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Abstract

The phase coherence length and the corresponding lifetime of hot electrons in the surface state band of Ag(1 1 1)

have been measured with a low temperature STM for energies from the Fermi level to 3 eV. A divergence of the lifetime

from a ðE � EFÞ�2 behavior has been observed for energies lower than 400 meV. Theoretical analysis in terms of
electron–electron and electron–phonon scattering mechanisms shows that the energy dependence of the lifetime is

accounted for by the competition between intra- and interband electron–electron inelastic scattering and electron–

phonon contributions.

� 2002 Elsevier Science B.V. All rights reserved.
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Surface state electrons can control a large va-
riety of physical processes as adsorption, electron

screening and in general electron dynamics and

transport [1,2]. The knowledge of the phase co-

herence length LU, i.e. the length which surface

state electrons can travel without losing their

phase coherence, is thus of fundamental impor-

tance. While the elastic mean free path of electrons

is not affected by electron–electron scattering, be-

cause such a process does not lead to any loss in
the total momentum, the phase coherence length is

very sensitive to phase randomizing electron–

electron and electron–phonon collisions. The mea-

surement of LU, or equivalently of the lifetime of

the quasiparticle sU ¼ LUm�=�hkk, provides a direct
information on the electron–electron and electron–

phonon interaction, where m� is the reduced mass

and kk the wave vector of the surface state elec-
trons.

On metal surfaces the electron lifetimes have

been determined using different techniques as

photoemission [1,3], time-resolved two photon-

photoemission [4–7], and scanning tunneling
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microscopy (STM) [8,9]. While the first two inte-

grate over a macroscopic area and therefore can be

affected by the presence of surface defects or im-

purities that reduce the lifetime, STM enables to

select perfect terraces for the lifetime determina-

tion. For the Ag(1 1 1) surface local scanning
tunneling spectroscopy (STS) and dI=dV mapping
on clean terraces [8,9] as well as inside confined

regions, e.g. islands [10] or artificial quantum res-

onators [11,12], has been used to determine the

lifetime of the surface state electrons. However, the

local density of states (LDOS) inside the confine-

ments is modified with respect to the LDOS ob-

served on clean terraces. It is therefore not clear if
in the latter experiments the reported lifetime is

only due to the surface state electrons and is not

affected by e.g. the adsorbate species delimiting the

confined region in the case of artificial quantum

resonators.

The lifetimes of low energy surface state elec-

trons on Ag(1 1 1) reported in this letter have been

determined from direct measurement of the phase
coherence length. The approach is based on the

quantitative analysis of the amplitude decay of

the quantum mechanical interference pattern at

step edges [9]. The interference patterns (‘‘standing

waves’’) die away within a short distance of the

step because electrons eventually scatter from one

quantum state into another, destroying the phase

coherence. Thus the lifetime during which the
electron remains in a specific quantum state before

scattering is directly reflected in the distance over

which the waves persist away from the step edge.

The experiments are the first momentum resolved

lifetime measurements of the pristine surface span-

ning the entire energy interval from the Fermi level

to the band edge. By comparison with theoreti-

cal calculations we are able to identify the rele-
vant relaxation mechanism in terms of intra- and

interband inelastic electron–electron scattering and

electron–phonon coupling.

In the experiment, large defect-free terraces

with a very low impurity concentration have been

prepared cleaning the Ag(1 1 1) by Ar-sputtering

and annealing cycles. The experiments were per-

formed at 6 K with a home built UHV STM [13]
using a tungsten tip. The dI=dV images have been
acquired by a lock-in technique superimposing a

sinusoidal signal with amplitude DV to the applied
sample bias. Particular attention has been paid in

selecting surface areas free of impurities and other
potential scatterers for a distance larger than the

mean free path of the electrons. This assures that

the coherence length of the electrons is not influ-

enced by other static scattering centers. STM

allows in a very flexible way to inject electrons in a

metal at chosen energies above the Fermi level.

The schematic principle of the tunneling process

is shown in Fig. 1. An electron tunnels from the
Fermi level of the tip into an unoccupied level of

the metal from where after a short time it will

decay to the ground state. In this figure the surface

state dispersion relation (m� ¼ 0:4me and EC ¼
�65 meV [1,14]) is plotted together with the pro-
jected bulk band (m� ¼ 0:25me and EC ¼ �380
meV [15,16]). Circular dots in Fig. 1 indicate the

energy below 1 eV where the lifetime of the hot
electrons has been experimentally evaluated.

Fig. 2a shows a dI=dV map (which is propor-
tional to the LDOS) of the surface on the upper

terrace in proximity of step (bright line marked

with an arrow). An averaged series of line scans

parallel to the dashed line in the dI=dV map

Fig. 1. Scheme of the tunneling process of hot electrons in the

surface state band. Dots indicate the kk for Energies below 1 eV
at which the lifetime of the electron has been experimentally

evaluated. These can relax through intra- or interband scat-

tering.
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showing an oscillatory behavior whose periodicity

is bias dependent, is presented in Fig. 2b. Surface

state electrons elastically scattered by a repulsive

potential localized at the step edge [25] return at
the tip position where they superimpose coherently

with the incoming electron. This creates an oscil-

latory pattern in the LDOS due to interference.

Inelastic scattering processes that destroy the phase

coherence of an electron traveling between tip and

step lead to a decreasing amplitude of the oscilla-

tion as a function of the distance from the step.

This decay of the LDOS pattern reflects therefore

the phase coherence at the clean surface, which is

free of defects. At a given energy E, the LDOS at
the step can be described by [9]

qstepðE; xÞ / 1
�

� rðkkÞe�2x=LUJ0ð2kkxÞ
�

ð1Þ

where J0 is the Bessel function of zeroth order and
r is the reflection amplitude.
The exponential factor in Eq. (1) accounts for

the finite coherence length LU of the electrons,

which is determined by inelastic scattering pro-
cesses outside the range of the scattering potential

of the step. The amplitude of the quantum inter-

ference pattern decays with increasing distance x
from the step as a consequence of phase random-

izing events such as the inelastic electron–electron

and electron–phonon scattering processes on

the clean terrace, which correspondingly reduce

the lifetime sðEÞ. Eq. (1) was used in the region
x > 1:5pkk from the step position, which is well

outside the region where the step potential itself

modifies the LDOS. A fitting procedure, which

accounts for the applied lock-in modulation and

for the broadening of the Fermi–Dirac distribu-

tion at T ¼ 6 K, has been performed in order to
obtain the wave vector parallel to the surface kkðEÞ
and the phase coherence length of the electrons LU

at each given energy. It was then checked that the

defect-free terrace width at which the measurement

was taken was at least twice the obtained LU. The

result of this analysis is shown in Fig. 2c for the

full energy range 0.1–3 eV including our earlier

data from Ref. [9]. The experimental data are

found to scale with ðE � EFÞ�2 above 0.5 eV but
substantially deviate from the quadratic scaling at
lower energies.

For completeness the lifetime of holes at the C-
point of the surface state band has also been

evaluated. Measurements of the differential con-

ductance vs. sample-voltage V have been per-

formed with a lock-in technique in open feedback

loop conditions at single points on a wide defect-

free terrace. At the onset of the surface state the
LDOS shows a sharp rise from which the lifetime

of the holes can be extrapolated [8]. With a refined

analysis we took carefully into account the effect

of the lock-in modulation and temperature and

obtained an average line width of 5.5 meV,

Fig. 2. Experimental lifetime of hot surface state electrons at

the Ag(1 1 1) surface. (a) dI=dV map of the Ag(1 1 1) surface in
proximity of a step edge (marked with an arrow). Image size

�320	 250 �AA2, achieved at 330 mV, with 31 mV lock-in

modulation (peak-to-peak)). (b) Amplitude decay on the upper

terrace perpendicular to the step edge obtained by averaging

over several line scans of the dI=dV map in a), from which the
decay length LU is determined to be 417 �AA. (c) Measured life-

time as a function of energy; Solid symbols are the newly ac-

quired low energy data (circles) and the data of our earlier

measurement (solid squares) taken from [9]. The solid line is a

fit of the data from [9] (i.e. at high energies) to the ðE � EFÞ�2
behavior of a free electron gas in the Fermi liquid model with a

prefactor of 10.4 fs eV2 [9].
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corresponding to a lifetime of 120 fs for the holes

at this energy. 1 The line width is consistent al-

though somewhat smaller than what has been ex-

perimentally observed with photoemission [1] and

with previous STM studies [8,17].

Our theoretical calculation of the electron–
electron contribution to the inverse lifetime, C, is
based on the GW approximation for the quasi-

particle self-energy [18]. Since fully first-principles

three dimensional calculations of surface quasi-

particle dynamics for metals with d-electrons are

computationally not yet feasible [24] we use a

model in which charge density and one-electron

potential varies only in z-direction perpendicular
to the surface and is constant in the ðx; yÞ-plane
[21]. In this model the inverse lifetime of a quasi-

particle with energy E0 and momentum kk is writ-
ten in terms of the 2D Fourier transforms of the

self-energy

C ¼ �2
Z Z

/�
0ðzÞImRðz; z0; kk;E0Þ/0ðz0Þdzdz0

ð2Þ
where the ImR is

ImRðz; z0; kk;E0Þ

¼ 1

ð2pÞ2
XEF<En<E0

En

/�
nðz0Þ/nðzÞ

	
Z
ImW z; z0; kk

 
� qk;E0 � En

þ
k2k
2m20

�
q2k
2m2n

!
dqk: ð3Þ

Here ImW ðz; z0; kk;E0 � Ef Þ is the two-dimensional
Fourier transform of the imaginary part of the

screened Coulomb interaction, E0ð/0ðzÞÞ and

Enð/nðzÞÞ are the energies (wave functions) of the
initial and final states, respectively, describing
electron motion perpendicular to the surface, and

m0 and mn are corresponding effective masses. The

energies En and wave functions /nðzÞ have been
evaluated by using a well-tested model potential of

Ref. [19].

This approach has been successfully applied to

the calculation of quasiparticle lifetimes in the

wide gap s–p surface state band and image po-
tential states at the center of the Brillouin zone for

the (1 1 1) surfaces of noble metals and Be(0 0 0 1)

[17,20,21]. In contrast to the surface state band

bottom which is well separated from bulk states

[15,19] the surface state band approaches the bulk

band edge for energies above EF and enters bulk
continuum at �0.46 eV losing its surface weight.
This behavior is of crucial importance to under-
stand the physics of the electron decay in the sur-

face state. To take this fact into account we modify

the wave function of the surface state at kk 6¼ 0 for
E > EF by recalculating /ðzÞ for the relevant
energy gap width and the surface state energy in

the same way as it was done for the surface band

bottom [19,21]. The evaluation of C with the re-
calculated momentum dependent surface state
wave functions leads to the significant reduction

(by factor of 4 at E ¼ 0:5 eV) of intraband con-
tribution and to much better agreement with the

measured results. Another potentially important

point is the role of d-states in the quasiparti-

cle decay. The potential [19] correctly describes the

s–p valence states just below EF and for E > EF
which are included in inter- and intraband transi-
tions in Eq. (3). d-states do not directly participate

in these transitions because they are located rather

deep in energy, nevertheless they can influence the

electron decay through screening. Due to the small

momentum transfer involved and to the fact that

the surface state electrons are separated from the

d-orbitals the screening effect due to d-electrons is

rather small [22], and does not influence seriously
the decay rate of electrons in the surface state.

Besides the electron–electron part Ce–e of the decay
we have also performed the calculation of the

1 To extract the line width of holes from the onset of the

surface states the derivative of the dI=dV curve has been

calculated. This transforms the surface states onset into a peak

centered at the E0-point. The peak has been fitted with a Voigt
function in which the FWHM of the Lorentzian and of the

gaussian components account for the line width and the lock-in

modulation contribution respectively. The Lorentzian contribu-

tion has been obtained as fitting parameter while the corre-

sponding gaussian width has been fixed as the applied lock-in

modulation. This fitting procedure allows to measure the

lifetime from the onset of the surface state avoiding possible

geometrical uncertainties in the location of the surface state

onset which are intrinsic in the method proposed by Li et al. [8].
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electron–phonon contribution Ce–ph [23] that in-
cludes both the bulk and surface phonon modes.

For energies which are higher than the Debye

temperature of Ag and which are of interest to the

present work this contribution has a constant va-

lue of 3.6 meV.
To compare the theoretical results with the ex-

perimental data we estimated the effect of a single

step on Ce–e. Assuming that the electron self-
energy is the same both for an ideal surface and for

a surface with a step (this is the case for distances

relatively far from the step) one obtains that the

effect of the step is scaled as 1=R, where R is the
terrace width. For terraces used in the present
experiments the step contributes 0.1% of the ideal

surface Ce–e. Neglecting this contribution in Fig. 3
we compare the measured and calculated results

in terms of an inverse lifetime C ¼ �h=s scaled by
1=ðE � EFÞ2 for energies from 0.1 to 1 eV (for

energies E > 0:8 eV our theoretical method is less
valid because of approximations used). In the

1=ðE � EFÞ2 units the conventional Fermi liquid
theory gives C ¼ constant as a function of energy

and any deviation of scaled inverse lifetime will

show non-free electron gas behavior of the lifetime

broadening. The comparison of experiment and

theory allows to analyze the most important con-

tributions to the decay rate in different energy in-

tervals. In the figure the experimental data are
shown as solid squares whereas the theoretical

calculation is shown as lines. The calculated line

widths C due to inter- (3D) and intraband (2D)

electron–electron Ce–e scattering, the electron–
phonon interaction Ce–ph, and the line width due to
all the inelastic scattering processes Ctot ¼ Ce–eþ
Ce–ph are shown separately. We see that for ener-
gies in excess of 0.35 eV the theoretical calculation
of Ctot agrees well with the measured data. For
E > 0:5 eV the interband contribution from bulk
states becomes the largest one, however it still re-

mains comparable with the intraband contribu-

tion. For high energies electron–phonon scattering

becomes negligible at low temperatures. For en-

ergies lower than 0.35 eV we find that the mea-

sured lifetimes are larger (i.e. C is smaller) than the
lifetimes predicted but in reasonable agreement.

The intraband transitions and Ce–ph scattering are
competitive processes at energy lower than 400

meV and are responsible for the deviation from the

quadratic behavior. For these energies the surface

state shows less bulk like behavior than for higher

energies. The increase of the contribution from

intraband transitions is attributed to a stronger 2D
character of the transitions screened by the un-

derlying 3D electron system [17] and enhanced by

lnððE � EFÞ=EFÞ [26]. Therefore the experimental
data show the transition between different domi-

nant scattering mechanisms when the electron en-

ergy approaches the Fermi level.

In conclusion, low temperature STM measure-

ments of the lifetimes have been carried out for hot
electrons in the surface state band of Ag(1 1 1) for

energies 0:1 < E < 3 eV. The results are compared
to calculations that permit to identify the rela-

tive strength of inelastic scattering mechanisms.

Whereas for energies above 1 eV scattering with

bulk electrons dominates over electron–electron

scattering in the surface state band, this latter

mechanism becomes the dominating inelastic elec-
tron–electron interaction for energies below 0.4

eV. It has been shown that for this energy range
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Fig. 3. Comparison between the experimental inverse lifetime C
(solid symbols) and the calculated C (lines) plotted as C=ðE�
EFÞ2 vs. ðE � EFÞ. The various inelastic channels contributing to
the calculated Ce–e þ Ce–ph (dashed line) are given in different
line formats (see legend in the figure). The deviation from the

quadratic behavior found at high energies in Fig. 2 is due to

contributions from intraband (2D) electron–electron scattering

(dotted) and electron–phonon interaction Ce–ph (dash-dotted).
The gray shaded area of the plot marks the region where the

surface state overlaps in energy with the projected bulk bands.
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inelastic intraband electron–electron scattering

and electron–phonon interactions control the de-

viation of the inverse lifetime from the quadratic

behavior observed at higher energies.
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