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Femtosecond transient reflectivity measurements on gold films revealed damped oscillations, which are
attributed to anisotropic ballistic electron motion and reflection at the film boundaries. A theoretical model
based on a modified Fermi-liquid theory can explain the observed oscillation periods as a result of ballistic
transport in directions determined by the actual shape of the Fermi surface of Au.
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I. INTRODUCTION

Femtosecond studies of nonequilibrium electrons and
phonons and their interaction in metals have been the subject
of numerous studies in the past two decades. Fundamental
processes in the excited electronic system are important for
the thermal and electronic properties of metals and surface
processes as, for example, desorption and phase transitions.
Most of the experimental studies were performed using
pump-probe reflection/transmission1–5 and two-photon pho-
toemission experiments.6,7 It was found that a combination
of Coulomb screening and the Pauli exclusion principle can
lead to electron-electron scattering times on the order of a
few hundred femtoseconds, slowing down the thermalization
of the electron gas. This necessitated the modification of the
two-temperature model8 that assumed an instantaneous for-
mation of a thermalized electron gas of certain temperature
Te, which then interacts with the phonons.

Carrier transport was studied in metal films excited at the
front surface and probed at the front and back surface4,9 with
femtosecond time resolution. From the delayed rise of the
signal at the back surface a transport velocity v on the order
of the Fermi velocity independent of the film thickness d was
found for d�400 nm. This was interpreted as ballistic trans-
port of nonthermal electrons. Because of the small absorp-
tion lengths ds of metal films �for example, Au at 1.5 eV:
ds�13 nm� transport of the excitation perpendicular to the
surface has to be taken into account for the interpretation of
measurements of subpicosecond particle dynamics near the
material surface; see, for example, Refs. 10–12.

The existence of a ballistic transport component suggests
the possibility that a fraction of the initial nonthermal elec-
trons may be reflected at the back surface of the film and
propagate to the front surface where they are reflected again.
This would continue over the “lifetime” of ballistic electrons.
For film thicknesses small enough, a few roundtrips should
manifest themselves in an oscillatory behavior of the tran-
sient reflectivity signal in a pump-probe experiment. In this
paper we show experimental evidence of the existence of this
kind of periodic unhindered particle transport. A theoretical
model based on a modified Fermi-liquid theory and the spe-
cific Fermi surface geometry of Au is in good agreement
with the observed transient reflectivity signal.

II. EXPERIMENT

For our studies of ballistic transport in Au films we chose
a degenerate pump-probe experiment at photon energies of

��=1.55 eV. The band structure of Au together with the
pump and probe transitions are shown in Fig. 1. The pump
excites intraband transitions of electrons near the Fermi
level. In addition to these intraband transitions the probe can
also test transitions from d bands to states below the Fermi
level emptied by the pump. The excitation and probing was
performed at the angle for the surface plasmon �SP� reso-
nance for two reasons. First, it allows an efficient excitation
and sensitive probing of the induced material changes.2 Sec-
ond, the induced reflectivity change
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R
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��� +
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is mainly determined by the change of the imaginary part of
the dielectric constant, ���. The contribution of the real part,
���, can be neglected since 72� ��R /���� / ��R /�����40 for
film thicknesses 30 nm�d�45 nm, and since ������ �����
as will be explained below.

The experimental setup is shown in Fig. 2. Pulses from a
22-fs Ti:sapphire laser ���0=1.55 eV� were used to excite
and probe films with thicknesses of 30 nm and 45 nm. The
films were deposited on a BK-7 glass slide by e-beam evapo-
ration. The slide was attached to the hypotenuse of a BK-7
prism with an index-matching oil. Pump and probe were dis-
placed vertically �along x� before the focusing lens �f
�12.5 cm� and were incident at a common spot �A
�1200 	m2� at the SP resonance angle in the
Kretschmann13 configuration. Pump and probe beams were

FIG. 1. Band structure of Au and transitions relevant for exci-
tation and probing at ���1.55 eV near the L and X point.
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chopped at different frequencies and the signal was detected
at the sum frequency. Induced reflectivity changes of the
order of 10−5 could readily be measured. A horizontal slit
blocked the pump beam after reflection. A vertical slit in the
path of the reflected probe selected the beam component
probing at the SP resonance. A prism sequence between the
laser oscillator and the pump-probe setup allowed us to com-
pensate the cumulative group velocity dispersion up to the
Au film. We also measured the cross-correlation of pump and
probe pulses simultaneously with the transient reflectivity by
detecting the noncollinear second-harmonic �SH� signal pro-
duced at the Au surface.

Figure 3 depicts the transient reflectivity result obtained
with the 45-nm film. The measured cross-correlation of
pump and probe is shown for comparison. The correlation
width of 34 fs is somewhat larger than what is expected from
the pulse duration. This discrepancy can be explained by the
noncollinear beam overlap on the sample, which was neces-

sary to separate pump and probe after reflection. An initial
fast decay of the transient reflectivity is followed by a
damped oscillation. The oscillation period is found to be
about 107 fs and about 70 fs for the 45-nm film and the 30
-nm film, respectively. Assuming transport perpendicular to
the film surface, this corresponds to an effective velocity of
about 0.85
106 m/s, which is of the same order of magni-
tude as the Fermi velocity vF�1.4
106 m/s.

III. THEORETICAL MODEL

To model the experiment we need to study the spatiotem-
poral evolution of excited electrons in the gold film and its
effect on the transient reflectivity in the first few hundred fs
after excitation. This is the time range where the electrons
have not yet thermalized and the material response cannot be
characterized by an electron temperature Te. In our model we
divide the electron distribution into two parts—a thermalized
Fermi sea and a nonequilibrium distribution acting as a per-
turbation. This is justified given the relatively small density
of excited electrons ��2
1019 cm−3� compared to the total
electron density of �6
1022 cm−3. Transport is only consid-
ered for the nonthermal electrons on the time scale of interest
here. The film acts as a Fabry-Perot etalon for the probe
pulse. The transient reflectivity �R at the SP resonance is
obtained by dividing the film into N slices and calculating
the optical stack matrix. Each slice is characterized by a local
dielectric constant that is governed by the spatiotemporal
evolution of the carrier density.

The pump-pulse induced change of the imaginary part of
the dielectric function can be divided into two contributions,

��� = ��cb� + ��ir� , �2�

where ��cb� results from intraband transitions in the conduc-
tion band and ��ir� from interband transitions.

To describe the intraband transitions of quasifree electrons
we invoke Drude theory

��cb� �t� =
�cb�

�
���t� , �3�

where � is the total scattering rate, which is the sum of the
electron-�acoustic� phonon �ep� and electron-electron �ee�
scattering rate �=�ep+�ee. The associated change of the real
part of the dielectric function ���cb� /��cb� �
�2�� /��2��cb� /�cb� ��1 for �cb�−23− i0.77 and ��1014 s−1.
Its contribution to the measured signal �cf. Eq. �1�� can thus
be neglected when working at the SP resonance as indicated
earlier.

In the short time scale of interest here, ���t����ee�t� is
controlled by electron-electron scattering. This change in the
average scattering rate is due to energy transfer from the
nonequilibrium electrons to the electrons in the Fermi sea,
which leads to a change in the electron temperature �Te�t�.
The energy deposition by the pump pulse has a noninstanta-
neous effect on the average scattering rate, leading to a de-
layed rise of the reflectivity signal3,5 that is proportional to
��cb� . For short time scales, before electron-phonon relax-
ation becomes important, the reflectivity signal due to intra-
band transitions can be described by

FIG. 2. Experimental pump-probe setup. Excitation and probing
is at the surface plasmon resonance using the Kretschmann
configuration.

FIG. 3. Measured transient reflectivity of a 45-nm Au film
probed at the surface-plasmon resonance. The dash-dotted line
shows the background-free cross-correlation of pump and probe for
comparison.
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�Rcb�t� = A0��t��1 − e−t/e� � C�t� , �4�

where ��t� is the Heaviside step function and �C�t� stands
for the convolution with the cross-correlation function of
pump and probe.3 The parameter e�35 fs is an effective
electron thermalization time that was obtained from a fit of
Eq. �4� to the data presented in Fig. 3 of Ref. 5. According to
Eq. �4� the signal increases to reach a plateau with a time
constant that is somewhat longer than what one would expect
from a simple convolution of the absorbed pump energy and
C�t�. We can determine the amplitude factor A0 from a fit to
the plateau reached after 400 fs in our experiments.

The contribution from interband transitions to the tran-
sient reflectivity change, �Rir�t�, which is responsible for the
oscillatory peak of the reflectivity signal as can be seen in the
next section, can be calculated from the optical stack matrix.
This matrix is the product of the optical matrices of the in-
dividual film slices whose elements are determined by
��ir� �t ,z�. To obtain ��ir� �t ,z� we will apply a one-
dimensional transport model for the nonequilibrium carrier
density.

The change in the interband part of the dielectric constant,
��ir, originates from transitions from the low lying d bands
to the empty states created in the conduction band around the
X and L point �cf. Fig. 1�. The resulting change in the imagi-
nary part, ��ir� at probe frequency �, can be described in the
constant matrix element approximation14,15 by

��ir� �t,z� = −
2h2

3m2�2 �
j=X,L

�P�2rj	
Ej1

Ej2

D j�E,������E,z,t�dE ,

�5�

where m is the electron mass, P is the transition matrix ele-
ment, rL and rX are the relative transition strengths,
D j�E ,��� is the energy distribution of the joint density of
states, and ��=�−�eq is the difference of the actual and the
equilibrium quasiparticle distribution. All energies E are
measured from the Fermi energy EF and taken positive. The
integration limits define the energy regions over which
���E� is probed for the different transitions. For the transi-
tion near the L and X point this energy interval is
�0.58 eV,1.55 eV� and �0.24 eV,1.55 eV� �Ref. 16�, respec-
tively. The integration limit of 1.55 eV is determined by the
pump photon energy. The relative strengths of the transition
matrix elements, rX /rL
0.37, see Ref. 14. The evolution of
the nonthermal electron distribution involves electron and
hole scattering. For example, a collision of a nonthermal
electron with an electron from the Fermi sea will produce
two excited electrons and one hole. We will therefore use the
terminology “quasiparticle” or “particle” in equations used to
determine ��ir� .

To discuss the contribution of the interband transition to
the signal we need the evolution of the nonthermal quasipar-
ticle distribution ���E ,z , t� affected by transport, ee scatter-
ing, and the excitation. Because the film thickness is much
smaller than the probed spot diameter, the transport can be
considered one dimensional. We assume that the pump ini-
tially creates a nonuniform electron distribution governed by
the spatial intensity distribution in the film, f�z�, and an en-

ergy distribution g�E� with g=1 for 0�E���0 and g=0
otherwise. At the SP resonance, the optical pulse creates a
nonequilibrium electron distribution that initially peaks at the
film-air interface before it propagates.

Within the framework of one-dimensional transport, the
quasiparticles can move in two opposite directions �+z and
−z� with equal probability. We will model two different
transport scenarios: �i� isotropic ballistic transport where
each direction is equally probable and the z component of the
velocity vector vz is taken from an interval �−v0 ,v0�, and �ii�
transport in preferred directions with vz= ±vt. Here vt is an
effective transport velocity along the z direction. For the case
of isotropic transport we use v0=vF, where vF�1.4 nm/fs is
the Fermi velocity of Au. Each scattering event creates new
particles at certain energies. The distribution of quasiparti-
cles moving in +z direction, ��+�E ,z , t ,vz�, can be described
by

�

�t
��+ = �vz

�

�z
−

1

ee�E����+ +
1

2
�P�t�f�z�g�E�h�vz�

+ 3	
E

� ��+�E�� + ��−�E��
0

�E� − E�dE�. �6�

A similar equation holds for the particle density moving in
the opposite direction, ��−�E ,z , t ,−vz�. The parameter 0

−1

�0.05 fs−1 eV−2 is a characteristic scattering constant17 from
Fermi-liquid theory according to which the scattering rate of
hot electrons was approximated by ee

−1�E��E2 /0. The
quantity � is the absorption coefficient of Au, and P�t� is the
excitation photon flux density. The distributions h�vz�=1/vt

and h�vz�=��vz−vt� apply to case �i� and case �ii�, respec-
tively.

The last term on the right-hand side of Eq. �6� describes
the filling of states with energy E by scattering of particles
out of states with energy E��E, which was derived in Ref.
18 and implemented in this form in Refs. 19 and 4. We
assume that the excited quasiparticles travel ballistically until
they are scattered out of the energy window probed by tran-
sitions from the d band to the conduction band. At this point
they join the sea of thermalized particles whose average ef-
fect is described by ���t� and ��cb� . The effect of reflection
of quasiparticles reaching the film boundaries is taken into
account. We neglected the energy dependence of v because
the major contribution to the observable ballistic transport
originates from electrons with energies near Emin�0.24 eV
as will be explained below. We also neglected electron-
phonon scattering in Eq. �6�. According to Ref. 4, within our
time scale of interest, the average e-p energy relaxation time
ep��1.5 ps. The effect of momentum relaxation due to the
quasielastic scattering will be discussed in the next section.

The total particle density needed in Eq. �5� to compute
��ir� �t ,z� is obtained from ���E ,z , t�=����+�E ,z , t ,v�
+��−�E ,z , t ,v��dv. The dielectric constant ��ir� �t ,zi� was
used to calculate the optical matrix of a film slice at z=zi. A
slice thickness of 1 nm turned out to be sufficient to ad-
equately sample the film.

We checked whether the excitation and probing at the
surface-plasmon resonance leads to additional temporal
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smearing due to the interplay of the spectral and angular
properties of the plasmon resonance and the focused fields of
pump and probe. It turns out that the resulting effects are
negligible for pulses as short as 10 fs and our beam focusing
geometry.

IV. RESULTS AND DISCUSSION

Figure 4 shows the quasiparticle density at the Au-air in-
terface of the 45-nm film as a function of time and energy
calculated from Eq. �6� for isotropic and directed ballistic
transport. The insets show the resulting transient reflectivity
signals ��Rir /R� obtained from the optical stack matrix.

Obviously, an oscillatory behavior is sustained over sev-
eral hundreds of fs for the directed transport �Fig. 4�a��. The
oscillations are most pronounced for quasiparticles in low-
energy states. This is a manifestation of the Pauli exclusion
principle. Quasiparticles near the Fermi level have long scat-
tering times due to the lack of empty states they can scatter
into. Therefore, as shown in Fig. 1, transitions near the X

point that probe particle states of small energy �0.24 eV� are
particularly sensitive to ballistic transport. Only a small con-
tribution to the observed modulation is expected from quasi-
particles with larger energies. This is despite the fact that the
L-point transitions carry a larger weight in the integral in Eq.
�5�.

The amplitude of the modulation of the particle density at
the lowest probed energies still increases after the pump
pulse. The population of the energy levels described by the
last term in Eq. �6� is responsible for this behavior. For iso-
tropic transport, the modulation is much weaker �Fig. 4�b��
and not visible in the transient reflectivity signal. Since all
velocity components vz from the interval �−v0 ,v0� are
equally probable, the modulation period is determined by the
leading front of the electron packet that travels with vz�v0.
It is evident that the modulation observed in our experiment
cannot be explained with isotropic transport.

To answer the question as to what can be the physical
origins of a directed ballistic transport, we need to evaluate
the Fermi surface of Au. Due to the fact that the principal
contribution to the observable ballistic transport originates
from electrons with energies close to the Fermi level, a dis-
cussion of transport based on the Fermi surface E�k��=EF

should be a good approximation. From the semiclassical
model of electron transport, the ballistic transport velocity is
perpendicular to the Fermi surface, v��k��= �1/���kE�k��. Only
for ideal parabolic bands is the surface of constant energy
spherical and isotropic transport can be expected. Thus the
nonspherical shape of the Fermi surface of Au suggests
highly anisotropic ballistic electron transport. Particle trans-
port is most preferred in directions perpendicular to regions,
where the curvature of the Fermi surface is small �close to
zero� and the velocity vectors v��k�� of adjacent k states point
in a similar direction. This translates into a relatively large
number of particles occupying adjacent states that move in
nearly the same direction with similar speed.

Such anisotropic transport due to nonspherical Fermi sur-
faces was predicted20 and experimentally observed in
semimetals21 and metals.22 In these experiments, carriers
were excited on one side of a platelet in the near field of an
optical fiber tip. The potential distribution at the opposite site
of the plate was probed by a metal point-contact while the
fiber tip was raster-scanned. As part of a detailed analysis of
transport measurements on metal-semiconductor interfaces,23

preferred directions of ballistic transport in Au were retrieved
from the actual shape of the Fermi surface.24

Au films produced by evaporation usually consist of
grains whose average size is on the order of the film thick-
ness d, if d�50 nm, with the 111� axis perpendicular to the
substrate surface.27 The orientation of the Fermi surface rela-
tive to the film and the areas of low curvature �regions A and
B� with the corresponding directions of v� are illustrated in
Fig. 5. The regions A and B indicate areas within which the
direction of v� varies less than ±10° and the magnitude by
less than 10% with respect to the mean values vA
�1.5 nm/fs and vB�1.15 nm/fs, respectively.28,29

The location of the main regions contributing to the di-
rected ballistic transport are labelled A1, A2, and B1. The
corresponding velocity vectors include an angle with the

FIG. 4. Calculated density of quasiparticles at the Au-air inter-
face of the 45-nm film as a function of energy and time after exci-
tation. �a� Directed transport with an effective transport velocity
along the z direction vt=0.85
106 m/s, �b� isotropic transport. The
insets show the calculated transient reflectivity signal ��Rir /R�.
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111� axis of �±29°, �±59°, and �±35°, respectively;
thus vzA1� ±0.87vA, vzA2� ±0.52vA and vzB1� ±0.82vB.
Assuming equal quasiparticle population, ��, the relative
weight of these three velocity groups is approximately
A1:A2:B1=1:1 :1.5, and they comprise about 55% of the
total population.

The other A and B regions, A3 and B2, contribute to the
transport with components nearly parallel to the film surface
with �A3�81° and �B2�90° resulting in vzA3�0.24 nm/fs
and vzB2�0. In our time scale of interest ��400 fs� these
components will not result in a modulation of the reflectivity
signal. We therefore lump their contribution to the signal into
the background �cf. Eq. �4��. The same is true for the elec-
trons from areas on the Fermi surface outside the marked
regions ��20% �. The strong curvature and the various pos-
sible orientations give rise to a small isotropic transport com-
ponent.

In summary, the actual shape of the Fermi surface sug-
gests directed ballistic transport that consists of three com-
ponents with velocity projections vzA1, vzA2, and vzB1. This
situation was simulated with Eq. �6� and the resulting quasi-
particle distribution ���E ,z , t� was inserted into Eq. �5� to
obtain ��ir� �t ,z�. The transient reflectivity due to ��ir� was
then calculated from the optical stack matrix of the film and
convoluted with the probe pulse. The results for the two film
thicknesses together with the measurements are shown in
Fig. 6. The intraband contribution, Eq. �4�, can explain the
offset after the modulations are damped. There will be an
additional small time-dependent contribution from ��cb� to
the signal during the first �50 fs, which is within the first
peak of the modulation. The modulation periods will not be
affected by the intraband contributions.

The initial peak observed in the experiment is a combina-
tion of the coherence spike and the extremely fast relaxation
of quasiparticles with the highest energies. Due to the com-
plicated nature of the origin of the coherence spike, no at-
tempt was made to fit its amplitude exactly. Within experi-
mental error the calculated modulation periods are in good
agreement with the observations. The observed modulation is
the result of the superposition of three velocity components.
Using the first modulation period we can determine an effec-
tive velocity normal to the film surface of �0.88 nm/fs,
which compares well with the experimental value of
�0.85 nm/fs.

Although e-p scattering contributes very little to the en-
ergy relaxation of the excited electrons in the time scale of
interest, the effect of momentum change on the ballistic
transport needs discussion. An average quasiparticle-phonon
scattering time of about 90 fs was estimated for Au �see
Refs. 4 and 19�. This corresponds to an e-p mean-free-path
of �130 nm for quasiparticles moving with the Fermi veloc-
ity. Thus the quasiparticle transport in Au is mostly ballistic
for propagation lengths of the order of 100 nm. This is also
in agreement with observations on single- and polycrystal-
line Au films.30,31 Thus the first oscillation period observed
with our 30-nm and 45-nm Au films is dominated by ballistic
transport. For longer times ��150 fs–400 fs� the momentum
changing collisions will lead to “attenuated ballistic
transport,”9 causing additional damping and smearing of the
oscillations in our case.

Another possible effect that reduces the modulation con-
trast is imperfect reflection at the film boundaries both with
respect to amplitude and direction, with the latter due to
surface corrugations, for example. This would particularly
affect the ratio of the second and third peak. On the other
hand a certain roughness of the Au-air interface where the
quasiparticles are initially excited will lead to a thinner ef-
fective skin depth.32 This in turn would lead to an enhance-
ment of the amplitude contrast.

Since we did not attempt to fit the actual amplitudes of the
recurring signals and used only the first periods to estimate
the transport velocity, we did not include quasielastic scatter-
ing and possible surface scattering effects in our model.

The reflectivity levels off after about 400 fs at �R /R
�1
10−4��3
10−4� for the 30-nm �45-nm� film. This pla-
teau is determined by the rise of the average electron tem-
perature �Te�100 K, and thus �R��Rcb.

5 The resulting
reflectivity change �Rcb /R���R /��cb� ���cb� /R����ee /��. Us-
ing the results of Ref. 33 for the temperature-dependent part
of the ee-scattering rate �ee�T� and the total scattering rate �,
we find ��ee /���0.2. . .1�
10−3�T /T. This yields for
�Rcb /R= �0.4. . .2�
10−4��1.3. . .6.5�
10−4� for the 30-nm
�45-nm� film when probed at the plasmon resonance, which
is in reasonable agreement with the measurements �cf.
Fig. 3�.

FIG. 5. Left: Velocity distribution on the Fermi surface of Au
�adapted from Refs. 25 and 26�. Right: The main components of
ballistic transport relative to the film.

FIG. 6. Comparison of the experiment and modeling results
��Rir /R � P�t��. The curves are displaced vertically for clarity.
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V. SUMMARY

In summary, transient reflectivity experiments on Au films
at the surface-plasmon resonance showed damped oscilla-
tions in the first few hundred femtoseconds. A theoretical
model taking into account anisotropic ballistic transport due
to the nonspherical shape of the Fermi surface of Au, quasi-
particle scattering, and the optical film response can explain
the oscillatory behavior of the reflection signal. The ballistic
signal is dominated by electrons near the Fermi level that
have scattering times of several hundred fs. The observed
modulation period of the reflectivity signal in the first few
hundred fs after excitation is the result of the superposition
of three ballistic transport components.

One component of our theoretical description is Fermi-
liquid theory for the quasiparticle scattering. More sophisti-
cated theoretical approaches exist �see, for example, Ref. 34�
that can be combined with our transport model. Since these

models predict relatively long scattering times similar to
those from Fermi-liquid theory for quasiparticles near the
Fermi level, the expected modifications of the transient re-
flection signal are minor.
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