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Electron diffusion in metals studied by picosecond ultrasonics
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We have studied the ultrasonic pulses that are generated when a picosecond light pulse is absorbed in
a metallic film. The pulse shape is influenced by the distance that the hot electrons diffuse before losing
their energy to the lattice. We show that this method can be used to test theories of the electron-phonon
and electron-electron scattering rates. The results are in excellent agreement with a calculation in which
the nonthermal character of the electron distribution is taken into account.

I. INTRODUCTION

Electron-scattering processes play a crucial role in the
transport properties of metals, such as electrical and
thermal conductivity. The development of ultrafast
pulsed-laser techniques has enabled time-resolved investi-
gations of electron diffusion and thermalization. In these
experiments the electron gas is optically excited by a pi-
cosecond laser pulse that creates an electron distribution
out of equilibrium with the lattice. A variety of optical
techniques have been developed to study the subsequent
equilibration. These include time and wavelength-
resolved measurements of optical reflectivity and
transmissivity, ' transient photoemission spectrosco-
py, heat transport studies, and surface-plasmon ex-
periments. ' Nondiffusive, ballistic propagation of hot
electrons has also been reported" in thin gold films.

Several of these experiments ' '" have been analyzed
in terms of a two-temperature model. The electrons are
taken to have a Fermi-Dirac distribution with tempera-
ture T, and the phonons have a Planck distribution with
temperature TI. The model includes the effects of the
electron-phonon interaction which transfers energy from
the electron system to the phonons and eventually makes
T, and TI become equal. In addition, except for experi-
ments with very thin films, it is necessary to include the
effect of electron diffusion, i.e., the transport of energy
away from the surface layer where the light is absorbed.
Recently, the use of the two-temperature model to ana-
lyze these experiments has been criticized. ' It has been
argued that the electron distribution function cannot be
approximated by a Fermi-Dirac distribution, and so it is
necessary to consider a nonthermal electron distribution.

In this article we describe a method for the study of
hot-electron diffusion, and we present a detailed analysis
of the experiment in terms of the effect of electron-
electron and electron-phonon scattering on the electron
distribution. In the experiment a light pulse is absorbed
in a xnetallic film and hot electrons are produced in a thin
layer near the front of the film. These electrons diffuse
into the interior of the film, losing energy to the lattice as
they propagate. The increase in temperature of the lat-
tice sets up a thermal stress which launches an elastic
wave. By detecting this elastic wave we are able to study
how far into the film the electrons diffuse before they lose

their excess energy to the lattice. This, in turn enables us
to test theories of the electron-electron and electron-
phonon scattering rates.

II. GENERATION OF SOUND WAVES

where R is the optical reQectivity, and C is the specific
heat per unit volume of the film. Thus, the temperature
profile inside the film is as shown by the solid curve in
Fig. 1. This temperature rise sets up an isotropic thermal
stress e given by
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FIG. 1. Qualitative form of the temperature rise of the lattice
as a function of distance into the metal film. The solid curve
shows the temperature profile when electron diffusion is negligi-
ble. The dashed curve indicates the temperature profile when
some electrons are able to diffuse all the way through the film

before losing their energy to the lattice.

Picosecond ultrasonics has been used in several experi-
ments to study sound velocity and attenuation at high
frequencies in metals and semiconductors, ' ' dielec-
trics, ' ' and multilayer structures, ' ' and to detect
thin interfacial layers. ' ' As a starting point we de-
scribe the sound generation process from a macroscopic
point of view, and then show the shortcomings of this ap-
proach. Consider an ultrashort light pulse of duration ~
and energy Q directed onto an area A of the surface of a
metallic film which has been deposited on a substrate.
Let the absorption length for the light be g, and assume
that g is much less than the film thickness d. The tem-
perature rise at a distance z into the film is then

b, T(z ) = exp( —z lg),(1—R)Q
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o = 3—BPb, T(z }, (2)

where P is the linear-expansion coefficient and B is the
bulk modulus. This stress launches longitudinal acoustic
waves into the film. From each point z strain waves are
launched in the positive and negative directions. The
negative-going pulse is reflected at the free surface of the
film with a sign change. After a time long compared to
the time g/v, (v, = sound velocity) for sound to propa-
gate through a distance equal to the absorption length,
the form of the strain pulse inside the film is given by' '

3(1—R )QPB
7)(z, r }=-

2 ACgpv,

Xexp[ —(z v, t)—/g] sg n(z u, t) .— (3)

This pulse will be partially reflected and transmitted at
the interface between the film and the substrate as dis-
cussed later. The above calculation ignores the finite
duration ~ of the light pulse, but it is straightforward to
correct for this.

The calculation of the strain profile can also be correct-
ed to allow for the diffusion of the heat deposited by the
laser. The inclusion of this effect modifies the pulse
shape. The importance of heat diffusion is determined by
the relative magnitudes of two characteristic times. The
time for the acoustic wave to leave the region that is
heated by the light pulse is ~„g/U, . The time for a
significant fraction of the heat to diffuse out of this region
is rd;s =( /D, where D is the thermal diffusivity equal to
K/C, with ~ the thermal conductivity. Thus, if ~d;s is
comparable to or less than ~„, the temperature distribu-
tion will change significantly while the strain pulse is
leaving the region of generation and so the pulse shape
will be modifie from the form given by Eq. (3). There-
fore, according to this approach the effect of heat
diffusion is important if

D~gv, . (4)

D, =~/C, ,

where C, is the electronic contribution to the specific
heat, and the lattice contribution to the thermal conduc-
tivity has been assumed to be negligible. Since C, is typi-
cally 100 times smaller than the total specific heat, the

For a typical metal D is of the order of 1 cm sec ' at
room temperature, v, is around 5 X 10 cm sec ', and g is
100 to 200 A for visible light. As a result, D and gv, are
comparable and an appreciable modification of the pulse
shape is predicted to occur. '

The approach just described is entirely macroscopic,
i.e., it is assumed that the material can be described by a
temperature and that energy transport can be calculated
from the macroscopic thermal conductivity. In the
present context this is a poor approximation. The energy
of the light pulse is at first given to the electrons, leaving
the temperature of the lattice unchanged. These elec-
trons will diffuse into the interior of the film while losing
energy to the lattice via phonon emission. The electron
diffusion coefficient is

electron diffusion coefficient is 100 times larger than the
macroscopic diffusion coefficient D. Thus, if the elec-
trons are able to diffuse for a time of 1 ps, for example,
before losing their energy to the lattice, they will be able
to carry their energy about 1000 A into the film. This
will modify the shape of the strain pulse, and the detec-
tion of this change in shape is the goal of the experiments
reported here. If the electron diffusion is sufficiently rap-
id, the heating of the lattice will extend all the way
through the film, as shown qualitatively by the dashed
curve in Fig. 1. This gives a qualitative change in the
acoustic response, because there is now a discontinuity in
thermal stress at the interface between the fij and the
substrate. %e consider the theory of this in more detail
in Sec. IV.

III. EXPERIMENTAL TECHNIQUE

In this type of experiment several factors have to be
considered in the choice of metal and substrate. One pos-
sibility would be to use a metal film epitaxially grown
onto a crystalline substrate. However, many of the
metal-substrate combinations that are readily available
have the disadvantage that the acoustic impedances of
the metal and substrate lie in the same general range, re-
sulting in a small acoustic reflection at the metal to sub-
strate interface. This makes it difficult to observe acous-
tic echoes in the metal film. To get around this difficulty
we have instead used a metal film evaporated onto a thick
layer (4 pm) of photoresist which had been deposited
onto a silicon wafer. Photoresist was chosen because its
acoustic impedance is much lower than that of most met-
als, thereby giving a large acoustic reflection. A disad-
vantage of an amorphous material such as photoresist is
that the metal film will normally be polycrystalline. For
most metals the velocity of sound is anisotropic and so
for a polycrystalline film there will be scattering at grain
boundaries. In addition, if the grain size is comparable to
the film thickness, the sound velocity will be different in
different regions of the film according to the dominant
orientation of the grains in a particular region. To over-
come this problem we decided to study aluminum films in
these experiments. The velocity of longitudinal sound
varies by less than +3% between different crystallograph-
ic directions in Al, and hence these anisotropy effects are
unimportant. Of course, the hot electrons may be scat-
tered at the grain boundaries.

The metal films had a thickness in the range 500-1200
A and were evaporated in a vacuum of better than 10
torr. The electrical resistivities of the films were mea-
sured by the four-point probe method, and were found to
be roughly twice of the bulk values for pure aluminum at
room temperature.

The schematic diagram of the experimental setup is
shown in Fig. 2. The light pulses used in these experi-
ments were produced by a hybrid mode-locked dye laser
operating at 6320 A. The pulse duration was 0.2 ps full
width at half maximum, the repetition rate was 76 MHz,
and the energy of the light pulses used to generate the
sound was 0.5 nJ. The light was focused onto a region of
the metal film approximately 20 pm diam. In terms of
the macroscopic approach to heat flow and sound ger-era-
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FIG. 2. Schematic diagram of the experiment. The samples
were metal (Al) films deposited on thick photoresist substrate in
order to create a large acoustic mismatch at the interface.
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tion described in the previous section, this would give a
transient temperature rise within the absorption length of
the light of a few degrees K, and a sound pulse with
strain amplitude of the order of 10

The strain pulses were detected by the following
method. The acoustic pulse in the film causes a change in
the optical parameters n and ~ of the film, and hence the
optical refiectivity undergoes a small change ER(t). For
small values of the strain the changes in n and a at a dis-
tance z into the film will be proportional to the strain
rt(z, t ) at that point. Consequently, it is possible to write
the change in the reflectivity in the form

b,R ( t ) =ff(z )rt(z, t )dz, (6)

where f(z ) is a "sensitivity function" which has been dis-
cussed previously, ' ' and describes how much the
reflectivity of the surface is changed by an elastic strain a
distance z below the surface. The function f(z ) is appre-
ciable for a distance into the film of the order of the
optical-absorption length g. Thus, the reflectivity change
is primarily due to the strain in the part of the film very
close to the free surface. To measure b,R(t}, and hence
to detect the strain pulses, a probe pulse was used which
was time delayed with respect to the generating pulse
("pump"). The probe-pulse energy was about ten times
less than that of the pump. The magnitude of hR (t ) was
about 10

IV. ANALYSIS

The results of measurements of the reflectivity change
as a function of time for 624-, 732-, and 933-A thick Al
films on photoresist are shown in Fig. 3. These data were
taken at room temperature. The results for b,R (t ) show
a pattern of echoes arising from the ultrasonic pulse
bouncing back and forth in the metal film, superimposed
on a background contribution. This background corn-
ponent consists of a jump at zero time followed by a slow
decrease. The background arises because, in addition to
the change in re6ectivity due to the strain [Eq. (6)], there
is a contribution to b,R(t) from the change in tempera-
ture of the metal film. The temperature undergoes a sud-
den jump when the pump pulse is absorbed and then the
film slowly cools via heat conduction into the substrate.

The acoustic contribution to the response is simplest to
understand for the thickest sample. There is a series of
echoes (labeled F} that are spaced by a time interval

FIG. 3. The change hR (t ) in optical reflectivity as a function
of time for Al films of thickness (a) 624 A, (b) 733 A, (c) 933 A,
deposited onto a thick layer of photoresist. The echoes labeled
F and B arise from strain pulses produced by the thermal stress
discontinuities at the front and back side of the films, respective-
ly.

equal to one acoustic round trip in the sample (i.e., 29
ps). These originate from the strain pulse launched from
the free surface of the film as described approximately by
Eq. (3). For the two thinner samples there are additional
echoes (labeled B) that appear half way between the main
echoes. These features arise from strain waves launched
from the surface of the metal film that is in contact with
the photoresist substrate, and indicated that some of the
hot electrons are able to diffuse through the film before
losing their energy to the phonons, as discussed at the
end of Sec. II. The decrease in the amplitudes of succes-
sive front or back (F or B ) echoes is in reasonable agree-
ment with expectations based on the calculated reflection
coefficient at the Al-photoresist interface. From litera-
ture values for the density and sound velocity this
reflection coefficient is calculated to be 0.56.

It is clear that the experimental data cannot be under-
stood in terms of the diffusion of heat as governed by the
macroscopic diffusion coefficient. For the three alumini-
um samples the thermal conductivities as estimated from
the electrical resistivity via the Wiedemann-Franz law
were 0.99& 1.18, and 1.13 WK 1cm ' for the 624-, 732-,
and 933-A films, respectively. Thus, the average thermal
diffusivity was 0.45 cm sec '. The time constant for the
temperature to become uniform inside a film of thickness
d 1S

d lnD.
0

For a 900-A film this time is 19 ps. This is comparable to
the time (15 ps} for the sound to traverse the sample and
so cannot explain the existence of a fairly sharp echo ar-
riving from the back of the sample. Thus it is necessary
to consider a theoretical mode that allows for some form
of hot-electron diffusion.

A. Two-temperature model

We first consider a widely used' ' '" model of hot-
electron diffusion in which it is assumed that the electron
distribution can be described by a temperature T„which
is different from the lattice temperature. It is assumed
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that after the energy of the laser pulse is given to the elec-
trons, the electron gas very quickly comes to internal
equilibrium via electron-electron collisions. The energy
is then transferred to the lattice, leading to a cooling of
the electron gas. This approach was developed by Ka-
ganov, Tanatarov, and Lifshitz ' who were primarily con-
cerned with the explanation of experiments that studied
deviations from Ohm's law for large current densities.
According to this model the electron temperature T, and
the lattice temperature T& evolve with time according to
the equations

—G(T, —TI )+S(z,t),

(8)

(9)

where C, and CI are the specific heats of the electrons
and of the lattice, S(z, t ) is the source term describing the
local rate of energy input into the electron system due to
the laser pulse, and 6 is the energy-transfer coefficient
from electrons to the lattice. The thermal conductivity
a, of the electron gas when its temperature is the same as
the lattice is taken to be equal to the macroscopic
thermal conductivity. For T, significantly larger than TI
the conductivity is assumed to be enhanced by a factor
T, jT&, i.e., it is assumed that the diffusivity of the elec-
trons is determined by the lattice temperature. The
thermal conductivity due to phonons is neglected.

The energy-transfer coefficient 6 has been related to
the electron-phonon coupling constant by Allen. It is
predicted to be independent of temperature for T, and TI
greater than or comparable to the Debye temperature
SD' . The Debye temperature for Al is 420 K so it is
probably a reasonable approximation to take 6 indepen-
dent of temperature, at least for temperatures of 300 K
and above. Allen's theory relates 6 to the electron-
phonon coupling parameter A, entering into the theory of
superconductivity via the expression

(10)

where (co ) is the average of the square of the phonon
frequency, and y is the coefficient of the linear term in
the electronic specific heat. For Al, A'(co )'~ =330 K,
y=9.2X10 Jcm K, and A, =0.38. Using these
values one obtains the result 6=4.9 X 10"% cm K
In related calculations Allen has used the same general
theoretical approach to calculate the electron-phonon
scattering rate associated with electrical resistance in
terms of A, , and has achieved good agreement with experi-
ment.

These equations are nonlinear because the specific heat
and the thermal conductivity of the electrons vary with
temperature. In our measurements it is always a good
approximation to assume that the change in the lattice
temperature is small. However, the initial change in tem-
perature of the electron gas near the free surface is

1

2~1 cosh(1. 76t /~1 )
(12)

with v L =0.14 ps. The area was taken to be a circle of ra-
dius 10 pm. Equations (8) and (9) were integrated numer-
ically to obtain T, and TI as a function of time and posi-
tion in the film.

From these temperatures it was possible to calculate
the thermal stress in the Al film. The stress inside the
film may be considered to have two independent contri-
butions. The first o., is due to the pressure of the free-
electron gas' ' and is given by

cr, = ', C, (T, )h—T—, = 2bE, , —— (13)

where hE, is the change in energy of the electrons. The
second contribution eI is the thermal stress due to the
temperature rise in the lattice as given previously by Eq.
(2). To compare the magnitudes of the electronic and the
lattice stress note that the lattice stress can be written as

(14)

where EEI is the energy transferred to the lattice, and yI
is Gruneisen's constant. For Al yI is 2.16 at room tem-
perature, and so one can see from Eqs. (13) and (14)
that once the electron and lattice temperatures have be-
come equal the main contribution to the stress comes
from the lattice.

We have listed the main parameters for Al in Table I.
For the sensitivity function f(z ) we used the results de-
scribed previously. ' '

Based on these inputs the results of a calculation of the
expected hR (t ) for a 732-A aluminum film are shown in
Fig. 4(b). To compare these with the experimental data
we made a fit to the background contribution to the data
(arising from thermal rather than acoustic effects), and
then subtracted this background. The result is shown in
Fig. 4(a). It can be seen that the back echoes are essen-
tially absent from the theoretical curve, i.e., the theory
appears to greatly underestimate the distance that elec-
trons are able to diffuse before they lose their energy.

We have investigated whether the discrepancy between
the experimental result and the theory could be associat-
ed with the uncertainties in some of the parameters. It is
clear that the precise form of the sensitivity function does
not strongly affect the ratio of the strength of the back to
the front echoes. In addition, we were able to show that
errors in the energy of each laser pulse, the optical

several hundred K, and thus cannot be treated as a small
quantity. Consequently, we are forced to solve these
equations numerically. The lattice heat capacity of Al is
2.44 Jcm K ', and the thermal conductivity ~, was
calculated using the procedure already described. For
the source term the following form was used:

S(z,r)= (1—R)Q
gA

exp( z lg—)I(t) .

The pulse energy Q was 0.5 nJ, the reflectivity R was
0.93, and the absorption length g was 64 A. The function
I(t ) describing the time profile of the laser pulse was tak-
en as
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TABLE I. Parameters of aluminum used in the analysis of the experimental results.

Sound velocity v,
Average phonon energy A'(co )' '
Electronic specific-heat coefficient y
Electronic heat capacity as 300 K C,
Lattice heat capacity C&

Gruneisen constant yI
Electron-phonon coupling constant A,

Electron-phonon coupling parameter G [Eq. (10)]
Fermi energy E&
Plasma frequency co,

6.42X10' cms
330 K
9.2X10 ' Jcm K
0.028 Jcm 'K
2.443 Jcm K
2.16
0.38
4.9X10"8'cm 'K
11.7 eV
2.4 X 10' sec

reflectivity, or the spot size were unimportant.
We then performed a series of simulations with

different choices of the electron-phonon coupling param-
eter G. The best fit is shown as Fig. 4(c). This fit uses a
value of G of 8X10' Wcm K ', i.e., about five times
smaller than the theoretical value. Given the fact that
Allen's theory gives a good description of the electron-
phonon scattering associated with the temperature
dependence of the electrical resistance it is hard to be-
lieve that the value of G can be five times smaller than
theory.

B. Nonthermal model

We now consider the possibility that the discrepancy
between theory and experiment has its origin in the use of
the two-temperature model. For simplicity, we begin
with a discussion of the basic features of hot-electron re-
laxation in a metal for a system that has been excited uni-

formly in space. Thus we begin by neglecting the effect of
diffusion.

where

128

77 +3CO&
(16)

and ~ is the plasma frequency. This expression for ~0

was derived by Quinn and Ferrell for an electron gas in

the limit of high density; attempts to correct this result
for screening at metallic densities have been reviewed by
Penn. The scattering time given by Eq. (15) is correct if
the density of electron (and hole) excitations is very low
so that we can consider that the excitations scatter off a
Fermi sea at zero temperature, and that collisions be-

The basic assumption of the two-temperature model is
that the electron-electron scattering is a very fast process
compared to electron-phonon scattering. If one considers
first an electron gas in the absence of any electron-phonon
interactions, the sequence of relaxations is as follows:

(1) The absorption of the pump pulse creates an
electron-hole distribution of the form shoCn qualitatively
in Fig. 5. The distribution extends to an energy of hv
above and below the Fermi level (v= frequency of pump
light), and within the nearly-free-electron approximation
will be almost flat since h v is considerably less than EF.

(2) These excited electrons then scatter off the electrons
below EF. The electron-electron scattering time for an
excitation of energy E above or below the Fermi energy
1S26

'2
E

~e —e +0

0
I. . . . l. . . . I

20 40 60

TIME (ps)

UJ
CQ

Z'. hv hv

FIG. 4. Acoustic echoes for the 733-A sample. (a) shows the
experimental data after the background has been subtracted. (b)
is the result of a computer simulation using the two-temperature
model together with the theoretical value of the electron-
phonon coupling parameter G. (c) is the result from the two-

temperature model that is obtained from G is adjusted to give
the best fit to the data. (d) shows the calculated shape of the
acoustic echoes using the nonthermal model. This calculation
has no adjustable parameters.

ENERGY

I

E

FIG. 5. Qualitative form of the distribution of excitations

produced by the pump light pulse.
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tween excitations are unimportant. This is a good ap-
proximation in our experiments since the density of
electron-hole excitations initially produced by the pump
pulse is of the order of 5 X 10' cm, which is much less
than the electron density of 2X10 cm in the range
between E—hv and E. After each scattering event there
are three new excitations. The probability for any one of
the new excitations to have an energy lying in the range
between E' and E'+dE' from the Fermi energy has been
calculated by Ritchie, and is

P(E', E) 2(E E')d—E'
E2 (17)

Note that in our experiment the number of holes at ener-

gy E below EF is the same as the number of electrons at
energy above E~. Using Eq. (18) we have calculated the
distribution in energy of the excitations as a function of
the time after the system is excited. The Fermi energy of
Al is 11.7 eV and the plasma frequency is 2.4X10'
sec . The result of the calculation is shown in Fig. 6
(solid lines). The excitation distribution relaxes towards
the Fermi energy (E=0), and after a few collisions have
taken place the distribution assumes a scaling form. To
derive this let us introduce into Eq. (18) the substitution

n(E, t)=g(u, t)/E~, (19)

t=opsec

0
4—

M

O

0

10

40 0

40

D
Zs 0

200

=0.05p sec

t =0.2psec

t= 1.0psec.

It follows from Eqs. (15)—(17) that the number of excita-
tions n (E ) changes with time according to

dn(E, t) n(E, t) E
6y

dE' (E' E) n—(E', t)
df 7 p EF E EF EF Tp

(18)

+3f du'g(u', t) 1—
Q u

(20)
u

After several decays g tends to a value that is indepen-
dent of t (except for the implicit dependence through the
variable u }. Thus, dropping the time argument of g (i.e.,
the second argument} we have

n(E, t) =g(E t/E~ro)/E (21)

The form of the function g as calculated from Eq. (20)
is shown in Fig. 7. By integration of Eq. (20) one finds
that in this scaling regime the average energy per excita-
tion is

' 1/2

(E)=0.38E~ (22)

This result holds regardless of the initial energy spec-
trum of the excitations, but assumes that several col-
lisions have taken place. In this scaling regime the total
number of excitations per unit volume is therefore

E
' 1/2

v t
n =2.7tot EF &O

(23)

(3) The above equations hold provided that the number
of excitations in any energy range is small compared to
the number of available energy states, i.e., it assumes that
the occupation numbers for the excitations are much less
than unity. It is when the occupation numbers become of
the order of unity that it becomes possible to describe the
electron distribution by a temperature. From Eqs. (22)
and (23) the number of excitations per unit energy range
is of the order of

Ev
(24)E2

The density of states per unit energy range is —,'npEF ',
where no is the number of free electrons per unit volume.
Thus the time ~z- at which the electron system begins to

where the variable u =E—t/E~ro. Then we obtain the
equation for g

a (u r) a= —u g —ug
8 lnT Bu

1/2

ENERGY (eV)

FIG. 6. Relaxation of the distribution of excitations. The
solid lines show the electron distribution that would exist if the
only electron interactions were electron-electron collisions. The
dashed curves show the effect of including the electron-phonon
interaction. FIG. 7. The scaling function g calculated from Eq. (20).
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have a distribution that can be described by a tempera-
ture is Q=EV 1—,t (hvljqt

hv

7 T npVp (25) =0, t)hv/q . (28)

After this time, in the absence of electron-phonon in-
teractions that transfer energy from the electron system
to the lattice, the electron distribution becomes station-
ary.

From this analysis one can see that the two-
temperature model will be a reasonable approximation if
the electron-phonon interaction has little effect on the
electron distribution before the electron system is
thermalized, i.e., before the system has reached stage 3 as
described above. We now investigate the effect of the
electron-phonon interaction on the relaxation of the elec-
tron system. For an electron whose energy exceeds EF by
an amount that is large compared to both k~OD and

ks T&, but small compared to Ez, the rate of energy loss j
can be calculated classically by considering the work that
the electron does on the lattice as it passes through it.
The electron radiates phonons in a process similar to
Cherenkov radiation. For an electron in an elastic con-
tinuum this calculation has been performed by Bucking-
ham ' and by Kaganov, Lifshitz, and Tanatarov. ' They
show that for an electron with excess energy in the range
specified above, j is independent of the electron energy
and the lattice temperature. They derive an explicit ex-
pression for q using a simple model of the electron-
phonon interaction in which the electrons only interact
with longitudinal phonons and these phonons have a
linear dispersion relation.

For our purposes it is convenient to relate the rate of
energy loss to Allen's calculation of the electron-phonon
energy transfer 6 defined earlier. Consider an electron
gas in which the electron distribution is described by a
temperature T, which is much larger than 8D and TI.
The total number of electrons and holes is then
2 1n(2)p(Ez)ks T„where p(EF) is the density of states at
the Fermi energy. Using these conditions each excited
electron or hole will lose energy at the same rate q. Thus,
the total rate of energy transfer to the phonon system is

In our experiment h v is 2 eV and so the energy transfer
would take 2 psec. It is clear that the effect of electron-
electron scattering is to greatly increase the rate at which
energy is transferred to the lattice. This is because each
scattering process between the electrons creates three
new excitations which can each lose energy at the rate q
by the electron-phonon interaction.

The combined effect of electron-electron and electron-
phonon interactions on the excitation energy distribution
is shown by the dashed lines in Fig. 6. It is clear from
these results that the two-temperature model is not valid
in the present context. The electron-phonon interaction
causes a substantial change in the electron distribution at
times as early as 100 fsec, and at this time the electron
system has definitely not thermalized. This is most clear-
ly seen by a calculation of the rate of energy transfer Qt
to the lattice as a function of time (Fig. 8). For electron-
phonon scattering alone, Qt decreases monotonically
with time [see Eq. (28)]. When electron-electron scatter-
ing is included, Qt initially increases because of the in-

crease in the number of excitations with time. The time
for all of the energy to be transferred to the lattice is con-
siderably reduced by the electron-electron scattering.
For comparison we have also shown the time dependence
of Qt according to the two-temperature model. This de-

pends on the total amount of energy deposited by the
laser. The two curves plotted are for energy inputs that
correspond to initial temperatures of the electron gas by
400 and 1000 K. The lattice temperature is taken to be
300 K.

We now use the nonthermal model to calculate the ex-
pected acoustic response. To perform this calculation it
is necessary to know not only the rate at which energy is
transferred to the lattice, but also the rate at which the
hot electrons diffuse through the sample. When the elec-
tron and phonon systems are in equilibrium and have

21n(2)p(E )FzkTq . (26)

This must be equal to GT, [see Eqs. (8) and (9)]. It then
follows from Allen's expression for G [Eq. (10)] that

MA, (a)')
2 1n2

(27)

For Al this gives q = 1.05 eV psec'
The rate at which energy is transferred to the lattice at

any instant is thus simply the number of excitations times
q. If there were no electron-electron scattering, the effect
of the electron-phonon interaction would be to relax a11

excitations back toward the Fermi energy at a constant
rate. Thus the rate of energy transfer to the lattice per
unit volume at a time t after the exciting pulse mould be

0.5
TIME (ps)

FIG. 8. Rate Q, at which heat is transferred to the lattice as

a function of the time after laser excitation. The dotted curve
shows Q& calculated when electron-electron scattering is ig-

nored, and the dashed curve shows Q& when the electron-
electron scattering is included. The thoro solid curves are the re-

sults obtained from the tw'o-temperature model for initial tem-

peratures of the electron gas of 400 and 1000 K.
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FIG. 9. Ratio of the size of the back echo to the front echo as
a function of the thickness of the aluminum film. The experi-
mental data are denoted by X; the solid curve shows the result
obtained from the two-temperature model, and the dashed
curve shows the result obtained from the nonthermal model.

theoretical value and studied how the fit to the data
shown in Fig. 9 was changed as ~,&,& was varied. We
found that an increase or decrease of r,& & by more than
about 30% lead to a significant deterioration of the fit.
Thus, we can consider that the experiment confirms
Quinn and Ferrell's theory for ~,&,& with an uncertainty of
about 30%. A similar investigation of the change in the
fit produced by a variation of ~,& ~h while holding v;&,&

constant at the theoretical value led to the conclusion
that the uncertainty in the determination of r,&~„was
around 20%. It may of course, also be possible to make a
good fit to the data by making a simultaneous variation
of ~,& h and ~,& &

away from their theoretically predicted
values; we have not made a study of this.

V. SUMMARY

nearly the same temperature, the diffusion coefficient of
the electrons is simply the thermal conductivity ~, divid-

ed by the electron contribution C, to the specific heat.
The diffusion coefficient of electrons is limited by defect
scattering (including impurities, grain boundaries, etc.)

and by the electron-phonon interaction. Since the resis-
tivity of our samples is approximately twice that of bulk
Al, the defect-scattering rate must exceed the electron-
phonon scattering. This defect scattering is unlikely to
be strongly dependent on the excess energy of the elec-
trons. In addition, it is straightforward to show that if
T & HD the electron-phonon scattering rate depends only
weakly on electron energy when ~E~ ((E~. Thus, it is
reasonable to assume that the diffusion coefficient of the
electrons is independent of energy, and hence can be tak-
en to be s, /C, . The calculation of the acoustic response
is then straightforward. The results of the calculation for
the 733-A sample are shown in Fig. 4(d). The agreement
with experiment is very good.

As an additional test of the model we have calculated
the ratio of the back to the front echo height as a func-
tion of the thickness of the Al film. This is compared to
the experimental results in Fig. 9. We have included data
from four films with thicknesses ranging from 500 to 933
A. The agreement between theory and experiment is ex-
cellent.

The above analysis has shown that the experimental
data are in agreement with theory when we use the
electron-phonon and electron-electron scattering times as
calculated by Allen and by Quinn and Ferrell, respective-
ly. One can also ask a different question, namely whether
the data can be used to extract values of these relaxation
times. To investigate this we first kept 'T

&&h fixed at its

In this paper we have presented a method for the study
of the rate at which hot electrons lose energy to the lat-
tice. A laser pulse is used to generate hot electrons in the
region near to the free surface of a metal film. These
electrons diffuse into the sample while losing their ener-

gy. We are able to use the picosecond ultrasonic tech-
nique to determine the distance into a sample at which
the energy is transferred to the lattice. We have com-
pared the experimental data with a calculation based
upon a model in which the electrons and phonons are as-
sumed to have thermalized distributions with different
temperatures. This "two-temperature" model is shown
to lead to results which are in disagreement with the ex-
periment. By considering the theory of electron-electron
and electron-phonon scattering we showed that the un-

derlying assumptions of the two-temperature model are
not justified in this experiment. We then performed a cal-
culation in which the nonthermal distribution of the elec-
trons was taken into account. This calculation, which
contains no adjustable parameters, is in excellent agree-
ment with the experimental results.
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