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In this paper we describe an experiment that uses a moderate dc electric field to heat electrons in a
thin metal film that can have its acoustic coupling to the surroundings changed in situ. The acoustic
coupling is found to have a substantial effect on the electron-heating characteristics. This illustrates the
importance of considering phonon escape from the film in this type of experiment. Using a rate equation
to model the data obtained for different conditions of phonon escape from the film, we have found that
in certain circumstances there is strong evidence to suggest that low-frequency phonons in the film are

two dimensional.

I. INTRODUCTION

A knowledge of the phonon dimensionality in thin
metal films has become important for the interpretation
of electron-heating experiments,! ™3 yet surprisingly little
work has been reported on the subject. The question of
phonon dimensionality in thin films is associated closely
with the coupling between the phonons in the film and
those in the supporting substrate. In the extreme case of
a self-supporting film in vacuo, phonons of wave vector
(g,,q,) will be spatially quantized into subbands accord-
ing to the criteria g, =n/d, where d is the film thickness
in the z direction and » is an integer. These subbands will
be well defined up to an energy #w(q), where the inelastic
phonon scattering length /;(¢)~d. Phonons above this
energy will lose phase memory across the thickness of the
film and so will be effectively three dimensional (3D). For
the less extreme case of a supported film, an evaluation of
the phonon dimensionality is more involved and depends
on the acoustic coupling between the film and substrate.
If the interface quality is neglected, the relative velocities
of sound of the two materials define a critical cone of an-
gle 6., for total phonon reflection; this is Snell’s law of re-
fraction applied to acoustic waves.* In the general case
of an elastically anisotropic solid, each mode will have
three critical cones that each have a complex shape in
real space. The phonons with g, > g, /tan@,, are within
the critical cone and are able to couple to substrate pho-
nons with a coupling coefficient that depends on the rela-
tive acoustic impedance of the film and substrate.® If the
acoustic properties of the film and substrate are not too
dissimilar, the acoustic coupling will broaden the sub-
band structure sufficiently to cause the phonons to lose
their two dimensional (2D) character. Conversely, pho-
nons with g, <g, /tan@,_, are outside the critical cone and
undergo total internal reflection within the film as
demonstrated recently by Hoss, Wolfe, and Kinder.®
Phonons outside the critical cone experience only weak
coupling to the substrate via an evanescent wave. Thus
subband broadening will be small and the phonons are
expected to be two dimensional if /;(g)>d. Several fac-
tors may remove the subband structure and increase the
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phonon dimensionality. For example, a rough interface
will increase the effective critical angle, phonon scatter-
ing within the film may change g, from less than to
greater than g,/tanf., and frustrated total internal
reflection may allow phonon tunneling from the thin
film.® All three examples provide possible processes for
the two-dimensional phonons to leave the film.

While the complexities of a real interface between a
metal film and a substrate make details of the phonon
dimensionality very difficult to predict, the experimental
situation is a little more hopeful. In some recent experi-
ments> we showed that it is possible to modify the pho-
non coupling from a metal film to a substrate in situ
without cycling the sample to room temperature. This
was achieved by having the free surface of a supported
metal film either in vacuum or in liquid helium. When in
vacuum, the effect of the critical angle will be to lower
the dimensionality of some of the phonons in the film.
However, when immersed in helium only three-
dimensional behavior is expected because the ratio of the
metal and helium sound velocities shows that all the pho-
nons are able to couple out of the metal into a small cone
in the helium.” From the Kapitza effect it is well known
that phonon transmission to the helium is much larger
than expected from the acoustic impedances of the ma-
terials.®® This will further reduce the likelihood of two-
dimensional phonons in thin metal films covered with
helium.

In the present paper we describe experiments in which
a metal film on a silicon substrate is heated by a dc elec-
tric field. The electrical resistance of the film as a func-
tion of the field is shown to change considerably as the
free surface of the film goes from being in a vacuum to
being in liquid helium. Furthermore, it is found that the
electrical resistance shows distinct features characteristic
of the state of the helium in contact with the film. In ear-
lier work!® we compared the heat loss from metal films
deposited on different substrates and we invoked a
frequency-dependent acoustic mismatch parameter to de-
scribe the data. We have found that this approach is un-
able to explain the heating characteristics at the higher
electric fields used in the present experiments. Using a
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rate equation model to describe simultaneously the data
obtained under the different surface conditions, we have
found that it is necessary to lower the frequency depen-
dence of the phonon density of states, consistent with a
reduction of the phonon dimensionality, when the film is
in vacuum.

II. EXPERIMENT

The samples used in this experiment were 25-nm-thick
AugyPd,, alloy films. The films were thermally evaporat-
ed at a pressure of 5X107% Torr onto an optically
smooth silicon substrate. Before film deposition no at-
tempt was made to remove the oxide layer from the sil-
icon. The samples were 10 um long and 1 um wide and
were designed!! for true four-terminal resistance mea-
surements. Their typical sheet resistance was R =10 Q.
Resistance measurements were carried out using a low-
frequency four-terminal bridge!? and a signal-averaging
technique. With this setup the fractional resistance
change could be measured to an accuracy of 5 parts in
107 with a sensing current of less than 3 pA. Electron
heating was provided by a dc electric field of up to 20
Vem ™! applied across the sample. The ac sensing
current of the bridge was always kept small enough that
its contribution to heating was negligible.

The experiments were carried out with the samples at-
tached to the inside bottom of a sealed copper chamber
that was thermally coupled to a bath of helium. This ar-
rangement provided a good thermal contact between the
substrate and the helium bath whose temperature was
controlled to better than 1 mK over the range 1-4.2 K.
The chamber could either be evacuated or filled with
liquid helium so that the exposed surface of the Au-Pd
film was either in a vacuum or covered with liquid heli-
um. This arrangement enabled electron-heating effects to
be studied as a function of the phonon escape which
could be modified in situ. To avoid the problems of a re-
sidual helium layer on the metal film, the experiments al-
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FIG. 1. The equilibrium temperature dependence of AR /R.
To within experimental error, data from the film in vacuum and
in helium showed the same temperature dependence. The lines
show a fit to the equilibrium data using the Drude (— — —)
and interaction (- . . .) contributions to the total resistance.
The solid curve is the sum of the two contributions.
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FIG. 2. The change in resistance vs electric field for the film
in vacuum ( A ) and immersed in helium (®). T,=1.7 K.

ways started with the chamber evacuated. After helium
was condensed into the chamber we did not attempt to go
back to the evacuated conditions without warming the
cryostat.

The equilibrium resistance change of the films as a
function of temperature is shown in Fig. 1. A minimum
resistance R, is found at Ty=~7 K below which the
resistance increases logarithmically. This resistance rise
is consistent with the resistance corrections from
electron-electron interactions and localization reported
for similar films by other workers.!>* The corrections we
observed were found to be reproducible on many samples.
No change was found in the equilibrium temperature
dependence of the resistance with the sample chamber
evacuated or filled with liquid helium.

The response of  the resistance change
[R(E)—Rgeq]/Roeq=AR/R to an applied dc electric
field E was very different when the surface of the film was
in vacuum and in helium. As shown in Fig. 2, when the
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FIG. 3. The change in resistance vs electric field for

T, =2.120, 2.140, 2.160, 2.180, 2.200, and 2.220 K. The data fall
into two distinct groups, one for 7, > T, (A) and the other
T, <T, (@). The curves are guides to the eye only. For
T, > T,, the feature at 9 Vcm ™! is reproducible and for T, just
below T, the feature at 13 Vcm™! is reproducible.
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film is covered with helium, AR /R falls continuously
over the whole range of applied electric fields. Converse-
ly, for a film in vacuum the low-field behavior of AR /R
has a stronger dependence on the field, but at a field of
approximately 8 Vcm ™! it reaches a minimum and then
increases. An important effect seen in Fig. 2 is that for
both surface conditions AR /R is reduced below zero as E
increases; that is, R (E) becomes less than Rg.,. This
effect has been reported previously,? but in the present
and earlier’ experiments we have observed that the
amount by which the resistance falls below R, depends
on the nature of the medium above the free surface of the
film. The form of R (E) was also found to depend on the
state of the helium covering the film.

Figure 3 shows the change in AR /R as the helium cov-
ering the film is changed from helium II to helium I by
raising the temperature from 2.120 to 2.220 K in 20-mK
steps across the lambda point T, =2.172 K. A strong
feature was observed in the helium I data at ~9 Vem ™),
as seen in Fig. 3 and shown in more detail in Fig. 4.
Since we are measuring the ac resistance, this peak can be
interpreted as the derivative of a step in the current-
voltage characteristic of the film caused by the onset of
helium boiling. The shoulder on the high-field side of the
peak was reproducible. The power at which the strong
feature occurred was found to be inversely proportional
to the temperature of the helium. By a simple linear ex-
trapolation to zero power, we obtain a temperature of
6.010.8 K, which is close to the critical temperature for
helium and suggests the feature originates from helium
boiling.

In the majority of reported experiments that have used
an electric field to heat thin films, it has generally been
assumed that the electrons are heated and that the pho-
nons generated by the warm electrons escape from the
film in a time less than the electron-phonon relaxation
time. Thus the lattice temperature of the film is assumed
to remain at the temperature of the substrate on which it
is supported. This approximation implies that the escape
of the phonons from the film will have no effect on R (E).
Our results demonstrate quite clearly that this is not the
case and that phonon escape from the metal film must be
taken into account in experiments that drive the electrons
and phonons out of equilibrium with each other.
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FIG. 4. A higher resolution sweep of the sharp feature at 9
Vem™!,
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III. MODEL

We will first discuss how R (E) can fall below Rg,,.
This can be understood by examining how the various
components that contribute to the equilibrium tempera-
ture dependence of the resistance combine in the steady
state:

Rtot(Te7Tph)=Rint(Te)+ka(T Tph)+RD(Te7Tph) ’

(1)

where the electron and phonon temperatures are 7, and
T'ph, respectively, and the components are R;,(T,), an
electron-electron interaction term; R, (T,,Ty), a weak
localization term; and R (T,, Ty ), a Drude term that in-
cludes both the electron-phonon inelastic lifetime 7°_ -ph
and the scattering time of electrons 7, due to impurities.

The logarithmic terms are given by the expressions!> 16

Ry =— 3IF)In(T,) ,
‘ 2172% 8
(2)
—_p2_€’
ka“" Rmzﬂzﬁln(L¢) 9

where F is a screening parameter between O and 1, and
L, is the phase breakmg length of the electrons that de-
pends on T, and Tph

In equilibrium, the electron temperature is identical to
the phonon temperature. At temperatures well above T,
the Drude term is dominant and since Ti_Ph ~B, this
prov1des a power-law dependence to the resistance
R < TP, In the present experiments we find B=3. At
temperatures well below T, the Drude term becomes
smaller than the other terms which provide the observed
logarithmic resistance rise. For Au-Pd films and wires,
Lin and Giordano'4 have shown that the interaction term
is generally dominant, with F=0.1. Leaving out the
weak-localization term, the combination of the two
remaining terms with F =0.15 gives a resistance
minimum in equilibrum, as shown in Fig. 1.

When a dc electric field is applied to the film the sys-
tem comes to a steady state in which the electron temper-
ature is greater than the phonon temperature which itself
is generally above the substrate temperature T,. We note
that the phonon distribution in the film is not an equilib-
rium distribution and for the present discussion T, is an
effective phonon temperature; we will return to this point
in more detail later. On the other hand, we assume the
electron-electron interaction is sufficiently strong to bring
the electron system into internal equilibrium with a Fer-
mi distribution characterized by T,.

With the system in the steady state, the relative contri-
bution of each term to the resistance is modified because
they each have a different dependence on T, and T .
For instance, if T, is held at T by perfect acoustic cou-
pling between the film and substrate, the summation
would be shown schematically in Fig. 5. In the other ex-
treme, if T, and T, increase together as the dc field is
applied, then the sum of the terms will never be less than
Req- We will model the heating experiment by assuming
that the resistance as a function of electric field R (E) can
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FIG. 5. The hypothetical resistance contributions at three
electric fields E,, E,, and E; are represented by the three
different symbols. As a result of the different temperature
dependences of the resistance terms, the symbols appear at
different temperatures for each term. To obtain the change of
resistance with field, the contributions at a given field are
summed, as demonstrated in the inset.

be obtained from equation 1 if T, and T, are known as a
function of the applied electric field.

For the case of an actual heating experiment, the
steady-state temperatures of the electrons and phonons
will depend on the details of the phonon generation by
the heated electrons and the subsequent phonon escape
from the metal film, which in turn depends on the partic-
ular metal/substrate combination used in the experiment.
We have modeled this situation using an approach origi-
nally introduced by Perrin and Budd.!”"!® The rate equa-
tion

dn(w) "o, T,)—n(w) nlo,T)—n(w)

dt Te-ph

(3)

TCSC

is used to describe the relaxation of energy from the elec-
tron system to the phonon system in the film and subse-
quently to the substrate. The nonequilibrium phonon dis-
tributions is given by n (@), and the Bose distributions of
the phonons at the electron temperature and the sub-
strate temperature are n(w,T,) and n(w, T,), respective-
ly. For moderate electric fields, two characteristic times
are required to determine the relaxation of energy; the
phonon escape time from the film to the substrate 7., and
the electron-phonon relaxation time 7,.,. The escape
time is taken to be of the form!® 7,,,=4nd /T, where 7 is
the average group velocity of the longitudinal and trans-
verse modes given by 30 *=(v;>+2v;°) and 7 is a
frequency-independent reflection coefficient equal to
(2I') ! in the notation of Little.?

The films used in the experiment were of low disorder.
From the Drude formalism we estimate the elastic mean
free path / for the electrons to be 4 nm. Taking the dom-
inant phonon wave vector to be g =2kT /#v, we find gl
approximately equal to unity at the temperatures used in
this work. Therefore we have taken the complete form of
the Pippard?® model to describe the electron-phonon in-
teraction for both longitudinal and transverse modes:

EVIDENCE FOR TWO-DIMENSIONAL PHONONS IN A THIN . ..

8993
—1_ Nm |1 g*I*tan"Y(ql)
T, — 1 1 ’
PmTe | 3 gl —tan"(gl)
(4)
i Nm 1-g
mee g
with
3 (g2*+1),  _,4
= -1
g YD 4l tan™ '(ql)

In these expressions N is the electron density, m is the
electron mass, p,, is the mass density, and 7, is the
elastic-scattering time of the electrons. To avoid the
problem of having independent rate equations for each
phonon mode, we have used an averaged 7, given by
the expression 3(7,.,) ™' =(75,,) 7' +2(7 ) 7

Under the steady-state conditions of the present experi-
ments, the power per volume being transferred from the
film to the substrate is!®

n(e,T,)—n(w,T;)

Te -ph + Tesc

2
E" = [ Do do (s)
P
where p is the resistivity and D(w) is the Debye phonon
density of states. The two characteristic times act in
series and form a bottleneck in which the longest dom-
inates the overall relaxation of energy from the film.
Since it seems unlikely that the electrons in the film cou-
ple directly to the helium, the process of allowing helium
into the chamber can be considered to introduce a new
loss pdth for phonons that is in addition to the phonon
escape into the substrate. The two routes for phonon loss
act in parallel with the combined effect of reducing the
phonon escape time from the film.

In the steady state the phonon distribution is obtained
from Eq. (3) to be

Tepn?? (0, Tg) +Tegn (@, T,)

n(w)=

Te -ph + Tesc

Equating this nonequilibrium distribution to a Bose dis-
tribution we can assign a temperature at each frequency,

fiw
kpln[n(w) '+1]

T(w)=

From these temperatures we then define the effective pho-
non temperature to be the weighted average over all fre-
quencies

J T(@)D(o)n(w)do
T [De(w)de

Within the framework of the model, the calculation re-
quired to fit the data is relatively direct. For each set of
data at a given substrate temperature, the integral in Eq.
(5) is numerically evaluated for a series of electron tem-
peratures above T,. This yields the electric field required
to heat the electrons to each T,. Also for each value of
T,, an effective phonon temperature is calculated from
the steady-state phonon distribution as described previ-
ously. At this point both the electron temperature and
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an effective phonon temperature are known for each
value of the electric field; that is, we have determined
T,(E) and T,,(E). These values are then used in Eq. (1)
to yield the total resistance as a function of electric field.

Under steady-state conditions, it has been shown that
7, on depends on both T, and T,,."?' This will affect the
temperature dependence of R through the contributions
from the Drude term. For small differences between the
electron and phonon temperatures, we have used the ap-
proximation for the Drude temperature 7T,=xT,
+(1—x)T,y,, where x is expected? to be near 0.3, and in
the steady state R, < T§.

IV. DISCUSSION

The material parameters we have used for Au-Pd are a
mass density p,, =16400 kgm ™3, an electron density
N=5.8X102® m—3, a Fermi velocity vp=1.4X 10 ms™ 1,
and sound velocities v;=4.1X10°ms™' and
vy=1.8X10° ms™!. The sound velocities were obtained
from a weighted average of Au and Pd values.!3

The fit parameters used are the phonon reflection
coefficient 7 and the fraction x used to determine T7,.
The fit parameters were evaluated by trial and error.

We will begin by discussing the fit to the resistance
versus applied dc field data for the case when the sample
is immersed in helium. Curve A4 in Fig. 6 shows the fit to
the data taken at 1.7 K in helium using the fit parameters
x =0.1 and p=1.6. Changing the fit parameters in the
range 0<x <0.4 and 1<7<16 did not substantially
affect the quality of the fit. This lack of sensitivity on the
fit parameters may be explained by the fact that within
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FIG. 6. The change in resistance vs electric field for the film
in vacuum (A ) and immersed in helium (®). Curve 4 shows
the fit to the data for the film immersed in helium using a 3D
phonon spectrum and 7=1.6. The solid curves B, C, and D in-
dicate attempts to fit the data for the film in a vacuum by only
increasing the escape time from the value used for curve A.
The values of 5 were 40, 80, and 120 for curves B, C, and D, re-
spectively. Clearly, the low electric-field behavior changes in
the correct direction, but the resistance change at high fields be-
comes greatly overestimated due to phonon trapping. The
dashed curve E is a fit using a 2D-+3D phonon spectrum.
T,=1.7K.
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these ranges T, is low enough that the Drude contribu-
tion to the steady-state resistance is small.

To fit the data in the case when there is a vacuum
above the free surface of the sample, one might expect
that the removal of the phonon escape path into the heli-
um would be represented by increasing 7 (i.e., the
effective 7.,.) above the value found when helium was
present. However, the situation is not that simple. As
shown by curves B, C, and D in Fig. 6, if the escape time
is increased, the low-field data do become steeper as re-
quired to fit the vacuum data, but at higher fields the fit
becomes progressively worse. In our analysis of previous
data!® at relatively low fields, we used a frequency-
dependent reflection coefficient to obtain a fit. The
present data and fits show that such an analysis cannot be
used at higher fields, because a frequency-dependent 7
would enhance the phonon trapping and make the fits
even worse.

Since the material parameters used in the expression
for 7,4 [Eq. (4)] are not well characterized in thin films,
we checked the fits after changing the magnitude of the
relaxation time. For the film immersed in helium, the
best fit was found with no change in the magnitude of
Teph- For the film in a vacuum, a fit was obtained with
the magnitude of 7, increased by a factor of 20. Since
the same film was used under both surface conditions we
believe this change in the magnitude of 7, to be non-
physical. In addition, we found that for no single value
of the magnitude could both sets of data be fit by just
changing the escape time.

From our analysis, using reasonable choices for the fit
parameters, we conclude that the model using 3D pho-
nons alone is unable to adequately explain both the data
obtained with the film in helium and in vacuum.

We now discuss the possibility of 2D phonons in the
films and modify the model to account for low-dimension
phonon effects. When helium is coating the free surface
of the film, the ratio of the sound velocities between heli-
um and the metal shows that all the phonons in the film
will couple into a narrow cone in the helium.” Since the
acoustic coupling coefficient between the film and the
helium is much larger than expected from the acoustic
mismatch model, we anticipate that in this case the pho-
nons in the film will be of three-dimensional character.
However, when the film is in vacuum, only phonons with
wave vectors inside the critical cone, 6.~ 30° can escape
into the substrate. These phonons are expected to be
three dimensional, while those outside the critical cone
are presumed to be two dimensional up to a frequency at
which the phonon loses phase memory over the thickness
of the film by undergoing an inelastic scattering event.

We have modeled the situation by splitting the integral
in Eq. (5) into two parts, one describing three-
dimensional phonons, the other two-dimensional pho-
nons. The two-dimensional term includes the 2D density
of states and is integrated up to a cutoff frequency o, that
is used as a fit parameter related to the inelastic phonon
scattering in the film. The density of states we have used
is the ideal 2D Debye density of states which is only
strictly true for phonons with zero momentum perpendic-
ular to the substrate. The functional form of 7, _;, for 2D
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phonons has been calculated by Belitz?>% to be

272
—lzl_]\rﬂLI_fL(ql) ,

T T
| N2 (6)
R L
where
2 2 1
[ S W S S—
S V(i+x2) x2 V(i+x)?)—1
and
frlx) =[xV (T FxD+1],
X

and is shown in Fig. 7 along with the Pippard expres-
sions. It is seen that the 2D and 3D functional forms are
similar, except for the transverse mode at high frequen-
cies. For the 2D cases, we have used an averaged 7,.p,
given by the expression 2(1'e_l,h)_l=(7'£f_ph)A1 +(T3:ph)_1
that accounts for the loss of one transverse mode. To be
consistent we have also used a 2D average sound velocity
given by 25 2=(v;%2+4v1?2). The 2D phonons have
wave vectors outside the critical cone and may not escape
directly from the film. However, as mentioned in the In-
troduction, scattering into the critical cone will open an
escape route to the 2D phonons. This introduces another
bottleneck between the time to scatter into the critical
cone and 7, for the 3D phonons. For simplicity, we as-
sume this bottleneck to be dominated by 7., and so intro-
duce 7. into the term describing the 2D phonons.
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FIG. 7. The frequency dependence of 7,y in Au-Pd. Curves
A and B are calculated from the Pippard model for longitudinal
and transverse phonons, respectively, with the two transverse
modes having the same velocity. The case for 2D phonons is
calculated from Eq. (6). The relaxation time for longitudinal
phonons is almost indistinguishable from that obtained from the
Pippard model, curve A. At low frequencies the single trans-
verse mode, curve C, has a similar magnitude and the same fre-
quency dependence as the degenerate transverse modes in three
dimensions. However, at high frequencies the 2D model pre-
dicts a much weaker frequency dependence for the transverse
mode.
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The fit to the vacuum data, curve E in Fig. 6, was ob-
tained by wusing two-dimensional phonons below
©,=1X10" s7! and three-dimensional phonons above.
For this fit  was 3.2, and the prefactor to 7, was the
same as was used in the 3D fit to the helium. These
values are in agreement with the idea that the addition of
the helium only changes the phonon dimensionality and
escape time and does not change the electron-phonon in-
teraction. The cutoff frequency is found to be consistent
with the relaxation length of three phonon processes,?*?°
lph=Cco_5, where C depends on the second- and third-
order elastic constants of the material. Equating [/, with
the thickness of the film, we can estimate the phonon fre-
quency below which anharmonic processes will be less
likely than boundary scattering; thus we can obtain an es-
timate of w,. Unfortunately, a direct comparison to a
Au-Pd film is not possible since the elastic constants re-
quired to calculate C are not available for Au-Pd. There-
fore we have used the constants for gold?®?’ and obtain
o, ~4X 101 s !, which is comparable to the value we
found by fitting the data.

As mentioned above, to obtain fits to the data we need-
ed to calculate T, and T, as a function of E. For the pa-
rameters used to fit the helium and vacuum data, curves
A and E in Fig. 6, respectively, the field dependence of
T, and T, is shown in Fig. 8. As expected, when the
film is immersed in helium the electrons and phonons
heat less rapidly with field than when the film is in vacu-
um; this is a consequence of both the change in the pho-
non escape time and the phonon spectrum.

Finally, we return briefly to the difference in the heat-
ing data that occurs when the helium covering the film
becomes superfluid (Fig. 3). This difference may be un-
derstood qualitatively within the framework of the
present model as a change in 7. suggesting that under
the experimental conditions described the thermal bound-
ary resistance to helium II is less than the resistance to
helium I. However, a quantitative analysis is complicat-
ed by the phase change of the helium from a superfluid to
a classical hydrodynamic fluid. To account for this

TK)

E(V/cm)

FIG. 8. The variation of T, and T, with electric field for the
film immersed in helium (solid curves) and in vacuum (dashed
curves).
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change of state, an extra term must be added to Eq. (3) to
describe the heat transport in the helium itself. The
effect of this term will be small when the film is immersed
in helium II because the high thermal conductivity of the
helium makes the bath an extremely good heat sink with
very small thermal gradients. However, it may become
important when the film is immersed in helium I because
the much lower thermal conductivity will allow thermal
gradients to be setup that will add an extra process in
series with the electron-phonon and phonon escape pro-
cesses.
V. CONCLUSION

We have shown that the change in resistance of a metal
film that is heated by an electric field is sensitive to the
acoustic conditions at the film’s surface. By considering
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the system in the steady state, we have demonstrated that
to within the physical range of the various parameters in-
volved, the data cannot be explained with a simple 3D
spectrum of phonons in the film. In a preliminary way
we have extended the model to include the possibility of
2D phonon effects and have shown that this modified
phonon spectrum considerably improves the fit to the
data.
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