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Hot-electron dynamics at Cu100), Cu(110), and Cu(111) surfaces:
Comparison of experiment with Fermi-liquid theory
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Lifetimes of hot electrons in the 1.3—3.2-eV energy range at low index surfaceq@00uy(110),(111)) are
measured by two-photon time-resolved photoemission spectroscopy<ithfs resolution. Energy depen-
dence of the lifetimes deviates from thE-€ E) 2 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-@teV 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 scattering cross sections, a contribution frerp scattering to
the hot-electron decay, or differences in surface electronic stru¢®0&63-18207)02113-9

[. INTRODUCTION trafast laser pulses makes it possible to generate well-defined
nonequilibrium hot-electron distributions, and to time-
The creation and dissipation of electronic excitation atresolve their relaxatioft® With the currently available laser
surfaces is a key to understanding a variety of chemical antéchnology, it is possible to follow hot-electron relaxation
physical phenomena at surfaces. Scattering or absorption #¥ith <10 fs time resolutiort? Two-photon time-resolved
energetic particles such as photons, electrons, ions, or mophotoemissiof TPTRP spectroscopy has been developed to
ecules at metal surfaces leads to transient nontherm&fudy directly the dynamics of optically excited electrons at
electron-hole distributions. Hot carriers also can be generatdd@i€tal and semiconductor surfacéghis technique has been
by large electric fields present in semiconductor devices. Re2PPlied to direct measurement of hot-electron relaxation in

. —15 .
laxation of hot-electron distributions governs the time scaled!oPle and transition metalS;® surface state dynamics on

and efficiency of electronically induced surface processesf?Iean and adsorbate-covered metal surfates,and much

Thermalization of hot electrons in metals and at metal sury\’Ork on chqrge carrer dynamlcs.ln sem|condupﬂ6rs.
The starting point for comparison of experimental hot-

faces occurs on femtosecor_1d “".‘e scales due _to eﬁcICIerétlectron relaxation rates with theory is the standard Fermi-
electron-electrond-€) scattering with the conduction-band liquid theory for free-electron metat&.However, while in
electrons. The electron gas_equmbrates with the Igttlce b ome cases the agreement with the Fermi-liquid theory is
electron-phonond-p) scattering on a longer, but still sub- 4564 mostly, the theoretical rates are significantly faster
picosecond time scale. Highly energetic electrons in metal§, s, the experimentaf~2°For copper, the most widely stud-
are of current interest because of their role in surface chemizq metal by TPTRP, there is a large difference between
cal reactions and hot-electron damage in semiconductqfesults obtained in several laboratories, and in some cases
devices:? The unique properties of hot electrons can be usegith the calculated rates from the Fermi-liquid thedty>1°
in a range of applications such as ultrafast electronic angt is not clear if the variation in the experimental rates merely
optoelectronic deviced, or electronic catalysi$® Direct  reflects different interpretations of the data, or whether the
measurements of electron-scattering rates as a function eikperiments are measuring different physical processes.
energy and momentum also are valuable for testing the presince copper has a well-known band structure, and is repre-
dictions of calculated scattering rates from many-body theosentative of both noble and transition metals, it is important
ries. However, until recently, electronic relaxation in metalsto make critical comparison between experiment and theory.
could be studied only by indirect means that measure the This paper presents a systematic study of hot-electron de-
scattering length scales, rather than time scales, and are limay rates for C(L00), Cu(110, and Cy111) surfaces. Sec-
ited to a small energy range near the Fermi surface, or ttion Il describes the TPTRP technique and howehe scat-
much higher energies above the vacuum level. Althoughering rates are extracted from the measurements. Section
there is a large body of information @e ande-p scatter- 1ll A gives the experimental lifetimes for hot electrons in the
ing from indirect measurements such as heat and electricdl.3—3.2-eV range. Significantly, different lifetimes are ob-
transport at low temperatursr from linewidths in photo-  served for the different crystal orientations, and the lifetimes
emission spectrasuch measurements are indirect, and criti-are not proportional toff — E;)? as predicted by the standard
cally depend on the sample purity and surface quality. Fermi-liquid theory for free-electron metalE—E is hot-
Optical excitation and probing of metal surfaces by ul-electron energy measured relative to the Fermi enérgy
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as for interband transitions. The absorption cross sections

also depend on the incident polarization: 2PP spectra mea-
1 Exe sured withp-polarized excitation show features due to occu-
pied and unoccupied bands localized at the surface or in the
bulk, while with s-polarization the spectra are mainly due to
the bulk. Also, the presence of defects induced by sputtering
or oxidation of the surface generally enhances the photo-
0 T Er o ; 0

/ emission yields'
Photoemission of hot electrons withl.3 eV can be in-

duced by absorption of an additional photon, since the final-

E
Evac

2

Energy (eV)
N

-4 state energy is greater than the vacuum l¢igl.: 4.5 eV
for Cu(110;?* 4.6 eV for CY100:;? and 4.9 eV for
-6 1 Cu(111)].2% Photoelectrons with a specific energy and mo-
Density of states mentum are detected with a hemispherical energy analyzer.

Neglecting any final-state scattering effects, the energy and
FIG. 1. The principle of two-photon photoemission. One-photonomentum of the intermediate statgsare determined by

absorption excites electrd®) -hole (O) pairs, with a distribution  the photoelectron kinetic enerd§zxe) and momentum, and
that is determined by the photon energy, transition moments, antl€ photon energyE; = Eg +Eoc—hv). The population dy-
the densities of occupied and unoccupied stdtes actual DOS ~hamics of hot electrons are measured by a two-pulse corre-
used to model hot-electron lifetimes is showhiot-electron dy-  lation (TPC) measurement, where a pump pulse creates a
namics (mainly e-e scattering are measured by inducing photo- hot-electron distribution and an identical time-delayed probe
emission of hot electrons with a time-delayed probe pulse. Finalpulse interrogates this distribution by inducing photoemis-
state scattering can interfere with the measurement by changing tigon (see Fig. 2, inset
Exe and momentum of a small fraction of the outgoing electrons.  The two-photon absorption can be both a coherent or an

incoherent process. In the case of coherent two-photon ab-
Section Il B gives the details of calculations of hot-electronsorption, the TPC time profile will provide information on
rates from a free-electron model and the band structure dhe polarization dephasing of electron-hole pairs due to both
Cu. If the free-electron approximation is assumed, the scailectron and hole scattering. By contrast, in the case of inco-
tering rates can be calculated from convenient analytic exherent two-photon absorption, hot electrons do not retain the
pressions. However, the free-electron model neglects thphase memory of the excitation pulse, and the TPC measures
contributions ofd electrons to scattering and screening. Thethe hot-electron population dynamics within the probed vol-
energy dependence of the rates, but not the magnitude, amene. The population decays by the hot-electron scattering
brought into much better agreement with the experiment byvith the electrons in the Fermi sea;p scattering, and dif-
numerically calculating the rates using the calculated bandusion into the bulk. A secondary hot-electron population
structure of Cu. Section IV presents a discussion of experiwith less than the maximum energy of 3.2 eV is created by a
mental results on Cu and a comparison with the Fermi-liquiccascade process, whereby a primary hot electron scatters
theory. Possible explanations are proposed for why the ratesith an electron in the Fermi sea generating two hot elec-
are overestimated by Fermi-liquid theory, and why they maytrons with on average of the total energy of both electrons

depend on the crystal face. prior to the collisior?* Electron-electron scattering will
dominate the population dynamics until the electron distribu-
Il. EXPERIMENT tion is thermagl)ized, which typically takes several hundred
femtosecond§:

The process of two-photon time-resolved photoemission The apparatus for TPTRP has been described elsewhere.
by 3.2-eV photons in Cu is schematically shown in Fig. 1.The second harmonic of the Ti:sapphire laser, which oper-
The second harmoni(8.1-3.2 eV of a homemade Ti:sap- ates at 80 MHz repetition rate and withl nJ/pulse energy,
phire laser with~12-18 fs pulsewidth excites electron-hole is split with a Mach-Zehnder interferometer into an identical
pairs at the surface within the skin depth-et4 nm. Single- pump-probe pulse pair with a variable delay. The two pulses
photon absorption generates a hot-electron distributionare focused to a spot size 6100 um on the sample, with a
which is determined by the photon energy dadependent mutual angle of<1°. A computer-controlled translation
absorption cross section. Most of the light induces interbandtage translates a retroreflecting mirror pair in one arm of the
transitions fromd bands, starting at 2 eV relative toEg, to Mach-Zehnder interferometer in 0.am steps, thereby scan-
thes,p band. However, these hot electrons do not have sufring the pump-probe delay by 2 fs/data point. Repeated
ficient energy to be excited above the vacuum level by abscans are averaged for a total integration time of 1-2 s per
sorption of another photon, and thus do not contribute to thg@oint. The pulsewidth at the position of the sample can be
two-photon photoemissio(2PPB signal. Excitation from the checked by a noncollinear second-harmonic generation
occupieds, p band is not possible by direct interband transi-(SHG autocorrelation(AC) measurement in g-BaBO;
tions with 3.2-eV light, but may occur by the phonon or crystal mounted on the sample manipulassror p-polarized
impurity scattering assistedree-electron absorptiont? The  excitation is selected with a zero-order crystalline quargz
hot-electron distribution created by this indirect process isvaveplate.
mainly determined by the density of the final states, rather Photoemission is measured for clean, single-crystal
than occurring at specific points in the Brillouin zo(®#Z), Cu(100, Cu110, and Cyl11l) surfaces under ultrahigh
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two-photon photoemission, which provide the information

0 E R on the polarization and population decay, respectiv®he
i > Cu(110) population decay is attributed to a singéee scattering
g 3;2 ex event; howevere-p scattering, ballistic and diffusive trans-
60 - £ 2 port out of the volume of observation, and hot-electron cas-
8 cade also may contribute to the population dynamics. Fur-
r g thermore, final-state scattering, indicated in Fig. 1, can
8 change the energy and momentum of the outgoing electrons.
0 2 Thus, the signal is contaminated with a small contribution
| . whereE g <E;+hv—E, -+ Episs- The extent to which these
minor processes contribute to the photoemission signal will
40l 200 100 0 100 200 be discussed in Sec. IV. The following discussion will focus
= Time delay (fs) on thee-e scattering dynamics.
°g’ L { Theory . Because the intensity of the two-photon process is propor-
5 | LItTIN ree loctron model tional to f|(Epumdt) + Epropdt —7)?dt, where E(t) is the
g 30+ - - - Cu DOS model — electrical field of the laser, the amplitude of the coherent to

—— Cu DOS model scaled incoherent to baseline component in a TPC measurement is

T Experiment 3:2:1, assuming perfect overlap of the pulses and averaging
m Cu(100) over the optical phast:?> The TPC profiles are modeled by
20 . . . . .
: 832“?; assuming that the optical dephasing is significantly faster

than the laser pulse, and therefore the coherent component
can be used as a measure of the laser pulse AC. If dephasing
were not instantaneous, the coherent component would be
broader than the a.c., and it could vary with the hot-electron
energy?® Where the time scales of the coherent and incoher-
ent components are clearly separated, AC measurement by
SHG confirms that the coherent component is equivalent to
anin situ measurement of the A&.The population decay is
Hot-electron energy, E; (eV) extracted by deconvolution of a time-symmetric single expo-
nential decay from the instrument response function given by
FIG. 2. Experimentally determined hot-electron lifetimes for the AC. Assuming a seéhshape for the excitation pulse
Cu(100, Cu110, and CW111) surfaces. Calculated lifetimes by gives uniformly the best fit to the TPC measurements at all
Fermi-liquid theory using a free-electron modébtted ling, band-  energies® The lifetimes of hot electrons with 1.3-3.2-eV
structure model(dashed ling and scaled band-structure model energy at C(L00), Cu110), and Ci111) surfaces obtained
(solid ling) are also shown. The inset shows the typical TPC meaypy fitting TPC measurements are plotted in Fig. 2, along with
surements for 1.6- and 2.8 eV hot electrons at thel@d surface.  calculated hot-electron lifetimes obtained by three different

lines as described in the text.

vacuum conditions with a hemispherical electron energy ana- B- Fermi-liquid theory calculation of e-e scattering rates

lyzer. The analyzer is operated with the energy resolution of The standard theory aé-e scattering is based on Land-
100 meV and angular acceptance angle of 5°. The samplgu’s theory of Fermi liquids. The-e scattering rates are
orientation is normal to the analyzer and 30° from normalcalculated from the Fermi-liquid theory by assuming both
relative to the laser beam. A 2-5-V bias;,s is applied the free-electron and the actual calculated band structure of
between the sample and analyzer lens to minimize the effectSu. Hot-electron decay is modeled as a scattering process of
of stray electromagnetic fields. The kinetic energy of thethe electron in the initial stati&, with an electron in the

photoelectrons is given bixe=E;+hv—Ey,c+Epas. Al- Fermi seak,, to produce two hot electrons in statesand
though the spectra depend on thg,s due to the integration ! which conserve energy and momentum. The probability
of k,#0 electrong® the TPC scans do not. of e-e scattering has the forh
IIl. RESULTS AND ANALYSIS Kik) 2 | 1,2,|2 ) ) )
P 12=—|M D(e18.8185)p(eq1808185), (1
A. Experimental e-e scattering rates kKika  f 12 1628182/ P1E1828182

The inset in Fig. 2 shows typical TPC measurements of .
hot-electron dynamics &; of 1.6 and 2.8 eV for C4110.  WhereM},” is thee-e scattering matrix element angl are
Near At=0, TPC scans have a fast decay, which is nearljthe energies of corresponding electron stadess the occu-
identical at both energies. When the delay is longer than thgation factor, which is equal to 1 whén andk, are occu-
pulsewidth, there also is a slower decay comporteletarly  pied andk; andk; are unoccupied, and otherwise zero as
seen for the 1.6-eV electronswhich becomes faster with required by the Pauli principlep is the density of states
E;. In the analysis of the TPC measurements, the fast an@O9) that conserves energy. The interaction between the
slow components are assigned to coherent and incoherealectrons at positiom; andr, in the Fermi liquid can be
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described by the screened Coulomb potential given in the T;éZZEI(k)
Fourier series representation by

, . ) eZ 7T1/2 (CH‘S/’]T):L/Z
oo © eﬂﬂt“lzfﬁ]’ @ T 42a, 32ar)? | 1+ (ary/m)
2ol % k™+as 12 2
r E— EF kF
whereq ;! is the screening length) is the volume of the +arctal ar. = ®
crystal, ande, is the dielectric constant of vacuuml,?’ is °
evaluated by the Born approximatfSif® mV3 2Kg0s 2ke | |(E—Eg|? ke
~6a radrq M Ve )
F qs S F
Mizz :J ‘M:lrl‘ﬂ:zrzH¢k1rl¢kér2drldr2 (8)
e? 1 . o .
QK >—— (for ky+k,=kj+kj) whereE, (k) is the imaginary part of self energy of quasipar-
=1 €0 [ki—kq|*+qg ticles with momentunk, a=(4/9m'3, a, is a Bohr radius,
0 (for kytka#ki+ky), andr is the density parameter. The free-electron approach

3) outlined above may be appropriate for thermally excited
electrons near the Fermi surface. However, for hot electrons
using plane waves for wave functions,¢y;  with >2-eV energy, Cu @ electrons, which have the maxi-
= (1 Q)exp(kir;). The scattering rate of the hot electron in mum density of states at2 eV belowEg, will make the
the statek, is given by the sum of probabilitid%tl:z? overall dominant contribution to the scattering rate. To include the
172 effect of d bands on the scattering rate, E4) must be
solved numerically by calculating the phase space for the
o scattering process from the actual band structure of Cu, as
roik)= > Ptiti described next.

possible statek,, k;, andk;:

kok 1k} The band structurék,E) of Cu is calculated by an aug-
5 o mented plane wavéAPW) method with a Gunnarsson-
222_77 (e_) 1 Lundqvist-type local-density approximatiéh. I'(0,0,0
i \eoQ) 7 (Jki—kq|*+ as)? —X(27/a,0,0,) direction(a is the lattice constapnts divided
#n2 into eight segments: thus @ 6Xx 16/2=2048 points are cal-
XD (e18,6185)p(£1826185). (4) culated in the first Brillouin zone. In this model, the crystal

S _ _ volume(Q) corresponds to 2048/4=2.42<10 2% (m®). The
The multiplicative factor of 2 in Eq(4) arises from the as- scattering matrix elemeri :1122 is calculated by assuming

sumption that the scattering rates between electrons with paf- . ) ) ! )
allel and antiparallel spins are the same. According to th(ghe screening lengttir¢ from the Thomas-Fermi modé:

4

standard procedure, summation okgr k;, andk; in Eq.

(4) is replaced by the integration over the energyg) and e? ~1/2
the angular part of Fermi surfacd$) with the substitution qTF1=(8— D(EF)> , 9
0
_ds dS_ de dS 5)
 dslok  hw(k)’ where D(Eg) is the DOS at the Fermi leveD (Eg)=0.11

om the free-electron model and 0.15
states eV! spin ! atoni 1) from the band-structure calcula-
tion give q7#=0.55 and 0.47 A, respectively.

Since Ci111) and C{100 have band gaps fdg,=0 be-
tween —0.85-4.1 eV and 1.8-7.9 e¥:® respectively, the
intermediate state cannot be associated with a specific bulk

2k band, and therefore the proper choice of momenkynfor
> +arctar€ —”(E— Er)? the scattering rate calculation is ambiguous. Kjw0 pho-
s s toemission may be attributed to either damped band-gap in-

With the assumption that the scattering process occurs in thf
vicinity of spherical Fermi surfacé|k,|=|k,|=|k;|=|k;|
=kg; kg is the Fermi momentujnpand by replacinge/dk
=hwv(k) with a constanffv(kg)], Eq.(4) leads to the result
at T=0:%

1 e'k? 2KeQs
e 16773ﬁ485113q2 4k§+q

V3 2Ke 2ke\ 1 E—Ef)2 termed.iate'st?(t)es or to thg final-state scatte_ring from the
= wp| —7 7 tarctan — E , (6)  k,#0 direction:” The scattering rate calculation is performed
64 4kg+ds s F based on two different assumptions fioy. First, the hot-

wherew, is the plasmon frequency. Equatié8) gives com- 9I$Ftlr°”t Tor&e)n(tu(rigl)lsbassdun;ed éolafg())eqﬁarl(to(;hatf()f the
parable e-e scattering rates to expressions of Pines and’'ta! state (I- 1) band tor v - v for

Noziers3® Cu(110), andI’-L (A4) for Cu(111)], because the momentum
of the photon(3.2 eV) is ~0.1% of that of the electron, and
1 T/3 E—Eg\? k,=0 momentum component is conserved in the photoemis-
Tee™ 128 “o| TE. | (7)  sion process. Secon#; is assumed to be equal to that of
F

unoccupieds-p bands(I'-K, I'-W, andI'-U), and the elec-
and Quinn'® tron scatters into thi,=0 direction after absorbing the sec-
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like s-p bands. Thus, below 2 eV, the band-structure and

(@ 2 I I_ Efgé?fm; ImOd'e' ] free-electron calculations give similar lifetimes, except for a
:"‘.Lﬁ ] small difference in magnitude@0-25 %. This is due to dif-
S, . o ] ferent calculated values @ (Eg) and the hot-electron mo-
+ Cu(1) menta used in the two models. The difference between the

free-electron and band-structure calculations is more signifi-

cant above 2 eV, where 60—70 % of hot electrons decay by

scattering with thed-band electrons. Although theé bands
..................... ] are more localized, they dominate the DOS belew eV.

] This decay channel, by definition, is not included in the free-

Lifetime (fs)
=
T

23::::::::::::::::::::: electron model.
o L [ Free siectron model ] ~ The experimental and calculated lifetimes are compared
. ] in Fig. 2. Both the band-structure and free-electron models
s ; ?ﬁ ] have significantly shorter lifetimes than those observed. The

magnitude of calculated rates can be brought into better
agreement with the experiment by changing the screening
length so as to reproduce the data. The solid line in Fig. 2
gives the calculated lifetimes from the band-structure model,
assuming the initial-state momentum for and a screening

length of 0.27 A. This leads to an excellent agreement be-

Lifetime (fs)
=
T

1.

T B T T tween the calculated lifetimes and those for(Ti0), while
Hot-electron energy (eV) those for C111) and Cy§100) cannot be reproduced over
the whole energy range in this manner. Since the scattering

cross section is proportional tq~?, using the screening
I'ength as a variable parameter is a convenient way for chang-

FIG. 3. (a) Calculated lifetimes for the three crystal faces of Cu
using the calculated band structure, a screening length o 112, X
q1=0.465 A, and assuming the hot-electron momentunis the N M 1" . However, the agreement with the data should not
same as the initial-state momentum. Dashed line shows lifetimeB€ interpreted as an experimental determination of the
based on free-electron model wigli *=0.55 A. Solid line is a fitted ~ SCreening length. Some reasons why the present calculation
function using the calculated DOS of @(e) (see text (b) Cal- underestimates the lifetimes will be presented in the next
culated lifetimes based on the same model agjinbut assuming section.
the momentunk; of the unoccupieds-p bands(I'-K, I'-W, and
I-v).

IV. DISCUSSION

ond photon. To calculate-e scattering rates according to )
Eq. (4), k,, k;, andk} are scanned in the BZ to identify A. Hot-electron dynamics
states that satisfy the energy and momentum conservation. In Sec. lll, the experimental data are analyzed under the
Because th& space is divided into discrete elements, energyassumption that the TPC measuees scattering dynamics
and momentum conservation requirements are relaxed fromnder single-scattering event conditions. Since other factors
Ae=0 andAk=0 to Ae<0.2 eV andAk=<7/8a. can contribute to the dynamics, this assumption requires fur-

The two different choices of intermediate state momentaher discussion. Electron-phonon scattering is expected to be
give different calculated lifetimes for each of the crystal much less efficient in hot-electron relaxation because the en-
faces in Figs. @) and 3b). Figure 3 also shows a compari- ergy lost per collision is considerably smaller than the energy
son of the calculated lifetimes from the band structure andesolution of the experiment, and more than an order of mag-
free-electron model§Eq. (8), using the parameters of nitude smaller than for ae-e scattering. Experiments on
rs=2.67 andE.=7.0 eV].** The solid line is a function pro- gold films show that the-p scattering becomes the domi-
portional to nant electron energy decay process only after several hun-
dred femtosecond<:* However, e-p scattering is very
anisotropic® so there may be regions of the Fermi surface,
such as thé€111) neck, wheree-p scattering may contribute
more significantly than in other regions. Temperature depen-
« > D (16086} ple1806,8}), dence studies will be necessary to assess the contribution of

coeie) e-p scattering to hot-electron decay rates.

Hot-electron transport out of the skin region into the bulk
which represents the phase space for the scattering processdso will appear as population decay in the probed volume.
calculated from the DOS of C{D(g)]. This function is Comparison of hot-electron decay rates measured by TPTRP
scaled to give an average of calculated lifetimes for the threéor gold films of varying thickness, shows that transport con-
faces. The lifetimes in the band-structure model are not veryributes 10-20 % of overall decay at 1.5 &/Thus, when
sensitive tok,: the choice of the unoccupiesip band mo- the scattering length is longer than the skin depth, there will
mentum[Fig. 3(b)] gives ~20% longer lifetimes as com- be an increasing contribution from transport to the hot-
pared with the initial-state momentuffig. 3[@]. Hot elec- electron dynamics. Transport may be responsible for the ap-
trons with<<2-eV energy can scatter only with free-electron- parent saturation of lifetimes at low energies seen in Fig. 2.

fD<82>D<81>D<sl+sz—stezdei
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Both e-p scattering and transport are expected to make atower (~50 fs) time resolution. The TPC measurements had
increasingly larger contribution to the loss of hot-electrononly 2:1 intensity ratio, possibly due to longer pulse widths
population with decreasing hot-electron energies. Howeverand incomplete overlap of the pump and probe pulses. As a
population of low-energy hot-electron states by cascade froresult, the data were fit without including the coherent com-
higher energies is expected to have the opposite effect. Thgonent in the TPC analysis. Probably, this is responsible for
extent of this contribution can be estimated from the scatter-_2 times shorter lifetimes reported in Ref. 13 as compared

ing calculation performed here. Scattering of a 3.2-eV holjth the present work® Otherwise, similar experimental ap-
electron withd bands at-2 eV can generate secondary E|ec'proaches seem to give consistent restiits.

trons with a maximum of 1.2 eV, which is below the range" ¢ ejectron lifetimes at the Q11 surface also have

of energies investigated here. O_nly 30-40 %_of the hot elecg oo measured by two-color two-photon time-resolved pho-
trons above 2 eV that scatter with electrons in igband 0 ission spectroscopy in the 0.3—2.2-eV range, by a cross-

can generate secondary electrons abpye e The SCAURE, relation measurement with 2.23- and 4.45-eV pulses of 65
ing calculation shows that the probability of creation of hOt'fs duration®® The reported lifetimes are essentially identical

electron population above 1.5 eV by scattering of 3-eV elec;[0 the predictions of the Fermi-liquid theory for a free-

- 1 0, -
trons Ijrom ﬁl P aEdd band”s 'S<t7.§"t.ThutS' f;]h%t elect_ron lectron gagEq. (7)]; however, in the energy range where
cascade Wil maxe a smafl contribution 1o the dynamics Oy,e e js gn overlap, the lifetimes of Ref. 15 are 3—4 times

thetlawe;sr;c—erergyfhot elle(;f[rong, W?'Ctg will ccgnpensatz, "horter than the present results. Such short lifetimes also
part, for the 1oss of population due to teep scattering and ., yragict a large body of literature @ie scattering from

traq_ipofr't. stat tteri | K trib low-temperature transport measurements in Cu, which show
€ linal-state scallering process aiso makes a Contribyp oy y,q Fermi-liquid theory for a free-electron gas overesti-

tion to the TPC measurements, which increase with the de; ¢ the rates by a factor of 3—4 duedtband screening
creasing energy of the photoelectr&ﬁs‘_l.’he Ej of the out- o oiher effectssee below The surprisingly short life-
going electrons that lose a substantial amount of ENerd¥ mes possibly result from assumptions that were made in the
"Mhodel for analyzing the data: the lifetimes were deduced by

. L : ling th - ts with optical Bloch
will have a contribution from higher-energy hot electrons,mOOIe ing the pump-probe measurements with optical Bloc

the observed lifetimes will be shorter than if the final-stateequatlons for a wo-level system, under the assumption that

scattering did not occur. The contribution of final-state scat-the 2.23- and 4.45-eV light pulses act as the pump and the

tering to the phot o ianal has b determined Fgobe, respectivel}? Since the pulsewidths were as much as
ering 1o the photoemission signal has been determined quags, yimeg longer than the extracted lifetimes, and the signals
titatively for noble metals under similar conditioffsThese

i , ._contain significant contributions from the hot-electron cas-
measurements S.hO\.N ‘h?t the final-state scattering Contrlblé'ade the lifetimes were deduced by fitting only the signal
tion the photoemission signals at lowest energies 19%. '

X 2 .rise and delay from an independently determined zero delay
From the above discussion it is concluded that the domige ot the pump-probe pulse pair. The lifetimes could be
nant process for hot-electron decayese scattering. The

L . o) underestimated for the following reason®. A two-color
contributions ofe-p scattering, diffusion, hot-electron cas- 9 ®

. . 7> experiment probes the dynamics of two populations sepa-
cade, and final-state scattering have the largest contrlbutlor}atzd in enerr)gy correspozding to the diffepreﬂce of the tvr\)/o

to the_ signal at low photoemission energies. These proceSSSﬁoton energies. However, the analysis in Ref. 15 neglects
contribute<30% to the decay rates of electrons at 1.5 eV.y process where a 4 45—,eV light acts as the pump and a

Thus, the present measurements give an upper limit to th§.23-ev light is the probe. Since the two pulses were of

e-e scattering rates. The accuracy of the data at high er.“arc:'omparable energy, and the absorption cross section at 4.45
gies is mostly limited by the accuracy of measuring the in-

" ¢ functi d th tion th " el\/ is a factor of 2 larger than at 2.23 eV, this excitation
strument response function, and the assumption the optic athway should make a considerable contribution to the pho-
dephasing is instantaneous. Experiments aimed at establis

g th limit for th tical dephasi [ C ¢ emission signal at short delay@.) It is well known that
Ing the upper imt tor 7e optical dephasing at L.u sur aCesoptical Bloch equations are inappropriate for semiconductors
are presently under w&y.

due to strong Coulomb interaction in the electron-hole
plasma?® Many-body effects related to interacting electrons
and holes under optical irradiation can be treated by semi-
The results presented in Sec. Il are as follo@sthee-e conductor Bloch equatiorfs. However, the validity of the
scattering rates are measured at the three low index faces application of optical Bloch equations to the optical excita-
Cu in the same experiment; aifid) the rates are calculated tion of metals is not established. In particular, treating optical
from the band structure of Cu, rather than the free-electrooupling between two continua as a two-level system may
model. Therefore it is worthwhile to compare and contrasiot be justified, and to properly describe a two-photon pro-
the present results with the previous measurements on Caess, a three-level model is requiréii.) A fraction of the
and to evaluate the predictive power of the Fermi-liquidsignal, particularly at long delays, is attributed to the popu-
theory. lation of the observed states by the hot-electron cascade. The
Comparison of previous TPTRP measurements on Cuata were fit only in the rise time to avoid complications due
suggests that either there is a substantial dependence of tteesecondary scattering events. The fits for low-energy elec-
rates on the crystal face, or there are discrepancies amonns suggest that the hot-electron cascade contributes to the
results obtained in different laboratories. Hot-electron life-signal only after a delay of~-100 fs, when most of the hot
times were first reported in Ref. 13 for Q0O0), using a electrons with>1-eV energy have already decayed. How-
similar experimental approach to the present work, but withever, Boltzmann-equation studies of the evolution of hot-

Exe andhv. Since the signal that is attributed to a spediic

B. Comparison of experimental results
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electron distributions in metals show that the rate of filling oflifetimes may be due to the anisotropies ére and e-p
low-energy states by hot-electron cascade is fastest at thezattering cross sections. Anisotropic scattering cross section
shortest delay time® Thus it is not possible to separate the can be obtained by evaluation of E@) with realistic (an-

time scales of the population of low-energy states by opticajsotropig wave functions rather than plane wavéRadio-
excitation and hot-electron cascade when the excitation pu|3$equency size effect measurements on Cu show that-the
duration is significantly longer than the hot-electron life- scattering rates are-20% larger for orbits about th&111)
times. Yet even though some of these assumptions may leaflection as compared to tH&00) direction supporting the

to an overestimation of the scattering rates, it is not cleagyistence of anisotropy ie-e scattering rate®’ Sincee-p

whether they can explain such a large difference between thge|astic collisions are dominated by small-angle scattering,

results in Ref. 15 and the present work. One- and two-COlOf, o 1ates show much larger anisotropy than dee colli-
experiments may yield different results due to differences i

the penetration lengths, hole energies, coherence effects

the exc't‘?‘“‘?” process, or other effects. _Smce tlme—resol_ve icular to the(110 orientation, intermediate for belly orbits
photoemission is not yet a mature technique, further reflne-bout (100, and fastest for orbits on the neck about

ment in experimental procedures and theoretical analysis sti 12).2950Thus, an anisotropy in the-e scattering rates and
is necessary to extract the essential physics from the experk ignificant contribution from the anisotropiep scattering

ment. could explain the trends for low hot-electron enerdi€®.0
eV), where the decays are fastest for(Cld) and slowest for
C. Theoretical analysis Cu(110.
The comparison of experimental and calculated hot- Since lifetimes are determined by the interaction between

electron lifetimes in Figs. 2 and 3 show that the Fermi—liquidthe intermediate states and their immediate electronic envi-

theory(i) qualitatively explains the energy dependence of thdonment, another factor that may contribute to the anisotropy

lifetimes; (ii) predicts~6 times shorter lifetimes at a given Is the presgr;fehoft;a ISkULfaCS. T_?ﬁ pgotoergission ?ighnal ir‘:’ not
energy; and(iii) does not reproduce the anisotropy in life- res_onf_;mt W_'t Idt € uh anl s. 1he epeijn enfce oft edp. oto-
times. Possible reasons for the discrepancies between expef{liSSion yields on the polarization and surface conditions
ment and theory are discussed in this section suggests a strong contribution from the surface. Surface ef-
The magnitude of experimental and théoretical hot_fects can result in crystal face dependence through differ-
P ; in the surface electronic structure or on account of
electron lifetimes can be brought into agreement by assunfz"¢€S N > "

ing a smaller screening length 9f 1=0.27 A, which implies ?nﬁ g(?r:)s aﬁH—O fc;]r CL(lfOO) aﬂd lell.)' The posmoc:lsh .
a smaller scattering matrix element, since according to Ed: _t € ands at_ the sur ace increase in energy an t e
12" o o idths decrease in comparison with the bulk. This trend is

(3), M1," ~q"“. The overestimation of the rates by the |gaq¢ for the close-packed QuLl) and largest for the most

Eerm|—_I|qU|d theory can be attrlb_uteq to s_everal approxima-pnen_packed Ga10.>* When thed-band energy and den-

tions. (i) The use of Born approximation gives only the first- i increase, mora-band electrons can contribute to the

order estimate of the scattering matrix element. By thecattering and will cause a decrease of lifetimes. This is con-
phase-shift method it was shown that the Born approximagjstent with the observed trend for face dependence of hot-
tion overestimate#1,” by ~2 in Cu? (i) Though thee-e  electron scattering above 2 eV, with the most open face,
scattering rate is assumed to be independent of the electr@u(110), having the fastest rates. Band structure calculations
spin[Eq. (4)], it may be different for the parallel and anti- based on LDA are known to result ii-band energy posi-
parallel spins due to the exchange interaction. Scatteringions that are slightly highef~0.2 eV in the present case
rates between antiparallel-spin electrons have been calcthan the experiment® Thus, the agreement between the
lated to be about 4-10 times larger than between parallekalculated and observed threshold energy for hot-electron
spin electrons for a metal such as uThis is consistent scattering in C(110) may in part be due to cancellation of
with the electron-spin relaxation measurements if™Niii)  errors in the calculated-band maximum of the bulk and its
The contribution of the 8 bands to the screening is not actual position at the surface. Another face-dependent differ-
included in the free-electron model. To estimate dhieand  ence in surface density of states is due to the existence of
screeninggg in Eq. (9) should be replaced with the actual occupied crystal-induced surface states and resonances near
dielectric constant of Cu at zero frequemf:!ytS.Geo.46 Since  the Fermi level of all three face$.Thus, the surface elec-
the lifetimes have a- = dependence on the dielectric con- tronic structure is specific to each surface and considerably
stant, which is used to calculate both the screening lengtHifferent from the bulk, and therefore, it may contribute to
and scattering cross sectipfgs. (3), (5), and(9)], this will the anisotropy of the observed rates.
increase the lifetimes by 2. (iv) Umklapp processes, The fact that the best agreement between theory and ex-
which are not considered in the present calculation, haveeriment is obtained for G10, where no band gap exists
been shown to decreasee scattering rates by 16—30 % in in the k=0 direction (I'-K), suggests the band gaps at
AlL.*8 Thus, the difference between the calculated and expericu(111) and C100 may be responsible for the deviations
mental hot-electron lifetimes can be expected from the apfrom the predictions of the Fermi-liquid theory. The nature
proximations used in calculating the scattering matrix ele-of the intermediate states, whose lifetime is measured in the
ments. band gap of C(111) and C{100), is not known. The band-
The present calculation shows that the dependence of thgap photoemission may be from damped band-gap states,
scattering rate on the initial or intermediate statie smaller  phonon assisted transitions, and contributiork@0 photo-
than the observed anisotropy in the rates. The face-dependegmission due to final-state scattering and finite acceptance

Sions. Thee-p scattering rates differ by more than a factor of
, being slowest for the electron orbits in the plane perpen-
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angle of the analyzéf. Some DOS in the band gap may be tion of the rates is attributed to several assumptions in cal-
due to nonremovable defects such as steps or surface impadlating the rates, including the Born approximation, and
rities, since the photoemission signal increases when the suneglect of exchange interactiotassumption of spin-
face is sputtered or exposed to oxygen. The lifetime of thendependent scatteringd-band screening, and umklapp pro-
band-gap states is determined by the penetration depth of tleesses. Errors introduced by these assumptions are of suffi-
wave function into the bulR®>>%6Thus, the lifetimes of the cient magnitude to explain the overestimation of #e
surface states in the band gap are slower than for the bulk. Acattering rates. The band-structure calculation shows much
strong surface contribution to the band-gap photoemissiosmaller differences in the scattering rates for the low index
for Cu(100) and Cy111) could explain the anisotropy of the faces of Cu than the experiment. The crystal face dependence
rates and deviations from the calculated hot-electron scatteof lifetimes may reflect the anisotropy in tleee and e-p
ing rates for the bulk. scattering cross sections or face-dependent differences in the
surface electronic structure. Further refinement of our knowl-
V. SUMMARY edge of hot-electron dynamics at metal surfaces requires a
o ) better understanding of coherent and incoherent dynamics
Hot-electron_llfetlmes are me_asured for th_ree low-indeXinyvolved in the two-photon photoemission process, more re-
Cu surfaces W'th<7]éo fs resolution. The lifetimes do not gjistic models for fitting the hot-electron population dynam-
follow the (E—Eg) “ dependence predicted by the Fermi-jcs including effects due to the hot-electron cascade, diffu-

liquid theory for free-electron metals and have a crystal fac&jon, ande-p scattering, and more sophisticated theoretical
dependence. A numerical calculationefe scattering rates ydels for calculating the-e scattering rates.

based on Cu band structure reproduces qualitatively the en-
ergy dependence of the hot-electron lifetimes with particu-

Igrly good agreement fo_rZCClulO). Itis shovyn tha@ the devia- ACKNOWLEDGMENTS
tion from the (E—Eg)™“ dependence is mainly due to
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