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Hot-electron dynamics at Cu„100…, Cu„110…, and Cu„111… surfaces:
Comparison of experiment with Fermi-liquid theory

S. Ogawa, H. Nagano, and H. Petek
Advanced Research Laboratory, Hitachi Ltd., Hatoyama, Saitama 350-03, Japan

~Received 10 July 1996; revised manuscript received 5 December 1996!

Lifetimes of hot electrons in the 1.3–3.2-eV energy range at low index surfaces of Cu„~100!,~110!,~111!… are
measured by two-photon time-resolved photoemission spectroscopy with,10 fs resolution. Energy depen-
dence of the lifetimes deviates from the (E2EF)

22 functional form predicted by the standard Fermi-liquid
theory for free-electron metals, but a qualitative agreement with the theory is obtained by calculating the
e-e scattering times from the band structure of Cu. However, the magnitude of the calculated lifetimes,
assuming Thomas-Fermi screening length, is still about six times smaller than the measured. The failure of the
free-electron model in predicting the energy dependence and magnitude of the scattering times is attributed in
part tod-band electrons, which have a maximum density at22 eV and can participate both in scattering and
screening of hot electrons. The measured lifetimes also show a modest dependence on the crystal face, which
is not reproduced by the band-structure calculations. The origins of this anisotropy may include coherence
effects in the excitation, anisotropies in thee-e scattering cross sections, a contribution frome-p scattering to
the hot-electron decay, or differences in surface electronic structure.@S0163-1829~97!02113-9#
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I. INTRODUCTION

The creation and dissipation of electronic excitation
surfaces is a key to understanding a variety of chemical
physical phenomena at surfaces. Scattering or absorptio
energetic particles such as photons, electrons, ions, or
ecules at metal surfaces leads to transient nonthe
electron-hole distributions. Hot carriers also can be gener
by large electric fields present in semiconductor devices.
laxation of hot-electron distributions governs the time sca
and efficiency of electronically induced surface process
Thermalization of hot electrons in metals and at metal s
faces occurs on femtosecond time scales due to effic
electron-electron (e-e) scattering with the conduction-ban
electrons. The electron gas equilibrates with the lattice
electron-phonon (e-p) scattering on a longer, but still sub
picosecond time scale. Highly energetic electrons in me
are of current interest because of their role in surface che
cal reactions and hot-electron damage in semicondu
devices.1,2 The unique properties of hot electrons can be u
in a range of applications such as ultrafast electronic
optoelectronic devices,3 or electronic catalysis.4,5 Direct
measurements of electron-scattering rates as a functio
energy and momentum also are valuable for testing the
dictions of calculated scattering rates from many-body th
ries. However, until recently, electronic relaxation in met
could be studied only by indirect means that measure
scattering length scales, rather than time scales, and are
ited to a small energy range near the Fermi surface, o
much higher energies above the vacuum level. Althou
there is a large body of information one-e ande-p scatter-
ing from indirect measurements such as heat and elect
transport at low temperatures,6 or from linewidths in photo-
emission spectra,7 such measurements are indirect, and cr
cally depend on the sample purity and surface quality.

Optical excitation and probing of metal surfaces by
550163-1829/97/55~16!/10869~9!/$10.00
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trafast laser pulses makes it possible to generate well-defi
nonequilibrium hot-electron distributions, and to tim
resolve their relaxation.8,9 With the currently available lase
technology, it is possible to follow hot-electron relaxatio
with ,10 fs time resolution.10 Two-photon time-resolved
photoemission~TPTRP! spectroscopy has been developed
study directly the dynamics of optically excited electrons
metal and semiconductor surfaces.11 This technique has bee
applied to direct measurement of hot-electron relaxation
noble and transition metals,10–15 surface state dynamics o
clean and adsorbate-covered metal surfaces,15–17 and much
work on charge carrier dynamics in semiconductors.11

The starting point for comparison of experimental ho
electron relaxation rates with theory is the standard Fer
liquid theory for free-electron metals.18 However, while in
some cases the agreement with the Fermi-liquid theory
good, mostly, the theoretical rates are significantly fas
than the experimental.10–15For copper, the most widely stud
ied metal by TPTRP, there is a large difference betwe
results obtained in several laboratories, and in some c
with the calculated rates from the Fermi-liquid theory.10,13,15

It is not clear if the variation in the experimental rates mer
reflects different interpretations of the data, or whether
experiments are measuring different physical proces
Since copper has a well-known band structure, and is re
sentative of both noble and transition metals, it is import
to make critical comparison between experiment and the

This paper presents a systematic study of hot-electron
cay rates for Cu~100!, Cu~110!, and Cu~111! surfaces. Sec-
tion II describes the TPTRP technique and how thee-e scat-
tering rates are extracted from the measurements. Sec
III A gives the experimental lifetimes for hot electrons in th
1.3–3.2-eV range. Significantly, different lifetimes are o
served for the different crystal orientations, and the lifetim
are not proportional to (E2EF)

2 as predicted by the standar
Fermi-liquid theory for free-electron metals~E2EF is hot-
electron energy measured relative to the Fermi energyEF!.
10 869 © 1997 The American Physical Society
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10 870 55S. OGAWA, H. NAGANO, AND H. PETEK
Section III B gives the details of calculations of hot-electr
rates from a free-electron model and the band structure
Cu. If the free-electron approximation is assumed, the s
tering rates can be calculated from convenient analytic
pressions. However, the free-electron model neglects
contributions ofd electrons to scattering and screening. T
energy dependence of the rates, but not the magnitude
brought into much better agreement with the experiment
numerically calculating the rates using the calculated b
structure of Cu. Section IV presents a discussion of exp
mental results on Cu and a comparison with the Fermi-liq
theory. Possible explanations are proposed for why the r
are overestimated by Fermi-liquid theory, and why they m
depend on the crystal face.

II. EXPERIMENT

The process of two-photon time-resolved photoemiss
by 3.2-eV photons in Cu is schematically shown in Fig.
The second harmonic~3.1–3.2 eV! of a homemade Ti:sap
phire laser with;12–18 fs pulsewidth excites electron-ho
pairs at the surface within the skin depth of;14 nm. Single-
photon absorption generates a hot-electron distribut
which is determined by the photon energy andk-dependent
absorption cross section. Most of the light induces interb
transitions fromd bands, starting at22 eV relative toEF , to
the s,p band. However, these hot electrons do not have
ficient energy to be excited above the vacuum level by
sorption of another photon, and thus do not contribute to
two-photon photoemission~2PP! signal. Excitation from the
occupieds,p band is not possible by direct interband tran
tions with 3.2-eV light, but may occur by the phonon
impurity scattering assisted~free-electron! absorption.19 The
hot-electron distribution created by this indirect process
mainly determined by the density of the final states, rat
than occurring at specific points in the Brillouin zone~BZ!,

FIG. 1. The principle of two-photon photoemission. One-pho
absorption excites electron~d! -hole ~s! pairs, with a distribution
that is determined by the photon energy, transition moments,
the densities of occupied and unoccupied states~the actual DOS
used to model hot-electron lifetimes is shown!. Hot-electron dy-
namics ~mainly e-e scattering! are measured by inducing photo
emission of hot electrons with a time-delayed probe pulse. Fi
state scattering can interfere with the measurement by changin
EKE and momentum of a small fraction of the outgoing electron
of
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as for interband transitions. The absorption cross sect
also depend on the incident polarization: 2PP spectra m
sured withp-polarized excitation show features due to occ
pied and unoccupied bands localized at the surface or in
bulk, while with s-polarization the spectra are mainly due
the bulk. Also, the presence of defects induced by sputte
or oxidation of the surface generally enhances the pho
emission yields.20

Photoemission of hot electrons with>1.3 eV can be in-
duced by absorption of an additional photon, since the fin
state energy is greater than the vacuum level@Evac: 4.5 eV
for Cu~110!;21 4.6 eV for Cu~100!;22 and 4.9 eV for
Cu~111!#.23 Photoelectrons with a specific energy and m
mentum are detected with a hemispherical energy analy
Neglecting any final-state scattering effects, the energy
momentum of the intermediate statesEi are determined by
the photoelectron kinetic energy~EKE! and momentum, and
the photon energy~Ei5EKE1Evac2hn!. The population dy-
namics of hot electrons are measured by a two-pulse co
lation ~TPC! measurement, where a pump pulse create
hot-electron distribution and an identical time-delayed pro
pulse interrogates this distribution by inducing photoem
sion ~see Fig. 2, inset!.

The two-photon absorption can be both a coherent or
incoherent process. In the case of coherent two-photon
sorption, the TPC time profile will provide information o
the polarization dephasing of electron-hole pairs due to b
electron and hole scattering. By contrast, in the case of in
herent two-photon absorption, hot electrons do not retain
phase memory of the excitation pulse, and the TPC meas
the hot-electron population dynamics within the probed v
ume. The population decays by the hot-electron scatte
with the electrons in the Fermi sea,e-p scattering, and dif-
fusion into the bulk. A secondary hot-electron populati
with less than the maximum energy of 3.2 eV is created b
cascade process, whereby a primary hot electron sca
with an electron in the Fermi sea generating two hot el
trons with on average12 of the total energy of both electron
prior to the collision.24 Electron-electron scattering wil
dominate the population dynamics until the electron distrib
tion is thermalized, which typically takes several hundr
femtoseconds.8,9

The apparatus for TPTRP has been described elsewhe10

The second harmonic of the Ti:sapphire laser, which op
ates at 80 MHz repetition rate and with;1 nJ/pulse energy
is split with a Mach-Zehnder interferometer into an identic
pump-probe pulse pair with a variable delay. The two pul
are focused to a spot size of;100mm on the sample, with a
mutual angle of,1°. A computer-controlled translation
stage translates a retroreflecting mirror pair in one arm of
Mach-Zehnder interferometer in 0.3 -mm steps, thereby scan
ning the pump-probe delay by 2 fs/data point. Repea
scans are averaged for a total integration time of 1–2 s
point. The pulsewidth at the position of the sample can
checked by a noncollinear second-harmonic genera
~SHG! autocorrelation~AC! measurement in ab-BaBO3
crystal mounted on the sample manipulator.s- or p-polarized
excitation is selected with a zero-order crystalline quartzl/2
waveplate.

Photoemission is measured for clean, single-crys
Cu~100!, Cu~110!, and Cu~111! surfaces under ultrahigh
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55 10 871HOT-ELECTRON DYNAMICS AT Cu~100!, Cu~110!, . . .
vacuum conditions with a hemispherical electron energy a
lyzer. The analyzer is operated with the energy resolution
100 meV and angular acceptance angle of 5°. The sam
orientation is normal to the analyzer and 30° from norm
relative to the laser beam. A 2–5-V bias,Ebias is applied
between the sample and analyzer lens to minimize the eff
of stray electromagnetic fields. The kinetic energy of t
photoelectrons is given byEKE5Ei1hn2Evac1Ebias. Al-
though the spectra depend on theEbias due to the integration
of kiÞ0 electrons,20 the TPC scans do not.

III. RESULTS AND ANALYSIS

A. Experimental e-e scattering rates

The inset in Fig. 2 shows typical TPC measurements
hot-electron dynamics atEi of 1.6 and 2.8 eV for Cu~110!.
NearDt50, TPC scans have a fast decay, which is nea
identical at both energies. When the delay is longer than
pulsewidth, there also is a slower decay component~clearly
seen for the 1.6-eV electrons!, which becomes faster with
Ei . In the analysis of the TPC measurements, the fast
slow components are assigned to coherent and incohe

FIG. 2. Experimentally determined hot-electron lifetimes f
Cu~100!, Cu~110!, and Cu~111! surfaces. Calculated lifetimes b
Fermi-liquid theory using a free-electron model~dotted line!, band-
structure model~dashed line!, and scaled band-structure mod
~solid line! are also shown. The inset shows the typical TPC m
surements for 1.6- and 2.8 eV hot electrons at the Cu~110! surface.
The hot-electron lifetimes are deduced by fitting the data~solid
lines! as described in the text.
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two-photon photoemission, which provide the informati
on the polarization and population decay, respectively.10 The
population decay is attributed to a singlee-e scattering
event; however,e-p scattering, ballistic and diffusive trans
port out of the volume of observation, and hot-electron c
cade also may contribute to the population dynamics. F
thermore, final-state scattering, indicated in Fig. 1, c
change the energy and momentum of the outgoing electr
Thus, the signal is contaminated with a small contributi
whereEKE,Ei1hn2Evac1Ebias. The extent to which these
minor processes contribute to the photoemission signal
be discussed in Sec. IV. The following discussion will foc
on thee-e scattering dynamics.

Because the intensity of the two-photon process is prop
tional to *u~Epump(t)1Eprobe~t2t!!2u2dt, whereE(t) is the
electrical field of the laser, the amplitude of the coherent
incoherent to baseline component in a TPC measureme
3:2:1, assuming perfect overlap of the pulses and avera
over the optical phase.10,25The TPC profiles are modeled b
assuming that the optical dephasing is significantly fas
than the laser pulse, and therefore the coherent compo
can be used as a measure of the laser pulse AC. If depha
were not instantaneous, the coherent component would
broader than the a.c., and it could vary with the hot-elect
energy.26 Where the time scales of the coherent and incoh
ent components are clearly separated, AC measuremen
SHG confirms that the coherent component is equivalen
an in situmeasurement of the AC.27 The population decay is
extracted by deconvolution of a time-symmetric single exp
nential decay from the instrument response function given
the AC. Assuming a sech2 shape for the excitation puls
gives uniformly the best fit to the TPC measurements at
energies.10 The lifetimes of hot electrons with 1.3–3.2-e
energy at Cu~100!, Cu~110!, and Cu~111! surfaces obtained
by fitting TPC measurements are plotted in Fig. 2, along w
calculated hot-electron lifetimes obtained by three differ
approaches, which are described in the next section.

B. Fermi-liquid theory calculation of e-e scattering rates

The standard theory ofe-e scattering is based on Land
au’s theory of Fermi liquids. Thee-e scattering rates are
calculated from the Fermi-liquid theory by assuming bo
the free-electron and the actual calculated band structur
Cu. Hot-electron decay is modeled as a scattering proces
the electron in the initial statek1 with an electron in the
Fermi sea,k2, to produce two hot electrons in statesk18 and
k28 , which conserve energy and momentum. The probab
of e-e scattering has the form28

Pk1k2

k18k285
2p

\
uM12

1828u2F~«1«2«18«28!r~«1«2«18«28!, ~1!

whereM12
1828 is thee-e scattering matrix element and«i are

the energies of corresponding electron states.F is the occu-
pation factor, which is equal to 1 whenk1 andk2 are occu-
pied andk18 and k28 are unoccupied, and otherwise zero
required by the Pauli principle.r is the density of states
~DOS! that conserves energy. The interaction between
electrons at positionr1 and r2 in the Fermi liquid can be

-
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described by the screened Coulomb potential given in
Fourier series representation by

H5
e2

«0V
(
k

exp@ ik~r12r2!#

k21qs
2 , ~2!

whereq s
21 is the screening length,V is the volume of the

crystal, and«0 is the dielectric constant of vacuum.M12
1828 is

evaluated by the Born approximation28,29

M12
18285E ck1r1

* ck2r2
* Hck

18r1
ck

28r2
dr1dr2

5H e2

«0V

1

uk182k1u21qs
2 ~ for k11k25k181k28!

0 ~ for k11k2Þk181k28!,

~3!

using plane waves for wave functions,cki r i
5(1/AV)exp(ik i r i). The scattering rate of the hot electron
the statek1 is given by the sum of probabilitiesPk1k2

k1k2 over all

possible statesk2, k18, andk28 :

te-e
21~k1!5 (

k2k18k28
Pk1k2

k18k28

52
2p

\ S e2

«0V
D 2 (

k2k18k28

1

~ uk182k1u21qs
2!2

3F~«1«2«18«28!r~«1«2«18«28!. ~4!

The multiplicative factor of 2 in Eq.~4! arises from the as
sumption that the scattering rates between electrons with
allel and antiparallel spins are the same. According to
standard procedure, summation overk2, k18 , andk28 in Eq.
~4! is replaced by the integration over the energy (d«) and
the angular part of Fermi surface (dS) with the substitution

dk5
d« dS

]«/]k
5
d« dS

\n~k!
. ~5!

With the assumption that the scattering process occurs in
vicinity of spherical Fermi surface~uk1u5uk2u5uk18u5uk28u
5kF ; kF is the Fermi momentum!, and by replacing]«/]k
5\n(k) with a constant@\n(kF)#, Eq. ~4! leads to the resul
at T50:29

te-e
215

e4kF
2

16p3\4«0
2n3qs

3 F 2kFqs
4kF

21qs
2 1arctanS 2kFqs D G~E2EF!2

5
p)

64
vpF 2kFqs

4kF
21qs

2 1arctanS 2kFqs D G SE2EF

EF
D 2, ~6!

wherevp is the plasmon frequency. Equation~6! gives com-
parable e-e scattering rates to expressions of Pines a
Noziers:30

te-e
215

p2)

128
vpSE2EF

EF
D 2; ~7!

and Quinn:18
e

ar-
e

he

d

te-e
2152EI~k!

'2
e2

2a0

p1/2

32~ar s!
3/2 F ~ar s /p!1/2

11~ar s /p!

1arctanS p

ar s
D 1/2G SE2EF

EF
D 2 kFk

5
p)

64
vpF 2kFqs

4kF
21qs

2 1arctanS 2kFqs D G SE2EF

EF
D 2 kFk ,

~8!

whereEI(k) is the imaginary part of self energy of quasipa
ticles with momentumk, a5~4/9p!1/3, a0 is a Bohr radius,
and r s is the density parameter. The free-electron appro
outlined above may be appropriate for thermally excit
electrons near the Fermi surface. However, for hot electr
with .2-eV energy, Cu 3d electrons, which have the max
mum density of states at;2 eV belowEF , will make the
dominant contribution to the scattering rate. To include
effect of d bands on the scattering rate, Eq.~4! must be
solved numerically by calculating the phase space for
scattering process from the actual band structure of Cu
described next.

The band structure~k,E! of Cu is calculated by an aug
mented plane wave~APW! method with a Gunnarsson
Lundqvist-type local-density approximation.31 G~0,0,0!
2X(2p/a,0,0,) direction~a is the lattice constant! is divided
into eight segments: thus 16316316/252048 points are cal-
culated in the first Brillouin zone. In this model, the cryst
volume~V! corresponds to 2048a3/452.42310226 ~m3!. The

scattering matrix elementM12
1828 is calculated by assuming

the screening lengthqTF
21 from the Thomas-Fermi model:29

qTF
215S e2«0

D~EF! D 21/2

, ~9!

whereD(EF) is the DOS at the Fermi level.D(EF)50.11
from the free-electron model and 0.1
~states eV21 spin21 atom21! from the band-structure calcula
tion giveqTF

2150.55 and 0.47 Å, respectively.
Since Cu~111! and Cu~100! have band gaps forki50 be-

tween20.85–4.1 eV and 1.8–7.9 eV,32,33 respectively, the
intermediate state cannot be associated with a specific
band, and therefore the proper choice of momentumk1 for
the scattering rate calculation is ambiguous. Theki50 pho-
toemission may be attributed to either damped band-gap
termediate states or to the final-state scattering from
kiÞ0 direction.10 The scattering rate calculation is performe
based on two different assumptions fork1. First, the hot-
electron momentumk1 is assumed to be equal to that of th
initial state @G-X ~D1! band for Cu~100!, G-K ~S1! for
Cu~110!, andG-L ~L1! for Cu~111!#, because the momentum
of the photon~3.2 eV! is ;0.1% of that of the electron, an
ki50 momentum component is conserved in the photoem
sion process. Second,k1 is assumed to be equal to that
unoccupieds-p bands~G-K, G-W, andG-U!, and the elec-
tron scatters into theki50 direction after absorbing the sec
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55 10 873HOT-ELECTRON DYNAMICS AT Cu~100!, Cu~110!, . . .
ond photon. To calculatee-e scattering rates according t
Eq. ~4!, k2, k18 , and k28 are scanned in the BZ to identif
states that satisfy the energy and momentum conserva
Because thek space is divided into discrete elements, ene
and momentum conservation requirements are relaxed f
D«50 andDk50 to D«<0.2 eV andDk<p/8a.

The two different choices of intermediate state mome
give different calculated lifetimes for each of the crys
faces in Figs. 3~a! and 3~b!. Figure 3 also shows a compar
son of the calculated lifetimes from the band structure a
free-electron models@Eq. ~8!, using the parameters o
r s52.67 andEF57.0 eV#.34 The solid line is a function pro-
portional to

E D~«2!D~«18!D~«11«22«18!d«2d«18

} (
«2«18«28

F~«1«2«18«28!r~«1«2«18«28!,

which represents the phase space for the scattering proc
calculated from the DOS of Cu@D~«!#. This function is
scaled to give an average of calculated lifetimes for the th
faces. The lifetimes in the band-structure model are not v
sensitive tok1: the choice of the unoccupieds-p band mo-
mentum @Fig. 3~b!# gives ;20% longer lifetimes as com
pared with the initial-state momentum@Fig. 3~a!#. Hot elec-
trons with,2-eV energy can scatter only with free-electro

FIG. 3. ~a! Calculated lifetimes for the three crystal faces of C
using the calculated band structure, a screening length
q2150.465 Å, and assuming the hot-electron momentumk1 is the
same as the initial-state momentum. Dashed line shows lifeti
based on free-electron model withq2150.55 Å. Solid line is a fitted
function using the calculated DOS of CuD~«! ~see text!. ~b! Cal-
culated lifetimes based on the same model as in~a!, but assuming
the momentumk1 of the unoccupieds-p bands~G-K, G-W, and
G-U!.
n.
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m
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like s-p bands. Thus, below 2 eV, the band-structure a
free-electron calculations give similar lifetimes, except fo
small difference in magnitude~20–25 %!. This is due to dif-
ferent calculated values ofD(EF) and the hot-electron mo
menta used in the two models. The difference between
free-electron and band-structure calculations is more sig
cant above 2 eV, where 60–70 % of hot electrons decay
scattering with thed-band electrons. Although thed bands
are more localized, they dominate the DOS below22 eV.
This decay channel, by definition, is not included in the fre
electron model.

The experimental and calculated lifetimes are compa
in Fig. 2. Both the band-structure and free-electron mod
have significantly shorter lifetimes than those observed. T
magnitude of calculated rates can be brought into be
agreement with the experiment by changing the screen
length so as to reproduce the data. The solid line in Fig
gives the calculated lifetimes from the band-structure mod
assuming the initial-state momentum fork1 and a screening
length of 0.27 Å. This leads to an excellent agreement
tween the calculated lifetimes and those for Cu~110!, while
those for Cu~111! and Cu~100! cannot be reproduced ove
the whole energy range in this manner. Since the scatte
cross section is proportional toq22, using the screening
length as a variable parameter is a convenient way for cha
ingM12

1828 . However, the agreement with the data should
be interpreted as an experimental determination of
screening length. Some reasons why the present calcula
underestimates the lifetimes will be presented in the n
section.

IV. DISCUSSION

A. Hot-electron dynamics

In Sec. III, the experimental data are analyzed under
assumption that the TPC measurese-e scattering dynamics
under single-scattering event conditions. Since other fac
can contribute to the dynamics, this assumption requires
ther discussion. Electron-phonon scattering is expected t
much less efficient in hot-electron relaxation because the
ergy lost per collision is considerably smaller than the ene
resolution of the experiment, and more than an order of m
nitude smaller than for ane-e scattering. Experiments on
gold films show that thee-p scattering becomes the dom
nant electron energy decay process only after several h
dred femtoseconds.12,35 However, e-p scattering is very
anisotropic36 so there may be regions of the Fermi surfac
such as thê111& neck, wheree-p scattering may contribute
more significantly than in other regions. Temperature dep
dence studies will be necessary to assess the contributio
e-p scattering to hot-electron decay rates.

Hot-electron transport out of the skin region into the bu
also will appear as population decay in the probed volum
Comparison of hot-electron decay rates measured by TP
for gold films of varying thickness, shows that transport co
tributes 10–20 % of overall decay at 1.5 eV.14 Thus, when
the scattering length is longer than the skin depth, there
be an increasing contribution from transport to the h
electron dynamics. Transport may be responsible for the
parent saturation of lifetimes at low energies seen in Fig

of
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Bothe-p scattering and transport are expected to make
increasingly larger contribution to the loss of hot-electr
population with decreasing hot-electron energies. Howe
population of low-energy hot-electron states by cascade f
higher energies is expected to have the opposite effect.
extent of this contribution can be estimated from the scat
ing calculation performed here. Scattering of a 3.2-eV
electron withd bands at22 eV can generate secondary ele
trons with a maximum of 1.2 eV, which is below the ran
of energies investigated here. Only 30–40 % of the hot e
trons above 2 eV that scatter with electrons in thes,p band
can generate secondary electrons above 1.3 eV. The sc
ing calculation shows that the probability of creation of h
electron population above 1.5 eV by scattering of 3-eV el
trons froms-p and d bands is,7%. Thus, a hot-electron
cascade will make a small contribution to the dynamics
the lowest-energy hot electrons, which will compensate
part, for the loss of population due to thee-p scattering and
transport.

The final-state scattering process also makes a contr
tion to the TPC measurements, which increase with the
creasing energy of the photoelectrons.37 The Ei of the out-
going electrons that lose a substantial amount of ene
before escaping into the vacuum cannot be determined f
EKE andhn. Since the signal that is attributed to a specificEi
will have a contribution from higher-energy hot electron
the observed lifetimes will be shorter than if the final-sta
scattering did not occur. The contribution of final-state sc
tering to the photoemission signal has been determined q
titatively for noble metals under similar conditions.37 These
measurements show that the final-state scattering cont
tion the photoemission signals at lowest energies is,10%.

From the above discussion it is concluded that the do
nant process for hot-electron decay ise-e scattering. The
contributions ofe-p scattering, diffusion, hot-electron ca
cade, and final-state scattering have the largest contribut
to the signal at low photoemission energies. These proce
contribute<30% to the decay rates of electrons at 1.5 e
Thus, the present measurements give an upper limit to
e-e scattering rates. The accuracy of the data at high e
gies is mostly limited by the accuracy of measuring the
strument response function, and the assumption the op
dephasing is instantaneous. Experiments aimed at estab
ing the upper limit for the optical dephasing at Cu surfac
are presently under way.27

B. Comparison of experimental results

The results presented in Sec. III are as follows:~i! thee-e
scattering rates are measured at the three low index face
Cu in the same experiment; and~ii ! the rates are calculate
from the band structure of Cu, rather than the free-elect
model. Therefore it is worthwhile to compare and contr
the present results with the previous measurements on
and to evaluate the predictive power of the Fermi-liqu
theory.

Comparison of previous TPTRP measurements on
suggests that either there is a substantial dependence o
rates on the crystal face, or there are discrepancies am
results obtained in different laboratories. Hot-electron li
times were first reported in Ref. 13 for Cu~100!, using a
similar experimental approach to the present work, but w
n
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lower ~;50 fs! time resolution. The TPC measurements h
only 2:1 intensity ratio, possibly due to longer pulse widt
and incomplete overlap of the pump and probe pulses. A
result, the data were fit without including the coherent co
ponent in the TPC analysis. Probably, this is responsible
;2 times shorter lifetimes reported in Ref. 13 as compa
with the present work.10 Otherwise, similar experimental ap
proaches seem to give consistent results.38

Hot-electron lifetimes at the Cu~111! surface also have
been measured by two-color two-photon time-resolved p
toemission spectroscopy in the 0.3–2.2-eV range, by a cr
correlation measurement with 2.23- and 4.45-eV pulses o
fs duration.15 The reported lifetimes are essentially identic
to the predictions of the Fermi-liquid theory for a fre
electron gas@Eq. ~7!#; however, in the energy range whe
there is an overlap, the lifetimes of Ref. 15 are 3–4 tim
shorter than the present results. Such short lifetimes
contradict a large body of literature one-e scattering from
low-temperature transport measurements in Cu, which sh
that the Fermi-liquid theory for a free-electron gas overe
mates the rates by a factor of 3–4 due tod-band screening
and other effects~see below!.39 The surprisingly short life-
times possibly result from assumptions that were made in
model for analyzing the data: the lifetimes were deduced
modeling the pump-probe measurements with optical Blo
equations for a two-level system, under the assumption
the 2.23- and 4.45-eV light pulses act as the pump and
probe, respectively.15 Since the pulsewidths were as much
ten times longer than the extracted lifetimes, and the sign
contain significant contributions from the hot-electron ca
cade, the lifetimes were deduced by fitting only the sig
rise and delay from an independently determined zero de
time of the pump-probe pulse pair. The lifetimes could
underestimated for the following reasons.~i! A two-color
experiment probes the dynamics of two populations se
rated in energy corresponding to the difference of the t
photon energies. However, the analysis in Ref. 15 negle
the process where a 4.45-eV light acts as the pump an
2.23-eV light is the probe. Since the two pulses were
comparable energy, and the absorption cross section at
eV is a factor of 2 larger than at 2.23 eV, this excitati
pathway should make a considerable contribution to the p
toemission signal at short delays.~ii ! It is well known that
optical Bloch equations are inappropriate for semiconduc
due to strong Coulomb interaction in the electron-ho
plasma.40 Many-body effects related to interacting electro
and holes under optical irradiation can be treated by se
conductor Bloch equations.41 However, the validity of the
application of optical Bloch equations to the optical exci
tion of metals is not established. In particular, treating opti
coupling between two continua as a two-level system m
not be justified, and to properly describe a two-photon p
cess, a three-level model is required.~iii ! A fraction of the
signal, particularly at long delays, is attributed to the pop
lation of the observed states by the hot-electron cascade.
data were fit only in the rise time to avoid complications d
to secondary scattering events. The fits for low-energy e
trons suggest that the hot-electron cascade contributes to
signal only after a delay of;100 fs, when most of the ho
electrons with.1-eV energy have already decayed. Ho
ever, Boltzmann-equation studies of the evolution of h
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electron distributions in metals show that the rate of filling
low-energy states by hot-electron cascade is fastest a
shortest delay times.42 Thus it is not possible to separate th
time scales of the population of low-energy states by opt
excitation and hot-electron cascade when the excitation p
duration is significantly longer than the hot-electron lif
times. Yet even though some of these assumptions may
to an overestimation of the scattering rates, it is not cl
whether they can explain such a large difference between
results in Ref. 15 and the present work. One- and two-co
experiments may yield different results due to differences
the penetration lengths, hole energies, coherence effec
the excitation process, or other effects. Since time-reso
photoemission is not yet a mature technique, further refi
ment in experimental procedures and theoretical analysis
is necessary to extract the essential physics from the ex
ment.

C. Theoretical analysis

The comparison of experimental and calculated h
electron lifetimes in Figs. 2 and 3 show that the Fermi-liqu
theory~i! qualitatively explains the energy dependence of
lifetimes; ~ii ! predicts;6 times shorter lifetimes at a give
energy; and~iii ! does not reproduce the anisotropy in lif
times. Possible reasons for the discrepancies between ex
ment and theory are discussed in this section.

The magnitude of experimental and theoretical h
electron lifetimes can be brought into agreement by ass
ing a smaller screening length ofq2150.27 Å, which implies
a smaller scattering matrix element, since according to

~3!, M12
1828;q22. The overestimation of the rates by th

Fermi-liquid theory can be attributed to several approxim
tions.~i! The use of Born approximation gives only the firs
order estimate of the scattering matrix element. By
phase-shift method it was shown that the Born approxim

tion overestimatesM12
1828 by ;2 in Cu.43 ~ii ! Though thee-e

scattering rate is assumed to be independent of the elec
spin @Eq. ~4!#, it may be different for the parallel and ant
parallel spins due to the exchange interaction. Scatte
rates between antiparallel-spin electrons have been ca
lated to be about 4–10 times larger than between para
spin electrons for a metal such as Cu.44 This is consistent
with the electron-spin relaxation measurements in Ni.45 ~iii !
The contribution of the 3d bands to the screening is no
included in the free-electron model. To estimate thed-band
screening,«0 in Eq. ~9! should be replaced with the actu
dielectric constant of Cu at zero frequency«55.6«0.

46 Since
the lifetimes have a;A« dependence on the dielectric co
stant, which is used to calculate both the screening len
and scattering cross section@Eqs.~3!, ~5!, and~9!#, this will
increase the lifetimes by 2.4.47 ~iv! Umklapp processes
which are not considered in the present calculation, h
been shown to decreasee-e scattering rates by 16–30 % i
Al.48 Thus, the difference between the calculated and exp
mental hot-electron lifetimes can be expected from the
proximations used in calculating the scattering matrix e
ments.

The present calculation shows that the dependence o
scattering rate on the initial or intermediate statek is smaller
than the observed anisotropy in the rates. The face-depen
f
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lifetimes may be due to the anisotropies ine-e and e-p
scattering cross sections. Anisotropic scattering cross sec
can be obtained by evaluation of Eq.~3! with realistic ~an-
isotropic! wave functions rather than plane waves.29 Radio-
frequency size effect measurements on Cu show that thee-e
scattering rates are;20% larger for orbits about thê111&
direction as compared to thê100& direction supporting the
existence of anisotropy ine-e scattering rates.49 Sincee-p
inelastic collisions are dominated by small-angle scatteri
the rates show much larger anisotropy than fore-e colli-
sions. Thee-p scattering rates differ by more than a factor
30, being slowest for the electron orbits in the plane perp
dicular to the^110& orientation, intermediate for belly orbit
about ^100&, and fastest for orbits on the neck abo
^111&.29,50Thus, an anisotropy in thee-e scattering rates and
a significant contribution from the anisotropice-p scattering
could explain the trends for low hot-electron energies~,2.0
eV!, where the decays are fastest for Cu~111! and slowest for
Cu~110!.

Since lifetimes are determined by the interaction betwe
the intermediate states and their immediate electronic e
ronment, another factor that may contribute to the anisotr
is the presence of a surface. The photoemission signal is
resonant with the bulk bands. The dependence of the ph
emission yields on the polarization and surface conditio
suggests a strong contribution from the surface. Surface
fects can result in crystal face dependence through dif
ences in the surface electronic structure or on accoun
band gaps atki50 for Cu~100! and Cu~111!. The positions
of the d bands at the surface increase in energy and t
widths decrease in comparison with the bulk. This trend
least for the close-packed Cu~111! and largest for the mos
open-packed Cu~110!.51 When thed-band energy and den
sity increase, mored-band electrons can contribute to th
scattering and will cause a decrease of lifetimes. This is c
sistent with the observed trend for face dependence of
electron scattering above 2 eV, with the most open fa
Cu~110!, having the fastest rates. Band structure calculati
based on LDA are known to result ind-band energy posi-
tions that are slightly higher~;0.2 eV in the present case!
than the experiment.52,53 Thus, the agreement between th
calculated and observed threshold energy for hot-elec
scattering in Cu~110! may in part be due to cancellation o
errors in the calculatedd-band maximum of the bulk and it
actual position at the surface. Another face-dependent dif
ence in surface density of states is due to the existenc
occupied crystal-induced surface states and resonances
the Fermi level of all three faces.54 Thus, the surface elec
tronic structure is specific to each surface and considera
different from the bulk, and therefore, it may contribute
the anisotropy of the observed rates.

The fact that the best agreement between theory and
periment is obtained for Cu~110!, where no band gap exist
in the ki50 direction ~G-K!, suggests the band gaps
Cu~111! and Cu~100! may be responsible for the deviation
from the predictions of the Fermi-liquid theory. The natu
of the intermediate states, whose lifetime is measured in
band gap of Cu~111! and Cu~100!, is not known. The band-
gap photoemission may be from damped band-gap sta
phonon assisted transitions, and contribution ofkiÞ0 photo-
emission due to final-state scattering and finite accepta
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angle of the analyzer.10 Some DOS in the band gap may b
due to nonremovable defects such as steps or surface im
rities, since the photoemission signal increases when the
face is sputtered or exposed to oxygen. The lifetime of
band-gap states is determined by the penetration depth o
wave function into the bulk.33,55,56Thus, the lifetimes of the
surface states in the band gap are slower than for the bul
strong surface contribution to the band-gap photoemiss
for Cu~100! and Cu~111! could explain the anisotropy of th
rates and deviations from the calculated hot-electron sca
ing rates for the bulk.

V. SUMMARY

Hot-electron lifetimes are measured for three low-ind
Cu surfaces with,10 fs resolution. The lifetimes do no
follow the ~E2EF!22 dependence predicted by the Ferm
liquid theory for free-electron metals and have a crystal f
dependence. A numerical calculation ofe-e scattering rates
based on Cu band structure reproduces qualitatively the
ergy dependence of the hot-electron lifetimes with parti
larly good agreement for Cu~110!. It is shown that the devia
tion from the ~E2EF!22 dependence is mainly due t
participation of thed bands in scattering of.2 eV hot elec-
trons. However, magnitudes of experimental lifetimes
still ;6 times slower than those calculated. The overestim
z,

c-

E

e
d
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u-
ur-
e
he
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n
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e
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e
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tion of the rates is attributed to several assumptions in
culating the rates, including the Born approximation, a
neglect of exchange interaction~assumption of spin-
independent scattering!, d-band screening, and umklapp pro
cesses. Errors introduced by these assumptions are of s
cient magnitude to explain the overestimation of thee-e
scattering rates. The band-structure calculation shows m
smaller differences in the scattering rates for the low ind
faces of Cu than the experiment. The crystal face depende
of lifetimes may reflect the anisotropy in thee-e and e-p
scattering cross sections or face-dependent differences in
surface electronic structure. Further refinement of our kno
edge of hot-electron dynamics at metal surfaces require
better understanding of coherent and incoherent dynam
involved in the two-photon photoemission process, more
alistic models for fitting the hot-electron population dynam
ics, including effects due to the hot-electron cascade, di
sion, ande-p scattering, and more sophisticated theoreti
models for calculating thee-e scattering rates.
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