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of time constants from an activated process, in
this case the diffusion of vacancies, and a 1/f
spectrum. The temperature dependence of the
magnitude of the noise, on the other hand, could
arise from the creation of vacancies, the mag-
nitude of the noise being proportional to the nui-
t)ex of diffusing vacancies. In bulk metals, the
activation energy E„/Rs for creation of a vacan-
cy or interstitial is roughly 12000 K. Over the
range of temperatures in Fig. 3, the noise also
appears activated with E, /ks -=2000 K for Ag.
But vacancies are created preferentially at sur-
faces and deformations (e.g. , at grain bounda-
ries) and so a decrease in the bulk activation en-
ergy by roughly a factor of 6 is not unrealistic
for films. In addition, E becomes somewhat
larger as the sample is annealed, consistent with
our expectations that a thicker annealed film
should be somewhat closer to bulk. The specula-
tion, then, is that creation of vacancies could ex-
plain the temperature dependence of the noise (at
low temperatures), while diffusion of vacancies
characterized by a distribution of activation ener-
gies could account for the l/f nature of the fre-
quency spectrum. Unfortunately, this analysis
does not relate directly to perhaps the most inter-
esting feature of the data, the peak at high tem-
peratures.

In conclusion, the rapid temperature dependence
measured in both Ag and Cu films provides a
stringent test for models of 1/f noise. A model
based on the two-step process of creation and
diffusion of vacancies can provide rapid T depen-

dence, but remains quite speculative. The tem-
perature-fluctuation model of VC, on the other
hand, has various appealing features, but in its
present form, at least, fails in its prediction for
the temperature dependence of the noise. Experi-
ments in progress on the temperature dependence
of l/f noise in other metals hopefully will help
clarify the situation.
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Phonon transport in P-Sn crystals was studied by heat-pulse techniques using super-
conducting tunnel-junction detectors. The temperature-dependent attenuation by the
quasiparticles was measured at fixed frequency (= 160 0Hz), while, at lower tempera-
ture (0.6 K), the ballistic transmission was monitored up to the onset of pair-breaking
frequencies. A new method of determining the energy gap follows, which is shown to
apply to nonequilibrium states of the bulk.

The main source of phonon scattering in metals
drops out below the superconducting transition
temperature (T,) as the electrons condense into
the pair states. Since this fact was first discov-
ered in ultrasonic attenuation, ' much information
about the electron-phonon interactions was gained

by extending the measurements into the gigahertz
range and, in particular, the pair-breaking mech-
anisms could be directly observed' in the vicinity
of T, . However, the phonon energies hv (h is the
Planck constant; v the frequency) fitting the
ground-state parameter 2hof the BCS theory' fall
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into the thermal range, beyond the ultrasonic fre-
quencies presently available. This Letter reports
pulse transmission measurements in bulk tin (T,
= 3.72 K) of incoherent thermal phonons frequen-
cy-resolved by super conducting-tunnel-junction
(STJ) detectors. ' The main objective here is to
investigate the properties of the "free-propaga-
tion window" (0&hv &26, ), namely (i) the quasipar-
ticle-limited phonon lifetimes and (ii) the pair-
breaking cutoff at 2A. In addition, this window
turns out to be a convenient way of characterizing
the transient disturbance of a superconducting do-
mQln.

Our tin samples were mechanically polished
slices taken from 99 999%%uo-pure single-crystal
ingots (Metals Research, Ltd. ). The phonons
were generated from an evaporated copper film
(350 A) heated by short electrical pulses. The
fabrication of the STJ quantum detectors has been
described elsewhere, ' except for the granular-
aluminum case: The Al metal was here evaporat-
ed from an alumina boat and left for five minutes
in a reduced pressure (10 ' Torr) of pure oxygen
to form the tunnel barrier. The films thus made
are characterized by an elevated T, (= 2.3 K) and
a critical field of several kilo-oersteds. Both
the generator and the detector were insulated
from the tin crystals by - 5000-A-thick SiO lay-
ers. Most of the experiments were performed at
0.6 K in the evacuated pot of a 'He refrigerator
equipped for applying magnetic fields parallel to
the faces of the samples.

At low temperatures, the phonons with hv & 2h
propagate ballistically over several millimeter s
of bulk tin. Plots versus time of the detected sig-
nals corresponding to the [110]direction of the
tetragonal P-Sn system (inset of Fig. 1) show
pulse amplitude and resolution similar to those
obtained with dielectrics or lightly doped semi-
conductors. ' In the present case, the granular-
Al STJ imposes a threshold of =160 GHz for pho-
non detection. The three acoustic modes, identi-
fied as L (longitudinal), T, (displacement vector
along [001]), and T, (displacement along [110]),
are found to travel at the respective maximum
velocitites of 3.66, 1.94, and 1,30 km/sec, close
to the corresponding velocitites of coherent hyper-
sonic waves, and it is noticed that no diffusive
trailing accompanies the attenuation (unexpected-
ly stronger on the transverse modes) taking place
above 1 K,

From the rapid fall of the ballistic transmission
with increasing T (temperature), we wish to mea-
sure the coupling of the phonons to the quasipar-
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FIG. 1. Plot vs 7' of normalized ratios AI&, /AI«of
L signals transmitted in tin over calibration signals in
Ge (see text) for two sample lergths: 1.0 mm (crosses)
and 4.0 mm (lozenges). Continuous curves are theo-
retical fits. Detector is a granular-Al STJ. The inset
shows typical phonon pulses transmitted in tin (input
flux, 1 W/om; duration, 7 &&10 8 sec).

in which formulaE'=E+kv, f(E) is the Fermi-
Dirac distribution function, and p(E), the relative
density of states, is E/(E'-b. ')"'. We have then
tempted to fit the transmission function exp(-d/
As), where d is the sample thickness, to the ex-
perimental. data, assuming the emitted phonon
flux is a constant vs T, For simplicity, we also

ticle system. The major problem encountered is
the T dependence of the STJ's tunnel conductance
and of their resultant sensitivity. To obviate this,
we adopted the following procedure: The short-
circuit detector signals' LIs„were compared, at
each temperature, to reference signals 4I&, that
had been transmitted through a dielectric slab
(pure Ge). Two detectors were admitted as suit-
able for such comparison when their tunnel con-
ductances varied in exact proportion (typically
-10') over the whole T range of interest. The
experimental AI~„/&IG, ratios thus determined
for the L polarization are reported in Fig. 1, with
normalization at unity performed on the low-tem-
perature "plateau, "which indeed defines the do-
main of existence of the free-propagation window.
According to the Bardeen-Cooper-Schrieffer-
Bobetic theory, ' the ratio of the normal [A„(v,T)]
to the superconducting [As(v, T)] mean free path
is given (for hv &2L) by
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made the working approximations that (i) A„has
no T dependence and (ii) a single frequency com-
ponent, namely the detector-threshold frequency,
is important for the evaluation of A~. A reason-
able agreement can be obtained (see Fig. 1), for
two sample lengths, with a unique choice of the
two parameters 6 = 1.944~T„where k~ is the
Boltzmann constant, and
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A@ = 1.2 + 0.3 p, m (2)

around 1 K for 160-6Hz longitudinal phonons
pointing along [110]. If one accepts the usual lin-
ear v dependence of A„at high frequencies, one
finds a mean free path of 0.5 JtLm between pair-
breaking events for (hv) 26) phonons.

The temperature-dependent attenuation of the

Ty and T, modes necess arily involves a "defor-
mation-potential" type of interaction' since pure
electromagnetic coupling is negligible in the limit
ql » 1 (q, the phonon wave vector, is about 5 x10'
cm '; l, the electronic mean free path, was mea-
sured to be 0.15 mm at 4.2 K). It is therefore
justified to derive A„as for the L case. One thus
findsA„=0. 7 p, m for T, and A„~0.4 p. m for T„
160-GHz phonons.

The direct absorption mechanisms involving
pair breaking are the dominant ones at phonon en-
ergies exceeding the bulk pair-condensation ener-
gy 24b„q1, . This range was investigated in its
turn by using a tin STJ detector whose threshold
frequency vd„was slightly displaced with a paral-
lel magnetic field smaller than the bulk critical
field H, (iJ, = 260 Oe at 0.6 K in our geometry).
ActuaUy, in pure metals (q/»1), each phonon
mode samples a few definite points on the Fermi
surface and senses orientation-dependent values
of 2~b„,„(the detector is assumed not to possess
this property of "anisotropy"). For that reason,
a variety of situations are possible according to
the crystalline orientation chosen. With the lon-
gitudinal modes propagating along [001] (direction
of small gap"), the following observation is made

[Fig. 2(a) and inset]: As vd„ is tuned down by the
field, the L signal remains essentially zero until
a sharp kink is reached; thereafter a considera-
ble net increase of the signal occurs (note that
the STJ is working at such low bias that, within
experimental uncertainty, its differential conduc-
tance is constant throughout, i.e. , voltage sig-
nals are proportional to phonon fluxes'). Such an

increase of the signal with the magnetic field,
contrasting with the smooth decrease that one
observes if using a nontunable (granular-Al) STJ,
proves that a modulation of vq„, rather than an
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FIG. 2. Inset: quasimonochromatic phonon propaga-
tion along [001]. T = 0.6 K. The threshold frequency
p&e, of the tin STJ detector is tuned by a magnetic
field II. (a) Plot of L peak amplitudes vs effective
p«, (solid circles); L amplitudes along [110] are
also shown for comparison. (b) Frequency window de-
fined by Eq. (3).

alteration of the bulk, is in effect. Eventually the
whole heat-pulse pattern discontinuously van-
ishes, whatever the detector may be, at the su-
perconducting-to-normal transition of the bulk
(260 Oe). In our opinion, the residual L signal
present at low fields scales the maximum amount
of low-frequency phonons thermally detected by
the STJ. On the other hand, the kink at the onset
of the L signal rise marks the pair-breaking cut-
off of the phonon transmissivity. Because of the
very short free path associated with these proc-
esses [see Eq. (2)], what is selected out of the
original heat spectrum is the restricted energy
window [Fig. 2(b)]

hvd„~ hv & 2A»&&.

The above leads to a direct determination of the
ground-state gap parameter, as we will now
show. For a superconducting tunnel junction in a
magnetic field, the existence of an abrupt detec-
tion threshold and its construction from the stat-
ic current-vs-voltage characteristics were spe-
cifically justified by independent chromatic-dis-
persion measurements. " Ef identified to hvd„
(kink value), the bulk pair-condensation energy
at 0.6 K is found to be 3.2kBT, for the L modes
along [001], in accordance with the result (3.2
+ 0.1)kBT, derived from the T dependence of the
quasiparticle-induced ultr asonic attenuation. "
For other directions, the gap may be off the de-

648



VOLUME $9, NUMBER 10 PHYSICAL RKVIKW LKTTKRS 5 SEPTEMBER 1977

tection range of the tin STJ: It is the case, for
instance, of L phonons along [110]whose detected
flux does not vanish in zero field. Instead, it ex-
trapolates to zero [Fig. 2(a)] at a detector energy
corresponding to 3.7k&T„again in agreement
with Morse, Olsen, and Gavenda. " More intricate
is the behavior of the T modes propagating along
[001] since it cannot be accounted for by a single
gap parameter. However, the detailed interpre-
tation of such effects has to be postponed to a
later publication.

In addition to the linear transport phenomena
discussed so far, our method lends itself natural-
ly to the study of far-from-equilibrium situations.
Strong irradiation with h v & 2Kb„» phonons should
result in the formation of a "hot domain" of quasi-
particles interacting with the trapped pair-break-
ing phonons. The local gap (2b, *) would then
stand as the effective upper limit of the free-
propagation window. What is indeed observed"
is a nonmonotonicity (vs heat-pulse power) of the
STJ signals, featuring saturation and eventually
complete extinction (at a few W/mm') as 2b, *
=hvd„. Similar experiments performed with dif-
ferent STJ's show the gradual decrease of 26*
with the injected power. Besides, the hot domain
thus formed is recognizable on the detector as an
independent signal, which bears similarities with
the quasiparticle signal recently reported" in
lead.

In conclusion, a bulk superconductor is an es-
sentially perfect low-pass acoustic transmission
medium. Because they are strongly coupled to
the Cooper pairs, phonons at the limit of the pair-
breaking energy may serve to probe very small

changes of the gap, arising either from crystal-
line anisotropy or from the formation of transient
out-of-equilibrium domains.
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