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Transmission of high-frequency ballistic phonons in superconducting In, Sn, and Pb films
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Phonon transmission through superconducting In, Sn, and Pb films (with thicknesses of 4 and 8 pm) is
studied with a heat-pulse technique using a semiconductor Si:P detachable bolometer as the phonon
detector. Below the critical temperature of the films, ballistic-phonon propagation is observed. From
the dependence of the phonon transmission on the incident power and film thickness, we calculate the
mean free path of phonons at the gap frequency. The phonon transmission amount changes when a
magnetic field is applied and is also different if the field is parallel or perpendicular to the film. By a sim-

ple model based on the Landau laminar model for intermediate states, the critical field for the films can
be calculated. Good agreement (for In and Sn) with the theoretical values is obtained.

It is well known that electron-phonon interaction plays
an important role in the transport properties of metals, in
normal as well as in superconducting states. In this latter
case, high-energy phonons, having a frequency close to
the superconducting gap, are directly involved in several
phenomena, such as tunneling and nonequilibrium super-
conductivity. Unfortunately, the widely used ultrasound
technique' is limited to the 10 —10 Hz range, far from
the energy gap for the most common superconducting
materials.

The heat-pulse technique extends the available frequen-
cies to the 6Hz or Thz range, ' but in the past it has
been rarely used to study superconducting materials,
expecially in the presence of magnetic fields: in fact, the
detectors generally used (superconducting tunnel junc-
tions or superconducting bolometers) cannot work under
these conditions. However, it should be interesting to
study the propagation of high-energy phonons in super-
conducting materials in the presence of a magnetic field;
for instance, in order to clarify the interaction mecha-
nism between fluxons and phonons in II-type materials.

In this paper we report on the preliminary study of
phonon transmission through superconducting films (In,
Sn, and Pb) by a heat pulse technique. To do that, we use
a semiconductor Si:P bolometer able to work on magnetic
fields of up to 6 T.

The experimental setup is shown in Fig. 1. The source
of ballistic phonons is a thin gold film (heater) of
100X500 pm area, thermally evaporated on a silicon
crystal disk (50 mm diam, 10 mm thickness, floating zone
n type, with a resistivity of 1000 0 cm). The silicon disk
is used to separate in time the longitudinal and the trans-
verse phonons, as they have different phase velocities.
The phonon pulses are detected by a detachable Si:P
bolometer previously described. ' " The sensitive area is
about 0.5 X 1 mm . On the back side of the bolometer a
superconducting film of In, Sn, or Pb with thickness 4 or
8 pm is realized, starting from materials with a purity of
99.99%. To test the critical temperature of the films,
their resistance and magnetic susceptibility are measured.
T, =3.25+0. 15 K for In, T, =3.5+0.15 K for Sn, and
T, =7.3+0.15 K for Pb are obtained.

pulse gen.

mpl

Box

heater

~ ~ ~ ~ 4 ~ ~ ~ ~ 0 ~

-: bolometer
r

PC

c rheostat

FIG. 1. The experimental setup.

The bolometer is mechanically pressed onto the surface
of the silicon disk opposite to the heater. The heater and
the bolometer are aligned along the (100) direction of
the Si disk. The sample is inserted in a cryogenic cryo-
stat (working temperature about 1.5 K) and immersed in
the liquid helium bath. An external coil around the dewar
is used to generate a magnetic field 8 up to 1000 6, per-
pendicular or parallel to the film. The magnetic field at
the sample position is measured by a Hall probe (Lake
Shore Cryotronics Inc. ).

In the following, we present first the experimental re-
sults for In and Sn films, and discuss the Pb case sepa-
rately.

In Fig. 2 we show, as an example, a typical time-of-
flight (TOF) spectrum recorded for an In film at a tem-
perature of 1.5 K and at zero magnetic field. The spec-
trum presents at 1 psec an inductive signal, generated by
the electric pulse applied to the heater. The rise of this
signal is the zero of the time-of-flight scale. The time
scale is affected by an arbitrary delay of = 1 psec given by
the trigger. The two peaks labeled L and T correspond to
the signal contribution of longitudinal and transverse
phonons, respectively. As a comparison, the horizontal
bars show the expected time of flight (pulse duration 300
nsec) calculated using the phase velocity of phonons
along the (100) direction of Si (isotropic model). Both
the time of flight and the shape of the spectrum indicate

superconducting film
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FIG. 2. Time-of-flight spectrum of the phonons transmitted

through a 4-pm-thick In film at T=1.5 K and zero magnetic
field (voltage pulse: 6 U amplitude, 300 nsec width). The hor-
izontal bars represent the theoretical time of flight.

the ballistic behavior of the phonon transmission. Simi-
lar TOF spectra are obtained using Sn films as coupling
media. TOF spectra are measured for different values of
the power dissipated on the heater 8'& and for two film

thicknesses.
From these results, the ratio between the intensity of

peak I in the 4 pm film and in the 8 pm film as function of
8'& is obtained and is reported in Fig. 3. The ratio is
about constant for Wh )20 W/mm . For lower 8'h

values, a part of the power dissipated on the heater
prefers to escape in the surrounding liquid helium, as ob-
served by Kappus and %'eis. '

Two sets of data are obtained with the same bolometer
at the same experimental conditions. The ratio is found
(for 8'& )20 W/mm ) to be 2.00+0.05 for In and
1.75+0.05 for Sn. A similar analysis on peak T yields
the same results. In this case, it is necessary to take into
account the fact that peaks L and T overlap. Then the
shape of the peak L is fitted with a Gaussian curve and
subtracted from the spectrum. These values are used to
determine the phonon mean free path in our films.

The peak intensity of the bolometer signal when the

a,
y(v, T)=

ag
asap+ apg

(2)

where a&p and apz are the attenuation coefficients for
quasiparticles and pair-breaking mechanism, respectively.

The detailed expressions for a&p and apn are derived
in Ref. 13; from these, y can be computed via numerical
integration. y is strongly dependent on temperature but
for t =T/T, (0.5, as in our experimental conditions, it
is almost a step function (Fig. 4).

The spectral power density of the phonons emitted
from the heater into the crystal has a Gaussian-like
shape. ' The frequency corresponding to the maximum
v' depends, among other parameters, from the electrical
power dissipated on the heater. In our experimental con-
ditions v' is always higher than 2b, ( T)/b.

film is in the superconducting state, is given by the fol-

lowing proportionality:

S~ p v exp —a, +a' d dv, (1)
0

where d is the thickness of the film, a, is the absorption
coefficient in superconducting state, a' is the absorption
coefficient for scattering on defects, dislocations, grain
boundaries, etc., p(v) is the incident phonon power densi-

ty, and v,„ is the maximum frequency of the incident
phonon spectrum determined by isotope scattering in the
Si disk. Strictly speaking, the attenuation coefficients a,
and a' are frequency dependent and it is necessary to an-

alyze them in detail before applying Eq. (1).
In order to evaluate a„we consider that for high-

frequency phonons (h v=25) two different processes in-

volving electronic excitations contribute to the phonon
attenuation in, superconducting state. ' The first is the
phonon absorption by thermally excited quasiparticles,
which is effective at all temperatures and only falls to
zero at T=0 K. The second one is the phonon absorp-
tion by direct breaking of Cooper pairs which is effective
for phonons with energy hv) 2b, (T). The ratio y be-
tween attenuation coefficient for phonons in supercon-
ducting (a, ) and normal (a„)state is given by
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FIG. 3. Ratio of the peak heights of the longitudinal pho-
nons for two In films of thickness 4 and 8 pm, respectively, as
function of the power 8"z.
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FIG. 4. Ratio of phonon attenuation in superconducting and

normal state as function of frequency for In and Sn at T =1.6
K. The solid line represents the "step function" approximation
Used.
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In this case, we can approximate the function y as

yo for hv~25,
1 for hv) 2h, (3)

where yo is the value of y(v, T) for hv close to 2b, (T)
(Fig. 4, solid line). At T =1.6 K, yo is 0.016 for In and
0.011 for Sn. As yo « 1, the superconducting film acts as
a "low pass" frequency filter which permits only the
transmission of phonons having a frequency lower than
the energy gap.

Defining v, =2b, ( T) /h as the phonon frequency cor-
responding to the gap 5( T) and taking into account the
temperature dependence of the energy gap,

' we find vg p
equal to 250 and 270 GHz, respectively, for In and Sn at
T=1.6 K. Also a' can be considered as frequency in-
dependent because, as we have shown before, only the
phonons close to the energy gap give a significant contri-
bution to the signal.

Inserting Eqs. (3) and (2) into Eq. (1) and defining
lx ff a~ +a' /yo after frequency integration up to v
we can write the peak intensity as

S o- exp( —yea, ffd) . (4)

From the ratio between the signal intensity measured for
two different film thicknesses in the same experimental
conditions, we can calculate a,ff

ln(Sd /Sd )

jef (d —d, )

where d, and d2 are the film thicknesses and Sd and Sd
1 "2

are the corresponding signal intensities.
From the observed intensity ratio the value of
ff 1 /a, ff can be derived for each film. A.,ff has to be

considered as the mean free path in the normal state for
phonons at the energy gap frequency. This value turns
out to be 920 A for In and 800 A for Sn. The main error
source in this calculation (+10%) is due to the uncertain-
ty in the film thickness.

To our knowledge, there is not very much data avail-

able in literature for comparison. For Sn, Pannetier and
Maneval measured the phonon mean free path in single
crystals using phonons of frequency 150 GHz. They
found that aN is in the range 0.4-2 pm, depending on the
particular crystallographic directions. Rescaling their
values with the usual law (a& ~1/v) at our frequency
270 GHz, a& results in the range 0.2—1 pm. Our result

can then be considered to be in agreement with those in
Ref. 7, taking into account that in our thermally eva-
porated film the contribution of defects, dislocations, and
grain boundaries to the phonon scattering is stronger
than in a single crystal.

In order to study the influence of the magnetic field on
phonon transmission, for each film of series of TOP spec-
tra is measured by varying the magnetic field H.

Figure 5 shows the TOF spectra for 4 pm In film in a
perpendicular magnetic field. The top spectrum (trace a)
is recorded at H=O and the others correspond to H) 0.
It can be seen that the shape of the TOF spectra does not
change; however, the signal intensity decreases by in-

t [p,sec]
FIG. 5. TOF spectra for phonons passing through 4-pm-

thick In film in various magnetic fields perpendicular to the film

8'I, =52 W/mm: (a) H =0 G; {b) H =32 G; {c}H =87 G; (d)

H =178 G.

creasing the applied magnetic field.
With 8'I, fixed, we measure the intensity of the peak L

as function of H. The experimental results for the 4 pm
In film are shown in Fig 6(c.ircles), where the intensities
are normalized to the H=O value. When the magnetic
field is perpendicular to the film, the bolometer signal de-
creases linearly in first approximation, and vanishes at a
magnetic field H* = 175 6 for the In film, and at
H*=170 6 for the Sn film. The same behavior is ob-
served for the T peak. We note that H' is smaller than
the critical field of the bulk material, which, at a temper-
ature of 1.6 K, should be 213 6 for In and 241 6 for Sn.

To analyze our results, we notice that when the applied
magnetic field is perpendicular to the film, it is in the in-
termediate state. The intermediate state is assumed to
consist of a periodic arrangement of straight supercon-
ducting and normal domains (Landau nonbranching
model' ). The periodicity length L is the sum of the
width of the superconducting and normal domains,
which we denote by L, and L„,respectively.

Since the normal domains carry a magnetic field equal
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FIG. 6. Peak height of longitudinal phonons, normalized at
the 0=0 value, as a function of the magnetic field for 4-pm-

thick In film. Circle: H perpendicular to the film. Triangle: 0
parallel to the film. ( Wz =34 W/mm .)
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to the critical one H„ flux conservation requires

L„
L (6)

Then the region of the film in normal state grows linearly
with H. The bolometer signal in the presence of the mag-
netic field consists of the phonons propagating through
the superconducting domains and the normal ones. It
can be written as

L, (h) L„(h)
S(h) ~ exp( —a,d)+ exp( —a„d) . (7)

In the above equation the second term is negligible for
films with a thickness of 4 or 8 LMm since the mean free
path in the normal state is of the order of 0.1 pm or less.

The bolometer signal in the absence of the magnetic
field is simply proportional to

S(0)~ exp( —a,d) (8)

and the ratio S(h}/S(0) reads

S(h) L, (h)

S(0} L

This relation shows that the bolometer signal should de-
crease linearly with the field H and becomes zero at the
critical field. However, as stated before, we find that the
signal vanishes at a value H' which is lower than the
critical field H, in bulk material. The ratio H /H, is
0.82 for In and 0.70 for Sn.

H* represents the effective critical magnetic field in
our films. Guyon, Caroli, and Martiner' calculated the
ratio H'/H, in the framework of the Landau laminar
model of the intermediate state. Applying their results to
our case, we find H*/H, equal to 0.70 and 0.67 for In
and Sn, respectively. On the other hand, Onori and Ro-
gani' obtained, with a microwave sensitive technique,
0.75, for Sn, very close to our value. This agreement is
indicative that our phonon technique is a sensitive tool
and can represent an alternative method to probe the
magnetic effects on the superconducting state of films.

When the magnetic field is parallel to the supercon-
ducting film (triangles in Fig. 6), the drop of the intensity
is more pronounced with respect to the perpendicular
case. We observe a similar trend in In, Sn, and Pb films

of both thicknesses. This behavior is surprising. In fact,
the demagnetization factor for H parallel to the film is
zero and the field penetration into the film should be zero
up to the critical field. The signal should then be constant
up to H, and drop to zero for H & H, . The experimental
results, however, show a monothonic decrease of the in-

tensity, also for H close to zero. To explain this
behavior, we assume that the phonon transmission is
strongly attenuated in the most external region of the
film, in which the superconducting current flows to
counter the field penetration.

Finally, we briefly discuss the case of Pb films. The ex-
perimental results are very similar to those reported be-
fore for In and Sn. The ratio between the intensities of
the L peak for the 4 and 8 pm films is 1.80+0.05, close to
the values for the others; moreover, the bolometer signal
decreases in perpendicular magnetic field, and at
H' =230 G it vanishes.

However, the same analysis used before yields incon-
sistent results if applied to the Pb film. For example, A,,ff
results to be about 15 A, too small a value as compared
with the result of Narayanamurti' (=100 A for 200
GHz phonons in normal state). This difference is related
to the morphology of the Pb film. In fact, the magnetic
susceptibility data show that the transition is spread off in
temperature with a large dissipative component. This ob-
servation indicates a granular composition of the film and
in these conditions the simple models used cannot be fur-
ther applied: in fact, the phonon absorption can be im-

portant in intergranular region.
In conclusion, we have reported experimental results

on phonon transmission through superconducting films,
also in presence of magnetic field. These results can be in-

terpreted by simple models based on the BCS and Landau
theory of the intermediate state. The agreement with the
proposed models is satisfactory for In and Sn films and
the values of phonon mean free path k,z and critical mag-
netic field H* can be derived by using the heat pulse tech-
nique.
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