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1. INTRODUCTION 

Nonequilibrium or nonthermal phonon distributions in solids 
in general result trom any kind ot energy supply to the system. 
Experimentally thin Buperconducting films are especially veIl 
suited for studies ot nonequilibrium excitation distributions. 
Quasiparticle and phonon distributions depend on the primary ex
citation processes, e.g. electron-injection by tunneling, phonoD, ' 
microwave or optical radiation as veIl on the properties ot 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 york on nonequilibrium phonons re
sulting trom 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 io Section 5. 
applications to phonon emission spectroscopy in Section 6. and as
pects of future york in Section 7. 

Work in this field started around 1965. Earlier reviews (Eisen
menger 1969. Dayem 1972. Reok 1972. Kinder 1973, Kinder 1975. Ei
senmenger 1976& and Bran 1980) discuss tundamental experiments and 
theory. the application to phonon spectroscopy and compare also vith 
other techniques, as e.g. ' heat pulse experiments or optical gen.er-
ation and detection Of acoustical phonons. . ' 

Elastic single electron tunneling between two superconducting 
films separated by a thin oxide barrier results in a none~uilibrium 
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energy distribution of quasiparticles. The qU8siparticles decay 
predominantly under phonon emission. This results in a nonequilib
rium phonon-energy distribution. The phonon frequencies typically 
extend from 50 CH~ to 1.5 THz. Since the phonon mx&n free p~th is 
comparable to or exceeds the film-thickness (100 X to 1000 X) 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 ot this spectrum, applications for the spectro
scopy with acoustic phonons are possible, especially vith 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 BeS (Bardeen et al., 1951) energy-vavevector relation E(k), 
ct. Fig. 1. Tbe dispersion relation has a minimum with E = 6, the 
energy gap at the Fermi-vavevector ~. Electron and hole like ex
citation brancbes are symmetrical to ~ tor small deviations from 
~. Excited quasiparticles decay under spontaneous or stimulated 
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Fig. 1. ·}bonon emission by 
quasiparticle relax
ation. 
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Fig. 2. Phonon emission by 
quasiparticle recom
bination. 
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phonon emission into states of lover energy either within the same 
branch or changing over to the other branch (Tinkham, 1972) . The 
phonon energies emitted in this r elaxation transition (also named 
phonon "Bremsstrahlung" (Kinder, 1912a» range from ){n z:: 0 to 
~n = E -A with E the quasiparticle excitation energy. The total 
spontaneous transition probability T-1 depends on the quasiparticle 
energy approximately as T-1 aCE-All,s (Tevordt, 1962), indicating 
that relaxation of qU8siparticles close at the gap edge is vanishing . 
This can be understood trom the decreasing number of phonon states 
available tor the transition and by destructive interference in the 
BCS transition probability (Bardeen et 81. , 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 T 
or under conditions ot high quasiparticle population by inj ectioD~c 
resulting in an inelastic decay ot nonequilibrium phonons. 

The second process ot quasiparticle decay is the recombination 
ot two quasiparticles to a Cooper-pair in the superconducting 
groundstate under the emission ot one recombination phonon of the 
energy ¥n • E, + E2 ; E, and E2 are the energies of the recombining 
quasiparticles. The minimum energy in this process is ln = 2A for 
~uasiparticles at the gap edge. The recombination rate TR- 1 for 
quasiparticles at the gap edge depends on their number density as 
t R- 1 B N{A). The reverse process, i.e. phonon absorption by pair
breaking, requires the minimum phonon energy ¥O = 2A. This process 
is used for phonon detection~ and is further i mportant in measure
ments ot 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 ot 100 i to 1000 i, thus leading to an enhanced eftective life
time '~ft = ,* > 'R by 2~ phonon trapping (Rotbwarf and T~lor, 1967). 
Dependlng OD ~he phonon surtace escape and volume decay either by 
quasiparticle excitation or anharmonic phonon interactions, T in 
superconducting tilms is up to two orders ot magnitude largerei~an 
T (Eisenmenger et al., 1971). The absolute values for T and TR and 
t~eir dependence on quasiparticle energy and population have been 
studied theoretically in detail by Kaplan et 81. (1976). 

Non equilibrium distributions ot quasiparticles and phonons are 
determined by the proeesses discussed above. Calculations based on 
the BeS transition rates malte use of coupled kinetic equations ' ",
(rate equations) ot the quasiparticle and phonon system. · Important ~ 
parameters entering such calculations are: The energy distribution '· 
ot the primary quasiparticle excitation rates as e.g. by tunneling 
injection, phonon-, miCrOY8Ve- or photon irradiation~ the quasip~ 
ticle - phonon and the phonon - quasiparticle transition rateB~ the 
phonon lifetimes tor surface-boundary escape and volume decay~ and 
also elastic scattering rates ror quasiparticles and pbonons in 
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cases ot inhomogeneous distributions; i.e. diffUsion. The latter 
contribution is of importance with respect to high energy phonon 
escape from 8uperconducting films and the possible occurrence ot 
nonequilibrium instabilities (cf. Langenberg, 1975· and Chapt. lO). 

Since the complete numerical treatment ot the kinetic equations 
is complicated, different approximations have been used. With re
spect to nonequilibrium phoDons and quasiparticles at the gap edge 
a first treatment by Rothvart and Taylor (1967) shoved the important 
result that the experimental quasiparticle recombination lifetime 
T tt is significantly increased as compared to the intrinsic recom
btnation lifetime TR• More general models, trying to simplify the 
nonequilibrium description by introducing quasi thermodynamic quan
tities as an effective chemical potential ~*. 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 bas 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 ot successive relaxation steps bave been calculated by Welte 
(1976). A simple approximation of high energy phonon emission vas 
used by Forkel (1977). Finally strong tunnel injection without pho
nOD reabsorption (Welte 1974. Welte 1916. cr. Welte and Eisenmenger 
1980) and vith 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 ot the number density ot 
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.cA • phonon mean tree path). Al
though the negligible energy-gap reduction in the weak injection 
case may appear as Characteristic for a minute deviation from ther
mal equilibrium. the high energy phonon emission spectra in con
trast indicate a strong nonequilibrium situation. 

Phonon emission spectra of 8uperconducting films. therefore. 
are very sensitive to deviations from thermal equilibrium. Thus, ex
perimental investigations ot phonon emission complement the direct 
measurements of nonequilibrium quasiparticle distributions by three
layer tunneling experiments discussed in this volume by Gray ~980). 
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2.2 Tunneling Junctions tor Phonon Experiments 

In using Buperconducting 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, 1912; Eisen
menger. 1.976a) of AI, So, or Pb layers with thicKness of the order 
ot 1000 X or less separated by an approximately 10 ~ thick oxide 
barrier which i8 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 10-5 Torr) or Pb:Bi 
alloy films are used. The tunneling overlap area is typically of 
the order at 1 mm 2 • As evaporation substrates, especially for pho
non experiments, optically polished single crystals; e.g. Al20

3
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Si, etc.: vith long phonon mean free path, typically exceeding 1 em, 
are used. In these experiments glass substrates or other materials 
vith high phonon scattering are Dot veIl suited. Details for dif
ferent possible procedures in junction preparation can be found in 
the literature (ct. Solymar, 1972; Eisenmenger, 1976a). 

For most phonon experiments, junctions composed of two identi
cal superconduetors 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), c~. Figs. 4 and 5 • 
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Fig. 3. Current-voltage character
istic of a Sn-I-Sn tunneling 
Junction ot 1 mm 2 area, tor 
phonon generation and detection. 

Fig. 4. Phonon detection 
in the range 
o < eV < 2~. -
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For battery voltages Ivl < 2~/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 ot energy MO > 26 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 Ivl < 2A/e , 8S indicated in Figs. 3 and 4. 

2.3 Phonon Detection 

A quantitative model for phonon detection can be based on pa
rameters which are determined by experiment (cr. Eisenmenger, 
1976). Experimentally lov ohmic junctions with asymptotic tunneling 
resistance R between 10-2 Ohms and 10- 3 Ohms (1 mm 2 ) are preferable -since the phonon detection sensitivity increases wi th tunneling 
probability. 

In order to 8uppress 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 
Tc reduces the dynamic resistance and T in the biasing point. 
Instead of magnetic shielding an orientirron of the junction plane 
parallel to the earth-magnetic field is mostly sufficient. The de
tector is current-biased usually at a voltage V • 1.4 Ale, just 
above the current step at V = Ale, caused by two particle tunneling. 

Biasing below V = Ale 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 
Ivl < 26/e to higher currents corresponding to a dirferential de
tector current signal Id at constant biasing voltage . With constant 
biasing current instead the resulting open circuit detector voltage 
signal is vd = Id • RdYn , with R~n the dynamic resistance at the 
biasing point. For gooa detector Junctions Rdyn ranges fram 0.1 to 
1 ohm. An optimal slgnal-to-no1ae ration, tbererore, requires the 
use of low-ohmic strip lines and pulse transformation for matching 
to the typical 50 0 input impedance of a lov-noise-pulse preampli
fier. Alternatively a number of small area tunnel detectors in se
r~es can be used for matching (cr. Eisenmenger, 1976&). 

Detector calibration in terms of the number of phonons absorbed 
by pairbreaking under stationary conditions is most easily performed 



NONEQUILIBRIUM PHONONS 79 

using the relation (ct. Eisenmenger, 1976) 

Tetr(T) I(T) 
• 0 • N(T) 

with Nw the number of 2~ phonons per unit time absorbed by pair-
breaking; n = the volume of the tunneling junction; T the exper-
imentally observed effective quasiparticle recombinat!56 time; 
N(T) = the equilibrium quasiparticle number density at T and reT) 
the tunneling current by thermally excited quasiparticlea. N(T) can 
be calculated according to the approximation valid within 5 % for 
T < 0.5 T : 

c 

/. kT -6(T)/kT 
"2 MTr 'e 

with N(O) the one spin density of states at the Fermi level, as 
known from electronic specific heat data. reT) is experimentally ob
tained from the temperature dependence of the tunneling current ~i/kT 
constant voltage bias. Plotting this current as function of ;r·e 
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 eiPEnential 
decay of thi detector signal depending on temperature in proportion 
to r- 1/ 2.e6 kT. Id is obtained from the measured electronic signal 
voltage taking 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 accomplisRlR 
by simulating a current pulse signal (introduced trom a high ohmic 
source) at the tunneling junction and measurement of the amplified 

• voltage signal. The detector relation Id ~ Nw bolds for the linear 
detection range; i.e. I «l(T) with increase of the number of qua
siparticles by phonon agsorption small compared to the number-den
sity of thermally excited qU8siparticles. Experimentally, the ful
fillment at this condition is easily checked. A further limitation 
at linearity results from the curvature of the leV) curve (variation 
o~ Rdvn ) at the detector bias voltage. Mostly a voltage excursion 
of a~ew percent of 26 can be admitted. The attainable phonon power 
resolution depends on the noise figure of the preamplifier; minimal 
phonon powers of 10-1 ' Watts with one second integration time can 
be detected. 

The detector equation, so far, describes the sensitivity with 
respect to 26-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 2~-phonons (heating influence). For T = 0.5 T the 
corresponding detector-signal contribution is, however, at 19ast 
three orders of magnitude below the sensitivity for 2~-phonons. For 
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phonon energies between 26 and 46 the sensitivity vith respect to 
the number of absorbed phonons remains constant. Increasing the pho
non energy above 46 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 tram the energy dependence of the phonon mean free 
path. In Sn- and Pb-junctions of at least 2000 R thickness the 26-
phonon mean free path is equal or shorter than this length and all 
incident 2A-phonons are absorbed by pairbreaking. In pure AI-junc
tions the energy dependence of the phonon mean tree path must be 
taken account of. For f"urther details see (Eisenmenger, 1976a; Wyatt 
1976). 

2.4 Phonon Generation vith Superconducting Tunneling Junctions 

At voltages V > 2b/e the tunneling current increases discon
tinuously (Fig. 3) and approaches vith 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 qU8siparticles contributes to the injection 
distribution vhich is shown qualitatively in the upper part of Fig. 5. 
The sharp maxima at the lovest and highest quasipartiCle energies 
result from the singularities in the BeS-densities ot state, cf. 
(Gra;y, 1980; McMillan and Ravell, 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 AI-films, has been given by Kirtley et a1. 
(1980). So far, the possible influence of branch imbalance on phonoD 
experiments has not been studied, and vill not be fUrtber discussed. 

The quasiparticle decay takes place by relaxation and recombi
nation transitions predominantly underpbonon emission. Since the 
available densities of state tor 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 Itphonon 
Bremsstrah1Wlglt (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 
&1., 1973; Forkel, 1914; Welte, 1976; Forkel, 1977; Chang and Sca
lapino, 1978) of the phonon spectrum, as shovn in the lover part of 
Fig. 5. The most significant structures are: 

a) ~n = 2b. minimum energy of the recombination spectrum. 
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Fig. 5. Phonon emission spectra .t"or relaxation and recombination at 
finite temperature. Transitions corresponding to density of 
state- or quasiparticle po~ulation singularities give rise 
to characteristic spectral structures, as discussed in the 
text. 

b) ~n = eV, direct recombination ~f injected quasiparticles 
with thermal quasiparticles. 

c} ~n = eV + 26. minimum phonon energy for the direct recom
bination of tunnel-injected thermal qU8.siparticles with 
tbermal excitations. 

d) ~ = eV - 26, upper edge Of the relaxation spectrum; the 
shape and voltage dependence of this structure provides 
the possibility of voltage tunable phonon spectroscopy. 

e) ~n : eV, relaxation of tunnel-injected thermal quasipar
ticles. 

In numerical calculations of these spectra, different approx
imations bave been used, cf. Sect. 2.1. In the simplest form 
which tor loy 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 > 0 and eV > 26 is given in Fig. 6 (Welte 1973), in
dicating the upper discontin~ty in the relaxation phonon spectrum 
at )In = eVG - 26G and the presence of the thermal peak. structure at 
HO : eVG• The height of the relaxation edge decreases with in-
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HORMALIS£D PHONON [NERGY (fiG :6) 

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 &1., 1973). 
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Fig. 7. Calculated relaxation and recombination phonon spectrum at 
finite temperature and weak injection, no reabsorption, 
successive quasiparticle decay included (Welte, 1976). 

creasing Vc and temperature. For comparison also the phonon spec
trum for toe normal conducting limit at T = 0 is introduced. 

since qU8siparticles decay into all available unoccupied en
ergy levels, a higher degree of approximation must take account of 
secondary and higher order decay steps. Fig. 7 shows an example for 
weak injection without phonon reabsorption (Welte, 1976) concerning 
the 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 
b~ 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 qU8siparticles. (Welte, 1976) 

reet 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 
~ : 2(eV-6 ), a strong increase of the peak structure at ~O = eVG and by the Migh population of qU8siparticles at the gap edge . Even 
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 li~ited phonon es
cape will be discussed in this volume, Chapter 9, by Chang (1980). 

3. EXPERIMENTAL EVIDENCE FOR RONEQUILIBRIUM PHONON EMISSION 

In the first observation of nonequilibrium phonon emission 
(Eisenmenger and D8tem, 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 ot the detected ptonon signal 
amplitude, as function of the generator current up to the generator 
voltage of Vc = 4AG/e is round, cf. Fig. 9. With highe! generator 
current again a linear signal increase 1s observed but with a slope 
nearly three times larger than before; i.e. the dependence of the 
detec~or signal on the generator current develops a sharp bend at 
VG • 4AG/e. This can be easily understood in terms of the onset 
of the contribution of relaxation phonons with maximum energy 
~ • eVe - 26e at the voltage VG = 4AG/e. Below this generator volt
age only recombination pbonons can contribute to the detector signal. 
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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 46/e and 66/e, the generator I-V curve is in
troduced (Eisenmenger and Davem 19n7; Kinder et al., 1970) . 
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Fig. 10. Derivative of the detector signal with respect to the ~en
erator current. Sn-I-Sn generator and detector. T z 1.03 K; 
ct. 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
tien 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 stP.p at 
VG • 4AG/e, and with the onset of a linear increase at VG : 6AG/e, 
cr. Fig. 10. This indicates further contributions to the number of 
detected 2A-phonons by repeated phonon reabsorption end reemission 
in the generator or detector (Kinder et al., 1970); i.e. a splitting 
or primary relaxation phonons with the energy ~n : 46 into two pho
nODS with the energy ~n = 2A. The theoretical change of slope at 
eVe = 4AG in Fig. 9 and the corresponding step in Fig. 10 tor T = 0 
in the weak injection limit amounts to 3 .1 (Kinder et a1.,1970; 
Long and Adkins, 1973). The experiment in general exhibits a some
vhat smaller value, especially tor 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 2~ nonequi
librium phoDons from Sn-I-Sn-generators vas provided by Dynes et 
ale (1971), using the mechanical stress tunable phonon transition 
~n 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 (19728), who used the voltage dependence or the upper edge 
of the relaxation phonon. spectrum at ~n = eVG - 2AG for investi
gating the phonon absorption of V'+ in Al20

3
• In tfiis case relaxa

tion phonons with energy ~n E eV - 2~G < 2AG at T < 0.5 T are not 
reabsorbed in the superconducting film and can be radiatea into 
the substrate essentially without t'Urther interaction. The upper 
frequency limit of this method results from the fact that relaxa
tion phonons vi th the energy ~n ~ 2~G are strongly reabsorbed al
ready in the Sn-films of the generator. This holds also for strong 
coupling superconductors as Ph. In contrast for thin films of the 
veak coupling superconductor Al a finite escape of relaxation pho
nons vith ~ > 2~G is to be expected, see Fig. 11, since the 26-
phonon mean free path is of the order of 1000 ~ (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. 
Eisenmenger, 1976a), as depicted in Fig. 11. 

i) quasiparticleB injected by tunneling have a Bharp angle distri
bution normal (mex1m\.DD. momenttnn) to the barrier. By momentum conser-
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Fig. 11. Phonon escape conditions ~or Mn > 26 . The 18r~e 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. 

vat ion, phonon emission 1n the prlmary relaxation decay is perpendic
ular to the quasiparticle momentum and therefore confined to di
rections in the plane of the junction with little esca~ 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 qUBsiparticles 
before relaxation, corresponding to quasiparticle diffusion in the 
generator film. Also boundary scattering at the film 8ur~aces 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 oC qua
siparticles; i.e. again in the case of weak coupling superconduc
tors. 

iii} A simple model (Welte et al., 1972; ct. Eisenmenger, 1916a) 
taking account of these influences and usin~ literature data for the 
relaxation time, elastic quasi~article scattering time and the pho
non mean tree path, indicates d high phonon escape probability of 
primary relaxation phonons with ~n > 26a into the substrate tor thin 
AI-films. Thus, Al-j unctions can be used preferably for studies of 
the nonequilibrium phonon emission in a vide frequency range with 
little phonon reabsorption and also a weak "feedback" coupling of 
the phonon system to the quasiparticle system. This makes AI-films 
also veIl-suited for direct studies of primary nonequilibrium quasi
particle distributions (cf. Kirtley et &l., 1980). 

With respect to the phonon spectrum, as depicted in Fig . 5, and 
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the calculated spectra. see Figs. 6, 7 or 8, an experimental anal
ysis is possible by using tunneling detectors vith different ener
gy gaps, such as AI-junctions evaporated with oxygen background 
(Welte, 1974, 1976). Using instead a Sn-I-Sn juncticn as de'teetor, 
the voltage-dependent contributicns of the AI-generator spectrum 
with ~n > 26

8 
can be investigated (Welte et &1., 1972; Forkel, 

1974; Forkel,n'977) applying modulation techniques. 

since the detector is only sensitive to phonons with energies 
exceeding the detector gap 26

D
, the detector signa] corresponds to 

the integral of the emitted generator phonon spectrum with a lover 
cut-ofr energy at 26

D
• Modu~ation of the generator voltage results 

in a detector signal modulation arising mainly from the changing 
generator spectral contribution at the energy ~n = 2~. Thus, modu
lation is equivalent to dirrerentiating the integral generator spec
trum at the lower cut-off energy ~n = 2~. The detector modulation 
signal, therefore, corresponds to the spectral intensity at 2~ . 
By changing the generator bias voltage it is, therefore, pos9i~le 
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-5n are prepared on the opposing flat sur~aces 
of a high quality 5i single crystal cylinder (Forke~ 1974 and 1917). 
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 (vith 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 vith ~n > 2b escape 
from AI-I-Al generators into the substrate only with litt2e reab
sorption by pairbreaking. Corresponding experiments with a Sn-gen
erator, using as reference the phonon absorption line of l60 in 5i 

Generator 
DC VoU. 

o.tKtor 
rnodulat'on 

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, 1974). 
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Fig. 13. High energy phonon spectrum emitted by an Al-generator, 
Sn-I-So detector, shoving the different spectral struc
ture discussed in Fig. 5 (voltage scale inverted). 
(Forkel, 1975, see Eisenmenger 1976b). 

at 878 GHz, cr. Sect. 4, in contrast demonstrated strong reabsorp
tion (Forkel. 1977). It should be noted that in these experiments 
with weak injection the strong deviation trom 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 bave been also performed with respect to nonequi
librium phonon emission under strong injection (Welte. 1974, 1976, 
1980). These demonstrate the increasing width of the recombination 
phonon spectrum, the decrease of the lower thresbo1d or 2A-recom
bination spectrum by the reduction ot the energy gap. the int1uenc~ 
ot direct recombination ot 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 tinal1y the direct recombination ot injected quasipar
ticles. 

No experimental results on nonequilibrium phonon emission un
der very high injection with gap reductions up to 50 % are present
ly knovn. Such experiments would be valuable with respect to the 
degree ot realization ot the ~- and T- quasipartic1e distributions 
in comparison to the results of Willemsen and Gray. (1978) and Kirt
ley et .. 1 •• (198o). 
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4, VOLTAGE-TUNABLE MONOCHROMATIC PHONON SPECTROSCOPY 

The upper edge of the phonon spectrum emitted in relaxation of 
quasiparticles at the energy ~n = eV - 2~ can be used fOr phonon 
spectroscopy by differentiation (Kinder. q972a); i.e. modulation 
techniques . Applying a small sinusoidal or pulse voltage current. 
in addition to the constant battery voltage VG to the generator or 
operating the generator with amplitude modula~ed pulses, results 
in a modu1ation of the emitted spectrum maiDly at the energy 
~n • eV - 26 (Fig. 14 b). The detector modulation signal in this 
case is mainYy caused by nearly monochromatic phonoos at 
Mn • eV - 2AG with a linevidtb determined by the modulation ampli
tude. For a substrate crystal containing defects or imp~ities with 
resonant phonon scattering simply a variation ot the gentrator volt
age allows tunable monochromatic phonon absorption spectroscopy. 
This technique meanwhile has found a vide area of applic~tions 
(ct. Proceedings of Phonon Scattering Conferences 1972~ 1976, 198o~ 
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 insu1ators, metals, superconductors, semi
conductors, amorphous materials, and phonon transmission and re
flection at interfaces as e.g. in the Kapitza problem. 
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@ ® 
Fig. 14. Modu1ation of the relaxation s~ectrum and resulting effec

tive phonon bands : a) approximation for normal conductors 
or superconductors at energies very large compared to the 
energy gap, a monochromatic phonon band corresponds to the 
second derivative (2 w modulation signal). b) Superconduc
tor relaxation spectrum and monochromatic phonon band of 
the first derivative (w modulation signal) . (Forkel, 1974) 
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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 AI-junction as detector. In 
his famous experiment, he demonstrated for the first time monoch~o
matic spectroscopy with nonequilibrium phonons. As a resonant pho~ 
non 8catterer the Jahn-Teller system A120

3
:V J +, 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 fluorescenc e 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 CaD 
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 Yay 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 ~n > 26C 
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Fig. 15. Phonon-resonant absorption (8ca~ter~n~) i~ A12?~:Vl+. 
a) fast transverse mode absorpt10n 1n a-d1rect10n. 
b) longitudinal mode absorption in c-direction. 
e) transverse mode abso~tion in c-direction. 

(Kinder, 1972a). 
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is comparatively weak (Welte et a1., 1972), cr. Sect. 3 . The up
per frequency limits in AI, resulting from the maxima of phonon 
dispersion at the Brillouin zone, are 9 THz for longitudinal pbo
nons and 5 THz for transverse phonons . An independent limit re
sults by the momentum conservation between phonons and electrons 
with k h 3 2qr at the Fermi surface. Since at higher voltages 
the re~axW!fon s pectrum (Fig. 6) approaches the normal conductor 
s pectrum with a reduction of the ampl itude step at ~O = eV - 26 , 
a second derivative technique (see Fi g. 14a) using the second hgr
monic of the detector signal modulat i on must be applied. An in
crease of the available signal power is possible by using very thin 
AI-films of 100 R to 200 R 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 a1., 1973; 
Forkel, 1977). In the measurement Fig. 16 the resonance absorption 
of the 1'0 isotope with the natural concentration ot 1015 cm-1 

~ 
dV 

o 

'"0 
820 
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t26DNctor 

Q4 Q8 u 
Phonon Iroq ... ncy [lHz 1 

Fig. 16. High frequency phonon absorption of 0i ~n Si. (Forkel, 
197.71 
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could be detected. The sensitivity is by three orders ot magnitude 
higher than in corresponding FIR measurements and the attainable 
frequency resolution amounts to 6 GHz . In Fig. 16 also a number of 
satellite resonances extending to 1.25 THz are observed. These are 
possibly related to oxygen neighbors with a statistical concentra
tion ot 101

- em-so The main resonance ot 160 (concentration 
lOll cm- 3) is "instrumentallyll broadened. At lower concentrations 
the 110 absorption line can be used to study the influence ot the 
generator film-thickness and temperature on the intensity of higb 
frequency phonon emission. Also film-thickness resonances are ob
servable trom which the Bound velocity and information on phonon 
reflection at the oxide barrier are obtained. Further spectroscopic 
examples in the THz-range concern the resonance abs0:.ftion of the 
Jahn-Teller systems Al20~:Ti3+ at 1.2 THz and Al20

3
:V + (Forke1, 

1975; Kinder and Dietsche, 1976; Forkel, 1977). 

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 Verneuil Al 03 
(Kinder, 1972c; Welte et al" 1972; Kinder and Dietsche, 19751 
which are still unexplained. A second example is the phonon absorp
tion in Si : 1n at 4.2 MeV. Ultrasonic absorption measurements (Schad 
and Lassmann, 1976; Lassmann and Zeile, 1980) indicated that Si:ln 
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 LaSSmanD, 1980). Corresponding results of ultrasonic absorption 
and phonon spectroscopy were obtained tor the Jabn-Teller system 
Sl:B (cf. LasSUlann and Zelle, 1980). 

Resonant phonon scattering in solids has been also investigated 
in paraelectric systems with respect to selection rules under level 
splitting by mechanical stress (ct. Wln4hetm and Kinder, 1975a,b) 
in ferrimagnetic systems giving evidence for, so far, unobservable 
sharp resonant magnon - phonon interactions (cf. Mattea et al . , 
1978); in MgO:Cr' and MgO:Mn'+ (Hasan et al., 1978); in Al 0 :Cr'+ 
indicating the possibility of virtual phonon exchange coupfidg ~e
tween neighbors (Hasan et al., 1979a); in highly doped Al

2
0

3
:Vs . 

also possibly indicating neighbor interactions (Hasan et 81., 1918b); 
and in Al ° :Fe 2+ with the direct determination of the groundstate 
zero fiel~ dplitting (Smith et al., 1918). 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 0 to 
300 GHz (cf. Dynes and Narayanamurti, 1974, and Narayanamurtl and 
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Fig. 17. Phonon absorption in In-doped 8i by Jann-Teller splitting 
of the In-ground state (Schenk et 01., 1978). 

Dynes, 1976) and also for inelastic phonon scattering (phonon en
ergy decar) in the anomalous high phonon transmission (Kapitza-anom
sly) at the boundary between 80lids 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 8uperconducting tunneling junctions is 
discussed by Kinder et 01. (1980) and Wyatt (198o). Using tunnel 
junction detectors also the inelastic scattering of tvo phonon beams 
in liquid ~He resulting in frequency up-conversion vas observed 
(Korczynskyj and Wyatt, 1978). 

Phonon and quasiparticle propagation in bulk Pb single crysta.ls 
was studied by Bu et &1. (1917), 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 So single crystals and with tunnel junction phonon de
tection, Pannetier et &1. (1977) were able to determine the temper
ature-dependent attenuation of ballistic phonons by quasiparticles; 
a.lso 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 lnSh in 100 direction. 
In these experiments superconducting tunneling detectors were used 
for frequency selection. For degenerately doped n-lnSb with dif-
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ferent carrier concentrations Huet and Maneval (t974) observed the 
reduction of longitudinal phonon sbsorption for k h > 2q ; i.e. t~e 
condition of the Kohn anomaly, using a Sn-I-Sn det~ctor ~r frequen
cy selection. In addition, the detector was magnetically tuned, 
(cr. Narayanamurt1 and Dynes, 1971). Recently also resonant phonoO 
absorption by a superlattice of GaAs/AlGaAs could be demonstrated 
by Narayanamurti et al. (1979), using the tunnel junction technique. 
Also other applications in the study of phonon emission and propa
gation in semiconductors are promising (cr. Reupert et ale t 1976; 
Nara;'Bllamurti. 1980). 

In addition to phonon propagation in single crystals with di
mensions in the mm and em range also the transverse or longitudin~l 
phonon velocities and scattering mean free path values in thin films 
have been determined. This vas possible by observing standing wave 
film-thickness resonances (Kinder, 1972) in granular AI-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
kelt 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; vill 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. 4. 

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, '977)~ For tunneling junctions with equal energy 
gap as generator and detector the ca1culation ot detector signal 
amplitudes is straightforward on the basis of a simple ballistic 
model (cf. Eisenmenger, 1976a). 

Within the phonon energy range 2~ < ~n z 4~ the absolute 
number of phonons absorbed in the detector is obtained by the cali
bration procedure described in Sect. 2.3. The number of 2~G-phonons 
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. 
Noon created per unit time in the generator at voltages 
26G ~ eVG < 46G i. given by 

e 

with IG the single particle tunneling current, s ince each tunnel 
e lectron corresponds to the breaking up of one Cooper-pair vhi ch 
in recombination delivers one phonon of 2A

G
• 

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

I , 
'll"r CD 
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with J\:i = detector area; r
Gn 

= distance generator - detector; -r = 
phonon focussing factor; r = phonon transmission probability at the 
substrate - detector interface; p z pairbreaking absorption proba
bility of phonons in the detector, a = 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 T ff in tin junc
tions on Si as fUnction of film-thickness and tempefa ure (Eisen
menger et al., 1977). In these measurements T f agrees within 15 % 
with the calculation on the basis of acousticepBonon escape into the 
substrate.The experimental result, see Fig. 18, shows a linear in
crease of T ff with film-thickness in accord vith the calculated 
slope, instgad bulk processes would lead to a saturation of T ff 
with increasing film-thickness. e 

High phonon trapping within the generator establishes a de
tailed balance between longitudinal and transverse phonon densities 
according to the phonon density o~ 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 T~f in Sn-I'Sn 
tunneling junctions of different thickness. The theoreti
cal film thickness dependence (vacuum) results in 
T ff/d = 6.8-10- 2 sec (T = 1.02° K). Eisenmenger et al. t 
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Rosch 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 r this is less critical, these factors being close to unity 
for normal incidence at the 5i - SD boundary . The same holds for 
the ratio of absorbed and incident phonons. For the So-detector tilm
thickness of at least 2000 R, taking account of the reflection at 
the vacuum boundarx, the phonon mean tree path for 2A-phonoDs of 
the order of 1000 X for longitudinal and transverse phonons is short 
compared to the total propagation path in the film of 4000 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(O) at the Fermi-level entering the detector sensitivity 
must be directly taken trom experimental electronic specific heat 
data. This has be~n verified by independent measurements of Teft 
under pulsed and stationary conditions (cf. Epper1e1n et al., 1978, 
and Epper1ein and Eisenmenger, 1979). Comparing with the experiment, 
the observed signal amplitude ranges tram 10 % to 15 % of the cal
culated value for So-junctions and generators on Si-substrates. Sim
ilar small values are obtained tor So-junctions on Al20~ and for 
various propagation directions in Si, see Fig. 19 (TTumpp 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 at 
the substrate, or anomalous phonon reflection and phonon decay at 
the detector - substrate boundary. Since only limited information 
for distinguishing betveen these possibilities is available trom 
ballistic propagation, other independent experiments are needed. 
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Fig. 20. Frequency check of the reverberation signal by measurement 
otlthe detector signal - generator current dependence in 
the range T," The characteristic bend at eV = 46 (insert) 
is sigrtificant for 26 phonon reverberation. 
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One of these is the study of 26-phonon lifetime or reverberation 
lifetime in the substrate crystal. Fig. 19 shows a slov exponential 
decay of the detector signal folloving 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, 
shoy the change of slope at eV & 46. indicating that the signal 
is caused by 2A- phonons "reverRerating" 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 81 ~. Neglecting boundary 
reflection, this can be attributed to losses in phonon transmission 
into the film and arter phonon trapping in Sn, losses in backradia
ticn into the substrate; i.e. only 13 ~ of 26-phonons incident on 
t~e 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 £f measurements, 
this can be interpreted as phonon 1088 or decay in tne 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 A120 ; i.e. 
"surface detuning tl or phonons; has been reported by Day (1972). As 
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Fig. 21. Dependence of the 26 phonon reverberation decay rate T_l 
on the Sn coverage surface to volume ratio. The slope 
K ~ 1 corresponds to total ~honon absorption. (Trumpp 
and Eisenmenger, 1917). 
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an additional result of the reverberation measure~ent of Fig. 21 • 
the extrapolation to vanishing coverages with So indicate a phonon 
lifetime of 65 ~s corresponding to a mean free path (dominant trans
verse phonons) of 25 em. This indicates that inel~stic 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 Qf 65 ~s, the free 
propagation transverse phonon lifetime may even be longer. 

The nature of the interface phonon decay processes is present
ly unknovn 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. t he 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-supercondt:ctor 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 1s 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 tor ballistic 2A-phonon emission and detection it anomalous 1n
elastic and elastic boundary processes are taken into account. If 
bulk phonon decay in the generator, as tor example by magnetic flux 
trapping or quasiparticle absorption, reduces the phonon signal am
plitude, this influence can be experimentally controlled by the 
measurement of ~ ff and the linearity of the signal increase with 
generator curreni n the voltage range 0 < eVe < 4AG• 

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 2~-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 (~ «T t 1) with the 2d-phonon . efr orv. a . 
populat~on of the substrate. In the flrSt case the evaluatl0n re-
sults in boundary losses of the same magnitude as determined bal
listically, and from the reverberation time constant. In the second 
case somewhat 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 inrormation on anomalous interface properties 
can be obtained by phonon rerlection and transmission measurements 
(Marx et al.~ 1978), as have been successful in studies ot the Ka
pitza-anomalyat the solid He-boundary (c~. Kinder et &1., 1980. 
Wyatt, 1980). 

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

It is to be noted that in some interface systems, especially 
metallic heaters evaporated on insulator crystals~ no deviations tram 
the acoustic mismatch model have been observed lWeis, 1969; Weis~ 
1972; Martinon and Weis~ 1979). Also T measurements for Sn-films 
on silicon show agreement with the acoU§tic model (Eisenmenger et 
al.~ 1977) within 15%. The influence or 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 a1.~ 1979) no indica
tion or phonon boundary 10s9 vas found. This indicates the possi
bility of avoiding boundary losses by ideal interrace conditions. 

Experiments with AI-recombination phonons (Trumpp and Eisen
menger~ 1977; Welte and Eisenmenger, 1980) shoved reduced interrace 
losses 8S compared to 2A-Sn-phonons~ indicating a significant but 
smooth frequency dependence. 

Also low energy decay phonons~ resulting from interrace losses~ 
have been observed (Trumpp and Eisenmenger~ 1977; Korczynskji and 
Wyatt~ 1978). With respect to the spectral distribution ot pbonons 
resulting rrom inelastic boundary decay~ a high probability with 
half the original frequency is to be expected from the maximum ot 
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 loy frequencies by multiple 
decay steps appears possible. 

Quantitative evaluation of phonon-transmission experiments have 
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been also reported tor 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 recombi~ation, 
since primary decay processes and phonon escape are infl~enced 
by quasiparticle and phonon scattering in the generator film (see 
Sect. 3). In addition, it must be expected that this is ~trongly 
influenced by the microcrystalline film structure. Model calcula
tions, therefore, remain of approximate nature. The comparison with 
experimental data resulted in order of magnitude agreeme~t with 
phonon signal amplitudes within 10 % - 40 % of the calculated val
ues, indicating again phonon interface decay or increase~ re
flection. 

An interesting possibility is the observation of ch~ges in 
the relative amplitude tor longitudinal and transverse plonons at 
the onset of phonon reabsorption by pairbreaking in the &enerator 
(Long, 1972; Eisenmenger, 1976a; Welte and Eisenmenger, 1980). Such 
changes rerlect the dirrerence 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 2~-phonon trapping. From observing the relative transverse 
and longitudinal signal amplitude ratios below and above the gen
erator voltage eVG S 4AG, in principle conclusions about the strength 
of the longitudinal and transverse electron - phonon int~raction in 
relaxation decay can be drawn. Such ~hanges of the amplitude ratio 
are reported by Welte and Eisenmenger ('980). In the quantitative 
interpretations of these measurements mode conversion of relaxation 
phonoDs 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 non ideal in
terface and film-structure properties. 

6. EXPERIMENTAL PROBING OF THE QUASIPARTICLE DISTRIBUTIOK AND 

APPLICATION TO PHONON SPECTROSCOPY 

Tunneling measurements with junctions composed o~ supercon
ducting films with dirrerent energy gaps can be used for an analysis 
o~ the energy distribution of excited quasiparticles (Miller and 
Dayem, 1967; Chang and Scalapino, 1976). The principle of this meth
od, which has been applied to the study or nonequilibrium distri-
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butions (Kaplan et a1., 1917; Willemsen and Gray, 1978) in 8uper
conducting films, is depicted in Fig. 22, shoving a three layer 
Al-I-Al-I-Pb :Bi sandwich twmeling structure. The first and second 
films are used tor quasiparticle injection producing the nonequi
libri um 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 quasipartlcles 
tunneling into the unoccupied singularity ot the density of states 
of the third film. In the corresponding experiment, Kaplan et al . 
(1977) were able to analyze the nonequilibrium quasiparticle dis
tribution by weak tunnel injection in Al and to compare their re
,ults with theory. Excellent agreement was found including clear 
evidence for branch imbalance. Recently, the same method has been 
auccesstu1ly 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 
~hat the approximate description of the nonequilibrium distribution 
~y a ~+ or ~ model (Oven and Scalapino, 1972; Parker. 1975) depends 
characteristically on the strength of injection. 

As demonstrated by Dietsche (1978). it is also possible to use 
this metbod tor the analysis of quasiparticle distributions produced 
~y phonon-induced pairbreaking. In this case the first film i8 not 
~ecessary and the tunneling junction, consisting of AI-I-Sn or 
Al-I-Pb :Bi, is directly used as phonon detector. Phonons absorbed 
~y pairbreaking in the AI-film produce a quasiparticle distribution 
~ith an upper energy limit at E = ~Q - AAI (MQ = energy of incident 

--

f'b: Bi 

On .. t of 
Tunneling 
Cwo,.nt 

f i g. 22 . Direct probing of the quasipart i Cle distribution in a 
three layer tunneli ng sample. 
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phonoos). 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
cessrully 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 a1., 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 ~n = eV - 26 • whereas the lover cut-off energy of the re
c~mb~n~tion spegt:um ~t ~n = 2Aa in e~lier.experimen~s showed a 
81gn1f1cant contr1but1on of spectral d1ffUs10n extend1ng to energies 
below 2~. In later experiments (Koblinger and Forkel, 1980; Lang 
et 81., 1980) less spectral diffusion was observed. A possible 
origin of spectral diffusion 1s magnetic flux trapped in the genera
tor junction which leads to gap smearing and in-gap quasiparticle 
states ~ch participate in phonon reabsorption and emission thus 
shifting the 26-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. 

7. RESULTS AND OPEN QUESTIONS 

Nonequilibrium phonon experiments with superconducting film 
tunneling junctions have demonstrated that phonon spectra produced 
by nonequilibrium quasiparticle distributions are veIl in accord 
with the predictions of theory. This is also demonstrated by the 
successfUl application of 5uperconducting 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 o~ longitudinal and transverse phonon 
emission and reabsorption (i.e. transverse and longitudinal phonon 
mean ~ree path data by pairbreaking, quasiparticle scattering and 
volume decay) in the superconducting ~ilms. 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 
- ~or instance high injection - conditions. 
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