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Femtosecond time-resolved thermomodulation of thin gold films with different crystal structures
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A femtosecond laser is used to generate and probe hot electrons in polycrystalline and single-
crystalline thin gold films. Transient thermoreAectivity and thermotransmissivity for different heating-
laser-pulse Auences are performed. Analysis of the transient thermotransmissivity and thermoreAectivity
signals allows us to resolve the modulation to the real and the imaginary parts of the dielectric constant.
The latter is found to be dominant at our probe wavelength. The hot-electron energy-loss lifetime is
shown to be 1—3 ps and increases with the laser fluence. For film thickness comparable to the optical
skin depth, the transient decay time of the reAectivity and of the transmissivity are equal, with the poly-
crystalline films showing a slightly faster decay time. For thicker films, hot-electron transport to the
bulk of the film gives a faster transient-reAectivity decay. Electron transport is slower in the polycrystal-
line films.

I. INTRODUCTION

The use of ultrafast lasers to generate nonequilibrium
heating conditions in metals was suggested many years
ago. ' lf a metal is subjected to pulsed-laser heating for
which the pulse duration is less than or comparable to
hot-electron energy-1oss lifetime, then a transient inequal-
ity between the effective temperatures of the electrons
and the lattice would occur. Nonequilibrium heating in
metals is not limited to ultrafast laser heating. It is a gen-
eral phenomenon that can occur when the electron gas in
the metal is subjected to a transient event, such as pi-
cosecond for femtosecond laser heating, a fast electric
current, or the slowing down of energetic charged parti-
cles. In fact, one of the earliest theoretical studies of
hot-electron generation and relaxation in metals was pri-
marily concerned with the generation of these nonequili-
brium conditions during the slowing down of energetic
charged particles in metals.

Hot-electron energy-loss lifetime in metals, ~, „&, can
vary greatly depending on the initial ambient tempera-
ture. At low temperatures, only low-energy acoustic pho-
nons are available to interact with the hot electrons; and
since the corresponding phonon density of states is small,
the coupling of the electron gas to the phonons is weak.
This results in an electron energy-loss lifetime on the or-
der of 1 ms for copper at 25 mK. At higher tempera-
tures, 7 pb is significantly reduced and at tens of degrees
kelvin can be as short as a few picoseconds. ' Such ex-
tremely fast energy-loss lifetime have made the observa-
tion of nonequilibrium heating, in this region, inaccessi-
ble except with the use of ultrafast duration pulsed lasers.
Moreover, the generation of a significant (up to a few
thousand of degrees) difference between the effective elec-
tron and lattice temperatures is demonstrated only by the
use of ultrafast lasers.

Nonequilibrium electron heating in metals has been ob-

served by ultrafast time-resolved thermomodulation
reAectivity and transmissivity, thermally assisted mul-
tiphoton photoemission, and more recently single-
photon photoemission. ' Femtosecond thermomodula-
tion studies have demonstrated the fast nature of hot-
electron relaxation by energy loss in geometrically
confined films (with thickness comparable to the laser
skin depth) and by energy loss and transport in thicker
films. Subsequently, surface-plasmon resonance in thin
silver films has been shown to provide a very sensitive
probe of nonequilibrium heating. " A systematic study of
electron-phonon coupling in different thin metal films
was conducted. ' In this later study, a very thin copper
film deposited on the various metal films was used as a
hot-electron probe, thus facilitating the study of hot-
electron relaxation in different metals. Results were in
agreement with a theoretical model of electron-phonon
coupling. ' A thermomodulation study of electron-
phonon relaxation in niobium was performed by observ-
ing the rate of lattice heating due to energy transfer from
the hot electrons. ' An approach to measuring electron-
phonon coupling in metals based on a comparison of the
experimental damage threshold for different laser pulse
widths with a heat transport model was previous1y pro-
posed. ' However, some concerns regarding its im-
plementation was subsequently commented on. ' In these
studies the role of lattice imperfections on hot-electron
energy loss and transport was not considered. Nonequili-
brium heating by femtosecond lasers has also been shown
to strongly affect the desorption kinetics of molecular ad-
sorbates on metal substrates. ' In this case the desorp-
tion yield was described by that expected from coupling
to the adsorbate of the substrate's nonequilibrium elec-
trons, which are at a significantly higher temperature
than that of the lattice. '

We have conducted a set of pump-probe experiments
on thin (100—800 A) single-crystalline and polycrystalline
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gold films. An earlier account of our results was previ-
ously given. ' Here we detail our results and extend our
analysis of the therm omodulation data. Both fem-
tosecond time-resolved thermoreAectivity and thermo-
transmissivity were observed. ReAectivity and transmis-
sivity are complimentary in the sense that the reAectivity
probes a depth comparable to the skin depth of the laser
in gold ( —150 A), whereas the transmissivity probes the
total thickness of the film. Moreover, for a uniformly
heated film (when the thickness is less than or compara-
ble to the laser skin depth), the combined transient
reQectivity and transmissivity, along with the known
thickness of the film and the index of refraction of the
substrate, is sufhcient to determine transient changes in
the real and imaginary parts of the dielectric constant (e,
and e2, respectively). Our results show that, for film
thickness comparable to the skin depth, the decay time of
the transient reAectivity is equal to that of the transmis-
sivity. This occurs in both single-crystalline and poly-
crystalline films. For thicker films, hot-electron transport
inside the film gives a faster transient reflectivity decay.
Transient transmissivity decay time is less affected by the
increased film thickness. Comparison of data using
single-crystalline films to those using polycrystalline films
indicates that electron transport is impeded by the
predominantly elastic electron-grain boundary collisions.

II. EXPERIMENT

The polycrystalline gold films were deposited on a glass
slide by conventional resistive evaporation techniques.
The film thickness was determined by a crystal thickness
monitor with an estimated accuracy of better than
+50 A for the 200-A films. Electron diffraction patterns
obtained from films deposited, under the same deposition
conditions, on formvar supported on a standard copper
electron microscope grid show a ring pattern. TEM im-
ages reveal a grain size on the order of a few hundred
angstroms. Single-crystalline thin gold films were also fa-
bricated by evaporation. For these films, however, we
used a sodium chloride crystal as a substrate. To fabri-
cate the single crystals, the substrate was heated to -600
K then allowed to cool to -450 K. A very thin layer
( (20 A) of silver was initially deposited at a rate of—1 A/s. This serves to enhance the epitaxy of the subse-
quently deposited gold. After deposition of the gold film
at -450 K, at a rate of a few angstroms per second, the
substrate was allowed to cool under vacuum then re-
moved from the evaporator. The film was Aoated on dis-
tilled water, washed in sulphuric acid to rem. ove the silver
and any gold-silver alloy that might have formed in the
interface, and then washed again in distilled water. Fi-
nally, the film was caught on a glass slide and allowed to
dry.

Electron diffraction patterns obtained from the epitaxi-
ally grown films show a spot pattern consistent with a
single crystal oriented in the (100) orientation. Transmis-
sion electron microscope images reveal oriented grains
characteristic of epitaxially grown thin metal films. Elec-
tron diffraction patterns and electron micrographs of
polycrystalline and single-crystalline 400-A gold films are
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FICr. 1. Transmission electron micrographs and electron
difFraction patterns of polycrystalline and single-crystalline gold
films.

shown in Fig. l. A very high density () 10' cm ) of
dislocations and twins are evident in the electron micro-
graphs of the single-crystalline films. Such a high density
of dislocations and twins is characteristic of these single-
crystalline films. From Fig. 1, the grain size for the
polycrystalline samples can be estimated to be in the or-
der of a few hundred angstroms. More quantitative sur-
face grain size determination was accomplished using
atomic force microscopy with an image analysis system.
Images were obtained for both types of samples in air.
The average grain size of a typical 200-A polycrystalline
film was determined to be 155+10 A. No systematic
study of the dependence of the average grain size on film
thickness was conducted. Atomic force microscope im-

0

ages of the 200-A single-crystalline film showed oriented
crystallites connected by bridges. Contrary to the poly-
crystalline films, obtaining atomic resolution on the
single-crystalline film was possible. This seems to be con-
sistent with the assumption of relative Aatness of the epi-
taxially grown films, which has previously been conclud-
ed based on the observation of streaks in reflection high-
energy electron diffraction patterns. '

The pump-probe experiments were performed with the
use of a 76-MHz synchronously pumped linear-cavity
femtosecond dye laser. Intracavity control of the group
velocity dispersion is accomplished using Brewster-angle
prisms. This system delivered —150 fs (sech~) pulses at
—615-nm wavelength (2-eV photon energy). A max-
imum pulse energy of -0.6 nJ can be achieved. The
laser is actively stabilized to achieve a stability of the fre-
quency spectrum and pulse width for several hours. A
conventional pump-probe setup was used. The probe
beam was delayed from the pump using a stepper motor
with 1-pm resolution. Both pump and probe were in-
cident on the sample at near normal incidence with their
focal spot on the sample 5+1 pm as measured with a
scanning blade. A 10X microscope objective was used
for focusing. The probe energy was fixed while the pump
was varied using neutral density filters. The pump-to-
probe energy was maintained higher than a factor of 17.
The pump was modulated with either a mechanical
chopper or an acousto-optic modulator and the ther-
momodulation signal was detected using a lock-in
amplifier tuned to the pump chopping frequency.
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III. FEMTOSECOND THERMONIODULATION

For metals, heating-induced modulation of their opti-
cal properties can result from many effects. Of particular
importance to thermomodulation studies is the change in
the occupancy of electronic states near the Fermi level.
The top of the d band to the Fermi level in Au is at -2.4
eV. Therefore, there are allowed transitions from the
top of the d band to states near the Fermi level for a
wavelength near that of the laser system used in the
present study (A, =615 nm). The electronic-heating-
induced smearing of the Fermi distribution aftects the
complex dielectric constant (a function of wavelength) of
the metal, thus modulating its optical properties. While
our laser photon energy is lower than that of the inter-
band edge, thermomodulation measurements, and rela-
tivistic band calculations of the optical properties of
gold are in agreement on the existence of an absorption
tail below the interband edge, which is due to band struc-
ture. This edge extends as low as 1.7 eV. While the
magnitude of the thermomodulation signal is significantly
reduced at our laser wavelength compared to that near
the interband edge, the signal we obtain is well within our
detection limit.

0
Time-resolved thermotransmissivity signals of 200-A

single-crystalline gold film taken with two difterent laser
heating Auences are shown in Fig. 2. The shape of these
signals is very similar to those observed for
thermoreAectivity for the 200-A films. These signals con-
sist of a fast initial modulation related to the heating laser
pulse width, a transient fast decay occurring in a 1 —3 ps
time scale, and a subsequent long tail persisting for times
that appear to be much longer than our probing time.
The general shape of these signals is similar to those ob-
served for other gold film thicknesses. The temporal evo-
lution of the fast transient appears to be exponential for
all laser Auences as shown by plotting it on a semiloga-
rithmic plot. Both thermorefiectivity and thermo-
transmissivity (AR/R and b T/T) are negative at the
probe wavelength. The transient thermomodulation sig-
nal appears to be directly proportional to the heating
laser Auence. For 6T/T, the maximum modulation
( -4X 10 for a laser heating fiuence of 4 mJ/cm ) was
independent of film thickness for 200—800-A films, to a

first-order approximation. On the contrary, for b,R/R
the maximum modulation decreased from -4X 10 to
—1 X 10 for the 800-A films.

We next discuss the shape of the thermomodulation
from a qualitative point of view. The heating laser pulse
interacts initially with free and bound electrons in the
metal. For gold the Fermi level is -2.4 eV above the top
of the d band. Since our pump-probe wavelength is 615
nm, which corresponds to an energy of -2 eV, then our
pump is mainly interacting with free electrons. As ex-
plained previously, there exists an absorption tail below
the band edge that extends as low as 1.7 eV in gold.
Thus, at our laser wavelength there is also some inter-
band absorption. In fact, the overwhelming evidence
that the thermomodulation signal observed with fem-
tosecond laser systems is due to the smearing of the Fer-
mi distribution, ' i.e., due to changes in the occupancy of
states near the Fermi level as a result of electronic heat-
ing that modulates the dielectric constant. Consequently,
the optical properties (as probed by transmissivity and
reflectivity) is modulated. While the thermomodulation
signals could result from other effects such as thermal ex-
pansion, enhanced electron-phonon interaction, and
shifting of the Fermi level, these are thought to have only
a relatively small contribution to the femtosecond ther-
momodulation signal. The magnitude of this contribu-
tion, however, is not well determined.

The initial fast thermomodulation signal is due to the
electronic heating. Because of the low heat capacity of
the electrons, they respond "instantaneously" to the laser
field. During this fast heating of the electrons, the lattice
remains very close to its initial temperature. The hot
electrons generated by the laser field therrnalize with
each other by electron-electron collisions, transfer their
energy to the lattice by electron-phonon collisions, and
scatter at defects, impurities, and surfaces. The possibili-
ty of collective excitation of plasma oscillation is preclud-
ed since the plasma frequency corresponds to about the
Fermi energy. Thus, an electron-electron collision
causes an excited electron to lose a large fraction of its
energy. If we assume that electron-phonon collisions is
the main mechanism by which the energy contained in
the hot electrons is transferred to the lattice, then the fast
transient signal decay time is related to the time needed

(a)
Heating laser fluence: 1.4 m J/cm2

(b)
Heating laser fluence: 4.1 m J/cm2
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FIG. 2. Time-resolved ther-
rnomodulation transrnissivity of
200-A single-crystalline gold film
taken with different heating laser
fiuences: (a) 1.4 mJ/cm, (b) 4.1

rnJ/crn . The inset is a semilog-
arithmic plot of the fast tran-
sient decay.
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for equilibrium to be established between the electrons
and the phonons. The long tail, which persists in the
thermomodulation signals for times that appear to be
much longer than our probing time, can be explained by
modulation of the optical properties as a result of simple
heating of the metal as in conventional, i.e., slow ther-
momodulation spectroscopy.

While our experimentally measured quantities are
those of the transient thermomodulation of the
reflectivity and the transmissivity, these quantities are
dif5cult to interpret in view of a change in the density of
states near the Fermi level caused by electron heating.
The measurement of the transient dielectric constant is
more fundamental and lends itself to a clearer interpreta-
tion of nonequilibrium heating. The reflectivity and the
transmissivity are related to the real and the imaginary
parts of the dielectric constant through the Fresnel for-
mula. A derivation of this relation for an absorbing
film deposited on a transparent substrate, and accounting
for multiple reflection at the film-substrate interface was
made by Abeles. In thermomodulation, AR/R and
AT/T result due to variations in E& and Ez. For a small
modulation, these are related by

AR /R =a&Ac.&+azhE2

A T/T =/3, Ac, +/3z A, Ez. , (2)
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where a„az, P, and /3z are functions of E, and Ez, and can
be obtained from the relationships derived by Abeles,
which is listed in the Appendix. Knowing AR/R and
AT/T, we can then solve for AE, and A, Ez.

This type of analysis is valid only if the sample is heat-
ed uniformly across its thickness; that is, if the hot elec-
trons are geometrically confined because the sample
thickness is less than or comparable to the skin depth.
An example of this analysis is shown in Fig. 3. Displayed
in Figs. 3(a) and 3(b) are the transient thermorefiectivity
and thermotransmissivity for a 200-A single-crystalline
film. AR/R was obtained for a laser heating fiuence of
3.33 mJ/cm, while AT/T was for a fiuence of 2.96
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mJ/cm . Since both hR /R and hT/T were directly pro-
portional to the laser fiuence, we have multiplied AT/T
by a correction factor of 1.125 before performing the
transformation to obtain the modulation in the dielectric
constant. Solving for Ac, and Ac2, we obtain the curves
shown in Figs. 3(a) and 3(d). The following conclusions
can be made regarding the transient modulation of the
real and imaginary parts of the dielectric constant: (i)
their temporal shape follows that of AR/R and AT/T;
(ii) the modulation in Ez is larger than that in E, (peak
AEz/Ez=0. 057, while AE, /E, =0.017); and (iii) AEz is
positive indicating an enhancement of absorption during
transient heating. It is well recognized that modulation
to cz represents modulation to the sum of all electronic
transitions at the probe wavelength originating in
different areas of momentum space. A notable feature of
modulation experiments on gold is a derivative peak cen-
tered at -2.4 eV, which is attributed to transitions from
the top of the d band to the Fermi level. ' Electronic
heating results in reducing (increasing) the number of oc-
cupied states below (above) the Fermi level. Since our
probe wavelength corresponds to an energy of 2 eV, the
experimentally observed enhanced absorption is con-
sistent with that expected, due to electronic heating.

We next decompose the transient modulation in the
thermoreflectivity and thermotransmissivity, each into
two components related to the modulation of the real and
the imaginary parts of the dielectric constant. The rela-
tive importance of these components is set by the magni-
tude of the coefficients a„az, /3„and /3z at the probe
wavelength. For AR/R, these components are a&AE&

and azAsz, and for AT/T these are /3, As, and PzAEz.
Such a decomposition of AR/R and AT/T is shown in
Fig. 4, from which we can conclude the following: (i) the
modulation of c2 is dominant at the probe wavelength,
A, =615 nm, and results in the negative sign for both
AR/R and AT/T, and (ii) the modulation of E& results
also in a negative sign for hR /R, however, it results in a
positive sign for AT/T.

Inherent in the above analysis is the assumption of uni-
form heating across the thickness of the thin gold film.
We justify this assumption by observing that the 200-A
films are comparable in thickness to the laser skin depth
in gold at A, =615 nm and that electron transport can fur-
ther distribute electronic heating along the thickness of

Delay time (ps) Delay time (ps)
FICi. 3. Transient (a) thermoreAectivity AR/R and (b) ther-

0
motransmissivity AT/T of a 200-A single-crystalline gold film.
AR/R and hT/T are inverted to obtain the transient modula-
tion to (c) the real, Ac&, and (d) imaginary, Ac2, parts of the
dielectric constant.

FIG. 4. Transient (a) thermoreAectivity AR/R and (b) ther-
motransmissivity 6T/T after decomposing it into two com-
ponents each related to the modulation of the real and imagi-
nary parts of the dielectric constant.
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the film. The degree by which this uniform heating as-
sumption is violated depends on the film thickness and on
the transport properties of the hot electrons.

IV. MODEL

The time evolution of the electron and the lattice
effective temperatures, T, and T&, respectively, was previ-
ously described by a set of two coupled nonlinear partial
differential equations

(3)

and

C, d T, /8 t =G ( T, —T, ), (4)

where the electronic heat capacity per unit volume
C, ( T, ) is assumed to be proportional to the electron tem-
perature, C& is the lattice heat capacity per unit volume, ~
is the electronic thermal conductivity, 6 is the electron-
phonon coupling parameter, which is assumed a con-
stant, and Po(r, t) represents laser power deposited in the
sample. These equations include several assumptions,
which could be violated to some degree and can render
their validity questionable. We next discuss these as-
sumptions and elaborate on how they could affect the va-
lidity of the above simple model.

Local equilibrium is assumed among each of the elec-
tron and the phonon subsystems; that is, electron-
electron (Coulomb) collisions are assumed to maintain
the electron subsystem as a Fermi-Dirac distribution at
temperature T„while phonon-phonon (anharmonic) col-
lisions are assumed to maintain the phonon distribution
as a Bose-Einstein distribution characterized by the tern-
perature T&. These assumptions are certainly violated
over some time or even over all of our probing time. The
validity of these assumptions was previously considered
by Agranat, Anisimov, and Makshantsev. Following
their analysis, the thermalization time of the electron
subsystem, ~„can be estimated from the relation

I/r, -uFkF((E ) /EF)

where U~ is the Fermi velocity, k~ is the Fermi wave vec-
tor, E~ is the Fermi energy, and (E ) is the mean elec-
tron energy in the metal determined from the Fermi level.
For gold, UF=1.40X10 cm/s, k~=1.21X10 cm ', and
EF=5.53 eV. For a mean electron energy of 0.086 eV,
which corresponds to 1000 K, the electron thermaliza-
tion time, ~„ is estimated to be -250 fs. Since a mean
electron temperature of 1000 K is readily obtained at the
laser fluences reported here, electron thermalization is ex-
pected to occur on a time scale comparable to the
heating-laser-pulse width, which is significantly less than
the electron-phonon relaxation time. Under these condi-
tions, assigning a temperature to the hot electrons can be
justified when considering times longer than several hun-
dred femtoseconds. To be precise, we refer to T, as an
effective electron temperature since significant deviations
from local equilibrium conditions could be present during
the femtosecond laser heating pulse, and perhaps some

deviation could be present afterwards.
A noteworthy experimental measurement of the hot-

electron energy distribution is that of Farm et al. ' In
their experiment, the electron energy distribution in a
400-fs laser-heated gold film was directly measured using
time-resolved photoemission. The temporal resolution of
this experiment was -700 fs. Results showed that for all
times above 800-fs delay between the heating pulse and
the ultraviolet probe pulse, the measured hot-electron
distribution can be well fitted to a Fermi-Dirac function.
In these experiments, a laser heating Auence causing an
effective peak electron temperature of several hundred
degrees was used. While there was a reproducible devia-
tion from a Fermi-Dirac function at early times, these
represented only 10—50% departure from the fit at delay
times &800 fs and were not present for longer delay
times. Thus, our assumption of an effective electron tem-
perature in the simplified model of Eqs. (3) and (4), does
not seem to be in large error for the present experimental
conditions.

We next consider the phonon subsystem. Phonon-
phonon equilibration occurs through scattering described
by the anharrnonic potential. The thermalization time of
the phonons, ~ h, can be estimated by the relation

ph ph /us

wher e l ph is the phonon mean free path, which depends
on the phonon energy, and u, =3.7 X 10 m/s is the speed
of sound in gold. For equilibrium conditions at tempera-
ture T, 1 h-Mu, a/kTy, where M=329X10 ~7 kg is

the ionic mass, a =4X 10 ' m is a length of the order of
the lattice constant, k is the Boltzmann constant, and

y —2 is the 0runeisen constant. Evaluating ~ph at
T=300 K provides an upper limit on the phonon
thermalization time. Using these conditions, ~ph is es-
timated to be of the order of 10 " s, i.e., larger than the
electron-phonon energy-loss lifetime. Thus, the phonon
subsystem is expected to be out of equilibrium for times
longer than ~, h. The validity of the simple analysis of
nonequilibrium heating represented by Eqs. (3) and (4)
depends on the degree of departure from equilibrium con-
ditions. For the experiments we are presently reporting
on, the initial temperature of the gold film was —300 K.
The femtosecond heating pulse could not raise the lattice
temperature by more than -40 K. That is, during
electron-phonon relaxation, the phonon population can
be described by two components; a large component
represented by a temperature of -300 K, plus a small
component of nonequilibrium phonons. Since the mean
phonon temperature undergoes only a very small change
by laser heating, it is reasonable to expect that, under
these conditions, the deviation of the phonon subsystem
from equilibrium would not significantly affect the
electron-phonon decay and Eqs. (3) and (4) remain basi-
cally valid.

Another complication arises due to the nature of heat
transport. In Eqs. (3) and (4), the electronic heat trans-
port is assumed to be completely diffusive. The thermal-
ized hot-electron population is assumed to diffuse to the
bulk of the thin film due to the temperature gradient set
between the laser-heated surface and the bulk of the sam-
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(a)
Heating laser fluence:

1 mJicm2

(b)
Heating laser fluence:

4 mJ/cm
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FICx. 5. Temporal evolution of the effective electron and lat-
tice temperatures, T, and TI, as predicted by the nonequilibri-
um heating model of Eqs. (3) and (4). The model was solved for
a 200-A film with a laser heating fluence of (a) 1 mJ/cm and (b)
4 mJ/cm .

pie. Femtosecond time-of-Bight experiments have shown
that hot-electron transport across 500—3000-A gold films
can proceed with a velocity approaching that of the Fer-
mi velocity. These measurements provided significant
evidence of a ballistic component to electronic heat trans-
port. The question of the nature of hot-electron trans-
port in femtosecond experiments is still not well answered
and it is reasonable to expect that ballistic and diffusive
transport are both occurring. The importance of each of
these mechanisms depends on the considered depth inside
the film and on the mean free path of the initial hot elec-
trons.

Considering the geometry of the 200-A films (film
thickness slightly over the skin depth), hot electrons are
geometrically confined and electron diffusion perpendicu-
lar to the surface is negligible; that is, the film is heated
uniformly. This is due to the fact that the optical skin
depth in gold is —150 A at A, =615 nm and that hot-
electron transport can efFectively distribute the energy
uniformly throughout the thickness of the film. In addi-
tion, radial diffusion of the hot electrons is negligible at
time scales of interest (a few picoseconds after the heating
laser pulse). Such radial diffusion is very slow since the
heating laser beam diameter is much larger than the opti-
cal skin depth. Therefore, for the 200-A films, the
diffusion term could be dropped out of Eq. (3).

Electron-defect collisions are not explicitly included in
Eqs. (3) and (4). Elastic electron-defect collisions modifies
the diffusion term due to electron momentum change
after such a collision. Electron collisions with defects are
also known to modify electron-electron ' and
electron-phonon coupling. " These effects, however,
will be neglected for now. Subsequently, we will show
that the effect of electron-defect collisions on hot-electron
energy loss can be empirically accounted for by modify-
ing the electron-phonon coupling constant, G.

If we neglect diffusion and electron-defect collisions,
then a solution of Eqs. (3) and (4) indicates that, initially,
the electron temperature could be raised by more than
1000 K, while the lattice temperature remains basically
unaltered as shown in Fig. 5. In this example, Eqs. (3)
and (4) were solved for C, ( T, ) =66T, J/m K,
C&=2.4X10 I/m K, ' a Gaussian heating laser pulse

(150 fs full width at half maximum), 5%%uo absorption,
which was experimentally measured and assumed to be
deposited uniformly across the thickness of the film, and
neglecting electron transport. Comparison of Fig. 5(a)
with Fig. 5(b) shows that r, h increases with the heating
fluence. This is consistent with the thermomodulation re-
sults shown in Fig. 2. The physical reason for this in-
crease in 7 ph is the linear dependence of the electronic
heat capacity on the electron temperature. In the model
shown in Fig. 5, we have assumed the electron-phonon
coupling constant 6 to be 4X10' W/m K. This value
seems to best fit the decay time in the thermomodulation
signal that we observed for the 200-A polycrystalline
films. The comparison of the transient thermomodula-
tion decay time with the hot-electron energy-loss lifetime
should be interpreted in view of several uncertainties.
These include the pump laser fluence, which depends on
the laser focal spot (5+1 pm), and in quantitatively relat-
ing the thermomodulation signal to hot-electron decay.

An important question associated with the fem-
tosecond time-resolved thermomodulation experiments is
how to quantitatively relate the thermomodulation signal
to an electron effective temperature. One approach is to
derive the transient modulation in the real and the imagi-
nary parts of the dielectric constant using, for example,
the measured transient modulation in reAectivity and
transmissivity. Once the transient dielectric constant is
known, it can be related to the band structure and the op-
tical transitions in order to obtain an effective electron
temperature. This, however, requires precise knowledge
of all optical transitions at the probe wavelength and the
manner in which the changes in the occupancy of states
due to electronic heating affect their probability. Unfor-
tunately, this information is not available, especially
when considering that our probe laser wavelength is
-0.4 eV off resonance with the top of the d band to the
Fermi-level transition.

Taking these difficulties into account, we have previ-
ously proposed an empirical method of analyzing tran-
sient thermoreAectivity in order to obtain the transient
effective electron temperature. Our proposed approach is
based on deriving a differential thermomodulation "Fer-
mi" function, which relates the electron-heating-induced
thermomodulation to a unit electron temperature in-
crease starting from a particular temperature. This
differential Fermi function is obtained experimentally by
performing transient thermomodulation at different am-
bient temperatures. Simply put, a constant electron tem-
perature jump induces a thermomodulation signal that is
dependent on the initial temperature of the electrons.
For gold probed at k-615 nm, the differential Fermi
function was experimentally shown to decrease towards
zero as the ambient temperature is reduced below —150
K. Asymptotic behavior appears to be reached near an
ambient temperature of 300 K. Higher temperatures
were not considered in Ref. 5. The decay time of the
transient thermomodulation signal can resemble that of
hot-electron decay time if the considered temperature re-
gion for the differential Fermi function is constant, which
appears to be the case for the lower heating Auences. At
the higher fluences, where the effective electron tempera-
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V. DEPENDENCE OF HOT-ELECTRON
DECAY TIME ON CRYSTAL STRUCTURE

In order to investigate the role of defects on hot-
electron energy-loss lifetime, ~, h, we have conducted
transient thermoreflectivity and thermotransmissivity on
single-crystalline and polycrystalline 200-A films. The
decay time of the fast transient was measured as a func-
tion of the heating laser Auence. Results are shown in
Fig. 6. Each datum is an average of 6—8 different mea-
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FIG. 6. Decay time of the fast transient in the
thermoreAectivity (solid symbols) and thermotransmissivity

0
(open symbols) of 200-A single-crystalline (diamond) and poly-
crystalline (squares) gold films as a function of heating laser
fluence.

ture is raised by many hundreds of degrees above the am-
bient 300 K, asymptotic behavior of the differential Fer-
mi function might not persist. The extent for which the
thermomodulation decay could deviate from the hot-
electron decay is not known. This represents an uncer-
tainty in the interpretation of the thermomodulation
data. We could, however, conclude that there seems to
be a qualitative agreement between the hot-electron de-
cay time and the thermomodulation decay time based on
the above-mentioned asymptotic behavior of the
differential Fermi function. Moreover, it is interesting to
note that the electron-phonon coupling parameter G de-
rived from fitting the transient-thermoreAectivity decay
with hot-electron decay as derived from Eqs. (3) and (4)
shows remarkable agreement with that theoretically pre-
dicted for several metals. '

Another experimental effect on the transient ther-
momodulation signal is caused by the finite pulse width
of our probe. Therefore, our thermomodulation signal is,
in fact, the result of the convolution of the actual signal
with the probe pulse. This only affects the shape of the
signal near its peak, where the decay rate is fastest. Since
the transient thermomodulation decay signals are about
an order of magnitude larger than our probe pulse width,
we do not expect that this effect would cause significant
error. This convolution effect, however, appears to be
visible in the semilogarithmic plots in the inset of Fig. 1,
where early in the decay ( ~ 0.5 ps) there appears to be a
deviation from the simple exponential that is subsequent-
ly observed.

surements conducted using three sets of single-crystalline
and polycrystalline films. The decay time is defined as
the width of the transient signal at e ' of the difference
between the maximum transient and the slowly decaying
tail following it. The standard deviation of the decay
time measurements was less than 10% of the average
value. Results clearly show a systematic, almost constant
increase in the decay time for the single-crystalline films
when compared with the polycrystalline films.

Several film properties could have caused this devia-
tion. First, the film thickness could be different, which
would cause a difference in power deposition between the
polycrystalline and single-crystalline films. This is ruled
out since both types of films were fabricated using the
same conditions, except for the substrate type and tem-
perature. Thus, errors in the relative thickness of the
different films is very small (within several angstroms).
As described previously, the fabrication of the single-
crystalline gold films involves their deposition on a thin
layer of silver deposited on a sodium chloride crystal.
Some of the gold could alloy with the silver and this al-
loyed layer would then be acid etched along with the
silver during removal of the gold film. The reduction in
the gold film thickness by alloying and subsequent remo-
val is minimized by maintaining a relatively low substrate
temperature during gold film deposition, -450 K, to
minimize alloying without adversely affecting epitaxy.
More importantly, the thickness of the silver layer when
depositing the 200-A film was only —10 A. Thus, alloy-
ing and subsequent removal of the gold film could not
have reduced the film thickness by more than that.

Second, the removal process of the single-crystalline
films could have introduced some unexpected changes in
film properties that might have an effect on hot-electron
decay. This hypothesis was tested by conducting the
transient thermomodulation measurements on polycrys-
talline films deposited on a sodium chloride crystal at
room temperature and subsequently removed using the
same technique employed for the single-crystalline films.
Results for these polycrystalline films were in agreement
with those directly deposited on the glass slide. Thus, the
film lift-off process could not have been responsible for
the observed difference between the two types of films.

Third, the optical properties of the polycrystalline and
single-crystalline films could differ in a way that causes
the power deposition to vary for the same incident laser
fluence. The film that absorbs more laser energy will sub-
sequently have a longer transient decay time. This was a
major concern especially since published data on the opti-
cal properties of thin films are known to differ among
themselves and the absolute value of thin-film absorption
cannot be easily measured with high precision. To check
for the magnitude of the variation in power deposition
between the polycrystalline and single-crystalline films,
we have compared the magnitude of the maximum modu-
lation in the transmissivity for the two kinds of films at
different pump Auences. For this comparison, the tran-
sient thermomodulation measurements for the two types
of films were conducted immediately, one after the other,
to avoid changes in the laser heating fIuence. Three in-
dependent measurements were made for each fluence
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(four dift'erent fiuences ranging from 0.7 to 4 mJ/cm
were considered). The peak thermomodulation transmis-
sivity signal for the polycrystalline and single-crystalline
films showed better than 5% agreement, with the modu-
lation signal leaning towards being slightly higher for the
polycrystalline films. This seems to preclude the possibil-
ity that the difference in the observed decay time between
the polycrystalline and single-crystalline films is due to
power deposition effects.

This leads us to the conclusion that the shorter tran-
sient thermomodulation decay time observed for the
polycrystalline films is due to faster hot-electron energy
loss (smaller r, h), which is promoted by an increased
level of defects. Several theoretical studies have shown
that defects can inhuence ~, h by affecting the rate of en-
ergy transfer between electrons and phonons. Gold has a
monatomic unit cell, therefore, there are no optical pho-
nons. An increased level of defects promotes coupling
between electrons and transverse acoustic phonons due to
partial removal of crystal momentum conservation con-
straints by intermediate impurity scattering. In con-
trast, ultrasonic attenuation experiments and theoretical
calculations have shown that coupling between electrons
and longitudinal phonons is reduced with increased level
of defects. This was explained by observing that the
longitudinal vibrations, which the electrons fluctuate in
phase with, set up regions of compressed electron gas
with increased mean energy and others with dilated elec-
tron gas with reduced mean energy. Energy is dissipated
from the longitudinal vibration by electron diffusion from
the high-energy to the low-energy region. This diffusion
is hindered by disorder, thus, electron-phonon coupling is
reduced. This effect, however, does not apply to our
case, since it treats the case where the phonons are exter-
nally heated and subsequently come to equilibrium with
the electrons (i.e., the inverse of our case). Therefore, the
intermediate defect scattering is expected to reduce the
hot-electron energy-loss lifetime.

We next briefly comment on the nature of electron-
lattice defect collisions for the two different types of gold
films used in our experiments. Each individual electron
undergoes a collision with another electron or a phonon
on the average within a mean free path. For a 2-eV hot
electron, the mean free path for an electron-electron col-
lision or an electron-phonon collision is about a few hun-
dred angstroms. For the polycrystalline gold films used
in the present experiments, microstructural examination
revealed a large distribution of grain sizes with an es-

0
timated average of —155 A. Thus, the number of
electron —grain boundary collisions is comparable to, or
even larger than, that of electron-electron and electron-
phonon collisions. Grain boundaries are known to be
very efficient in scattering conduction electrons. For
metals, the probability of an electron to pass a single
grain boundary is theoretically estimated to be about
0.7. Given that each hot electron undergoes several
collisions with grain boundaries prior to thermalization
with the lattice, then grain boundaries could be responsi-
ble for the observed difference in the decay time between
the polycrystalline and the single-crystalline films. Other
defects such as dislocations or stacking faults, which are
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FIG. 7. Hot-electron energy-loss lifetime, 7 ph obtained
from Eqs. (3) and (4) for the experimental conditions of Fig. 6.

present in the single-crystalline films, are known to be
significantly less effective in scattering conduction elec-
trons. The scattering of conduction electrons by stack-
ing faults in Cu was theoretically calculated. At nearly
all wave vectors, conduction electrons at the Fermi sur-
face penetrates a stacking fault with a very small proba-
bility of scattering (10 —10 ). Thus, stacking faults
represent a very weak perturbation to conduction elec-
trons near the Fermi level.

For the 200-A films, the average grain size is compara-
ble to the film thickness and it is difficult to separate the
role of lattice defects on hot-electron energy-loss lifetime
from that of surfaces. Previous studies on the resistivity
of thin films has indicated that the surface roughness of
polycrystalline gold films causes the diffuse scattering of
electrons at the surface. This is in contrast to the atomi-
cally smooth nature of the surface of single-crystalline
gold films which specularly rejects the electrons. ' From
a theoretical point of view, electron collisions with sur-
faces distort their momentum distribution in a manner
that could depend on surface roughness. Such surface
effects were shown to penetrate into the interior a depth
comparable to the mean free pass of the electrons (i.e.,
throughout the thickness of the film). We have also con-
ducted transient optical thermomodulation measure-

0
ments on 100-A polycrystalline and single-crystalline (ep-
itaxially grown) films. For these films, electron microsco-
py showed the formation of separate islands that are in-
terconnected by bridges with voids covering a significant
area of the sample for both types of films. Similar trends
were observed as for the 200-A films.

We next compare the experimentally obtained tran-
sient decay time in Fig. 6 with the energy-loss lifetime,

h, obtained from the simple model of Eqs. (3) and (4).
In the experimental measurements, we define the decay
time as the width of the transient signal at e ' of the
difference between the maximum transient and the slowly
decaying tail following it. For the model we define the
7 ph as the width of the transient electron temperature at
e ' of the difference between the peak T, and its final

equilibrium value. These definitions are made here main-

ly to facilitate a comparison of the results for single-
crystalline versus polycrystalline films. In Fig. 7, the
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theoretical ~, „h is shown as a function of laser fluence for
different values of the electron-phonon coupling parame-
ter, G. Comparison of Fig. 6 with Fig. 7, shows that the
model predicts well the experimentally observed increase
in decay time with laser fluence. Moreover, the solution
of the model for G =4X10' W/m K shows agreement
with the experimental transient decay time in the 200-A
polycrystalline films. For the single-crystalline films,
comparison of the model with the experimental decay
time indicates a small decrease in the electron-phonon
coupling parameter from that for the polycrystalline film,
G —3.5X10' W/m K.
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FIG. 8. Decay time of the fast transient in the
thermoreflectivity as a function of laser heating fluence mea-
sured for film thicknesses of 200, 400, and 800 A.

VI. THE EFFECT OF CRYSTAL STRUCTURE
ON ELECTRON TRANSPORT

0
The use of 200-A films results in the geometric

confinement of the hot electrons and thus allows the ob-
servation of the transient thermomodulation signal due to
hot-electron energy loss without being afFected by trans-
port. For thicker films, hot-electron transport affects the
thermomodulation signal. Therefore, the effect of lattice
defects on hot-electron transport can be studied using
thicker polycrystalline and single-crystalline films. We
have conducted transient thermoreflectivity and thermo-
transmissivity on 400- and 800-A polycrystalline and
single-crystalline gold films. The decay time of the tran-
sient AR /R for single-crystalline films with different film
thicknesses is shown in Fig. 8. We observe that as the
film thickness is increased from 200 to 400 A, there is a
significant reduction (about a factor of 2) in the decay
time. With the further increase in thickness to 800 A, the
reduction in the decay time is less. This shows that, for
film thicknesses larger than the optical skin depth, the de-
cay of the transient b,R/R represents both hot-electron
energy loss and electron transport inside the sample
where it is not being probed by reflectivity.

We next consider the transient thermomodulation for
the 800-A single-crystalline and polycrystalline films.
The results, displayed in Fig. 9, represent an average of
4—6 different measurements conducted on one set of
films. The standard deviation in each decay time mea-
surement is less 12% of the average value. Comparison

FIG. 9. Decay time of the fast transient in the
thermoreflectivity (solid symbols) and thermotransmissivity

0

(open symbols) of 800-A single-crystalline (diamond) and poly-
crystalline (squares) gold films as a function of heating laser
fluence.

of the results in Fig. 9 with that in Fig. 6 show that the
transient decay time of b, T/T is affected less by the in-
creased film thickness than that of AR /R since
reflectivity is influenced by each electron leaving the ex-
cited volume; whereas in a gross sense, transmissivity is
infiuenced only by those electrons which leave (laterally)
the volume associated with the probe beam path through
the sample. This is a small effect since the diameter of
the laser beam is much larger than both the optical skin
depth and the film thickness.

For the 800-A films, comparison of the transient
thermoreflectivity for the polycrystalline films to those
for the single-crystalline shows behavior opposite from
that observed for the 200-A films. The decay time of
AR /R was faster for the single crystalline. We interpret
these results by observing that, for the 800-A films, hot-
electron transport is impeded by grain boundaries. While
grain boundaries increase electron-phonon coupling, this
effect on transient b.R /R decay time (which would cause
it to decrease for the polycrystalline films) appears to be
smaller than the opposite effect of impeding electron
transport inside the film.

The thermal conductivity of metals is predominantly
controlled by electron transport properties. The reduc-
tion of the thermal conductivity of metals by lattice de-
fects is well demonstrated and is attributed to the reduc-
tion of electron mean free path. Previous transient ther-
momodulation studies have shown that the thermal
diffusivity, defined as the ratio of the thermal conductivi-
ty to the heat capacity per unit volume, of evaporated
and sputtered metal films can be significantly less than
that of bulk materials. The thermal diffusivity of nickel
thin films was reduced from its bulk value by a factor of 3
for an evaporated film and by a factor of 4 for a sputtered
film

In Fig. 9, an interesting sign reversal is observed in the
difference between the decay time of the fast transient in
AT/T for the polycrystalline and single-crystalline films
as a function of laser fluence. This was also observed for
400-A films. At this stage we can only offer the following
qualitative explanation. We notice that AT/T is less
affected by electron transport than b,R /R and that hot-
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electron transport competes with energy loss. For low
laser Auences, where diffusion is less important, the in-
creased electron-phonon coupling for the polycrystalline
films results in a faster decay as observed for the 200-A
films. At the higher Auences diffusion becomes more im-
portant. This affects the spatial distribution of hot elec-
trons across the film, causing it to be less uniform for the
polycrystalline than for the single-crystalline films due to
lower a. Since the hot-electron energy-loss lifetime in-
creases with the effective electron temperature, we would
expect a slower transient decay time for the polycrystal-
line films. A quantitative analysis of electron transport
would require a more extended treatment than that per-
mitted by the difFusion term in Eq. (3). Among the fac-
tors which need to be considered are the possible role of
ballistic hot-electron transport, the dependence of elec-
tron transport on T, and TI, and the nature of electron-
lattice defects collisions.

We next make a brief comment on these factors and
show that a much more complicated treatment is needed
to model electron transport in the thicker films. The pos-
sibility of ballistic electron transport across the sample
provides an uncertainty to Eqs. (3) and (4). In the fem-
tosecond time-of-Aight experiment of Ref. 8, heat tran-
sient time was clearly shown to scale linearly with sample
thickness and to travel across the thickness of the sample
with a velocity close to the Fermi velocity. This gives a
strong evidence of a ballistic component to heat How;
however, as discussed in Ref. 8, femtosecond time-of-
Aight measurements by themselves do not provide a con-
clusive evidence of ballistic transport, since electron cool-
ing and the dependence of the electronic thermal conduc-
tivity on temperature at large temperature excursions
complicate the analysis. The relative magnitude of ballis-
tic versus diffusive heat transport is not easily determined
and requires further studies. A key parameter to better
understanding this question is consideration of the avail-
able data on the range of hot electrons in gold. This
represents a combined mean free path of electron-
electron and electron-phonon scattering. The range of
hot electrons in gold was previously measured as a func-
tion of hot-electron energy. For 2-eV electrons, mea-
sured from the Fermi level, EF, the range was 250+30 A.
This increased to about 650 A for 1-eV electrons. The
electron-phonon mean free path slowly increases with
electron energy, E, according to l, ~h-(E+EF) and is
inversely proportional to the lattice temperature. For
gold l ph is about 200 A for a 1 —2-eV hot electron in a
thermal phonon bath at 300 K. For electrons close to
the Fermi level, the electron-electron mean free path
strongly depends on the electron energy according to
l, , -E . For 2-eV electrons, l, , is estimated to be
several hundred angstroms. ' Since the 800-A films are
thicker than the range of a 2-eV hot electron, it is reason-
able to expect that there is both a diffusive and a ballistic
component to electron transport.

We next consider the dependence of the thermal con-
ductivity on the effective electron and lattice tempera-
tures. The thermal conduction of metals is dominated by
electron transport. In the diffusive transport limit, the
kinetic theory of gases indicates that the thermal conduc-

tivity is described by the relation

1 1 1
K — — VICU — U 7 Cv

2

W 3 " 3

where W is the thermal resistance, C, is the heat capacity
per unit volume, which is directly proportional to the
electron temperature, U is the average electron velocity, ~
is the average time between collisions, and l is the mean
free path between collisions. Electron-electron, electron-
phonon, and electron-imperfection collisions determine l
and ~, and consequently ~ and W. For a conduction elec-
tron with a low-excitation energy above the Fermi level,
the exclusion principle reduces the probability of an
electron-electron collision, thus r is predominantly limit-
ed by electron-phonon co11isions. Under these conditions
~ is inversely proportional to the lattice temperature, to a
first-order approximation. Thus, the thermal resistivity
due to electron-phonon collisions will have the depen-
dence W h

—Tl /T, . However, in the present experi-
ments lattice heating is only a small fraction of the initial
sample temperature. Thus, the effect of electronic heat-
ing on the electron conductivity could be important. An
excited electron with energy E above the Fermi level in a
metal with an effective electronic temperature T, has an
electron-electron scattering rate 1/~, , of the form

I /~, , =aE +b ( kii T, )

where kz is the Boltzmann constant and a and b are in-
dependent of E and T, . If we assume that the electrons
reach a state of quasiequilibrium among themselves, es-
tablishing an effective temperature T, —1000 K, then the
scattering rate assumes the form 1/~, , —T, . Since the
electronic heat capacity is directly proportional to the
electron temperature, it follows that the electronic
thermal resistivity due to electron-electron collisions,
W, „is proportional to T, . Electron-defects collisions
could also depend on T, and TI in a manner that is not
presently understood and introduces an extra contribu-
tion to the thermal resistivity, W, ;. If we assume that
the collision rates due to the separate mechanisms can
add up in accordance with the Matthiessen's role, then
the thermal resistivity, W, is the sum of W, „W ph, and
W, ;. While the dependence of W, , and W, ph on T, and
T& is qualitatively understood, the quantitative contribu-
tion of each of these scattering mechanisms to W is not
presently available for the case of nonequilibrium heat-
ing. Therefore, even if we assume the diffusive limit, it is
dificult to proceed further with this type of analysis in
order to quantitatively model hot-electron relaxation in
the thicker films using Eqs. (3) and (4).

VII. CONCLUDING REMARKS

We have conducted femtosecond time-resolved
thermoreAectivity and thermotransmissivity on single-
crystalline and polycrystalline thin gold films. The tran-
sient decay time for the reAectivity and the transmissivity
are equal for film thicknesses comparable to the optical
skin depth. For thicker Alms, a faster reAectivity decay
time is observed due to hot-electron transport. Grain
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boundaries, and perhaps surface roughness, in the poly-
crystalline films seem to slightly reduce the transient de-
cay time, which is modeled by a small increase in the
value of the electron-phonon coupling constant. Grain
boundaries also appear to impede hot-electron transport
which, for the thicker films, results in a slower decay time
for the polycrystalline films.

We have shown that the technique of femtosecond
transient thermotransmissivity and thermoreAectivity can
be used to study the effect of lattice defects on hot-
electron energy loss and transport in metals. This tech-
nique provides a powerful tool to characterize the nature
of electron interaction with various types of lattice de-
fects. Using samples with controlled and well-
characterized density of structural defects or impurities,
it will be possible to study their effect on the strength of
the electron-phonon coupling. Time-resolved thermomo-
dulation also offers the possibility to probe how electron
transport is affected by a particular type of defect or im-
purity. The time-of-Aight experiment outlined in Ref. 8
provides a particularly attractive geometry for transport
studies. Quantitative measurements on the strength of
the thermomodulation signal and relating it to the num-
ber of electrons arriving at the back surface would pro-
vide significant information on the scattering strength of
a particular lattice defect, such as grain boundaries. The
initial hot-electron energy, measured from the Fermi lev-
el, could be varied using a tunable femtosecond pump
laser. These types of experiments would provide the data
needed to compare with present theoretical understand-
ing on the probability of electron scattering at various
types of defects. '

ACKNOWLEDGMENTS

We would like to acknowledge G. O. Smith for assist-
ing in the laser pump-probe experiments, H. Mizes of
Xerox, Webster, for performing the atomic force micros-
copy, and W. E. Bron for helpful discussions. The work
conducted at The University of Rochester was supported
in part by the U. S. Department of Energy under Con-
tract No. DE-FG02-88ER45376.

APPENDIX

The modulation of the real and the imaginary parts of
the dielectric function, AE& and AE, 2 is determined from
the data on AR/R and hT/T as a function of time by
considering the appropriate transformation. The com-
plex index of refraction, X=n + ik, is related to the com-
plex dielectric function by X =c&+ic2. We use the for-
mulas derived by Abeles, which is a derivation of the
Fresnel equations for an absorbing media on a transpar-
ent substrate. Multiple rejections at the metal-substrate

interface are accounted for. If we define no=1 and

n, =1.5 to be the index of refraction of air and glass, d is
the gold film thickness, A. is laser wavelength, then the
reAection and the transmission from the metal side are
given by

abe2 "+cde k" +2r cos2ng+2s sin2ngR=
bde "+ace "+2t cos2n g+2u sin2n g

16non, (n +k )T=
bde ""+ace "+2t cos2n g+ 2g sjn2n g

where

q=2ad/A, ,

a=(n —no) +k, b=(n+n, ) +kz,
c=(n n, ) +k—, d=(n+no) +k

s =2k (n, no—)(n +k +non, ),
u =2k(n, +no)(n +k —non, ),
r=(no+n, )(n +k ) —(n +k )

—non, —4non, k

t =(no+n, )(n +k ) (n +k —) —non, +4non, k

Starting from the values of n and ~, or equivalently c&

and c2, it is possible to use the above equations to derive
0

R and T. For our 200 A gold films we measure
R =0.665+0.02 while T=0.28+0.02. Since we can
measure R and T for our samples, we can iterate through
the above equations to obtain n and k. For example, for
n =0.19 and k =3.85, we obtain R =0.658 and
T=0.273, which is within our measurement accuracy.
The published values of n and k are 0.21 and 3.272, re-
spectively. We have found that our solutions for n and k
are quite sensitive to the accuracy of the film thickness
which is known only to +50 A. This might contribute to
the difference between our derived n and k and the previ-
ously published values. Moreover, the optical properties
of thin films are known to depend on thickness and are
sensitive to film preparation. Nevertheless, deviations in
our derived values of n and k from the published data
could only have a small effect on the calculated 4c& and
Ac,2. In proceeding with the analysis, we used the pub-
lished values of n and k.

In thermomodulation, b,R /R and b.T/T result due to
modulations in c, and c2. These can be related by

h,R /R =a, b,e, +azAsz,

b.T/T =P,hs, +Pzb ez,

where a&, az, P&, and Pz are obtained from the above rela-
tionships derived by Abeles. Knowing AR /R and
AT/T, we can then solve for Ac.

&
and Ac.2.
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gineering, Old Dominion University, Norfolk, VA 23529-
0246.
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