poten- 
inverse-lifetime or line width of a quasipar- tial (26) that exactly reproduces the width 
ticle with energy E is evaluated as a projec- and position of the energy gap, as well as the 
tion of the imaginary part of the quasiparticle binding energies of the surface state and the 
self-energy, X(r, r ' ;  E), over the state itself. first image state at the center of the surface 
We calculate this self-energy with the GW Brillouin zone. This pseudopotential correct- 
approximation of many-body theory (24), re- ly reproduces the behavior of the s-p valence 
taining the first term in the series expansion states around E,, ensuring that re., from Eq. 
of X in terms of the screened Coulomb inter- 2 accurately includes all inter- and intraband 
action W.Replacing the full Green function G transitions of that part of the surface electron- 
by the noninteracting Green function, we ob- ic structure where d-states are not significant. 
tain the following contribution to the line Transitions involving the d-states are not ex- 
width of the surface state at the band edge pected to play a direct role here because the 
energy Eo (25) noble metal d-bands lie rather deep in energy. 
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Table 2. The inelastic electron-electron scattering energy contribution to the line width re, of a hole at 
the surface-state band edge, as obtained from the DECM and this report, with and without d-electron 
screening corrections. Values in parentheses denote the contribution from intraband transitions within 
the surface state band. 

Energy DEGM Present theory 
Surface 

(mew No d-KT. d-scr. No d-xr. d-scr. 

kll 

I vacuum 

-.51 

ImW 
Fig. 3. There is only a gradual evolution in the 
wave functions cp,(z) of states through the 
occupied portion of the surface state band, 
leading to large overlap with the hole wave 
function cp0 at the band minimum. In contrast, 
wave functions associated with levels within 
the continuum of bulk states exhibit a different 
spatial distribution near the surface, leading to 
smaller overlap and making interband transi- 
tions less important than intraband transitions 
in filling the hole. The screened interaction is 
significantly enhanced near the surface [here 
ImW(z,z) is shown, in atomic units], both for 2D 
intra- and 3D interband transitions, coinciding 
with where the hole state is concentrated. This 
results in a hole line width that is much larger 
than that of bulk states at a similar energy; the 
hole lifetime is much shorter. 

Nevertheless, d-electrons do have an im- 
pact on screening and we take their effects 
into account following an approach pro- 
posed by Quinn (19). For excitation ener- 
gies less than 1 eV, the s-p electrons may 
be treated as if they are embedded in a 
polarized medium created by the d-band 
with a dielectric constant E = 1 + 6&, 
instead of unity, and this d-screening re- 
duces the efficiency of transitions into the 
surface state hole by a factor V%. For 
energies relevant to our problem, 6ed is 
practically constant and is equal to 2.4, 5.6, 
and 4.6 (27) for bulk Ag, Au, and Cu, 
respectively. By fully screening interband 
transitions and applying the d-screening 
correction to intraband transitions within 
the surface region, we obtain inelastic elec- 
tron-electron scattering contributions to the 

band-edge line widths re-, of 2.0, 13.7, and 
13.7 meV for Ag, Au, and Cu, respectively 
(28). 

In Table 2 we compare the predictions of 
the DEGM with those of the present theory. 
The DEGM, which assumes 3D transitions 
and neglects band structure effects, signifi- 
cantly underestimates by factors of 5 to 10 
the inelastic electron-electron scattering con- 
tributions to the line width. Resolving the 
transitions in Eq. 2 into interband and intra- 
band contributions, we identify the latter as 
dominant: The deficiency of the DEGM lies 
in the neglect of 2D intraband transitions 
within the surface state band itself, which 
contribute -80% to re-,. The 2D + 2D 
transitions are more efficient in filling the 
hole relative to 3D -+ 2D transitions because 
of the greater overlap (Fig. 3) of the hole 
wave function with the occupied states of the 
surface state band, as compared to the overlap 
with the bulk states at the surface. The overall 
larger magnitude of the present estimate of 
r,, in which even the contribution from 3D 
+ 2D transitions is comparable to the DEGM 
value that is based upon 3D + 3D transitions, 
arises from weaker screening at the surface, 
enhancing the screened interaction ImW in 
Eq. 2. In addition, the previously omitted 
screening by d-electrons is seen to provide a 
significant correction to the overall line 
width. 

In the final column in Table 1, we com- 
bine electron-electron and electron-phonon 
contributions to give total line widths for 
comparison with the experimental values. 
Whereas estimates using the DEGM yield 
values re,, that are significantly too small, the 
new calculations (rm) are in good agree- 
ment with the STM data, so that for the first 
time a consistent account is found for the hole 
lifetimes of the noble metal surface states. 
Scattering by lattice vibrations provides the 
dominant process limiting the hole lifetimes 
in Ag, but electron-electron scattering is most 
important for Au and Cu. Moreover, the pre- 
viously neglected 2D intraband transitions 
within the surface state represent a consider- 
able fraction of the total line width. Thus, 
two-dimensional decay channels dominate 
the electron-electron interactions that contrib- 
ute to the hole decay, screened by both s-p 

and d electron states of the underlying 3D 
bulk electron system. At energies above the 
band edge E,, the surface state wave function 
penetrates deeper into the solid, and the rel- 
ative importance of the 2D scattering channel 
is likely to decrease. Nevertheless, recent 
measurements of unexpectedly short life- 
times of excited electrons on Cu and Ag point 
to a persisting contribution (29). 

These results resolve a long-standing dis- 
crepancy in surface science. Furthermore, 
they open the way to new experimental in- 
vestigations of electron dynamics in 2D sys- 
tems that can complement k-space techniques 
such as ultrafast two-photon PES. The ap- 
proach we have developed can be extended to 
study adsorbed atoms, alloys, and thin films, 
including magnetic multilayers, systems that 
raise interesting questions concerning elec- 
tronic coupling and the effects of disorder. 
The theoretical methods are equally versatile 
and promise new insight into surface and 
interface electronic structure. 
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calculation, decreases in energy as RCu_Cs in
creases (13). This electronic change in response 
to the nuclear motion is recorded by time-
resolved two-photon photoemission (2PP) (6-, 
9). This pump-probe method measures 2PP ex
cited by a pair of identical laser pulses with a 

1 • i • • • 1 1 1 . 1 1 1 1 . 1 1 . i . 1 1 1 1 1 1 1 1 1 «> i1 

2 4 6 8 
Rcu-Cs(A) 

B i : n 

Parallel momentum 

Fig. 1 . (A) Schematic PESs are constructed fo l 
lowing the procedure in (9). The energy of 
adsorption of Cs+ (1.9 eV) and equilibrium 
^cu-cs ( 2 - 9 7 A).for the ground state (red) are 
from thermal desorption (9) and theory (73). 
The excited state (blue) is constructed wi th a 
van der Waals potential for the Cs atoms and a 
repulsive term that gives the correct excitation 
energy (5). The asymptotic energies of the Cs + 

and Cs products are indicated by red and blue 
horizontal lines, respectively (9). The pump 
pulse projects the ground-state wave packet 
(represented by a blue gaussian distribution) 
onto the excited state, "turning on" the repul
sive forces. The evolving wave packet (green 
distribution) is detected by the delayed probe 
pulse-induced photoemission from the 6s+6p z 

antibonding state. (B) Band structure for 
Cu(111), indicating the band gap (unshaded 
area) and the 2PP excitation scheme. The color 
gradient for the final state conveys different 
energies for observation of the dynamics of A. 
The energy of A decreases approximately quad-
ratically wi th the delay A. 

Real-Time Observation of 
Adsorbate Atom Motion Above 

a Metal Surface 
Hrvoje Petek,* f $ Miles J. Weida, Hisashi Nagano, Susumu Ogawa 

The dynamics o f cesium a t o m m o t i o n above the copper(11T) surface fo l l ow ing 

electronic exc i ta t ion w i t h l ight was studied w i t h femtosecond (10~1 5 seconds) 

t i m e resolut ion. Unusual changes in t he surface electronic s t ructure w i t h i n 160 

femtoseconds af ter exc i ta t ion, observed by t ime-reso lved t w o - p h o t o n pho to 

emission spectroscopy, are a t t r i bu ted t o a tomic m o t i o n in a copper-ces ium 

bond-breaking process. Describing t he change in energy o f t he cesium an t i -

bonding state w i t h a s imple classical mode l provides in fo rmat ion on the me

chanical forces act ing on cesium a toms t h a t are " tu rned o n " by photoexc i ta t ion . 

W i t h i n 160 femtoseconds, t he copper-ces ium bond extends by 0.35 angst rom 

f r o m its equi l ibr ium value. 
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