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Ultrafast electron dynamics at metal surfaces: Competition between electron-phonon coupling
and hot-electron transport
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An experimental scheme~double pump/reflectivity probe using femtosecond laser pulses! enables the inves-
tigation of nonequilibrium electron dynamics at metal surfaces by measuring the equilibrated surface tempera-
ture. The competition between electron-phonon coupling and hot-electron transport gives rise to a reduced
equilibrated temperature when the two pump pulses overlap in time, and provides a way of accurately deter-
mining the electron-phonon coupling constant. These observations have important consequences for femtosec-
ond photochemical investigations.
on
n
-

ov

in
se
ta
c
i–
e

ec
o
be
s
ul
th

n-
r
ke

re

at

t i

a-

m

vity
tly
non
of

at-

nic

nted
ali-

robe
-

INTRODUCTION

A deeper understanding of ultrafast dynamics of electr
in metals is essential from both a fundamental and a tech
logical point of view. Electron and phonon dynamics follow
ing short-pulse optical excitation of the metal electrons g
ern, for instance, photochemical processes such
photoinduced surface reactions~e.g., photodesorption1! and
laser ablation.2,3 Electron dynamics have therefore been
tensely investigated using femtosecond la
spectroscopy.4–12 In these experiments, an ultrashort exci
tion ~‘‘pump’’ ! pulse heats the electrons at the metal surfa
Rapid thermalization within the electron gas to a Ferm
Dirac distribution — which has been observed with tim
resolved photoemission spectroscopy10 — occurs by
electron-electron scattering. Due to the relatively small el
tronic heat capacity, peak electronic temperatures of th
sands of K above the equilibrium melting point can
reached. Ballistic transport of nonthermalized electron7,8

and diffusive transport of thermalized electrons into the b
takes place, while simultaneously heat is transferred from
electronic system to the initially cold lattice by electro
phonon coupling. The rate of electron-phonon heat transfe
determined by the electron-phonon coupling constant, a
parameter in superconductivity theory.12,13 The electron dy-
namics can be followed by probing the transient optical
flectivity changes with a second~‘‘probe’’ ! pulse. However,
as pointed out by Groeneveldet al.11 and Brorsonet al.,12

the weakness of this technique lies in the difficulty of rel
ing the observed reflectivity changesDR to changes in the
electron and phonon temperaturesTe andTl at a given probe
frequencyv: DR(Te ,Tl ,v). This is illustrated in Fig. 1,
which depictsDR of gold at two slightly different wave-
lengths upon excitation with two pump pulses.

It is the purpose of this paper to demonstrate that i
possible to obtain information on femtosecondnonequilib-
rium electron dynamics following optical excitation by me
suring anequilibrium quantity: the reflectivity of the equili-
brated surface. This is accomplished by using two pu
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pulses instead of one, and monitoring the surface reflecti
as a function of delay between the pump pair, sufficien
long after the pump pair to ensure complete electron-pho
thermalization. Thus, we circumvent the major drawback
the one-pulse excitation experiments, the difficulty in rel
ing the observedDR to changes inTe and Tl . This is of
special relevance for systems with complicated electro
structures like transition metals and superconductors:6 The
reflectivity changes measured with the technique prese
here can be directly related to temperature by a simple c
bration measurement.

EXPERIMENT

The experiments were performed with a commercial~Co-
herent! laser system delivering 400 nm~pump! as well as

FIG. 1. Measured reflectivity changes~corresponding to elec-
tronic temperature rises of;1000 K) for a 700 nm gold film
caused by excitation pulses centered att50 andt510.5 ps for two
wavelengths. The inset shows the experimental pump-pump-p
setup. The different relaxation times~under identical excitation con
ditions! illustrate the necessity of knowingR(Te ,Tl ,v) to interpret
this type of experiment. Data are offset for clarity.
1101 ©2000 The American Physical Society



ti-

he

m
th
a
n

on
d

ho

ti
p
t

n
n

ra
ou
v

m
s
e
m

xe
o

y
rik

ro

se
a

m

fu
n

rin
r
ing

flu
ng
d.
th

ess

er-
e
n
d at
tak-

on

in-

our

d by

s
fast

rob-

-

p-
ed

.
m-
em-

e
h
clar-

1102 PRB 61MISCHA BONN et al.
tunable~probe! pulses of 200 fs duration at a 15 kHz repe
tion rate. Pump-induced reflection changes~noise level;5
31025) are detected using lock-in techniques. T
p-polarized probe and two equally strongs-polarized pump
pulses are focused onto the metal surface~normal incidence!
by the same 30 mm lens. The focus of the;40 mm probe
beam is approximately eight times smaller than the pu
foci, to ensure radially homogeneous excitation over
probed surface. All experiments were performed in air
room temperature on commercial polycrystalline gold a
chromium films of variable thickness~on quartz substrates!,
as well as on freshly polished copper@100# and ruthenium
@001# single crystals. The typical fluence of one excitati
pulse was about 20 J m22, creating transient electronic an
lattice temperature increases in gold of;1000 K and
;30 K, respectively. The probe photon energies were c
sen to maximize reflectivity changes with temperature.

RESULTS AND DISCUSSION

A. Electron dynamics in gold

Figure 1 depicts the transient change in surface reflec
ity of a 700 nm gold film, upon excitation with two pum
pulses. The experimental scheme is shown in the inset. In
experiment depicted in this figure, the probe delay is scan
with the pump-pump delay fixed at 10.5 ps. The differe
relaxation times at different probe wavelengths demonst
that to extract information on, e.g., the electron-phonon c
pling strength from this experiment, it is necessary to ha
full knowledge ofR(Te ,Tl ,v). To avoid this problem we
focus in this paper on experiments in which the pump-pu
delay is scanned, whereas the probe delay is fixed at a
ficiently high value to ensure complete thermalization b
tween electrons and phonons. Results for scanning the pu
pump delay with the probe delay set at 250 ps after the fi
pump pulse are depicted in the upper panel of Fig. 2 for g
films of varying thickness. The slight asymmetry~higher sig-
nal for positive delays! is due to the fact that the probe dela
is set with respect to the temporally fixed pump pulse. St
ingly, for the thicker films~thickness>300 nm), a dip in
reflectivity of ;6% in the total signal is observed at ze
pump-pump delay. It corresponds to adecreasein equilib-
rium surface temperature, when the two excitation pul
irradiate the surface simultaneously compared to the c
when the two excitation pulses are slightly separated in ti
This somewhat counterintuitive result—alower final surface
temperature after excitation with ahigher power density—is
absent for thin films~thickness<200 nm). Since all films
are optically equivalent~significantly thicker than the
;16 nm optical penetration depth,14! the dip cannot be
caused by an optical artifact such as bleaching. This is
ther corroborated by a simple pump-probe experime
which shows no reflectivity change (DR/R<1023) when
both wavelengths are set to 400 nm. The dip could in p
ciple be caused by an electron temperature~and hence powe
density! dependence of the electron-phonon coupl
strength, as suggested previously.15 However, a thorough in-
vestigation unequivocally demonstrates that there is no
ence dependence of the electron-phonon coupling stre
for gold, for power densities up to the damage threshol16

The dip also disappears with increasing delay between
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pump pair and the probe pulse for constant film thickn
~700 nm!, as demonstrated in the lower panel of Fig. 2.

From Fig. 1 it is apparent that the electron-phonon th
malization is over after;10 ps. Therefore, for the prob
delays in Fig. 2 (>20 ps), complete thermalization betwee
electrons and phonons has occurred. The dip observe
these long delay times reflects the short-time dynamics
ing place as the two pumps overlap in time.This means that
we obtain information about ultrafast femtosecond electr
dynamics by looking— much later— at a thermalized sys-
tem.This makes this technique an important tool in the
vestigation of electron dynamics.

B. Theoretical description

To understand the origin of the dip, we have modeled
data by means of the two-temperature model.17 In this
model, the electron and phonon subsystems are describe
two separate heat baths with temperaturesTe andTl . For the
high fluences (;10 J m22) used in the experiments, it ha
been demonstrated that electron thermalization in gold is
compared to the 200 fs duration of our pulses,9–11 justifying
the use of an electronic temperature. Treatment of the p
lem can be reduced to one spatial dimension~the z axis per-
pendicular to the surface!, as~i! the ~radial! temperature gra-
dient in the probed surface area is negligible~probe diameter
being much less than pump diameter! compared to the gra

FIG. 2. Measured reflectivity changes as a function of the pum
pump delay. Upper panel: gold films of varying thickness, at fix
probe delay~250 ps after the temporally fixed pump pulse!. Lower
panel: fixed film thickness~700 nm! for several probe delay times
A dip in reflectivity, corresponding to a decrease in surface te
perature, is observed when the two excitation pulses overlap t
porally. The experimentally observed reflectivity changes~dots! and
the calculated temperatures~lines! are normalized to the averag
value between210<t<25 ps. For the bottom curve in eac
graph, absolute temperatures are indicated. Data are offset for
ity.
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dient along thez axis and~ii ! the radial heat diffusion length
is much smaller than the pump diameter even after 1000
~the longest probe delay used!. Therefore the expressions fo
the time evolution of the temperatures read

Ce~Te!
]Te

]t
5

]

]z S k
]

]z
TeD2g~Te2Tl !1S~z,t !,

Cl~Tl !
]Tl

]t
5g~Te2Tl !.

Ce and Cl are the electronic and phonon heat capacit
respectively. In our simulationsCl is calculated within the
Debye approximation.18 The first equation describes~i! elec-
tron diffusion (k is the electron thermal conductivity!, ~ii !
electron-phonon coupling~coupling strengthg), and ~iii !
heating of the electrons by the laser pulse@the source term
S(z,t) is the absorbed laser energy density per unit tim#.
The diffusive term is absent in the second equation, beca
heat diffusion occurs much more rapidly through the elect
gas than through the lattice phonons. The effect of balli
electron transport — the electron mean free path in gold
been determined to be;100 nm in these films at room
temperature7 — is incorporated in the calculations by in
creasing the optical penetration depth by 100 nm.19 This ap-
proach is valid because the ballistic transport is fast~100 nm
in 100 fs! compared to the pulse duration.

The final surface temperature is determined by a com
tition between electron-phonon coupling and hot elect
diffusion. Electron-phonon coupling will tend to localize th
heat at the surface, whereas hot electron diffusion will re
in heat transport away from the surface, into the bulk. T
dynamics of the electron heating and cooling process is n
linear since there is a temperature dependence for the
tron specific heat (Ce5gTe), as well as for the electron ther
mal conductivity (k5k0@Te /Tl # for temperatures below a
critical temperature,20 ;4000 K for gold; even higher for
the other metals discussed here!. It is the resulting nonlinear-
ity in ( ]/]z)@k(]/]z)Te# with respect toTe that gives rise to
the observed dip in the final~electron and phonon! surface
temperature: When the two excitation pulses overlap in tim
the thermal conduction will be large due to the high transi
electronic temperature, so that strong diffusive transpor
the hot electrons away from the surface will take place,
fectively cooling the surface. If the pulses are tempora
separated, the peak electronic temperature, and therefor
heat conduction, is reduced, so that the surface cools
tively slowly. In other words, the effective electron diffusio
length depends on the delay between the two excita
pulses. This is illustrated in Fig. 3, which depicts calcula
spatial temperature profiles of a 700 nm gold film for diffe
ent pump-pump delays. Clearly, for shorter pump-pump
lays the heat has penetrated deeper into the film, caused
larger effective electron diffusion length, so that the surfa
is cooler compared to longer delays. This results in the s
face temperature dip shown in the inset. Of course, afte
certain time the gold film will be homogeneously heate
which explains the disappearance of the dip with ‘‘waiti
time’’ ~probe delay!, as shown in the lower panel of Fig. 2
For thinner films, homogeneous heating of the film will o
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cur at earlier times, accounting for the disappearance of
dip as can be observed in the upper panel of Fig. 2.

The coupled differential equations are solved by three
ferent numerical schemes~fully explicit, fully implicit, and
Crank-Nicholson21! that give identical results. Typica
discretization dimensions in time and space a
dt52310217 s anddx5131029 m ~chosen to ensure nu
merical stability for given material parameters!. Boundary
conditions for the calculation are such that no heat trans
occurs at the sample/air interface; for the films heat cond
tion to the substrate is negligible on picosecond timesca
bulk metal is treated as infinitely thick by expanding t
spatial array when the last slab experiences a tempera
increase exceeding 1023 K. The material parameters used
the calculations are summarized in Table I.

As can be observed in Fig. 2, the simple model rep
duces the experimental observations remarkably well:
though the depth of the dip is slightly underestimated,
shape of the dip is well accounted for. It was verified expe
mentally thatDR is linearly proportional to changes in th
surface temperature, as would be expected for these
small temperature variations (;3 K). It should be stressed
that there are no free~‘‘fit’’ ! parameters in our calculatio
and no scaling factors were used.

C. Electron dynamics in other metals

Figure 4 depicts the dip for the metals copper, chromiu
and ruthenium in comparison to gold. As can be observ
the dip becomes narrower with increasing electron-pho
coupling strength~see Table I!. Again, the data are well de
scribed by the two-temperature model, demonstrating
this technique allows to investigate electron-phonon c
pling dynamics in metallic systems in general: The width
the dip is limited by the electron-phonon equilibration tim
Due to the extreme sensitivity of the dip shape to the ex
value of the electron-phonon coupling strength, this imp
tant parameter can be accurately extracted. For the mate
investigated, the observed dips can well be accounted

FIG. 3. Calculated spatial temperature profile of a 700 nm
film 20 ps after the fixed pump pulse for three different pump-pu
delays (25,22, 0 ps marked bya, b, c, respectively; the trace in
the inset is identical to the lowermost in Fig. 2!. Note that, despite
the fact that half of the energy is deposited earlier in casea com-
pared to casec, the resulting surface temperature is higher~for case
a the pulses are temporally located at225 ps and220 ps; for
casec both pulses at220 ps).
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TABLE I. Parameter values used in two-temperature model calculations.

Parameter Au Cu Cr Ru

Electron-phonon coupling constanta g 2.3 10 42 185 1016 W m23 K21

Electron specific heat constantb g 71 98 194 400 J m23 K22

Thermal conductivity~300 K!b k0 317 401 94 117 W m21 K21

Debye temperatureb u 165 343 630 600 K
Atomic densityb n 5.9 8.5 8.3 7.4 1028 m23

Ballistic electron mean free pathc dball 100 100 0 0 1029 m
Optical penetration depth~400 nm!d d400 16.3 14.4 8.9 6.9 1029 m
Reflectivity ~400 nm, incidence,5°)d R400 39.1 51.0 68.6 71.0 %

aAu, Refs. 12 and 19; Cu, Ref. 4~see text!; Cr, Ref. 12; Ru, Ref. 23~see text!.
bReference 18.
cSee explanation in text.
dAu, Ref. 14; Cu, Ref. 14; Cr, Ref. 14; Ru, Ref. 30.
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with electron-phonon coupling constants from literature~see
references in Table I!. In the case of copper, where seve
experimental values differing by a factor of 10 have be
reported,2,4,12 our determination ofg5131017W m23 K21

supports the findings of Elsayed-Aliet al.4,22 With the pre-
viously reported smaller values2,12 of g51 and 4.7
31016 W m23 K21 our experimental data cannot be repr
duced. For ruthenium the value obtained here (g51.85
31018 W m23 K21) presents, to the best of our knowledg
the first experimental verification of the value obtained fro
theory.23,24

D. Consequences for photochemistry

Our findings have important consequences for pho
chemical experiments on adsorbate-covered metal surf
with femtosecond pulses.1,25–27 In these investigations, th
key question is the photochemical reaction mechanism:
photochemical process can be induced either by couplin

FIG. 4. Reflectivity changes for fixed probe delay times a
function of pump-pump delay for Au~700 nm film; the trace is
identical to the lowermost in Fig. 2!, Cu ~bulk @100# crystal!, Cr
~200-nm film! and Ru ~bulk @001# crystal!. Lines are results of
simulations described in the text; data are offset for clarity. Pr
wavelengths are 490, 565, 660, and 606 nm, respectively, and p
delays 20, 15, 50, 15 ps. For Cu, the optical penetration dept
increased by 100 nm to account for ballistic electron transport
analogy to Au; for Cr and Ru, ballistic effects are neglected,
electron thermalization occurs more rapidly.
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the adsorbate to the hot electrons, or by coupling to the
tice phonons.27 The generally employed experiment to inve
tigate the coupling mechanism is a two-pulse correlat
measurement,25 in which the photoreaction~desorption!
yield is measured as a function of delay between two pu
of equal intensity. Our results demonstrate that the two-pu
correlation technique provides a unique way of discern
between electron- and phonon-mediated chemistry: If
photochemistry proceeds primarily by coupling to t
phonons, a strong decrease~‘‘dip’’ ! in the yield should be
observed at zero pump-pump delay, a consequence of th
in phonon temperature. Using the standard friction model28,29

to quantify this effect, we calculate that the photoyield of C
desorbing from Cu@100# ~Ref. 26! decreases by;21% at
zero delay for the experimental circumstances and coup
rates reported in that study.26 The dip is more pronounced in
the calculated desorption yield compared to the phonon t
perature~a 21% as opposed to a 3.5% decrease around
delay! due to the Arrhenius-type desorption dynamics, wh
the temperature enters the exponent. In the experime26

however, the dip was not observed. Possible reasons for
discrepancy are firstly that the reported coupli
parameters26 are~partly! incorrect: From these experiments
was inferred that desorption occurs by coupling to both
electrons and the phonons, with different coupling streng
The absence of the dip in the experimental data implies
the role of electrons in the desorption process was unde
timated. A second possible explanation is that the frict
model does not provide an adequate description of the
sorption process for this system: The model employs eq
librium concepts such as an effective adsorbate tempera
and Arrhenius-type desorption kinetics, whereas a full
scription would have to include nonequilibrium effects.

CONCLUSION

Summarizing, we have developed and applied an exp
mental double pump/reflectivity probe scheme to investig
energy dynamics in metals. A dip in the equilibrated surfa
temperature is observed, if two excitation pulses excite
metal simultaneously. This can be explained by a comp
tion between electron-phonon coupling and diffusive h

a

e
be
is
n
s



c
th
is
b
o

a

s-
s-
gs-
al

PRB 61 1105ULTRAFAST ELECTRON DYNAMICS AT METAL . . .
electron transport, and has important implications for surfa
photochemistry. By measuring equilibrated temperatures,
interpretation of this type of pump-probe experiments
greatly simplified compared to the conventional pump-pro
technique. This may be of great importance to the study
electron dynamics of transition metals and other materi
with complex electronic structures like high-Tc supercon-
ductors.
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