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Electron-phonon scattering times in thin Sb films
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Electron heating measurements have been used to study the electron-phonon scattering time
in thin Sb films in the temperature range 1—4 K. The magnitude of the scattering time is in

reasonable accord with the theory, while the temperature dependence is of the form 7 -ph T
with n 1.4. The value of o. appears to be significantly smaller than predicted by the theory,
and is not understood.

I. INTRODUCTION

The past decade has seen much progress in the un-

derstanding of the transport properties of disoi dered
systems, especially in one and two dimensions. The
contributions of weak localization and electron-electron
interactions to the conductivity at low temperatures
have been much studied, both theoretically and exper-
imentally. An important result of this work has been
the determination of various electron scattering times,
which can be extracted with precision from the weak-
localization magnetoresistance in small magnetic fields.
Of particular interest to date has been electron-electron
scattering, with theory and experiment being in fairly
good agreement with regard to both the magnitiide and
temperature dependence of this scattering rate.

There has also been a good deal of theoretical work
on electron-phonon scattering in disordered systems,
but much less is known experimentally about this pro-
cess. The relative lack of experimental information con-
cerning electron-phonon scattering is caused by the fol-

lowing fact. For the purposes of comparison with the
theory, it is preferable to work at as low a temperature
as possible, which in practice means below about 4 K. At
these temperatures the electron-electron phase-coherence
time, 7; „ is generally comparable to or shorter than
the electron-phonon time, ~, ph. Since the most con-
venient experimental probe, measurement of the weak-
localization magnetoresistance, yields the sum of the
scattering rates 7; g +7& h) lt is dlfFlcult) at best, to de-

termine r, ph. Nevertheless, some results for r, ph have
been obtained from magnetoresistance work, ' ' mainly
above 4 K, and these are in reasonable agreement with
the theory.

While many experimental techniques measure the sum
of the electron-electron and electron-phonon scattering
rates, this is not always the case. Consider a process,
such as 3oule heating with an electric field, through which

energy is deposited in the electron system. Electron-
electron scattering redistributes this energy among the
electrons. In contrast, electron-phonon scattering re-
moves this energy from the electron gas, and hence

7 p-ph alone determines the amount that the electron tem-
perature increases above the lattice temperature in re-
sponse to the joule heat. By measuring this tempera-
ture increase it is possible to determine 7 —ph even when
the electron-phonon scattering is much weaker than the
electron-electron scattering. This method and others like

it have been used several times in recent years to mea-
sure r, ph in a variety of diferent systems, ' but there
have been no systematic attempts to compare the results
for disordered metals with recent theories.

In the present work we use electron heating measure-
ments to study r, ph in thin Sb films. While the mag-
nitude of z, ph is in reasonable accord with the theory,
the temperature dependence appears to be much weaker
than predicted.

II. THEORY

It is well known that the weak-localization magne-
toresistance is sensitive to the electron phase-coherence
time, ry, and it is sometimes important to distinguish
this quantity from the inelastic-scattering time. In disor-
dered systems the electron-electron phase-coherence time
is shorter than the electron-electron inelastic time. How-

ever, electron-phonon scattering events at low temper-
atures are strongly inelastic, so in this case the phase-
coherence and inelastic-scattering times are the same.

For a three-dimensional system in the so-called clean
limit, which means k~8 )) 0D/T, where E is the elastic
mean free path, the theory predicts

T'
eph ph og )

D

where 0D is the Debye temperature and Aph is a material-
dependent constant that measures the strength of the
electron-phonon coupling. For a disordered system the
prediction is

T
7; '„-Apg B(T),

D

which diA'ers from (1) only by the factor B(T). For
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a simple jelliurn model with a spherical Fermi surface
B(T) T at low temperatures, and decreases as T is
increased at high temperatures. In addition, B(T) is a
function of the degree of disorder through k~8. The non-
monotonic temperature dependence of B(T) means that
r -ph cannot be described by a simple power law over
the entire temperature range, although over the limited
range accessible in a typical experiment one would expect
to observe an approximate power law with an eftective
exponent. That is, one would find

—1
e-ph

with the exponent n characterizing the temperature de-
pendence of r,-ph.

It is important to note that the electron-phonon rate
in (1) is simply proportional to the number of phonons
with energies of order of the thermal energy, so the ex-
ponent of T in (1) and (2) is just the effective spatial
dimensionality of the phonons. For a thin metal film on
a substrate, it is not at all clear that this dimensionality
should be 3 [as is assumed in (1) and (2)j. For the case
of interest to us here, the film thickness is generally com-
parable to or smaller than the wavelength of a thermal
phonon. In this regime, the problem of constructing a
realistic theoretical model for the electron-phonon scat-
tering in a metal film is quite diKcult, since the coupling
between the film and the substrate must clearly play a
key role. Belitz and Das Sarma have argued that the rel-
evant dimensionality that characterizes electron-phonon
scattering in this case should be 2. In two dimensions,
one would expect behavior similar to that given in (1)
and (2), but with the exponent of T having a value of
2, since as noted above, this exponent is simply the spa-
tial dimensionality of relevant phonons. Thus, for a clean
two-dimensional system the theory predicts 7, h T,
while in the disordered case the exponent can be larger
or smaller than 2, depending on the behavior of B(T)
A careful evaluation of r, ph in two dimensions using
parameters appropriate for metal films typical of those
studied in recent experiments yields a temperature de-
pendence that can be described by a power law (3) with
n 2.5. In addition, Belitz and Das Sarma have shown
that the experimental results for r, ph for temperatures
above about 4 K are in good agreement with this tem-
perature dependence, and that the observed magnitudes
of 7 ph are also in good accord with the theory. Thus,
it appears that the behavior of r, ph in a variety of thin
metal films can, at least at relatively high temperatures,
be described reasonably well by the theory if one assumes
that the electron-phonon scattering is efFectively two di-
mensional.

III. EXPERIMENTS

Our experiments were performed using Sb films pre-
pared by thermal evaporation onto glass substr ates.
They were patterned by mechanical scribing into strips
typically 7 cm long, with resistances of 10 kO. The

films had resistivities of p 200 pA cm, and thicknesses
O

in the range 50—900 A. The measurements were carried
out in a standard He cryostat, with the samples im-
mersed directly in the liquid helium. The resistance was
measured with an ac bridge operated at 200 Hz. A sec-
ond ac electric field, which had a frequency of 500 Hz,
could be applied independently of the 200 Hz measuring
field. The 500 Hz field was used to heat the electrons;
the 200 Hz field was alays sufficiently small that it did
not heat the electrons appreciably.

At low temperatures there are two main contributions
to the temperature-dependent part of the resistance, R,
of a thin metal film; these are weak localization and
electron-electron interactions. In order to simplify the
analysis, all of the measurements reported here were per-
formed with a magnetic field of 1 I applied perpendic-
ular to the plane of the film. A field of this magnitude
quenches the contribution of weak localization, leaving
only electron-electron interaction efIects to produce a
change in R with temperature. The contribution from
electron-electron interactions is predicted to depend only
on the electron temperature, so it provides a convenient
thermometer.

The relationship between the electric field responsible
for 3oule heating and the resultant electron temperature
has been discussed by a number of workers, 4 who
have shown that for small fields a simple heating model
predicts

E2
Te Tlat tice —re-ph

pC,
(4)

where T, is the electron temperature, Tl tti„ is the lattice
(phonon) temperature, E is the Joule heating field (in
our case, the 500 Hz electric fieldis), p is the electrical
resistivity, and C„ is the electronic heat capacity. Note
also that in (4) it is assumed that E is small, so that the
electron temperature is not far from Tl tt,.„.

Qur experiments consisted of simply measuring R as a
function of the Joule heating (500 Hz) field, E, at a fixed
lattice temperature (and with the magnetic field applied).
By combining these results with measurements of R as a
function of T with E = 0, the variation of T, with F was
obtained at a number of diferent temperatures. For all
of the results reported below, it was verified that E was
suKciently small that T, varied as E, as expected from
(4). Finally, (4) was used to derive r, zh as a function of
T 19

Figure 1 shows results for R as a function of E. It
is seen that AR E, as expected from (4). The in-
set in Fig. 1 also shows results for the temperature de-
pendence of R, for a fairly thin (i.e. , high Ro) sample,
in the absence of a heating field. As expected, R var-
ied logarithmically with T, and the results are in good
agreement with the theoretical predictions for electron-
electron interactions. 2 A logarithmic variation was ob-
served below 4 K for all samples with thicknesses below
about 150 A, which corresponds to Ro & 100 A. For
thicker samples the contribution of electron-electron in-
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FIG. 1. Typical results for R as a function of E at two dif-
ferent temperatures, as indicated in the figure. These results
are for an Sb sample with RQ ——233 Q. The solid lines are
fits to the form AR E, as implied by (4). The inset shows

typical results for the temperature dependence of R with the
heating field E = 0. This sample had RQ ——1100. Note that
all of the results shown here were obtained with a magnetic
field B = 1 T applied perpendicular to the plane of the film.
The uncertainties are no larger than the symbols.

FIG. 2. Results for r, ~h as a function of T for an Sb film
with RQ ——1100, as derived from the heating measurements
using (4). Some typical uncertainties are also indicated. The
solid line is a fit to the power law form (3), with n = 1.35 +
0.15. The inset shows r ph at 1 3 K as a function of RQ .
The uncertainties shown here are our best estimates of the
systematic errors.

teractions was smaller (it scales with Ro), and the di-
rect electron-phonon (i.e. , Drude) contribution was sig-
nificant, leading to a positive dR/dT at the highest
temperatures. In this region the resistance cannot be
employed to measure the electron temperature, since the
electron-phonon contribution depends on a combination
of the electron and lattice temperatures. ' As a re-
sult, heating measurements cannot be used to extract
r -ph in this range. This restriction limited us to tem-
peratures below about 2 K for our thickest samples, and
hence it was only possible to measure the temperature de-
pendence of r, &h (i.e. , the value of n) for samples with
thicknesses less than about 150 A. However, it was still
possible to measure the magnitude of 7; ph for all samples
at our lowest temperature ( 1.3 I&).

Results for 7; ph as a function of T are given in Fig. 2.
The behavior is seen to be consistent with a power law
of the form (3). It is important to note that there is
no anomaly in the behavior of r, ph at the superQuid
transition ( 2.17 K). This indicates that the thermal
coupling of the phonons to the liquid-helium bath was
strong enough that it was not a bottleneck in the over-
all transfer of heat from the electrons to the helium, and
hence that the temperature rise observed (i.e. , in Fig. 1)
was indeed determined by r, ph. The values of o; found
for several diferent samples, all with thicknesses below

O

150 A, were in the range 1.3—1.5 with uncertainties typi-
cally of +0.2. It is clear from Fig. 2 that an exponent of
2.5, as was found in a previous analysis of data for other

metal films, is certainly not consistent with our results.
The inset, in Fig. 2 shows the variation of r,-ph at 1.3 K

as a function of R~', i.e. , film thickness. To within the
uncertainties, r, ph is independent of R&. This result is
a bit surprising, since the elastic mean free path, E, in-
creases by more than a factor of 10 in going from the low
to high Ro samples. From (2) we would have expected
r -ph to vary significantly with E.

The magnitude of r,-ph that we find is in reason-
ably good accord with that found for other metal
films. s 7 For example, for Cu at 4 I& the theoryg pre-
dicts r, ph ~ 1 x 10 s, which is not far from the
value we find for Sb, Fig. 2. (Unfortunately, the value
of r ph has not yet been calculated for the sp ecific
case of Sb.) In addition, we have also measured the
phase-coherence times, r~, in our films using the weak-
localization magnetoresistance. The results show
that ry is about an order of magnitude smaller thall r —ph
in Fig. 1, which is consistent with t, he general expecta-
tion that at these temperatures r~ should be dominated
by electron-electron scattering, as discussed above.
The temperature dependence of r~ was consistent with a
power-law form, with an exponent o, = 1.3 + 0.2. This is
in rough accord with the theory, which predicts that the
electron-electron phase breaking time is characterized by
the form (3) with n = 1. The magnitudei4 of 7~ was also
in good agreement with the theoretically predicted value
of re-e

The surprising result of our work is that the tem-
perature dependence of r, ph is much weaker than ex-
pected. Admittedly, there are significant uncertainties in
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the analysis, largely in the estimates of quantities such
as C„ in (4). However, it seems very unlikely that these
uncertainties would afFect the temperature dependence
we obtain for r, &h, i.e. , the value of o. . Moreover, the
magnitude of 7; &h is very much in line with theoretical
expectations, which suggests that these uncertainties are
probably not substantial.

IV. DISCUSSION AND COMPARISON WITH
PREVIOUS WORK

Previous experimental results for r, &h in two-
dimensional conductors have come essentially from two
typ es of exp eriments. As described above, measure-
ments of the weak-localization magnetoresistance have
been used to obtain 7; &h at relatively high tempera-
tures; i.e. , when r, &h 7y, which means typically T
+ 4 K. These results have been reviewed and compared
with the theory of Belitz and Das Sarma, who showed
that, for a number of different materials (but not Sb),

2.5. They also showed that this value of n is con-
sistent with a careful theoretical evaluation of r, ph with
the assumption that the electron-phonon scattering is ef-
fectively two-dimensional.

To the best of our knowledge, essentially all of the
results for 7&-ph at lower temperatures have come from
heating measurements. Early work on thin AuPd films
found an exponent o. 3.5+0.5. Roukes et al. studied
relatively clean Cu films, and found o. 3 over a wide
temperature range below 1 K. In a somewhat difkrent
system, Wennberg et al. used heating measurements to
study r, &h in GaAs-Al Ga~ „As heterostructures, with
the result n 3.0 + 0.2. These values of n are all
consistent with the value predicted for two-dimensional

electron-phonon scattering in a disordered system in the
low-temperature limit.

In view of the previous experimental measurements of
o. , the value we find for Sb is seen to be anomalously
low. The calculated behavior7 of B(T) for the values
of I-~Z appropriate for our Sb films appears to yield a
value of o, that is 2.5, similar to that found for other
materials. However, these calculations assume a simple
jellium model, with a spherical Fermi surface, and a De-
bye model for the phonons. It is certainly conceivable
that these simple models may not accurately describe
Sb. A more realistic calculation of v; &~ for Sb would
be most welcome. We should also recall that our method
for extracting 7 -ph is based on using the contribution
of electron-electron interactions to the conductance as a
thermometer for the electron gas. It is possible that this
thermometer is defective, although it is hard to see why
this method would fail for Sb, while it seems to work for
other systems. Finally, the simple heating model (4) may,
for some reason, break down for Sb, although if this is
the case, it is again di%cult to see why it works well for
other materials.

In conclusion, we have measured the electron-phonon
scattering time in thin Sb films. The temperature depen-
dence of r, &h appears to be much weaker than predicted
by the theory.
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