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We have studied the dynamics of the nonequilibrium state produced in single-crystal superconducting
indium by pulsed laser irradiation using tunnel junctions. By a suitable choice of a thin metal film in in-
timate contact with the indium crystal, we have been able to produce a pronounced change in the time
evolution of the excess quasiparticle density which indicates that the quasiparticles are trapped in the
film. This effect can take place both when the film is another superconductor of lower energy gap or
when it is a normal metal made superconducting by the proximity effect.

PACS numbers: 74.50.+r, 29.40.—n, 73.40.—¢

The interaction of a nuclear particle or a photon with
a superconductor at low temperatures leads within a few
picoseconds to a metastable state consisting of broken
Cooper pairs or quasiparticles (electrons) and low-en-
ergy phonons. The energy required to break a pair is of
the order of 2A, where A is the superconducting energy
gap. For typical superconductors with an energy gap of
order 1 meV this implies that 10° times more electronic
excitations are produced than in more conventional semi-
conductor detectors. The quasiparticles diffuse in the su-
perconductor with a diffusion coefficient which is deter-
mined by the electronic mean free path and are ultimate-
ly lost from the system by the loss of recombination pho-
nons. Phonons having energies @ < 2A interact rarely
with the quasiparticles and propagate ballistically with a
velocity determined by the sound velocity. A supercon-
ducting tunnel junction (STJ) can be used to detect
these excitations. The magnitude of the signal current
from a STJ, when biased below the sum of the energy
gaps and exposed to a source of excitation, is inversely
proportional to the volume of the films of the junction.
For a volume of superconductor sufficient to contain the
interaction of a y ray the signals are undetectable. In or-
der to enhance the signal in the case of large crystals of a
superconductor, Booth has proposed the idea of quasi-
particle trapping where the excess of quasiparticles
created in the superconductor by an interaction can be
trapped in a smaller volume of a smaller-gap supercon-
ductor.! The trapping time is proportional to the
scattering time 7, for a quasiparticle of energy E (= A)
to relax to close to the energy gap of the trap Ay.p by
phonon emission. For E greater than several times Ayp,
this scattering time varies approximately as (E/Ap) ~°
and scales as the characteristic time 7o.2 Booth gives for
the trapping time

Ttrap = (Vcryslal/ Vtrap) Ts (¢))

where Vrysial and Vip,p are the volumes of the crystal and
trap, respectively. The trap material will also be sensi-

tive to phonons in the energy band 2Airp = @ < 2Actystal.
We present here the first systematic study of quasiparti-
cle trapping.

In order to demonstrate the quasiparticle trapping
mechanism we report here on a series of experiments
which investigate the propagation and time evolution of
excess quasiparticles in high-purity single-crystal super-
conducting indium. The propagation of phonons in the
same system has been investigated using Al-Al and Al-
Pb STJ’s. Subsequently we identify the necessary condi-
tions to observe quasiparticle trapping in both Al and Cu
films deposited on the indium and demonstrate the
dependence of the trapping time on trap thickness. For
trapping in Cu films the signal amplitude and decay time
are dramatically changed.

Single crystals of In of dimensions 10x10%X2.5 mm
and mass 1.8 g are grown on sapphire substrates using a
vertical Bridgman technique and then chemically
cleaned and electropolished. Tunnel junctions are evap-
orated onto the top surface after ion-beam milling within
the same vacuum cycle. If desired, this surface can be
ion-beam oxidized to form a tunneling barrier directly on
the crystal. To form a trap, either Al or Cu (with a thin,
25-nm, Al surface layer) is deposited onto the cleaned
crystal surface and the tunnel barrier is formed by oxi-
dizing the Al surface. For all geometries SiO is used to
define junction areas of typically 0.2 mm? The probe
electrodes are Al or Pb. Junction resistances are in the
range 0.1-500 @ mm?2. The samples are mounted in a
helium-3 cryostat which gives base temperatures of 350
mK. Four-terminal electrical connections are made to
allow current biasing and voltage measurement. Low-
noise amplifiers are used with an integration time be-
tween 50 and 200 ns. Signal averaging for 1000 pulses
gives an effective noise of less than 20 nV rms. The
junctions are current biased in a region of low dynamic
resistance to avoid long electronic time constants.
Quasiparticles and phonons are created in the In by a
pulsed (<200 ns) solid-state laser which is directed by
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FIG. 1. Schematic of the experimental arrangement (not to
scale). For devices using Cu as a trap an additional layer of Al
is used to form the tunneling barrier.

an optical fiber onto the surface of the crystal opposite
the junction. A second fiber is mounted above the junc-
tion to allow measurement of the lifetimes of direct exci-
tations in the STJ films. Figure 1 shows a schematic of
the experimental arrangement.

When the crystal surface is oxidized and a larger-gap
superconductor such as Pb is used for the probe elec-
trode, the STJ is sensitive only to quasiparticles and to
phonons of energy Q = 2A;,. Figure 2, curve g, shows
the voltage pulse produced by laser excitation for a de-
vice using Pb as the probe film at 491 mK. From the ar-
rival time of the pulse’ we can deduce a value for the
diffusion coefficient of the quasiparticles, Dgp =10
m?s~!. This implies an impurity mean free path of
110 £ 10 um which is in good agreement with estimates
using a free-electron model and a residual-resistance ra-
tio of 10000. We interpret the decay time of the pulse
as the effective lifetime 7 =37 us of the quasiparticle
excitation in the In crystal at this temperature.

When an Al-oxide-Al tunnel junction is formed on the
crystal without ion milling the crystal surface, we find
that there exists a barrier sufficient to strongly impede
the diffusion of quasiparticles from the In crystal into the
first Al film even though there is no measurable electrical
resistance. This conclusion is reinforced by the fact that
we obtain very similar results when a layer of SiO is de-
posited between the In crystal and the junction. Conse-
quently, the junction detects only phonons with energy
Q = 2Aa;. Figure 2, curve b, shows the pulse observed at
369 mK. The decay time of this phonon pulse and its
temperature dependence are the same as those of the
quasiparticle pulse of Fig. 2, curve a. This implies that
the phonons above the detector threshold of 360 ueV are
predominantly produced by the same mechanism respon-
sible for the quasiparticle decay. The mechanism ap-
pears to be the decay of recombination phonons in the In
into two phonons of energy approximately Ay, which sub-
sequently decay with an average lifetime of 8.25 %+ 0.25
us to an energy below the 360-ueV threshold. The pulse
shape of Fig. 2, curve b, can be fitted using this decay
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FIG. 2. Voltage pulse following 200-ns laser impulse onto
the crystal. Curve a, quasiparticle pulse from In(crystal)-
oxide-Pb; curve b, phonon pulse from In(crystal, not milled)-
Al-oxide-Pb; curve ¢, quasiparticle pulse from In(crystal)-
Al(trap)-oxide-Al; curve d, quasiparticle pulse from In(crys-
tal)-Cu(trap)-(Al)-oxide-Al. This trace is reduced by a factor
of 10 compared to a-c.

scheme. This lifetime is not too different from the value
of about 4 us calculated using the expression due to Kle-
mens* for the anharmonic decay of longitudinal phonons
in In at 500 peV. This interpretation is reinforced by re-
sults obtained using Al and Ti superconducting bolome-
ters which indicate that the number of phonons is in-
creasing on these time scales.

When the In crystal is ion milled prior to deposition of
the Al, quasiparticles are detected. This is indicated by
the arrival time of the leading edge of the voltage pulse
of Fig. 2, curve ¢, which is the same as for the quasipar-
ticle pulse of Fig. 2, curve a. In all devices with good
quasiparticle transmission we observe changes in the
current-voltage characteristics of the junctions which in-
dicate that the Al trap has the T, of the bulk In, and
that the value of Aa; is enhanced at low temperatures.
Figure 3 shows the observed temperature dependence of
the two peaks in the Al density of states for a thickness
of 650 nm Al. The low-temperature energy gap is 230
ueV for this device. For comparison, the dashed curve
shows the usual BCS temperature dependence of the Al
energy gap. The solid lines are fits to the data using the
McMillan model of the proximity effect.’ In this model
the interface between the two metals is considered as a
barrier through which the electrons, which experience
the long-range pairing interaction in the superconducting
state, tunnel with a probability o and thus modify the
energy gap and density of states in the Al film. We con-
clude that only when these modifications are observed
can quasiparticles be transmitted and trapped. The fit of
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FIG. 3. Temperature variation of the energy of the two
peaks in the Al density of states for 650-nm Al film on the In
crystal surface. The solid lines are from a fit using McMillan’s
model of the proximity effect. The dashed curve shows the
usual BCS temperature dependence of the Al energy gap.

Fig. 3 gives a value 0=0.13. The reduction in 7gp, the
quasiparticle-number decay time, is evident by compar-
ing the decay times of Fig. 2, curves a and ¢. Taking

T =77 "+ 1mp, )

where 7 ! is the quasiparticle decay rate at the ap-

propriate temperature in the crystal without trapping, we
deduce a value for 7y,p of 39 =3 us. Using Eq. (1) the
scattering time 7 is found to be 10+ 1.2 ns and a value
of 1o for the Al film can then be calculated using the ex-
pression of Kaplan et al.? for 7,/7o. We find 7=0.11
+0.013 us which is very close to the value measured by
Chi and Clarke for clean Al films.®

Because of the proximity effect, we are not restricted
to a very limited number of superconductors for the trap
material, but can use a normal metal with a very small
induced energy gap. We have tried several metals but
have studied only Cu extensively.

For a typical device with a Cu thickness of 250 nm
and Al as a probe, the Cu has a low-temperature energy
gap of 24 ueV, and a fit using McMillan’s model gives a
transmission probability o=0.048 for the In-Cu inter-
face. The voltage pulse, shown in Fig. 2, curve d, has an
arrival time characteristic of quasiparticle diffusion, but
the decay time is much shorter than that of any of the
previous pulses. Using Pb as a probe electrode, the tem-
perature dependence of the amplitude of the signal from
the Cu is determined by the recombination time in the
Cu. Results are shown in Fig. 4(a), where the solid
curve comes from the recombination time calculated us-
ing Eq. (8) of Ref. 2 and the measured Cu energy gap.
The decay time of the pulses from direct laser irradiation
of the STJ has this same temperature dependence. The
calculation assumes that the phonon trapping factor
which enhances the apparent quasiparticle lifetime in a
superconducting film is negligible. This assumption is
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FIG. 4. (a) Temperature dependence of the peak signal from
a device using Cu as a trap. The line is a fit using the calculat-
ed quasiparticle recombination lifetime in the proximity layer.
(b) Plot of trapping rate vs trap thickness for a number of de-
vices with Cu traps.

consistent with an estimate by Long’ of the phonon
mean free path in Cu films (1.2 um at Q =400 peV)
and also with the null observation of phonon pulses in
this device. We have studied the phonon spectrum emit-
ted in trapping using Al-Pb STJ’s, electrically isolated
from the trap, as energy-selective phonon detectors.®
These results demonstrate the production of phonons of
energy A —Aap and reinforce our conclusion that the
pulse of Fig. 2, curve d, is due to detection of quasiparti-
cles which diffuse in the In crystal and are trapped by
the Cu.

Using a suitable diffusion function® to model the
quasiparticle propagation, the pulses can be fitted and a
value for 7qp obtained. Using Eq. (2) we deduce a trap-
ping time 7yap of 5.1 £0.2 us for the pulse of Fig. 2,
curve d. This is several times shorter than values ob-
tained with Al films of similar thicknesses. We also note
that the amplitude of the voltage pulse of Fig. 2, curve d,
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measured at the detector is much larger than that of any
of the previous pulses.

We have determined 7y, for several devices with Cu
thicknesses dc, in the range 250 <dc, <700 nm and
with low-temperature energy gaps ranging up to 50 ueV.
Figure 4(b) shows 1/7y,, plotted as a function of film
thickness. The results are consistent with a straight line
through the origin, justifying the use of Eq. (1), and give
a value for 7, of 0.62 +0.06 ns. Using the expression of
Kaplan et al. for t;/79 with T.=3.40 K we obtain a
value for 7o of 1.06 £0.10 ns for Cu films with proximity
effects.

In conclusion, we have investigated the time evolution
of the quasiparticles and phonons produced by pulsed
laser irradiation in bulk superconducting In. The dom-
inant production mechanism for phonons in the range
360 < @ <1050 peV is from the decay of recombination
phonons of energy 2A;,. The quasiparticle decay time is
modified by the presence of a proximity metal layer of
lower energy gap when the interface between the In crys-
tal and the metal layer is clean. The McMillan model
gives a good account of observed energy gaps in this lay-
er. The trapping rate is proportional to film thickness.

Trapping occurs both when the layer is a superconductor
of lower energy gap or when it is a normal metal made
superconducting by the proximity effect.
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FIG. 1. Schematic of the experimental arrangement (not to
scale). For devices using Cu as a trap an additional layer of Al
is used to form the tunneling barrier.



