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Ultrafast nonequilibrium stress generation in gold and silver
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The dynamics of coherent phonon generation by femtosecond optical pulses in thin gold and silver
films is studied using a pump and probe scheme. Detection is achieved by monitoring ultrafast surface
vibrations in real time using laser-beam deflection. The phonon strain pulse shapes can be explained
through the nonequilibrium coupling of the electron and phonon distributions, suggesting a new method

for measuring the electron-phonon coupling constant.

The transient difference in the electron and lattice tem-
peratures in metals after excitation with ultrashort laser
pulses has been the topic of much recent research. The
small specific heat of the electron gas allows electron tem-
peratures of thousands of degrees to be generated for
times up to a few picoseconds. This nonequilibrium im-
balance in the electron and phonon distributions has been
probed in several ways.!~7 Although the initial experi-
mental evidence came from studies of the laser-induced
emission of photons or electrons from metal surfaces,’
femtosecond thermomodulation techniques sensitive to
hot electron relaxation and heat transport have played a
particularly important role.>~% Thin films excited by ul-
trashort pump optical pulses are interrogated by record-
ing the intensity modulation of delayed probe pulses.
Taking into account the different response to changes in
the electron and lattice temperatures, electron-phonon
(e-p) coupling constants of a wide variety of metals were
derived, constants which are also crucial to areas as
diverse as superconductivity® and laser-induced melting.’
More recently, photoelectric emission experiments con-
tinue to reveal more details of these nonequilibrium pro-
cesses: the thermalization of photoexcited electron-
energy distributions in metals through electron-electron
coupling can be directly measured from the energy spec-
trum of photoelectrons associated with a delayed probe
pulse.’

The nonequilibrium dynamics of the space- and time-
dependent electron and phonon distributions also governs
the generation of acoustic-phonon pulses in metals by ul-
trashort laser pulses.!®!! The laser photons, absorbed
near the surface of the metal, excite electrons with ener-
gies up to the region of the Fermi level to higher avail-
able states. The propagation, diffusion, and relaxation of
the hot electrons determine the final profile of the phonon
strain propagating away from the metal surface and re-
sult in a broadening of this phonon pulse. Initial results
supporting this reasoning were recently obtained for
group-VI transition metals using picosecond laser pulses
and a beam deflection technique for direct phonon strain
pulse detection from ultrafast surface vibrations.!> Un-
like piezoreflectance detection,!® difficulties in relating
the dynamic changes in optical reflectivity to the phonon
strain are avoided.

In this paper, I report on the ultrafast stress generation
in noble metals using polycrystalline films of gold and
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silver with femtosecond optical excitation and beam
deflection detection. These metals were chosen because
the e-p coupling is relatively weak, thus making e-p pulse
broadening effects particularly pronounced and minimiz-
ing any spurious pulse distortion effects caused by acous-
tic attenuation. In addition, abundant comparative data
are available on nonequilibrium electron-energy distribu-
tions in these materials, which approximate to free-
electron metals near the Fermi energy. Gold and silver
thus provide us the first reliable test cases for theories of
ultrafast laser generation of acoustic phonons in metals.

Pump pulses of energy 2 eV (630-nm wavelength), of
duration 200 fs [full width at half maximum (FWHM)],
and repetition rate 76 MHz from a mode-locked dye
laser are used to excite the phonons. Focusing to a spot
diameter of about 20 um allows incident pump fluences
up to 0.6 mJcm 2 to be obtained. The cross-polarized,
weaker (~5% of pump) probe pulses are focused to a
similar spot size to partially overlap with the pump spot.
Changes in surface profile associated with phonon pulses
returning to the surface lead to an angular deflection
(860 ~1 urad) of the probe beam, proportional to the sur-
face displacement (8z~0.001 nm), which is monitored
with a dual-cell photodiode. Full details of the apparatus
are given elsewhere.!”? The films are made by rf magne-
tron sputtering (at 60 and 100 nm/min for Au and Ag) on
silica substrates. Examination of the film surfaces with
an electron microscope revealed a wide distribution of
grain sizes with an average diameter of ~100 nm. Film
thicknesses were calculated from the known sound veloc-
ities of the polycrystalline materials [v =3360 and 3790
ms~! for Au and Ag, respectively (Ref. 13)] and verified
by needle profiling.

Figures 1 and 2 show the results for 60 as a function of
delay time for Au and Ag films of thickness 470 and 245
nm, respectively. Echoes arise from longitudinal
acoustic-phonon pulses bouncing backwards and for-
wards inside the film. Owing to the difference in
reflectance at 2 eV, the signal-to-noise ratio for Au is
better than for Ag. The approach commonly used to in-
terpret the phonon pulse shapes is a one-dimensional
thermoelastic model in the acoustic near field.!*~'? Ener-
gy absorbed in the region of the optical skin depth ({~15
nm for Au and 12 nm for Ag) results in a thermal expan-
sion that launches a longitudinal strain pulse into the
metal,
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FIG. 1. Angular deflection of the probe laser beam against
pump-probe delay time for a 470-nm film of Au at a pump
fluence of 0.6 mJ cm 2. Fit to first echo from the thermoelastic
model (curve a), fit from the thermoelastic model including
thermal diffusion (curve b), and fit from the nonequilibrium
model with electron-phonon coupling parameter g=16X10"
Wm™3K™! (curve ¢). (I, and I, refer to the intensities at the
dual-cell photodetector.) The inset shows curves from the none-
quilibrium model for g=10X10" Wm™3K™! (curve d) and
g=22X10" Wm 3K ™! (curve e).

N3(z,t)= —nsgn(z —vt Jexp[ |z —vt| /],

for times >>{ /v, as shown in Fig. 3(a). Integrating with
respect to depth z gives the normal surface displacement,
u3;(£)=2m0¢ exp(—v|t| /£) (where t =0 corresponds here
to the echo arrival), as shown by curves a of Figs. 1 and
2. The predicted pulse durations (~ 10 ps) are approxi-
mately twice the acoustic transit time (2£/v) across the
skin depth. Clearly, this model totally fails to account
for the remarkably broadened widths of order 100 ps.
(The slight smoothing effect of the laser pulse duration is
included in all the fits.)

Several mechanisms for pulse distortion exist. Angular
deflection caused by strain-induced radial gradients in the
dielectric constants is estimated to be negligible at the
present probe wavelength.!* Temperature-induced radial
gradients and the relaxing thermal expansion lead to the
slowly varying background variation.'> However, this
too does not appreciably affect the observed pulse shapes.
Broadening due to frequency-dependent attenuation can
be estimated from available data for gigahertz acoustic
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FIG. 2. Angular deflection of the probe laser beam against
pump-probe delay time for a 245-nm film of Ag at a pump
fluence of 0.6 mJcm ™2 The fits (curves a—e) are as in Fig. 1,
with g=35X10°" Wm ™K™' (curve ¢), g=15%x10"
Wm 3K ! (curve d), and g=55X 10> Wm *K ™! (curve o).
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FIG. 3. Strain pulse shapes for Au and Ag, plotted as a func-
tion of the dimensionless parameter (z—wvt)/§, calculated ac-
cording to (a) the thermoelastic model, (b) the thermoelastic
model including thermal diffusion, and (c) the nonequilibrium
model for a pump fluence of 0.6 mJ cm 2. The scales for (a)-(c)
are the same.

losses in Ag films, losses mainly caused by grain bound-
ary scattering ( < w?, o the angular frequency).’® The cal-
culated pulse distortion is not significant for phonon
propagation distances ~ 1 um (taking into account a scal-
ing factor to correct for the different grain size).!® Similar
reasoning can be applied to Au. Dispersion is also negli-
gible in the gigahertz range.

The thermoelastic model can be refined to account for
the effect of heat flow.!° The temperature distribution
T(z,t) in the film is calculated from Fourier’s law in one
dimension, assuming that the electrons and phonons in
the metal remain in thermal equilibrium. This changing
temperature distribution creates a stress pulse, which can
be calculated from a knowledge of the impulsive contri-
butions (80;3) to the stress (033) at points in space and
time where the temperature is varying:

6033=-7C%5t= —yC5T , (1)

where C is the specific heat per unit volume and y
(=3BB/C, B the thermal expansion and B the bulk
modulus) is the Griineisen parameter. The stress field is
then obtained by summing over 80 33, taking into account
the phase inversion of the stress on reflection at the free
surface. The expressions derived by Thomsen et al. ' for
the strain can be generalized for a finite optical pulse
duration as follows:

C
(z’t)=__L_
733 2p02
T

dt',
Ot |(lz—v(t—1")],")

X f_m sgn[z—v(t—1t")]

(2)

where p is the density and the point t'=0 is excluded
from the integral. A dimensionless parameter D /v{
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(=2.5 for Au and 3.8 for Ag,!” where D is the thermal
diffusivity) determines the strain pulse shapes, shown in
Fig. 3(b). The calculated displacement variations are
shown by curves b of Figs. 1 and 2. The pulses are
broadened by a factor of about 5 compared to curves a.
However, the experimental pulse widths are still
significantly (~2 times) broader, and the predicted asym-
metric pulse shapes are not observed.

To proceed further it is necessary to consider the mi-
croscopic origin of the stress in metals. In general, the
stress is related to changes in the instantaneous electron
and phonon distribution functions n,(k) and n;(k) in-
duced by the laser pulse:'©

80'33=_2 ‘}/eEkane(k)—E ’y,-ﬁa)kSn,-(k) ) (3)
k k

where E, and fiw, are the electron and phonon energies
and y,=—(0E,/3733)/Ey and y;=—(0wy/31;3)/wy
are the corresponding Griineisen parameters (related to
the electron and lattice deformation potentials). Solution
in the general case requires a knowledge of the temporal
and spatial evolution of n,k) and n;,(k), but
simplification of Eq. (3) is possible if it is assumed that
electron-electron and phonon-phonon couplings maintain
the electron and phonon distributions in separate pseu-
doequilibrium states (Fermi-Dirac and Bose-Einstein dis-
tributions, respectively):

8033=_~78C88Te—7ici8Ti > (4)

where C,,y, and C;,y; here refer to the specific-heat
capacities (per unit volume) and average Griineisen pa-
rameters for the electron and phonon subsystems. In Eq.
(4), T, corresponds to the temperature of the diffusing
hot electron gas and T; to that of the lattice.

The dynamics of such a system is described by two
coupled nonlinear differential equations! 718

oT,

Ce(Te)a—:=V-(KVTe)—g(Te-T,~)+P(z,t), (5)
T,

C—, =¢(T.—T), (6)

where g is the e-p coupling constant, « the thermal con-
ductivity,!” and P(z,t) the absorbed laser power density.!®
These equations reduce to the case of Fourier heat flow
when the electrons are in thermal equilibrium with the
phonons (7, =T;).2° No diffusion term appears in Eq. (6)
because the heat is almost exclusively carried by the elec-
trons [which have a large thermal diffusivity D, =«/C,,
when uncoupled with the phonons, compared to the case
of Fourier transport «/(C,+C;)]. Solutions were ob-
tained for 7,(z,¢t) and T;(z,¢t) with a finite difference
scheme,%?! using a Gaussian temporal profile for the
laser pulse!® and literature values of g. The calculations
were then repeated with incremental changes in g until a
good match to the data was obtained. At z=0 in Au, for
example, T, initially increases to ~550 K (at ¢ =100 fs),
whereas the maximum increase in T; is ~1.3 K (at t =5
ps). The strain pulses can be calculated from Eq. (2) by
use of Eq. (4) in place of Eq. (1). However, since
Y.C./7:;C; S0.01 at temperatures of a few hundred K
(C;=C=2.5X10° Im™*K~!, C,=AT,=67.6T,
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Jm3K™!, y,=1.6, and y,~y=3.0 for Au,'”? for ex-
ample), the electronic contribution to the echoes associat-
ed with T, can be neglected on picosecond time scales.??
The strain pulses shown in Fig. 3(c) and the displacement
variations shown by the curves c of Figs. 1 and 2 were ob-
tained numerically from Eq. (2) (assuming T=T;) using
the best-fit values g =16(£6)X 10" Wm 3K ™! for Au
and 35(+20)X 10 Wm™3K~! for Ag. Taking into ac-
count measurement error and sample variations, these
values are in the range of corresponding experimental es-
timates of g and of theoretical calculations?~>2* (for simi-
lar temperatures). The echo shapes are mimicked well by
this model. The insets in Figs. 1 and 2 show curves for
values of g near the estimated limits of error.”* Pulse
broadening occurs because the electrons are able to
diffuse (at supersonic velocities) a significant distance
(compared to §) before they lose their energy; a simple es-
timate of the pulse width 7, can be obtained by consider-
ing the diffusion of the electrons over a distance
~z,=(D,t,)"/? ~100 nm (assumed >>¢) during the
characteristic time ¢,=C,/g (~1 ps) when uncoupled
with the lattice: 7, ~2z,/v=(2/v)(k/g)""*~100 ps for
Au or Ag. The symmetry of the pulses is caused by the
predominance of the effect of the spatial separation of the
acoustic sources in Eq. (2) compared to their duration.

The fits can also be verified in the frequency domain.
The surface velocity variation dus; /dt, or, equivalently,
the time derivative of 86, can be shown to be directly
proportional to the strain pulse shape in the one-
dimensional case.'? The frequency spectrum of the strain
pulses calculated from d6/dt is in good agreement with
the nonequilibrium model, as shown for the case of Au in
Fig. 4.

A similar analysis can be applied to results for films of
group-VI transition metals obtained previously by the
same method.!? Values of g derived directly from the
data are ~3 times smaller than those derived from other
experiments® (for Cr and W) or estimated theoretically®
(for Mo). This discrepancy may be due to additional
broadening effects from acoustic attenuation at the
higher frequencies involved for these metals (g is 10-20
times larger than for Au or Ag). For materials in which g

(ARB. UNITS)

AMPLITUDE

l 100
FREQUENCY (GHz)

FIG. 4. Experimental phonon pulse spectrum for Au com-
pared to the predictions of the thermoelastic model (curve a),
the thermoelastic model including thermal diffusion (curve b),
and the nonequilibrium model (curve c).
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is relatively large, the use of thinner films might therefore
improve the estimates of g with this method.

The success of the model of Egs. (5) and (6) in repro-
ducing the data for gold and silver suggests that it pro-
vides, as in other experiments, a good basis for analysis of
the nonequilibrium dynamics. Recent photoemission
studies’ (for Au) and thermoreflectance measurements’
(for Au and Ag) have shown, however, that the finite
strength of the electron-electron interaction leads to a
transient nonthermal hot tail in the electron-energy dis-
tribution, persisting for a time (several hundred fem-
toseconds) which increases with decreasing pump laser
fluence. Ballistic propagation of electrons in this tail at
the Fermi velocity*’ (v;=1.4X10° ms™! for Au), faster
than electron diffusion, in principle provides an addition-
al broadening mechanism for the strain pulse on short
time scales. Initial measurements at fluences down to 0.1
mJ cm ™2 for Au did not show any significant change in
the phonon pulse shape, in accord with the predictions
from Egs. (5) and (6) for this range of fluences. Further
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measurements over a wider range of fluence and tempera-
ture should help to determine if the influence of these
ballistic effects or other processes such as electron-
imperfection scattering* (which impedes electron trans-
port) can be detected.

In conclusion, the dynamics of coherent acoustic-
phonon generation by femtosecond optical pulses in a
metal has been investigated using gold and silver films.
Striking agreement with the observed phonon pulse
shapes is found by describing the nonequilibrium relaxa-
tion and diffusion of the electrons according to a model
which treats the electrons and phonons as separate
thermalized subsystems, thus suggesting a novel way of
determining the e-p coupling constant. This constant is
shown to play a central role in limiting the spectrum of
acoustic frequencies generated by ultrashort light pulses
in a metal.
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