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1. INTRODUCTION

Nonequilibrium or nonthermal phonon distributions in solids
in general result from any kind of energy supply to the system.
Experimentally thin superconducting films are especially well
suited for studies of nonequilibrium excitation distributions.
Quasiparticle and phonon distributions depend on the primary ex-
citation processes, e.g. electron~injection by tunneling, phonon,
microwave or optical radiation as well on the properties of the
system as quasiparticle and phonon lifetimes, mean free path values
and phonon escape conditions from the superconductor. Nonequilibrium
in superconductors gives rise to an ample field of different phe-
nomena. This chapter reviews work on nonequilibrium phonons re-
sulting from tunnel injection, and phonon generation and detection
in Section 2, experimental probing of nonequilibrium phonon emission
in Section 3, applications to phonon absorption spectrocopy in Sec-
tion 4, quantitative phonon intensity measurements in Section 5,
applications to phonon emission spectroscopy in Section 6, and as-
pects of future work in Section T.

Work in this field started around 1965. Earlier reviews (Eisen-
menger 1969, Dayem 1972, Renk 1972, Kinder 1973, Kinder 1975, Ei-
senmenger 1976a and Bron 1980) discuss fundamental experiments and
theory, the application to phonon spectroscopy and compare also with
other techniques, as e.g. heat pulse experiments or optical gener-
ation and detection of acoustical phonons. '

Elastic single electron tunneling between two superconducting
films separated by a thin oxide barrier results in a nonequilibrium
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energy distribution of quasiparticles. The quasiparticles decay
predominantly under phonon emission. This results in a nonequilib-
rium phonon-energy distribution. The phonon frequencies typically
extend from 50 GHz to 1.5 THz. Since the phonon mean free path is
comparable to or exceeds the film-thickness (100 R to 1000 R) a
significant number of phonons can escape into the insulator single
crystal substrate without reabsorption or thermalization in the
superconductor. The phonon spectrum can be analyzed with a frequen-
cy selective superconducting tunneling detector, thus giving infor-
mation on the nonequilibrium distribution. By the characteristic
discontinuities of this spectrum, applications for the spectro-
scopy with acoustic phonons are possible, especially with respect
to resonant phonon absorption in the volume of substrate crystals
and also phonon reflection and absorption in transmission across
boundaries. In addition, phonon absorption and reabsorption proc-
esses in superconductors can be studied. Finally, information on
phonon spectra can also be obtained by directly analyzing the qua-
siparticle distribution in superconducting films resulting from
phonon absorption by pairbreaking.

2. QUASIPARTICLE AND PHONON TRANSITIONS, TUNNELING, PHONON DE-
TECTION AND GENERATION

2.1 Quasiparticle and Phonon Transitions

Single quasiparticles in superconductors are characterized by
the BCS (Bardeen et al., 1957) energy-wavevector relation E(k),
cf. Fig. 1. The dispersion relation has a minimum with E = A, the
energy gap at the Fermi-wavevector ke Electron and holelike ex-
citation branches are symmetrical to k, for small deviations from
kp. Excited quasiparticles decay under spontaneous or stimulated
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Fig. 1. -Phonon emission by Fig. 2. Phonon emission by
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phonon emission into states of lower energy either within the same
branch or changing over to the other branch (Tinkham, 1972). The
phonon energies emitted in this relaxation transition (also named
phonon "Bremsstrahlung" (Kinder, 1972a)) range from ¥2 = 0 to

B2 = E -A with E the quasiparticle excitation energy. The total
spontaneous transition probability t—! depends on the quasiparticle
energy approximately as t~! a(E-A)3*% (Tewordt, 1962), indicating
that relaxation of quasiparticles close at the gap edge is vanishing.
This can be understood from the decreasing number of phonon states
available for the transition and by destructive interference in the
BCS transition probability (Bardeen et al., 1957).

The reverse process of relaxation is phonon reabsorption by
excited quasiparticles. This process becomes important at high qua-
siparticle densities; i.e. at temperatures not small compared to Tc
or under conditions of high quasiparticle population by injection,
resulting in an inelastic decay of nonequilibrium phonons.

The second process of quasiparticle decay is the recombination
of two quasiparticles to a Cooper-pair in the superconducting
groundstate under the emission of one recombination phonon of the
energy ¥Q = E. + E_.; E. and E, are the energies of the recombining
quasiparticles. Thé minimum energy in this process is ¥Q = 2A for
quasiparticles at the gap edge. The recombination rate t =1 for
quasiparticles at the gap edge depends on their number density as
1.~! a N(A). The reverse process, i.e. phonon absorption by pair-
breaking, requires the minimum phonon energy HQ = 2A., This process
is used for phonon detection, and is further important in measure-
ments of the quasiparticle recombination lifetime. Phonons emitted
in recombination are reabsorbed via Cooper-pairbreaking with high
probability (the phonon mean free path for pairbreaking is of the
order of 100 & to 1000 %, thus leading to an enhanced effective life-
time topp = T§ > Ty by 2A phonon trapping (Rothwarf and Taylor, 1967).
Depending on Qhe phonon surface escape and volume decay either by
quasiparticle excitation or anharmonic phonon interactions, T, in
superconducting films is up to two orders of magnitude larger {ﬁan
1., (Eisenmenger et al., 1977). The absolute values for T and g and
tﬁeir dependence on quasiparticle energy and population have been
studied theoretically in detail by Kaplan et al. (1976).

Nonequilibrium distributions of quasiparticles and phonons are
determined by the processes discussed above, Calculations based on
the BCS transition rates make use of coupled kinetic equations-
(rate equations) of the quasiparticle and phonon system. Important
parameters entering such calculations are: The energy distribution-
of the primary quasiparticle excitation rates as e.g. by tunneling
injection, phonon-, microwave-~ or photon irradiation, the quasipar-
ticle - phonon and the phonon - quasiparticle transition rates, the
phonon lifetimes for surface-boundary escape and volume decay, and
also elastic scattering rates for quasiparticles and phonons in
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cases of inhomogeneous distributions; i.e. diffusion. The latter
contribution is of importance with respect to high energy phonon
escape from superconducting films and the possible occurrence of
nonequilibrium instabilities (cf. Langenberg, 1975 and Chapt. 10).

Since the complete numerical treatment of the kinetic equations
is complicated, different approximations have been used. With re-
spect to nonequilibrium phonons and quasiparticles at the gap edge
a first treatment by Rothwarf and Taylor (1967) showed the important
result that the experimental quasiparticle recombination lifetime
A is significantly increased as compared to the intrinsic recom-
bination lifetime t_.. More general models, trying to simplify the
nonequilibrium description by introducing quasithermodynamic quan-
tities as an effective chemical potential u*, and a "hot quasipar-
ticle" temperature T* have been proposed by Owen and Scalapino (1972)
and Parker (1975). Nonequilibrium phonon emission of tunneling junc-
tions under weak injection has been treated by taking account of
only first step relaxation transitions without recombination (Kinder
et al., 1970) and including recombination (Welte 1973, cf. Forkel
et al., 1973). For the "weak injection (no gap reduction)" situation
the detailed balance of high energy quasiparticles and phonons in-
cluding limited phonon escape has been treated by Dayem and Wiegand
(1972). Detailed phonon spectra by relaxation and recombination at
finite temperatures and finite tunnel injection voltages taking ac-
count of successive relaxation steps have been calculated by Welte
(1976). A simple approximation of high energy phonon emission was
used by Forkel (1977). Finally strong tunnel injection without pho-
non reabsorption (Welte 1974, Welte 1976, cf. Welte and Eisenmenger
1980) and with phonon reabsorption and gap reduction under different
phonon escape conditions has been treated (Chang and Scalapino,
1978, Chang 1980). In the "weak" tunneling injection case the ener-
gy-gap reduction by a stationary increase of the number density of
quasiparticles at the gap edge remains below one percent. This con-
dition is typical for the phonon generation with tunneling junctions;
i.e, bath temperatures T < 0.5 T and high phonon escape by the con-
dition d < A (d = filmthickness, A = phonon mean free path).
though the negligible energy-gap reduction in the weak 1n3ect1on
case may appear as characteristic for a minute deviation from ther-
mal equilibrium, the high energy phonon emission gpectra in con-
trast indicate a strong nonequilibrium situation.

Phonon emission spectra of superconducting films, therefore,
are very sensitive to deviations from thermal equilibrium. Thus, ex-
perimental investigations of phonon emission complement the direct
measurements of nonequilibrium quasiparticle distributions by three-
layer tunneling experiments discussed in this volume by Gray (1980).
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2.2 Tunneling Junctions for Phonon Experiments

In using superconducting film tunneling junctions for phonon
generation and detection experiments, elastic single particle tun-
neling (cf. Gray, 1980) is the most important process to be dis-
cussed. The junctions are usually prepared by vacuum deposition
(Giaever and Megerle, 1961; Giaever, 1964; Solymar, 1972; Eisen-
menger, 1976a) of Al, Sn, or Pb layers with thickness of the order
of 1000 A or less separated by an approximately 10 R thick oxide
barrier which is formed by exposing the first layer to air, oxygen
or by glow discharge with oxygen background. In order.to obtain a
sharp gap structure and an enhanced energy gap, also granular Al-
films (Al-evaporation with oxygen background 10™° Torr) or Pb:Bi
alloy films are used. The tunneling overlap area is typically of
the order of 1 mm?. As evaporation substrates, especially for pho-
non experiments, optically polished single crystals; e.g. A1203,
Si, ete.: with long phonon mean free path, typically exceeding”1 cm,
are used. In these experiments glass substrates or other materials
with high phonon scattering are not well suited. Details for dif-
ferent possible procedures in junction preparation can be found in
the literature (cf. Solymar, 1972; Eisenmenger, 1976a).

For most phonon experiments, junctions composed of two identi-
cal superconductors are used. The I-V (current - voltage) charac-
teristic (see Fig. 3) can be most conveniently described in terms
of the density of states in the semiconductor picture (Giaever and
Megerle, 1961), cf. Figs. 4 and 5.
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phonon generation and detection.
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For battery voltages |V| < 2A/e, with A the superconductor en-
ergy gap and e the electron charge, only a small temperature depen-~
dent current results from thermally excited quasiparticles. Irradi-
ation with phonons of energy KQ > 2A leads to additional quasipar-
ticle excitations via Cooper-pairbreaking and a corresponding in-
crease of the tunneling current. Thus, phonons of sufficient energy
can easily be detected with a tunneling junction operated in the
voltage range |V| < 2A/e, as indicated in Figs. 3 and k.

2.3 Phonon Detection

A quantitative model for phonon detection can be based on pa-
rameters which are determined by experiment (cf. Eisenmenger,
1976). Experimentally low ohmic junctions with asymptotic tunneling
resistance R_ between 1072 Ohms and 10~ Ohms (1 mm?) are preferable
since the phonon detection sensitivity increases with tunneling
probability.

In order to suppress the DC-Josephson current, a magnetic field
of about 20 to 50 Oe parallel to the junction plane (Helmholtz coils)
is required. Shielding the earth-magnetic field can increase the
electronic sensitivity, since flux trapping in cooling down below
T. reduces the dynamic resistance and Tt in the biasing point.
Instead of magnetic shielding an orient&ffon of the junction plane
parallel to the earth-magnetic field is mostly sufficient. The de-
tector is current-biased usually at a voltage V s 1.h A/e, just
above the current step at V = A/e, caused by two particle tunneling.

Biasing below V = A/e is often difficult because small discon-
tinuities (Fiske steps) and Josephson subharmonic structures limit
the range of linearity.

Electronically the detector has the properties of a current
generator. Phonons absorbed by pairbreaking increase the quasipar-
ticle population at the gap edge. This results in an almost parallel
shift of the I(V) characteristic in the thermal tunneling regime
|[v] < 2a/e to higher currents corresponding to a differential de-
tector current signal I4 at constant biasing voltage. With constant
biasing current instead the resulting open circuit detector voltage
signal is vq = I3 * Rgyp» with R the dynamic resistance at the
biasing point. For goo detectordgﬂnctions R ranges fram 0.1 to
1l ohm. An optimal signal-to-noise ration, therefore, requires the
use of low-ohmic strip lines and pulse transformation for matching
to the typical 50 9 input impedance of a low-noise-pulse preampli-
fier. Alternatively a number of small area tunnel detectors in se-
ries can be used for matching (cf. Eisenmenger, 1976a).

Detector calibration in terms of the number of phonons absorbed
by pairbreaking under stationary conditions is most easily performed
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using the relation (cf. Eisemnmenger, 1976)
» . Terr

(T)
_ . I(T)
Iq = 24, Q N(T)

with ﬁm the number of 2A phonons per unit time absorbed by pair-
breaking; Q = the volume of the tunneling junction; T the exper-
imentally observed effective quasiparticle recombination time;
N(T) = the equilibrium quasiparticle number density at T and I(T)
the tunneling current by thermally excited quasiparticles. N(T) can
be calculated according to the approximation valid within 5 % for
T <057z

&
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with N(O) the one spin density of states at the Fermi level, as
known from electronic specific heat data., I(T) is experimentally ob-
tained from the temperature dependence of the tunneling current aB/kT
constant voltage bias. Plottlng this current as function of VTse
and extrapolating to T = 0 gives the almost temperature independent
leakage and two-particle-current contributions which have to be sub-
tracted from the measured current, thus obtaining I(T). t__.(T) can
be easily obtained in a phonon pulse experiment from the eXpdnential
decay of th7 detector signal depending on temperature in proportion
to T‘ 2.eb/k is obtained from the measured electronic signal
voltage taklng account of the total amplification and the ohmic load
of the stripline and pulse-transformer system in parallel to R
Simple calibration of the total electronic system is accomplisgga

by simulating a current pulse signal (introduced from a high ohmic
source) at the tunneling junction and measurement of the amplified
voltage signal. The detector relation Ig = N holds for the linear
detection range; i.e. 1. << I(T) with 1ncrease of the number of qua-
siparticles by phonon absorption small compared to the number-den-
sity of thermally excited quasiparticles. Experimentally, the ful-
fillment of this condition is easily checked. A further limitation
of linearity results from the curvature of the I(V) curve (variation
of R ) at the detector bias voltage. Mostly a voltage excursion

of a“few percent of 2A can be admitted. The attainable phonon power
resolution depends on the noise figure of the preamplifier; minimal
phonon powers of 10"'® Watts with one second integration time can

be detected.

K(T) = LN(0)A(T)

The detector equation, so far, describes the sensitivity with
respect to 2A-phonons. Phonons with lower energy cannot directly
contribute to pairbreaking, but may be weakly absorbed by thermally
excited quasiparticles., The energy supplied by this process is partly
upconverted to 2A-phonons (heating influence). For T = 0.5 T the
corresponding detector-signal contribution is, however, at leéast
three orders of magnitude below the sensitivity for 2A-phonons. For
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phonon energies between 2A and 4A the sensitivity with respect to
the number of absorbed phonons remains constant. Increasing the pho-
non energy above LA results in an almost linear energy dependence,
since quasiparticles are excited via pairbreaking also to energies
above 3A and succeeding relaxation contributes to secondary 2A-pho-
nons within the detector. An additional frequency dependence in
principle results from the energy dependence of the phonon mean free
path. In Sn- and Pb-junctions of at least 2000 R thickness the 2A-
phonon mean free path is equal or shorter than this length and all
incident 2A-phonons are absorbed by pairbreaking. In pure Al-junc-
tions the energy dependence of the phonon mean free path must be
taken account of. For further details see (Eisenmenger, 1976a; Wyatt
1976).

2.4 Phonon Generation with Superconducting Tunneling Junctions

At voltages V > 2A/e the tunneling current increases discon-
tinuously (Fig. 3) and approaches with higher voltages the linear
normal conductor limit. In this regime quasiparticles are excited
via pairbreaking by the battery energy leading to nonequilibrium
injection into the films. In addition, also tunneling by thermal
or injection-excited quasiparticles contributes to the injection
distribution which is shown qualitatively in the upper part of Fig. 5.
The sharp maxima at the lowest and highest quasiparticle energies
result from the singularities in the BCS-densities of state, cf.
(Gray, 1980; McMillan and Rowell, 1969). A detailed account of the
stationary quasiparticle occupation by tunnel-injection, considering
especially branch imbalance and the corresponding relaxation and re-
combination rates in Al-films, has been given by Kirtley et al.
(1980). So far, the possible influence of branch imbalance on phonon
experiments has not been studied, and will not be further discussed.

The quasiparticle decay takes place by relaxation and recombi-
nation transitions predominantly under phonon emission. Since the
available densities of state for photon emission is by several or-
ders of magnitude below the density of phonon states, photon emission
can be neglected. The phenomenological similarity between relaxation
phonon emission and continuous x-rays has led to the name "phonon
Bremsstrahlung" (Kinder, 1972a).

Again as consequence of the singularities in the density of
states the quasiparticle relaxation and recombination decay results
in characteristic structures (Kinder et al., 1970; Kinder, 1972a;
Dayem and Wiegand, 1972; Welte et al., 1972; Welte, 1973; Forkel et
al., 1973; Forkel, 19Th; Welte, 1976; Forkel, 1977; Chang and Sca-
lapino, 1978) of the phonon spectrum, as shown in the lower part of
Fig. 5. The most significant structures are:

a) ¥2 = 2A, minimum energy of the recombination spectrum,
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Fig. 5. Phonon emission spectra for relaxation and recombination at
finite temperature. Transitions corresponding to density of
state- or quasiparticle population singularities give rise
to characteristic spectral structures, as discussed in the
text.

b) ¥ = eV, direct recombination of injected quasiparticles
with thermal quasiparticles.

c) ¥2 = eV + 24, minimum phonon energy for the direct recom-
bination of tunnel-injected thermal quasiparticles with
thermal excitations.

d) ¥@ = eV - 24, upper edge of the relaxation spectrum; the
shape and voltage dependence of this structure provides
the possibility of voltage tunable phonon spectroscopy.

e) ¥R = eV, relaxation of tunnel-injected thermal quasipar-
ticles.

In numerical calculations of these spectra, different approx-
imations have been used, cf. Sect. 2.1, In the simplest form
which for low injection and low temperatures already reveals the
most significant spectral contributions, only first step processes
are considered. An example for the calculated first step relaxation
spectrum at T > O and eV > 2A, is given in Fig. 6 (Welte 1973), in-
dicating the upper discontinuity in the relaxation phonon spectrum
at HQ = eV and the presence of the thermal peak structure at
¥Q = ev e he ght of the relaxation edge decreases with in~
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Fig. 6. Calculated relaxation phonon spectra for high generator
voltages at finite temperature and weak injection; first
step decay; no reabsorption; dotted line: normal conductor
limit for T = 0; (Welte, 1973; Forkel et al., 1973).
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Fig. T. Calculated relaxation and recombination phonon spectrum at
finite temperature and weak injection, no reabsorption,
successive quasiparticle decay included (Welte, 1976).

creasing V., and temperature. For comparison also the phonon spec-
trum for the normal conducting limit at T = O is introduced,

Since quasiparticles decay into all available unoccupied en-
ergy levels, a higher degree of approximation must take account of
secondary and higher order decay steps. Fig. T shows an example for
weak injection without phonon reabsorption (Welte, 1976) concerning
thé relaxation and recombination spectrum at higher temperatures.
As seen from this figure, the inclusion of secondary and higher or-
der quasiparticle decay steps does not change the qualitative spec-
tral shape. Recombination between injected quasiparticles becomes
important under strong injection as well as reabsorption of phonons
by pairbreaking and quasiparticle excitation. The influence of di-
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Fig. 8. Calculated relaxation and recombination phonon spectrum at
finite temperature and finite tunnel injection, indicating
the contribution of the direct recombination of high en-
ergy quasiparticles. (Welte, 1976)

rect recombination without reabsorption in the case of strong in-
jection at low temperatures is shown in Fig. 8 (Welte, 1976) by the
occurence of an upper spectral edge in the recombination spectrum at
o = 2(ev~-A_.), & strong increase of the peak structure at #Q = eV
and by the gigh population of quasiparticles at the gap edge. Eve
without taking account of the direct recombination of injected qua-
siparticles, high injection results in an increased bandwidth of the
recombination phonons as consequence of the population of quasipar-
ticle states at and above the gap edge. In this situation a proper
account of phonon escape at the film boundaries and the anharmonic
phonon decay at the surface or within the volume of the films is
necessary. High injection nonequilibrium under limited phonon es-
cape will be discussed in this volume, Chapter 9, by Chang (1980).

3. EXPERIMENTAL EVIDENCE FOR NONEQUILIBRIUM PHONON EMISSION

In the first observation of nonequilibrium phonon emission
(Eisenmenger and Dayem, 1967) Sn-I-Sn-junctions as phonon generator
and detector on Al 03 as substrate crystal have been used. In this
experiment, a nearfy linear increase of the detected phonon signal
amplitude, as function of the generator current up to the generator
voltage of Vg = hAG/e is found, cf. Fig. 9. With higher generator
current again a linear signal increase is observed but with a slope
nearly three times larger than before; i.e. the dependence of the
detector signal on the generator current develops a sharp bend at
Vg = bag/e. This can be easily understood in terms of the onset
of the contribution of relaxation phonons with maximum energy
W2 = eVg - 2Ag at the voltage Vg = UAg/e. Below this generator volt-
age only recombination phonons can contribute to the detector signal.
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T=101 K
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Fig. 9. Detector signal as function of the generator current (volt-
age: right scale) for Sn-I-Sn generator and detector,
T = 1.01 K. For comparison with the characteristic geners-
tor voltages LA/e and 6A/e, the generator I-V curve is in-
troduced (Eisenmenger and Dayem 1967; Kinder et al., 1970).
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Fig. 10. Derivative of the detector signal with respect to the gen-
erator current. Sn-I-Sn generator and detector. T = 1.03 K;
cf. Fig. 9 (Eisenmenger and Dayem 1967; Kinder et al., 1970)
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This result clearly indicates nonequilibrium phonon emission under
weak injection conditions; i.e. strongly impeded phonon thermaliza-
tion in thin superconducting films. By superimposing small current
pulses on the D.C.-generator current it is observed that the dif-
ferential detector signal is roughly constant with a step at

Vg = UAg/e, and with the onset of a linear increase at Vg = GhG/e,
cf. Fig. 10. This indicates further contributions to the number of
detected 2A-phonons by repeated phonon reabsorption and reemission
in the generator or detector (Kinder et al., 1970); i.e. a splitting
or primary relaxation phonons with the energy ¥Q = LA into two pho-
nons with the energy ¥Q = 2A. The theoretical change of slope at

eVg = 4A, in Fig. 9 and the corresponding step in Fig. 10 for T = 0
in the wéak injection limit amounts to 3.1 (Kinder et al.,1970;

Long and Adkins, 1973). The experiment in general exhibits a some-
vhat smaller value, especially for low ohmic generator junctions.

In this case the high quasiparticle population at the gap edge leads
to an enhancement of the direct recombination of high energy quasi-
particles and the corresponding reduction of relaxation transitions.
The equivalent situation holds for elevated temperatures.

Further experimental evidence for the emission of 2A nonequi-
librium phonons from Sn-I-Sn-generators was provided by Dynes et
al. (1971), using the mechanical stress tunable phonon transition
in Sb-doped Ge-substrates as phonon spectrometer.

The first demonstration of the feasibility of nonequilibrium
phonon emission from superconducting Sn-I-Sn tunneling junctions
for tunable phonon absorption spectroscopy, cf. Sect. 5, was given
by Kinder (1972a), who used the voltage dependence of the upper edge
of the relaxation phonon spectrum at ¥Q = eV, - 24, for investi-
gating the phonon absorption of V3* in Al 03. In this case relaxa-
tion phonons with energy HQ = eV - 2A, < 24, at T < 0.5 T are not
reabsorbed in the superconducting film and gan be radiated into
the substrate essentially without further interaction. The upper
frequency limit of this method results from the fact that relaxa-
tion phonons with the energy HQ > 2A, are strongly reabsorbed al-
ready in the Sn—-films of the generator. This holds also for strong
coupling superconductors as Pb. In contrast for thin films of the
weak coupling superconductor Al a finite escape of relaxation pho-
nons with BQ > 2A, is to be expected, see Fig. 11, since the 2A-

phonon mean free path is of the order of 1000 ﬁ (cf. Kaplan et al.,,
1977).

For the escape of relaxation phonons from the generator junc-
tions in addition to the phonon mean free path the following in-
fluences have to be taken into account (Welte et al., 1972; cf.
Eisemmenger, 1976a), as depicted in Fig. 11.

i) quasiparticles injected by tunneling have a sharp angle distri-
bution normal (maximum momentum) to the barrier. By momentum conser-
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Fig. 11. Phonon escape conditions for ¥? > 24. The large quasipar-
ticle diffusion length and phonon mean free path A in Al-
films increase the phonon escape probability, as compared
to Pb and Sn-films.

vation, phonon emission in the primarv relaxation decay is perpendic-
ular to the quasiparticle momentum and therefore confined to di-
rections in the plane of the junction with little escavpe probabil-
ity into the substrate, even for phonon mean free path values ex-
ceeding the film thickness. The above-mentioned momentum conditions
become less stringent for real metal Fermi surfaces.

ii) This situation changes by elastic scattering of quasiparticles
before relaxation, corresponding to quasiparticle diffusion in the
generator film. Also boundary scattering at the film surfaces re-
sult in a wide angle distribution of quasiparticle momenta. Thus,
relaxation phonons are generated omnidirectionally and more close
to the substrate (cf. Fig. 11) with increased escape probability.
This process becomes important if the characteristic decay time for
relaxation is long compared to the elastic scattering time of qua-
siparticles; i.e. again in the case of weak coupling superconduc-
tors.

iii) A simple model (Welte et al., 1972; cf. Eisenmenger, 1976a)
taking account of these influences and using literature data for the
relaxation time, elastic quasivarticle scattering time and the pho-
non mean free path, indicates a high phonon escape probability of
primary relaxation ohonons with ¥Q > 2A_, into the substrate for thin
Al-films. Thus, Al-junctions can be used preferably for studies of
the nonequilibrium phonon emission in a wide frequency range with
little phonon reabsorption and also a weak "feedback" coupling of
the phonon system to the quasiparticle system. This makes Al-films
also well-suited for direct studies of primary nonequilibrium quasi-
particle distributions (cf. Kirtley et al., 1980).

With respect to the phonon spectrum, as depicted in Fig. 5, end
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the calculated spectra, see Figs. 6, 7 or 8, an experimental anal-
ysis is possible by using tunneling detectors with different ener-
gy gaps, such as Al-junctions evaporated with oxygen background
(Welte, 1974, 1976). Using instead a Sn-I-Sn juncticn as detector,
the voltage-dependent contributicns of the Al-generator spectrum
with Q2 > 2A_. can be investigated (Welte et al,, 1972; Forkel,

197k; Fd;kel§n197T) applying modulation techniques,

Since the detector is only sensitive to phonons with energies
exceeding the detector gap 2A., the detector signal corresponds to
the integral of the emitted generator phonon spectrum with a lower
cut-off energy at 2A_. Modulation of the generator voltage results
in a detector signal modulation arising mainly from the changing
generator spectral contribution at the energy ¥Q = 2A_. Thus, modu-
lation is equivalent to differentiating the integral generator spec-
trum at the lower cut-off energy KQ = 2A_ . The detector modulation
signal, therefore, corresponds to the spectral intensity at 2A_.

By changing the generator bias voltage it is, therefore, possible
to scan the voltage dependent structures of the generator spectrum.
The experimental arrangement is shown in Fig. 12. Generator, Al-I-Al
and detector, Sn-I-Sn are prepared on the opposing flat surfaces

of a high quality Si single crystal cylinder (Forkel, 19Tk and 1977).
The observed detector modulation signal, as function of the gener-
ator bias voltage, is shown in Fig. 13, clearly revealing the char-
acteristic spectral structures depicted in Fig. 5 (with inverted
frequency scale). This demonstrates the strong deviation of the
phonon—, and indirectly also of the quasiparticle population from
thermal equilibrium, even under weak injection conditions. The ex-
periment further gives evidence that phonons with HQ > 2A, escape
from Al1-I-Al generators into the substrate only with little reab-
sorption by pairbreaking. Corresponding experiments with a Sn—-gen-
erator, using as reference the phonon absorption line of %0 in Si

Al si: 0% Sa fsa
Generator rK Detector (21,4}
}
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Generator X Y Detector
DC Voltage modulation

Fig. 12. Experimental arrangement for the analysis of high energy
phonon spectra emitted by Al-tunneling junctions as pho-
non generator. The same measuring technique is used for
high energy phonon spectroscopy (Forkel, 19TL).
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Fig. 13. High energy phonon spectrum emitted by an Al-generator,
Sn-I-Sn detector, showing the different spectral struc-
ture discussed in Fig. 5 (voltage scale inverted).
(Forkel, 1975, see Eisenmenger 1976b).

at 878 GHz, cf. Sect. 4, in contrast demonstrated strong reabsorp-
tion (Forkel, 1977). It should be noted that in these experiments
with weak injection the strong deviation from equilibrium result
from the excitation of quasiparticles by the battery-voltage to en-
ergies by far exceeding kT; i.e. the injection of "hot" electrons.

Experiments have been also performed with respect to nonequi-
librium phonon emission under strong injection (Welte, 19Tk, 1976,
1980). These demonstrate the increasing width of the recombination
phonon spectrum, the decrease of the lower threshold of 2A-recom-
bination spectrum by the reduction of the energy gap, the influence
of direct recombination of injected quasiparticles by the enhanced
quasiparticle population at the energy gap, thus reducing the re-
laxation contribution which is also observed at increased temper-—
atures, and finally the direct recombination of injected quasipar-
ticles.

No experimental results on nonequilibrium phonon emission un-
der very high injection with gap reductions up to 50 % are present-
ly known. Such experiments would be valuable with respect to the
degree of realization of the u® and T* quasiparticle distributions
in comparison to the results of Willemsen and Gray, (1978) and Kirt-
ley et al., (1980).
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L, VOLTAGE-TUNABLE MONOCHROMATIC PHONON SPECTROSCOPY

The upper edge of the phonon spectrum emitted in relaxation of
quasiparticles at the energy KQ = eV -~ 2A_ can be used for phonon
spectroscopy by differentiation (Kinder, q9T2a); i.e., modulation
techniques. Applying a small sinusoidal or pulse voltage current,
in addition to the constant battery voltage V., to the generator or
operating the generator with amplitude modulaged pulses, results
in a modulation of the emitted spectrum mainly at the energy
KQ = eV - 2A, (Fig. 14 b). The detector modulation signal in this
case is mainﬁy caused by nearly monochromatic phonons at
Q@ = eV - 24, with a linewidth determined by the modulation ampli-
tude. For a substrate crystal containing defects or impurities with
resonant phonon scattering simply a variation of the generator volt-
age allows tunable monochromatic phonon absorption spectroscopy.
This technique meanwhile has found a wide area of applications
(cf. Proceedings of Phonon Scattering Conferences 1972, 1976, 1980,
and reviews: Kinder, 1973; Kinder, 1975; Eisenmenger, 1976a, and
Bron, 1979), and is especially useful in studying phonon selection
rules, radiationless transitions, phonon resonance backscattering,
phonon propagation in insulators, metals, superconductors, semi-
conductors, amorphous materials, and phonon transmission and re-
flection at interfaces as e.g. in the Kapitza problem.

NY) -n--e;-: S
-0 \—
oV w-2A
dN(RY) §
dy
uﬁz
Q
" o-24
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@ ®

Fig. 14. Modulation of the relaxation spectrum and resulting effec-
tive phonon bands: a) approximation for normal conductors
or superconductors at energies very large compared to the
energy gap, & monochromatic phonon band corresponds to the
second derivative (2 w modulation signal). b) Suverconduc-
tor relaxation spectrum and monochromatic phonon band of
the first derivative (w modulation signal). (Forkel, 197k)
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In phonon spectroscopy two slightly different experimental
techniques are used. Avoiding reabsorption in the generator, Kinder
(1972a, 1973b) used a Sn-junction as generator for tunable relax-
ation (Bremsstrahlung) phonons and an Al-junction as detector. In
his famous experiment, he demonstrated for the first time monochro~
matic spectroscopy with nonequilibrium phonons. As a resonant pho-
non scatterer the Jahn-Teller system Al,0.:V3*, known from far-in-
frared and heatconductivity measurements, could be investigated
with respect to the selection rules depending on the phonon polari~
zation, see Fig. 15. Also resonant phonon fluorescence in backscat~
tering was demonstrated for the first time. The high phonon-inten-
sity, available in strong coupling superconducting phonon generators,
makes this system especially useful for the time of flight separa-
tion of longitudinal and transverse phonon contributions.

The upper limiting frequency of 280 GHz for tin junctions can
be extended to 870 GHz by using Pb:Bi~junctions as phonon generator
(Kinder and Dietsche, 1975). Spectroscopy at higher frequencies may
be possible with Nb-junctions.

An alternative way for phonon spectroscopy in the 1 THz-fre-
quency range is the use of Al-generators (Welte et al., 1972, For-
kel et al., 1973), since phonon reabsorption for energies KQ > enc

|
-
zJLm l1 a&yh

0 L 1

0 100 200 300
FREQUENCY f (GHz)

Fig. 15. Phonon-resonant absorption (scattering) in A1,0_:V3*,
a) fast transverse mode absorption in a-direc%ign.
b) longitudinal mode absorption in c-direction.
e) transverse mode absorption in c-direction.
(Kinder, 1972a).
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is comparatively weak (Welte et al., 1972), cf. Sect. 3. The up-
per frequency limits in Al, resulting from the maxima of phonon
dispersion at the Brillouin zone, are 9 THz for longitudinal pho-
nons and 5 THz for transverse phonons. An independent limit re-
sults by the momentum conservation between phonons and electrons
with k h max - 29 at the Fermi surface. Since at higher voltages
the reYaxation spectrum (Fig. 6) approaches the normal conductor
spectrum with a reduction of the amplitude step at ¥Q = eV - 24 _,
a second derivative technique (see Fig. 1ha) using the second har-
monic of the detector signal modulation must be applied. An in-
crease of the available signal power is possible by using very thin
Al-films of 100 X to 200 | thickness with enhanced energy gap. The
high sensitivity and frequency resolution of this technique in the
1 THz range was demonstrated by the resonant phonon absorption
(878 GHz) of interstitial oxygen in silicon (Forkel et al., 1973;
Forkel, 1977). In the measurement Fig. 16 the resonance sbsorption
of the %0 isotope with the natural concentration of 10'° cm~3

%0
820 878
Gl-lz“GHz

d’s
dv?
ds
dv
IZA Detector
1 1 I [ g 1 1
0 04 08 12

Phonon frequency [(THz]

Fig. 16. High frequency phonon abscrption of 0; in 8i. (Forkel,
1977)
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could be detected. The sensitivity is by three orders of magnitude
higher than in corresponding FIR measurements and the attainable
frequency resolution amounts to 6 GHz. In Fig. 16 also a number of
satelljte resonances extending to 1.25 THz are observed. These are
possibly related to oxygen neighbors with a statistical concentra-
tion of 10" em™3. The main resonance of '®0 (concentration

10'® cm™3) is "instrumentally" broadened. At lower concentrations
the 1®0 absorption line can be used to study the influence of the
generator film-thickness and temperature on the intensity of high
frequency phonon emission. Also film-thickness resonances are ob-
servable from which the sound velocity and information on phonon
reflection at the oxide barrier are obtained., Further spectroscopic
examples in the THz-range concern the resonance absorgtion of the
Jahn-Teller systems Al,0,:Ti®* at 1.2 THz and A1,0.:V'* (Forkel,
1975; Kinder and DietschZ, 1976; Forkel, 1977). 3

One of the potentialities of acoustic phonon spectroscopy lies
in the direct investigation of radiationless transitions, unobserva
ble in FIR-spectroscopy. One of the first examples was the obser-
vation of sharp phonon resonance lines in undoped Vermeuil Al 03
(Kinder, 1972c; Welte et al., 1972; Kinder and Dietsche, 1975
which are still unexplained. A second example is the phonon absorp-
tion in Si:In at 4.2 meV. Ultrasonic absorption measurements (Schad
and Lassmann, 1976; Lassmann and Zeile, 1980) indicated that Si:In
represents a Jahn-Teller system with a ground-level splitting of
4.2 meV. This could directly be verified by phonon spectroscopy
(Schenk et al., 1978). The observed resonance energy and the large
linewidth (see Fig. 17) could be explained theoretically (Sigmund
and Lassmann, 1980). Corresponding results of ultrasonic absorption
and phonon spectroscopy were obtained for the Jahn-Teller system
Si:B (cf. Lassmann and Zeile, 1980).

Resonant phonon scattering in solids has been also investigated
in paraelectric systems with respect to selection rules under level
splitting by mechanical stress (cf. Windheim and Kinder, 1975a,b)
in ferrimagnetic systems giving evidence for, so far, unobservable
sharp resonant magnon - phonon interactions (cf. Mattes et al.,
1978); in Mg0:Cr? and MgO:Mn3* (Hasan et al., 1978); in A1,0.:Cr3*
indicating the possibility of virtual phonon exchange coupfigg be-
tween neighbors (Hasan et al., 1979a); in highly doped A120 V3 ’
also possibly indicating neighbor interactions (Hasan et al?, 1978b);
and in A1_0_:Fe2?* with the direct determination of the groundstate
zero field aplitting (Smith et al., 1978). Especially the observa-
tion of neighbor-interactions which is often inhibited by the low
concentration of neighbor pairs demonstrates the high sensitivity
of tunable phonon spectroscopy.

Further, this technique provided significant evidence for the
anomalous phonon dispersion in liquid “He in the range from O to
300 GHz (cf. Dynes and Narayanamurti, 1974, and Narayanamurti and
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Fig. 17. Phonon absorption in In-doped Si by Jahn-Teller splitting
of the In-ground state (Schenk et al., 1978).

Dynes, 1976) and also for inelastic phonon scattering (phonon en-
ergy decay) in the anomalous high phonon transmission (Kapitza-anom-
aly) at the boundary between solids and liquid “He (Dietsche and
Kinder, 1976), (Wyatt and Crisp, 1978). The present state of knowl-
edge on the Kapitza-anomaly which has been significantly improved
by phonon experiments with superconducting tunneling junctions is
discussed by Kinder et al. (1980) and Wyatt (1980). Using tunnel
junction detectors also the inelastic scattering of two phonon beams
in liquid “He resulting in frequency up-conversion was observed
(Korczynskyj and Wyatt, 1978).

Phonon and quasiparticle propagation in bulk Pb single crystals
was studied by Hu et al. (1977), and Narayanamurti et al., (1978),
using tunnel junctions and bolometers as detector. Depending on
temperature, ballistic phonon propagation and combined diffusion of
phonons and quasiparticles could be observed. In similar experiments
with bulk Sn single crystals and with tunnel junction phonon de-
tection, Pannetier et al. (1977) were able to determine the temper-
ature-dependent attenuation of ballistic phonons by quasiparticles;
also the onset of strong absorption by pairbreaking could be ob-
served.

The first dispersion reduced ballistic phonon propagation in
solids was reported by Huet et al. (1972) for InSb in 100 direction.
In these experiments superconducting tunneling detectors were used
for frequency selection. For degenerately doped n-InSb with dif-
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ferent carrier concentrations Huet and Maneval (1974) observed the
reduction of longitudinal phonon absorption for k > 2q.; 1.e. the
condition of the Kohn anomaly, using a Sn-I-Sn detgctor fFr frequen-
cy selection. In addition, the detector was magnetically tuned,

(cf. Narayanamurti and Dynes, 19T71). Recently also resonant phonof
absorption by a superlattice of GaAs/AlGaAs could be demonstrated
by Narayanamurti et al. (1979), using the tunnel Junctlon technique.
Also other applications in the study of phonon emission and propa-
gation in semiconductors are promising (cf. Reupert et al., 1976
Narayanamurti, 1980).

In addition to phonon propagation in single crystals with di-
mensions in the mm and cm range also the transverse or longitudinal
phonon velocities and scattering mean free path values in thin films
have been determined. This was possible by observing standing wave
film-thickness resonances (Kinder, 1972) in granular Al-films in-
dicating that the sound velocities do not deviate from the bulk
values but that the phonon mean free path is reduced. Additional
information by measuring the effective recombination lifetime of
quasiparticles in these films indicates an increased electron -
phonon interaction enhancement. Other film resonance studies (For-
kel, 1977) also indicate an unchanged bulk phonon velocity up to
800 GHz in thin Al-films., Phonon mean free path determinations by
direct attenuation in thin Al- and Cu~films have been reported by
Long (1973). A very recent measurement of phonon resonances in
amorphous Ga-films (Dietsche et al., 1980) showed a reduction of
the transverse sound velocity by a factor of 2.7, as compared to
the crystalline phase, indicating the breakdown of shear stiffness
in amorphous Ga. Applications to inelastic phonon scattering in
other amorphous systems; e.g. glasses; will be discussed in Sect. 6.

Further literature on the application of tunable spectroscopy
with nonequilibrium phonons can be found by the references given
in the introduction of Sect. L.

5. QUANTITATIVE PHONON INTENSITY MEASUREMENTS

For the analysis of nonequilibrium phonon distributions and
also for phonon spectroscopy a quantitative comparison of experi-
ment and theory is desirable. With respect to the phonon emission
and detection by tunneling junctions this has been investigated
mainly with respect to phonon emission by recombination (cf. Trumpp
and Eisenmenger, 1977). For tunneling junctions with equal energy
gap as generator and detector the calculation of detector signal
amplitudes is straightforward on the basis of a simple ballistic
model (cf. Eisenmenger, 1976a).

Within the phonon energy range 2A_ < KQ = LA_ the absolute
number of phonons absorbed in the detector is obtained by the cali-

bration procedure described in Sect. 2.3. The number of EAG-phonons
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ﬁmG created per unit time in the generator at voltages
2Ag < eVg < bA; is given by
I

fiy = =8

m

with I, the single particle tunneling current, since each tunnel
electron corresponds to the breaking up of one Cooper-pair vhich
in recombination delivers one phonon of 2AG.

From this generation rate the number of phonons reaching the
detector and absorbed by pairbreaking are given (cf. Trumpp and
Eisenmenger, 1977) by

. Ig 1 (_—)‘"%
N = — = A . . Tel e
. wd e d wr?GD Plo.o
with Ay = detector area; r = distance generator - detector; f =

phonon focussing factor; I' = phonon transmission probability at the
substrate - detector interface; p = pairbreaking absorption proba-
bility of phonons in the detector, o = phonon mode, ¢ = angles of
ballistic propagation directions between generator and detector
areas.

This equation applies to the weighted average of all contri~-
buting phonon modes and directions. For time of flight pulse measure-
ments corresponding equations hold separately for each mode where
also the different phonon mode contributions in the escape from the
generator into the substrate have to be regarded. It is assumed that
all phonons created in the generator escape into the substrate (vac-
uum condition at the free generator surface). Phonon decay by an-
harmonic processes in the generator or by scattering of excited
quasiparticles is neglected. Experimental support for the validity
of this assumption is given by the measurement of Tep in tin junc-
tions on Si as function of film-thickness and temperafure (Eisen-
menger et al., 1977). In these measurements Tt agrees within 15 %
with the calculation on the basis of acoustic phonon escape into the
substrate.The experimental result, see Fig. 18, shows a linear in-
crease of T _, with film-thickness in accord with the calculated
slope, instgag bulk processes would lead to a saturation of t s
with increasing film-thickness. s

High phonon trapping within the generator establishes a de-
tailed balance between longitudinal and transverse phonon densities
according to the phonon density of states. The ratio of longitudinal
and transverse phonons emitted into the substrate is determined by
the phonon occupation in the film and the mode-dependent acoustic
boundary transmission (Weis, 1969). The strong anisotropy of the
ballistic energy flux by phonon focussing (Taylor et al., 1969;
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Fig. 18, Effective quasiparticle recombination time Tt in Sn-I-Sn

tunneling junctions of different thickness. 5€£ theoreti-
cal film thickness dependence (vacuum) results in
/d = 6.8410-2 gsec (T = 1.02° K). Eisenmenger et al,,

15%9)

RGsch and Weis, 1976) requires careful integration over all energy
propagation angles between generator and detector in evaluating the
average phonon focussing factor f. With respect to the transmission
factors I this is less critical, these factors being close to unity
for normal incidence at the Si - Sn boundary. The same holds for
the ratio of absorbed and incident phonons. For the Sn-detector film-
thickness of at least 2000 R, taking account of the reflection at
the vacuum boun s, the phonon mean free path for 2A-phonons of
the order of 1000 A for longitudinal and transverse phonons is short
compared to the total propagation path in the film of L4000 R. The
detector has been calibrated according to the procedure outlined in
Sect. 2.3. It is important to note that the density of electronic
states N(0) at the Fermi~level entering the detector semsitivity
must be directly taken from experimental electronic specific heat
data. This has been verified by independent measurements of Tgp
under pulsed and stationary conditions (ef. Epperlein et al., 15#8.
and Epperlein and Eisenmenger, 1979). Comparing with the experiment,
the observed signal amplitude ranges from 10 % to 15 % of the cal-
culated value for Sn-junctions and generators on Si-substrates. Sim-
ilar small values are obtained for Sn-junctions on Al.0. and for

. : . R . 5 . 2 v
various propagation directions in Si, see Fig. 19 (Trumipp and Ei-~
senmenger, 1977).

Possible reasons for this discrepancy are: limited phonon
emission into the substrate by inelastic volume loss in the Sn-film,
boundary decay at the Sn-Si-interface, phonon decay in the bulk of
the substrate, or anomalous phonon reflection and phonon decay at
the detector - substrate boundary. Since only limited information
for distinguishing between these possibilities is available from
ballistic propagation, other independent experiments are needed.
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One of these is the study of 2A-phonon lifetime or reverberation
lifetime in the substrate crystal. Fig., 19 shows a slow exponential
decay of the detector signal following the ballistic response. Time
constant and amplitude agree for different generator positions in
contrast to the ballistic signal amplitudes which are strongly in~
fluenced by angle-dependent phonon focussing. Measurements of the
signal amplitude, as function of the generator voltage, see Fig. 20,
show the change of slope at eV, = 4A, indicating that the signal

is caused by 2A-phonons "revergerating" in the crystal and not by
"heat". Experimentally the reciprocal reverberation time depends
linearly on the ratio of the crystal surface area covered by the
tin film and the crystal volume, see Fig. 21. A simple analysis of
the slope of this dependence shows that the phonon absorption coef-
ficient of the Sn-covered area amounts to 87 %. Neglecting boundary
reflection, this can be attributed to losses in phonon transmission
into the film and after phonon trapping in Sn, losses in backradia-
tion into the substrate; i.e. only 13 % of 2A-phonons incident on
the film-covered area are backradiated into the Si-crystal after
twice traversing the Si - Sn interface. Assuming the absence of
bulk losses in the Sn—film as consistent with the t £ measurements,
this can be interpreted as phonon loss or decay in gﬁe crystal-su~
perconductor boundary. Since in ballistic experiments phonons also
traverse this boundary twice, the results of both measurements are
consistent. A similar finding for Al- and In-films on Al,0_; i.e.
"surface detuning" of phonons; has been reported by Day f13T2). As
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Fig. 21. Dependence of the 2A phonon reverberation decay rate !

on the Sn coverage surface to volume ratio. The slope
K = 1 corresponds to total phonon absorption. (Trumpp
and Eisenmenger, 1977).
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an additional result of the reverberation measurement of Fig. 21,
the extrapolation to vanishing coverages with Sn indicate a phonon
lifetime of 65 us corresponding to a mean free path (dominant trans-
verse phonons) of 25 cm. This indicates that inelastic substrate
losses in ballistic experiments and also phonon decay (inelastic
scattering) at the uncovered surface are negligible, Since weak
residual inelastic scattering at the free crystal surface and also
mode conversion to longitudinal phonons with high spontaneous de-
cay rate may contribute to the observed lifetime of 65 ps, the free
propagation transverse phonon lifetime may even be longer.

The nature of the interface phonon decay processes is present-
ly unknown but may be related to the nonideal structure of the film-
substrate-boundary caused by impurity atoms or other interface de-
fects, These depend on the methods of surface and tunneling junc-
tion preparation. In principle, a comparison with the Kapitza anom-
aly; i.e. the enhanced phonon escape rate at the boundary between
solid and liquid “He is possible. In the latter case, presumably
anharmonic processes by the imperfect interface result in enhanced
phonon transmission, whereas at the solid-supercondvctor boundary
anharmonic processes result in a decay of high energy phonons.

Phenomenologically the phonon coupling at the insulator - su-
perconductor boundary can be described by an elastic coupling (spring
model) parallel to a dissipative or inelastic (dashpot ) element,
assuming that the interface width is small compared to the phonon
wavelength. The elastic contribution represents the binding poten-
tial, whereas inelastic processes are possible by multilevel tran-
sitions caused by dangling bonds, weakly bound interfacial atoms
or other imperfection states. The elastic and dissipative coupling
contributions in principle can be determined by a measurement of
the elastic phonon transmission and reflection at the interface.
For the determination of the elastic reflection and scattering
properties the reverberative method has the advantage of simple
evaluation, Since it averages over all propagation directions, pho-
non focussing does not enter, also a quantitative treatment of the
phonon generator and detector properties is not necessary. Finally,
taking account of the boundary losses, as obtained in reverberation,
also the ballistic signal amplitudes are in better agreement with
the calculation. This verifies the validity of the theoretical mod-
el for ballistic 2A-phonon emission and detection if anomalous in-
elastic and elastic boundary processes are taken into account. If
bulk phonon decay in the generator, as for example by magnetic flux
trapping or quasiparticle absorption, reduces the phonon signal am-
plitude, this influence can be experimentally controlled by the
measurement of T £ and the linearity of the signal increase with
generator current fn the voltage range 0 < eVG < hﬁG.

It should be further noted that the reverberation method can
be also used for the absolute measurement of the total 2A-phonon
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population in the substrate crystal. For evaluation of the detector
signal amplitude it can be either assumed that 2A-phonons incident
from all directions in the crystal are contributing, or that the
quasiparticle and phonon distribution in the detector is in de-
tailed balance equilibrium (< . v tal) with the 2A-phonon
population of the substrate. Thi'the £iI¥t Gase the evaluation re-
sults in boundary losses of the same magnitude as determined bal-
listically, and from the reverberation time constant. In the second
case somevhat higher boundary losses were found. This indicates
that the assumption of a detailed balance between 2A-phonons in the
crystal and the detector may be wrong, as interface loss processes
represent an irreversible 2A-phonon drain.

More specific information on anomalous interface properties
can be obtained by phonon reflection and transmission measurements
(Marx et al., 1978), as have been successful in studies of the Ka-
pitza-anomaly at the solid He-boundary (cf. Kinder et al., 1980;
Wyatt, 1980).

The results of such measurements will be useful for improved
crystal surface- and metal film preparation techniques.

It is8 to be noted that in some interface systems, especially
metallic heaters evaporated on insulator crystals, no deviations from
the acoustic mismatch model have been observed (Weis, 1969; Weis,
1972; Martinon and Weis, 1979). Also T measurements for Sn-films
on silicon show agreement with the acoﬁggic model (Eisenmenger et
al., 1977) within 15%. The influence of the observed boundary losses
on phonon reflection, therefore, should be comparatively small. In
phonon scattering experiments with amorphous layers (Lang et al.,
1980) and epitaxial layers (Narayanamurti et al., 1979) no indica-
tion of phonon boundary loss was found. This indicates the possi-
bility of avoiding boundary losses by ideal interface conditions.

Experiments with Al-recombination phonons (Trumpp and Eisen-
menger, 1977; Welte and Eisenmenger, 1980) showed reduced interface
losses as compared to 2A-Sn-phonons, indicating a significant but
smooth frequency dependence.

Also low energy decay phonons, resulting from interface losses,
have been observed (Trumpp and Eisenmenger, 1977; Korczynskji and
Wyatt, 1978). With respect to the spectral distribution of phonons
resulting from inelastic boundary decay, a high probability with
half the original frequency is to be expected from the maximum of
available lattice phonon states in a three-phonon interaction. This
does not apply to localized boundary states, where a continuous pho-
non energy distribution or a maximum at low frequencies by multiple
decay steps appears possible.

Quantitative evaluation of phonon-transmission experiments have



NONEQUILIBRIUM PHONONS 101

been also reported for relaxation phonons (Welte et al., 1972;
Welte, 1976; Forkel, 1977; Welte and Eisenmenger; 1980). The treat-
ment of phonon generation is less simple than in recombination,
since primary decay processes and phonon escape are influenced

by quasiparticle and phonon scattering in the generator film (see
Sect. 3). In addition, it must be expected that this is strongly
influenced by the microcrystalline film structure. Model calcula-
tions, therefore, remain of approximate nature. The comp&rison with
experimental data resulted in order of magnitude agreement with
phonon signal amplitudes within 10 % - 40 % of the calculated val-
ues, indicating again phonon interface decay or increased re-
flection.

An interesting possibility is the observation of changes in
the relative amplitude for longitudinal and transverse phonons at
the onset of phonon reabsorption by pairbreaking in the generator
(Long, 1972; Eisenmenger, 1976a; Welte and Eisenmenger, 1980). Such
changes reflect the difference between the relative phonon popu-
lation by primary relaxation decay in comparison to the equilibrium
distribution established by the detailed balance in the case of
strong 2A-phonon trapping. From observing the relative transverse
and longitudinal signal amplitude ratios below and above the gen-
erator voltage eVg = LAy, in principle conclusions about the strength
of the longitudinal and transverse electron — phonon interaction in
relaxation decay can be drawn. Such changes of the amplitude ratio
are reported by Welte and Eisenmenger (1980). In the quantitative
interpretations of these measurements mode conversion of relaxation
phonons by elastic bulk and boundary scattering processes, as well
as the mode dependence of boundary phonon decay, have to be taken
into account.

As a general result it is observed, that primary relaxation
decay leads to a dominant transverse phonon contribution caused by
the nonspherical Fermi-surface of real metals and the higher densi-
ties of transverse phonon states.

Although quantitative evaluation of phonon-transmission exper-
iments are roughly in agreement with simplified model calculations,
more information is needed especially with respect to nonideal in-
terface and film-structure properties.

6. EXPERIMENTAL PROBING OF THE QUASIPARTICLE DISTRIBUTION AND
APPLICATION TO PHONON SPECTROSCOPY

Tunneling measurements with junctions composed of supercon-
ducting films with different energy gaps can be used for an analysis
of the energy distribution of excited gquasiparticles (Miller and
Dayem, 1967; Chang and Scalapino, 1976). The principle of this meth-
od, which has been applied to the study of nonequilibrium distri-



102 CHAPTER 3

pbutions (Kaplan et al., 1977; Willemsen and Gray, 1978) in super-
conducting films, is depicted in Fig. 22, showing a three layer
Al-I-Al1-I-Pb:Bi sandwich tunneling structure. The first and second
films are used for quasiparticle injection producing the nonequi-
librium distribution. The quasiparticle distribution in the middle
film is probed by the third film with the higher energy gap. In
varying the voltage between the middle (second) and the third film
the tunneling current is mainly determined by excited quasiparticles
tunneling into the unoccupied singularity of the density of states
of the third film. In the corresponding experiment, Kaplan et al.
(1977) wvere able to analyze the nonequilibrium quasiparticle dis-
tribution by weak tunnel injection in Al and to compare their re-
sults with theory. Excellent agreement was found including clear
evidence for branch imbalance. Recently, the same method has been
auccessfully used to study the quasiparticle distribution (Willem-
sen and Gray, 1978) in Al-films under high quasiparticle injection.
(See Gray, 1980; this volume, Chapter 5). It has been demonstrated
that the approximate description of the nonequilibrium distribution
py & p* or T* model (Owen and Scalapino, 1972; Parker, 1975) depends
characteristically on the strength of injection.

As demonstrated by Dietsche (1978), it is also possible to use
this method for the analysis of quasiparticle distributions produced
py phonon-induced pairbreaking. In this case the first film is not
necessary and the tunneling junction, consisting of Al-I-Sn or
Al-I-Pb:Bi, is directly used as phonon detector. Phonons absorbed
vy pairbreaking in the Al-film produce a quasiparticle distribution
with an upper energy limit at E = ¥Q - Apy (KR = energy of incident

- Onset of
¥ 1 et
Al -:Vn-mm

% 7

N

Pb:Bi

fig. 22. Direct probing of the gquasiparticle distribution in a
three layer tunneling sample.
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phonons). This can be analyzed in probing the quasiparticle dis-
tribution with the higher energy gap film by modulation technique
and bias voltage tuning. Using such hetero-junction detectors, it
is possible to determine different energies of incident phonons.

This new technique of tunable phonon detection has been suc-
cessfully applied to the analysis of phonon spectra emitted from
Sn-generators (Dietsche, 1978; Lang et al., 1980; Koblinger and
Forkel, 1980) and, in addition, to the investigation of inelastic
phonon scattering in thin glass films (Dietsche and Kinder, 1979;
Lang et al., 1980). By these measurements it was possible to de-
termine the frequency dependence of the phonon mean free path and
to give evidence that the dominant scattering process is inelastic.

With respect to nonequilibrium phonons, the generator frequency
analysis verified the extreme sharpness of the relaxation phonon
edge at ¥Q = eV 2A_,, whereas the lower cut-off energy of the re-
combination spegtrum gt ¥Q = 2A, in earlier experiments showed a
significant contribution of spectral diffusion extending to energies
below 2A. In later experiments (Koblinger and Forkel, 1980; Lang
et al., 1980) less spectral diffusion was observed, A possible
origin of spectral diffusion is magnetic flux trapped in the genera-
tor Junction which leads to gap smearing and in-gap quasiparticle
states which participate in phonon reabsorption and emission thus
shifting the 2A-phonon spectrum to lower energies.

Tunable phonon detection, using hetero—tunneling junctions or
phonon spectroscopy with stress-tunable absorption lines in the sub-
strate, are very promising for investigations of inelastic phonon
scattering in solid systems, as e.g. for phonon decay at solid -
solid and solid - liquid boundaries.

T. RESULTS AND OPEN QUESTIONS

Nonequilibrium phonon experiments with superconducting film
tunneling junctions have demonstrated that phonon spectra produced
by nonequilibrium quasiparticle distributions are well in accord
with the predictions of theory. This is also demonstrated by the
successful application of superconducting tunneling junctions for
phonon absorption spectroscopy and recently also for phonon emission
spectroscopy.

Open questions are related to the detailed description of the
separate contributions of longitudinal and transverse phonon
emission and reabsorption (i.e. transverse and longitudinal phonon
mean free path data by pairbreaking, quasiparticle scattering and
volume decay) in the superconducting films, the influence of branch
imbalance, and the properties of film substrate boundaries in the
inelastic interface decay of phonons. In addition, more information
is needed on quasiparticle and phonon distributions under different
-~ for instance high injection - conditions.
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