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ABSTRACT

The propagation of non—equilibrium phonon and quasiparticle signals in bulk single
crystal superconducting niobium has been investigated using superconducting tunnel
junctions. Excitations generated by pulsed laser light and particle interactions were
studied in 2-12 g crystals. At temperatures below 2 K the lifetimes of non—equilibrium
phonons were found to be very much shorter that the theoretical bulk anharmonic decay
times. Quasiparticle propagation was observed limited by impurity scattering. The
proximity effect in Al thin films on Nb single crystal surface was studied. Particle
interactions were detected in Nb with both position and energy resolution. The
possibilities for using a detector based on superconducting single crystal niobium for a

dark matter search are discussed.
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Chapter 4 describes the experimental techniques used to fabricate STJs on the
surface of the Nb crystals. The cryogenic systems, laser system and measuring electronics

are also described.

Chapter 5 covers a number of the experiments performed to investigate the transport
properties of phonons and quasiparticles in Nb single crystals at low temperatures. The
results represent only a small — but successful — fraction of the work carried out.

Comparisons are made with the theory developed in Chapter 3.

Chapter 6 presents work carried out to study the surface of the Nb crystals and to
look at its modification by a thin over—layer of Al. The surface physics of Nb is extremely
complex and has posed a number of barriers to the successful study of the bulk properties
of Nb. The techniques developed may ultimately assist the detection of non—equilibrium

quasiparticle signals through the mechanism of quasiparticle trapping.

Chapter 7 presents some results on the detection of a-particle and y-radiation and in
the light of these results discusses the prospect of differentiating between nuclear and

electron recoil events.

Chapter 8 provides a summary of the results presented.
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fact, approximately a constant. In order to explain these observations it has been

suggested that a halo of non-luminous (or dark) matter also permeates the galaxies.

If we now consider the gravitational behaviour of the Universe as a whole, it is
strongly argued that the total matter in the universe is just sufficient for gravitational
forces’ to close it. If we denote the mean density of the Universe (for closure) as 2 =1,
then it is argued that if Q > 1 the Universe would be collapsing under gravitational
attraction driving Q — . If Q < 1 then the Universe would be rapidly expanded, driving
Q — 0. If we are to assume that current (large scale) observations which show € ~ 1 are
not due to the chance that we exist at an era when this just happens to be the case, then
Q = 1. A mass density, Q = 1 is also predicted by Inflation Theory, which describes the
early expansion of the Universe, after the Big Bang. This theory helps to resolve

problems concerning flatness and the event horizon and is highly favoured.

Astronomical measurements of the mass density of the Universe yield a range of

values which appear to get closer to Q =1 at larger distance scales (see Table 2.2.1).

Scale
(x h-1 Mpc) Q
Luminous parts of galaxies ~0.02 0.01
Haloes of galaxies and groups of galaxies ~0.1-1 0.02-0.2
Cosmic virial theorem ~3 ~0.2
Virgo infall ~ 10 ~0.2
Large-scale infall ~ 30 ~0.2-1
Cosmological tests 3000 0.1-2
Cosmic Inflation 1

Table 2.1.1. Q, as a function of distance scale. (After [9]). h is a parameter ~1 that reflects the
uncertainty in the Hubble Constant.

Luminosity measurements of the centres of spiral galaxies indicate that the density

of luminous (baryonic) matter is Qp =< 0.01, less than 1% of the density required to close

70n cosmology scales gravity becomes the dominant force
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factor in the square brackets (to the power 2). This factor!3 is ~N2 and would favour
targets nuclei with a large number of neutrons (see Fig. 2.3.1). For large mass WIMPs
there will be a loss of coherence for large recoil energies which will suppress this factor.
This has been considered by Ellis and Flores [17] and Engel and Vogel [18] and will

become significant for WIMP masses > 50 GeV.

Evt/keV/day
100.;

Si

. .
g 25 5 75 10 135 15 175 2bccoll (keV)

Figure 2.3.1 Calculated recoil spectrum (Events keV-! kg'! Day!) for 50 GeV WIMPs incident
on 3 different absorber materials (Si, Ge and Nb). The model assumes cross-section
characteristic of weak coherent scattering (Eq. 2.3.2) of WIMPs with a Maxwell-Boltzmann
velocity distribution (Vgpms = 300 km s°! and a cut off at 600 km s'!). No account is taken of the
loss of coherence for high momentum transfers during nuclear recoil. The fluctuations in the
tails of the distributions are caused by low statistics in the Monte Carlo simulation.

Massive Majorana neutrinos scatter only through spin—dependent interactions. The

cross—section for scattering off nucleons

2_2 2
_ M e 250741
(m,+m;) 8w [2.3.3]

(0}

SV

is much smaller than that for massive Dirac neutrinos, and similar to that for LSPs, which
also have axial-vector couplings. A is a nucleus dependent factor and J is the magnitude

of the nuclear spin. For the single particle shell model

13Since sin? By is ~ 0.23 and so the proton (Z) contribution is suppressed.
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1
2L +1

~*x

[2.3.4]

for a nucleon in an orbital L and J =L = 1/2.The values of A2 J(J+1) have been tabulated
for the single particle shell model and also for the odd group nuclear model!4 in Ellis and
Flores [17] and Engel and Vogel [18]. Engel et al. [19] have considered the case of
(neutralino) scattering from Nb specifically, using a model which considers 3 valence
protons and 2 valence neutrons. They conclude that in this isolated instance the
predictions of the odd group model are worse than those of the single particle shell
model. 15

For an LSP the coupling is dominated by the axial component. The cross section (at
low energies) is given by Eq. 2.3.3 where the coupling is replaced by a term summed over

the quarks charges, gr and the mass of the scalar particle, m¢, exchanged in the scattering,

2.2 4q*
Oy = — M1 250541
(m, +m;)" mm

The density of WIMPs 16 at the earth is expected to be ~0.3 GeV cm-3 which is
about a third of that at the centre of the Milky Way [9]. Ellis and Flores have calculated
that the expected total scattering rate for neutralinos (LSPs), of mass 25 and 75 GeV, on
93Nb, is in the approximate range 0.002-0.1 events kg-! day-1. The rate is very dependent
of the mass of the neutralino and the mass and the nature of the intermediating particle.

If further WIMP searches (using earth based recoil detectors) are undertaken it will
be necessary to use a range of absorber materials in order to maximise the region of
WIMP “mass versus coupling” space 17 that can be checked. In general, the recoil energy
of the nucleus will be a maximum for mw ~ mr, the mass of the target nucleus. Searches

for WIMPs that interact via axial coupling will require nuclei with non-zero nuclear spin.

14This model is normally a better approximation for nuclei away from shell closure. It uses the assumption
that the odd group of nucleons contributes all the nuclear angular momentum, while still assuming that the
even group of nucleons has a vanishingly small angular momentum.

I5This paper also contains calculations of the nuclear form factors applicable in the analysis of high
momentum exchanges.

16 Assuming they are the majority of dark matter in our galaxy.

17 An example of a mass versus coupling diagram is shown in Fig. 2.3.2
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extremely low levels of natural radioactivity. Care has to be taken not to induce additional
activity from comic ray bombardment and so equipment and detectors must be stored
underground. Shielding (boron—loaded polythene, for example) also has to be introduced
to reduce the high energy and thermal neutrons fluxes. Neutron events are particularly
problematic since they mimic the nuclear recoil events of dark matter scattering. This will
be discussed in a later paragraph.

A measurement was made of the radio purity of the high purity Nb samples we have

used in our work to date and is shown in Table 2.3.1 [20].

Element Concentration (ppm)
K < 0.037
Rb < 0.0057
Lu <0.0010
Th < 0.00028
U < 0.00029

Table 2.3.1 Analysis of high purity Nb for levels of elements which are a source of radioactive
background.

In addition to the passive shielding techniques discussed above it may also be
possible to reduce the effective background event level using other techniques. It has been
shown that low temperature Ge and Si detectors, which simultaneously measure the
lonisation and phonon yield from an interaction, can distinguish between y-ray and
neutron recoil events 20. We are investigating the dynamics of interactions in Nb in order
to establish if such discrimination is possible by either measuring the relative phonon and
quasiparticle yields or the spectrum of non—equilibrium phonons . Some initial results for
Nb are reported on o—particle and y-ray events (in Chapter 7) and also on the significant
variation in pulse shapes for different non—equilibrium phonon distributions (in Chapter

5).

20See the Proceedings of the IVth International Workshop on Low Temperature Detectors for Neutrinos
and Dark Matter, Oxford, UK [21].
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detectors.[26]
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differences in the characteristic times, governing the behaviour of the phonons and
quasiparticles.

In the course of the experimental investigations in this work it was surprising to
discover that the effective propagation times of the phonon and quasiparticles are
reversed in Nb.22 While the velocity of phonons in Nb is 100 times lower than that of the
quasiparticles 23, the latter have apparent m.f.p.’s which are three orders of magnitude
smaller than the former. In the highest purity Nb crystals (RRR ~ 10%) we observed
ballistic propagation of the phonons over distances ~1 cm and quasiparticle diffusion with
a m.f.p. of ~ 10 um. In low purity Nb (RRR ~ 60) the m.f.p.’s were 100 um and 1000 A,
respectively.

At low temperatures, T « T, the properties of phonons in Nb, in the energy window,
0<Q <3.1 meV (2ANp) should be similar to those in dielectric crystals24. Nb has a
higher Debye energy Qp than the other superconductors listed in Table 3.1.1. The
elevated Debye energy would be expected to lead to long phonon anharmonic lifetimes.25
An enhanced phonon lifetime also increases the effective lifetime of the quasiparticles
(see §3.3.2). In §5.5 we suggest that the lifetime of phonons in bulk single crystal Nb
appears to be limited by decay mechanisms at the surface of the crystal. We were unable
to unambiguously observe thermally limited recombination of quasiparticles in bulk Nb at

temperatures below 2 K.

In §3.4 we discuss the response of superconducting tunnel junctions (STJs) to non—
equilibrium phonon fluxes from the substrates on which they are fabricated. In the course
of this work STJs were used extensively to observe the behaviour of non—equilibrium
states generated in the Nb by laser and particle excitations. We also consider the quasi—

equilibrium case of a STJ exposed to a black-body distribution of phonons. For the

221y Sn, In and Pb quasiparticles were shown to arrive in advance of phonon signals over propagation
distances of 1-3 mm.

23Compare Tables 3.2.1 and 5.1.2.

24The condensation of electrons, at the Fermi surface, into bound Cooper Pairs prevents phonons (Q < 2A)
scattering from them.

25The anharmonic decay rate of phonons is proportional to (Qp)- (see §3.3.8). The Debye temperatures of
a number of superconductors are listed in Table 3.3.1.
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At thermal equilibrium detailed balance requires that the rate of creation of
quasiparticles (phonons) at a given energy must equal their rate of annihilation. Analysis
of the coupled systems away from thermal equilibrium requires calculations of the
interaction rates responsible for the creation and annihilation processes. They are
summarised in Fig. 3.3.1 and labelled with the symbols that will be used through out this

work when discussing these processes.

Phonon Scattering Quasiparticle Scattering
Ts
Togp or
° >

Phonon Pair Breaking Quastiparticle Recombination

Tr

Tpb

",

Figure 3.3.1 Schematic of first—order phonon and quasiparticle interactions in a
superconductor. Quasiparticle-quasiparticle and impurity scattering are not shown The
processes will be discussed in §3.3.2-3.3.8.
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T, ®p A o’ rgh

(K) X) (meV) (ns) (ps)

Nb 9.2 275 1.515 0.149 4.17
Pb 7.19 105 1.350 0.196 34.0
Sn 3.75 200 0.590 2.30 110
In 34 108 0.540 0.799 169

Al 1.19 428 0.180 110 27 242

Table 3.3.1. Parameters for a number superconductors. Taken from Ref. [36] unless otherwise

indicated.

The times of the various quasiparticle—phonon interactions are expressed in terms of

the characteristic times T2, ‘c(’;h. These are given by

o __ %O [ 1 mTC3], (33.5]

O 2mb(k, T, |

gh = hNion2 , lh o A o TC . [336]
4naN(0)a,,A(0) 174

These times correspond to the approximate lifetimes of electrons and phonons in the
normal state (T = T.). The quantity Z;(0), in Eq. 3.3.5, is the electron renormalization
factor 28. Z;(0) = (14+A) where A is the electron-phonon coupling strength. The parameter
b is the assumed constant of proportionality in the identity a2(Q)F(Q) = bQ2 where 0.2(Q)
is the square of the matrix element of the electron-phonon interaction and F(Q) is the
phonon density of states. The magnitude of a2(Q)F(Q) can be estimated, for example,
from tunnelling measurements [44]. In Eq. 3.3.6, Njo, is the ion number density, N(0) is

the single spin electron density of states at the Fermi surface and oév is the average value

of a2.

27This value is about 25% of that quoted by Kaplan. The revised estimate is derived from experimental
measurements [41-43].

28This factor appears because Kaplan's calculations were made using the Bloch states for the electrons. The
fraction of the initial quasiparticle state in this Bloch state is given by the wave—function renormalisation
(Z;(E))yV2. The remaining parts of the state consist of the superposition of virtually scattered electrons and
phonons. The energy dependence of this factor is assumed small and consequently ignored.









3. THEORETICAL TREATMENT FEBRUARY 1993

superconductor before it is able to pair break. In Nb the pair breaking time ( Tob ™ ‘cgh ) 18
very short (4.17 ps) and corresponds to a phonon m.f.p. of ~100 A. In a bulk
superconductor the phonon loss rate will be given by the anharmonic decay time (t N ¢) for
a phonon of energy Q = 2A 30, In §3.3.9 we calculate this time to be 970 ns. The observed

recombination time, T off* is given in terms of the other times quoted as

[ Ty
1+
| ") [3.3.15]

b4

tr
K

where the additional factor of 2 emphasises that each recombination actually removes two
quasiparticles. In bulk Nb the lifetime of the quasiparticles is enhanced by ~10° by this

effect.

Quasiparticle 2A-phonon mixed mode

Figure 3.3.3 Schematic representing the propagation of quasiparticles in the mixed—mode.

The propagation of non—equilibrium distributions of quasiparticles will take place
as a mixed—-mode of quasiparticles and 2A—phonons as shown schematically in Fig. 3.3.3
(Note that the same two quasiparticles will not necessarily recombine). The ratio of the

energy (of the mixed—mode) in quasiparticles against phonons will be given by

=L, [3.3.16]

In Nb this ratio only becomes less than 1 for quasiparticle densities corresponding to a
temperature of 7> 0.9 T, and at temperatures below this the propagation of this mixed—

mode will be determined solely by the quasiparticles because of the e_%BT factor.

30[n thin films the phonon loss rate will be the sum of the anharmonic decay rate and the rate of loss of the
phonons from the film into the substrate.
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The process of interest is the decay Qi — Q, + Q3 where the conservation rules for
energy and momentum imply ¢, <> ¢7 + ¢7 or ¢ <> ¢, + ¢7. The net decay rate used
by Klemens and given by Langenberg [54] is

3nh ,c, @

e A _ [3.3.26]
22 Y c; Mc:Q),

@)=

Here c, 1 are the sound velocities for longitudinal and transverse phonons, M is the atomic
mass, Qp is the Debye energy, and v is the Gruneissen constant (= 2 for metals). Equation

3.3.26 gives T %0 of 64 ns at Q = 2ANp, (The decay times at other energies go as 7).

A more detailed theoretical analysis of the spontaneous decay of LA phonons, in
terms of the second and third—order elastic constants, was performed by Tamura [S5].
Tamura’s calculations showed that the estimates of the LA lifetime in Si and Ge of
Klemens were an order of magnitude too short. Using the room temperature third-order
elastic constants for Nb determined by Chang [56] (see Table 3.3.2) we estimate the
decay times of phonons (Q2 = 2ANp) via the processes ¢ <= ¢7 + ¢r or ¢ <> ¢ + ¢r

are 970 ns and 107 us respectively.

clll cl112 cl123 cl44 cl155 c456 cL CT p
1010 dyne cm-2 (kmst) (kmsl) (gem3)
-2560 -1140 -467  -343  -168 +137 5118  2.135 8.57

Table 3.3.2 Third order elastic constants in single crystal Niobium from Chang [56, 57]. Also
shown are the phonon velocities, and density for Nb used in the calculation of the phonon decay
rates. Second-order elastic constants used in calculation are from Weber [37] and are quoted in
Table 6.2.1.

It is apparent that the decay of LA phonons is dominated by that to two TA phonons
and that Tamura’s calculation gives a lifetime over an order of magnitude longer than that

of Klemens.
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In the case we have been considering ¢ is 4. However, for tunneling between non—
identical superconductors it can become a function of both the quasiparticle energy and

the bias voltage [62]. We will not consider this case further.

with signal

Detector Current

2A

Detector Voltage e

Figure 3.4.1 Load line consideration for STJ detector signal in a current bias circuit. Symbol

definitions are in the text.

The electrical response of a constant current biased (Ig) STJ to a pulsed injection of
quasiparticles is summarised in Fig. 3.4.1. The increase in the quasiparticle density within
the STJ films effectively shifts the IV characteristic to one corresponding to a slightly
higher temperature. The increase in the thermal tunneling is described by the short—circuit
signal current, is. The effect of the constant current bias circuitry is, however, to make this
current appear as a shift in the apparent voltage bias (Vg) by an amount, vs. The signal

voltage is then given by the relation

-1
b= Ly L) i [3.4.5]
RD RL

In practice the load resistor, R, of the biasing circuitry is chosen to be very much greater

than the dynamic impedance, Rp, of the STJ and so this relationship simplifies to

[3.4.6]
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assumed to be the result of an overall rise in temperature of the substrate with which the
junction is in thermal equilibrium. This approach should not be confused with the non-
equilibrium T* and u* analyses of Chang and Scalapino [63, 64] . Our analysis can be
viewed as simply using the STJ as a thermometer although it still primarily couples to the
phonon distribution through the above gap phonons. This will be discussed in more detail

in §3.4.4 and §3.4.5.

We will now examine the relationship between the voltage signals, observed in the
current biased STJ, and the (non-equilibrium) phonon flux rate entering the detector. If
the phonon flux creating excess quasiparticles in the superconducting films of the

junction is ®(t) then the time development of signal voltage is given by

SV(t,T)=el', R (T) ar a(T,t~1)2B(T,Q)D() [3.4.8]

tun” "D

where T is the equilibrium temperature of the crystal and STJ, Rp(T) is the dynamic
resistance of the junction at the bias point, I';,, is the tunnelling rate of the quasiparticles
across the junction, B is the efficiency with which phonons (energy Q) break Cooper Pairs
creating two quasiparticles and (7t ) 1s the response function of the STJ.

The coefficient 8 contains a number of different effects. Clearly, for Q < 2A, it will
be zero due to the cut off in the Pair breaking energy. Above this threshold the number of
quasiparticles created will show a non-linear dependence with Q. This is illustrated in
Fig. 3.4.2. In the range 2A < Q < 4A the phonon will still only create two quasiparticles.
By considering the behaviour of the integral in Eq. 3.3.22 it is apparent that the most
probable outcome, when a Coopef pair is broken, is for one quasiparticle to have an
energy A and the other an energy Q-A. The second quasiparticle will relax rapidly
emitting a phonon, energy 2-2A (see §3.3.4). This phonon is unable to break an
additional Cooper pair. If Q = 4A additional pair breaking will take place but the net
effect of the mechanism described will be for the STJ to show a 50% efficiency. In the

absence of more detailed information on the spectra of phonons we were detecting, we
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have taken note of this effect, but assumed that we were in the regime where m (defined

in Fig. 3.4.2) ~1.

/7
7/
| /7
3 Jid
7/
//
~~ m = EM ///
3 n
~ /
B /7

E 2 // m= 05 —zh

’ 2A

7/
/7
/7
/7
/
7/
/7
1 F
| |
2 4 6

PHONON ENERGY E,, (2A)

Figure 3.4.2 Detector phonon counting rate m as a function of phonon energy Eph. The
parameter m = 1 corresponds to the excitation of two quasiparticles by Cooper Pair breaking in
the energy range 2A < Eph < 4A. For higher energies the counting rate is expected to increase as
m = 0.5 Eph/2A by additional 2A—phonons produced by quasiparticle relaxation in the detector.
The dashed line corresponds to a counting rate increasing in proportion to energy with m =1 at
Eph = 2A. Figure is from Eisenmenger [60] after Forkel.

B also contains a factor related to the probability of an above gap phonon pair
breaking before it either decays in the film or leaves the film back into the substrate. The
pair breaking rate itself also has a small temperature dependence (see §3.3.6), however
for T < 0.5T, (of the film), this can be assumed to be constant. In the experiments we
conducted the film thicknesses were typically in excess of the m.f.p. for pair breaking for

the materials used. Again we assume the efficiency is unity.

The transmission probability of phonons from the substrate in to the film will also
be dependent on the phonon energies and modes. An adjustment could be made to using
the acoustic mismatch model [54, 65], however, the results will not be significantly

altered.
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For the purposes of evaluating Eq. 3.4.8 we will assume B is independent of
temperature and ~1 bearing in mind that the STJ becomes a phonon counter rather than
measuring the total energy in the phonon flux. In the following calculations we will

simply use a factor of 2A to convert the phonon number back into an energy flux.

a(T,t-t’) is a function describing the response of the detector arising from the
combined effects of the effective recombination time of the quasiparticles in the STJ films
(tp) and the electronic RC time constant (tgc) discussed in §3.4.2. It has the form (see

Appendix C)

(TRC - Tr)

a(t)y=—2 [e—— _ e—r—’} [3.4.9]

Both t; and TR are function of temperature. In the case where ®(t) is a step function,
@(t) = g (t = 0), a constant flux rate of phonons, Eq. 3.4.8 becomes:

8V, =el', R (T)T,(T) 2D, >Tye,T, | [3.4.10]

tun

At a given temperature Rp(T) and tp(T) can be measured directly and T,
determined from the normal state resistance of the STJ. Voltage signals can be expressed
as phonon energy (or number) fluxes (assuming § = 1).

The total phonon number in a signal can be obtained by the time integration of the

voltage signal (in effect the total charge collected) which is then converted using Eq 3.4.8.
f (B®)ds = (2¢T R, (T)T,(T))" f V(t)dt. [3.4.11]

In the cases where we wished to extract variations in the phonon flux which are on
time—scales comparable to T, it is necessary to return to the original form of Eq. 3.4.8.
Within numerical factors this is a convolution of the functions a(t) and ®(t). Using

Fourier Transforms (FT) it is possible to show that the phonon flux is given by

[3.4.12]

() = FT- [ FT{ V(¢ )]].

FH{a(")]
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where f(x,y) can be assumed to take the form given by Van Duzer [39] p87 for a

homogenous STJ (This equation is a more complete form of Eq. 3.4.2)

f(x,y) = e (1+x) 2(1+2x)sinh(xy)K, (xy) [3.4.15]

where Kj is the zeroth-order modified Bessel function. 38

The quasiparticle excess can be related to the temperature by the low temperature

approximation 39

n,=ay*e”, a=2NO)2n)A, y»l, [3.4.16]

q

and its temperature dependence is given by

on 1
— = —nqp(l + —) =-n,, y»l

dy 2y [3.4.17]

In addition the tunnelling rate of the quasiparticles is related to the normal state resistance

by

T, =[4eN(O)R, (vol,,)[ ", vol, = Lvol, [3.4.18]

where vol is the total junction volume and N(0) is density of electron states at the Fermi

surface for one spin state in states eV-! vol-l. The dynamic resistance is given by

1 _ol| _edl| 1 4
R, 4Vl 2A0xl, R, dx|,

y

[3.4.19]

We now look at two independent ways of parameterising the behaviour of the STJ
IV characteristic when an excess number of quasiparticles, 8N, is present over the thermal

equilibrium number, N.

38The Bessel functions (of first and third kind) are given by
K,(x) = %iH((,”(ix) [which will be real for real x]

HP(x) = J,(x) + iN,(x) [latter term is 0/ 0 but is well defined in the limit]

1 3
1w\ 2A -1
39 In this notation T.' =(rg”) 1(5) (k T ) y‘e”
slc
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The voltage signal arising from the change in temperature of thin films due to an
excess of quasiparticles, dN at a constant current bias is

av|sN _ av| &N [3.4.20]

on,, |1 vol dy |1 nqpvol'

sV =

The partial differential of the voltage with inverse temperature at constant current can be

rewritten
8V| =2A o"x| =_2A 07f| 8f| —1. [3.4.21]
ayl, e ayl, e |yl []oxl,

Alternatively if the voltage signal is assumed to arise from the excess current over

the dynamic resistance of the junction

6V® =el", R,ON, [3.4.22]
6V‘R’=——1—( oN ) Ry . [3.4.23]
2e\ N(O)vol/\ R,

The ratio of the two signals is

-1
(R)
AU i | [3.4.24]
v AN(0)A | dy|.

Most of the temperature dependence can be isolated in the partial differential on the RHS

of Eq. 3.4.24 by the substitution

of

1 n
pw i y 2e”?B(x,{y}) = £ B(x,{y}) where B is a weak function of y [3.4.25]
y o

X

which allows the removal of Ngp from the ratio

AT w1 1 5 9f
—(Z) — = yie? 2L . 3.4.26
av(T) ( 2) ﬁ(X, {y}) where ﬂ(x,{))}) ye ay ) [ ]

For an homogenous STJ with BCS gap 2A=3.53 kpT the ratio has the form shown in Fig.
3.4.4 for various value of T/T,. The signal sizes are nearly identical for biases eV =2 0.1A.

At low biases the shape of the IV curve means, following an injection of quasiparticles,
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assuming that the STJ is biased at a point on a constant IV curve but at a voltage which
gives a thermal current equal to the original thermal current minus the excess tunnelling

current, is no longer valid.

02 04 06 08 1

Figure 3.4.4 Ratio of voltage signals (for STJ at constant bias, injecting fixed number of
quasiparticles) for Rd model divided by film temperature model. The top line is for T/Tc=0.5
running in equal steps down to 0.1. Horizontal scale is bias parameter x.40

It is worth noting that the relationship between the voltage signals holds even in the

presence of a temperature independent leakage current in the STJ of the form

I=1, (%) + 1,,(x) [3.4.27]
This can be represented by the substitution
Fx0)—>8(x,y) = {f(x.y) + XA (x)} [3.4.28]

In the case where the leakage current is caused by a small amounts of N-I-N tunnelling in
parallel with the S-I-S characteristic of the junction the parameter A is a constant and is

given by the relationship:

R, = I;" : [3.4.29]

40Fi]e:
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A(T) -1

ag = 2aNkekBT +1] . [3.4.34]

For Sn STJs at 1 K we obtain

A _65 [3.4.35]

a,=3x10"a, ,
B

To first order the sub—gap phonons do not give rise to any additional tunnelling
current since the number of quasiparticles has not changed. However, they may cause
variations in the tunnelling current due to the change value of the density of states, in the
opposite STJ film, available to the excited quasiparticles. The opportunity for the
quasiparticles to tunnel in the excited states will be short lived since they will rapidly
relax back to the gap edge with times over two orders of magnitude shorter than the
effective recombination time for typical STJ operating temperatures below about 0.57,
This places an upper limit on possible effects due to these excited quasiparticles of 10-2
that of those at gap edge. The combination of these two effects leads to a maximum
sensitivity to subgap phonons some four orders of magnitude lower than those above gap

which will be detected directly by the STJ via pair breaking.

If we consider an STJ on substrate at times longer than the thermalisation time of
the phonon signal within the substrate, then a component of this blackbody distribution
will be above gap. Consequently an initially subgap phonon population will ultimately
produce above gap phonons through the mechanism of thermalisation.

Considering the behaviour of a superconductor in contact with a blackbody source
of phonons the processes affecting the quasiparticle population can be summarised:

Pair Breaking: I, (Q,E = Q - A) gp'(A),qp (Q - A)
Quasiparticle Recombination: I' (E, = A,E, = A) gp(A),gp(A)

Quasiparticle Scattering (Phonon Emission): T';""*""(E,,E, = A) gp'(A),qp(E,)
Quasiparticle Scattering (Phonon Absorption): I\ (E, ~ A,E,) gp(A),qp'(E,)

where qpT(E) and qp(E) represent the creation and annihilation of quasiparticles at an

energy E. We have not included the change in the phonon states arising from these
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processes since it is assumed that in thermal equilibrium the phonon states remain at the
blackbody distribution. The energies of the quasiparticle states have been shown at their
most probable values.

Of the four processes the last two conserve quasiparticle number and to first order
do not effect the tunnelling current observed in a STJ biased well below gap edge (see
argument in §3.4.5). In thermal equilibrium these two processes would be expected to
balance.

The first two processes would also be expected to balance when the phonon and
quasiparticle systems are in thermal equilibrium. The rate of creation of quasiparticles

will be proportional to

J N(qp)
ot

~ T, N, [3.4.36]

Q=2A

The number of phonons above 2A in a blackbody spectrum is given by (assuming simple

dispersion relation for phonons of three modes with the same velocity)

Q
3 1 > dQQ?
Son & s 5 [3.4.37]
27 (hC) 2A e; 1

In the experimental situations we are considering T « 2A « Qp and the integral can be

approximated to have a temperature dependence (ignoring constants)

© Q 2A

N (phonon) ~f dQQze—kBT ~ Te—k”_T, T«2A«Q,,. [3.4.38]
24

Q=2A

Considering the rate of annihilation of quasiparticles in the superconductor,

émva)

P - rrN(qP), rr - N(QP). [3439]

At thermal equilibrium the rates of these two processes balance implying a temperature
dependence for N@P) of the form

aN(qp) aN(qp) aqup)

2
s gl G I [3.4.40]
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however, current computer technology is well able to handle this. Intrinsically stable
algorithms are available 45> which do not require such small time steps, however, they

introduce further complexity in determining the correct boundary conditions.

t
‘Ij(n—l)z
. t !
Time Step At | i, . | @' Wiy
fort -1 +1
t
W0,
>
Ax

Figure 3.5.1 Two out of the three spatial dimensions are shown for the box diffusion

simulation.

For the non—implicit solution technique we employed, the numerical imposition of

the boundary conditions follows from the derivative form for the concentration gradient at

the surface

MM w [3.5.4]

X perp.
where h is a parameter (0 < h < 1) determining the gradient of the concentration at the
boundary. The derivative is evaluated for a direction, X, perpendicular and into the
surface. The condition h =0 corresponds to a fully reflecting surface. This parameter
relates to the actual reflection coefficient, R, for the process being considered by
1- R=hA, [3.5.5]
where A is the m.f.p. of the process (with diffusion coefficient, D) such that (with a

propagation velocity, ¢)

45A review of the techniques available for the numerical solution of partial differential equations is
available in Lapidus and Pinder or Press et al.[67]
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D=lc)t
3

[3.5.6]

We considered improving the fit to the experimental phonon data by including a
term in Eq. 3.5.1 which would reflect the finite propagation velocity of the particles

diffusing 46. One possible form is that of the “Telegraph Equation” [68],

oT 1 9°T

V§T=i .
D odt ¢ ot

[3.5.7]

The equation for the development of the signal in the discrete model becomes

+¥

(n+1);

2w )+ O Myt _wil [358]

0 )
\Ijt+l=\ljt { € \Ijt
" ¥ { \e+d)

n (n-1),
\8+6}1= /

2

The parameter

[3.5.9]

is the dimensionless ballistic parameter. The ratio of 8 and ¢ is related to the

dimensionless scattering time of the diffusion mechanism,

At [3.5.10]

£+0 [3.5.11]

(comparing Eq. 3.5.2 and 3.5.8) reduces the diffusion term which is required so that the
model does not predict the arrival of particles before their maximum speed of
propagation. The behaviour of this expression in 3-D situations fails to account for the

behaviour of ballistic component in the signal adequately 47. The parameter, ¥, cannot

461p the limit that A becomes significant compared with the source~detector distance the simple diffusion
equation will predict the arrival of a significant part of the signal at a time before that estimated for ballistic
propagation, at velocity c.

4TThe shape of the leading edge of the signal (arising from a 6(t,7)-function source) is dispersed, rather
than just attenuated, contrary to the required behaviour for the solution.
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surface, showed structure in the IV characteristics (see Fig. 6.2.1) at voltage biases of
2.8 meV which was attributed to damage during the milling operation. The minimum
operating voltage of the ion mill in the evaporation system was 2 keV so we were unable
to investigate the reduction of the damage layer by reducing the milling voltages. In
addition, the IV characteristics showed the onset of an additional current at 1.3 meV
which appeared to be caused by normal metal regions on the surface of the Nb.
Inadequate milling was shown to increase the size of this leakage current, however, we
were unable to reduce it below the contribution shown in Fig. 6.2.1. The leakage current

1s discussed further in §6.2.

We also fabricated Nbgysia—Al-Ox—Pb STJs formed by depositing an Al layer
directly on the Nb crystal, oxidising the Al, and then depositing the Pb probe film. The
initial results (see §6.3.2) for Al proximity layers fabricated in the thermal evaporation
system were disappointing. The apparent transmission probability of quasiparticles
between the Nb crystal and the Al proximity film was extremely low (6 x 10-3). During
device fabrication, the typical delay between ion mill cleaning of the crystal and the
deposition of the Al layer was 90 secs. The partial pressure of O, (~2 x 10-7 torr) in this
system was such that this delay considerably exceeds the mono-layer time. We believe
that partial formation of a Nb native oxide barrier was disrupting quasiparticle
transmission.

Significant improvement was achieved by moving the Al proximity layer
fabrication into a sputtering system with a significantly better vacuum. The CVC DC
magnetron sputtering system 38 had a base pressure of 5 x 10-8 torr (after a 12 hour bake—
out and 12 hours cooling) with typical oxygen and water partial pressures of 2 x 10-10 and
5 x 109 torr, respectively. Al films of 60-2000 A were sputtered onto the Nb crystal,
after ion mill cleaning at a succession of lower acceleration voltages (from 2 keV to
0.5 keV in steps of 0.5 keV). Unfortunately, there was no way of continuing the junction
fabrication in this system and so the crystal was removed and placed quickly in the

evaporation system. The transmission coefficient of quasiparticles at the Nb—Al interface

58gijtuated in the thin film clean room facility at this laboratory
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the measurement of the specific heat [73-79] and thermal conductivity [80-84] of bulk
Nb: properties characterising the behaviour of near—equilibrium distributions of the
phonons and electrons. Measurements of the propagation of phonons using ultrasonic

techniques have also been made [35, 37, 85-88].

Nb is now in common usage in the manufacture of thin film superconducting
devices. This work, however, is still in its infancy as far as the detailed understanding of
quasiparticle dynamics in Nb. In principle, the use of bulk single crystal Nb should
provide a simple system in which to study such behaviour. However, our investigations in
this area have been plagued by the complexity of the surface physics of Nb (see the
comprehensive summary by Halbritter [89]). Similar problems have hampered the
development of the Nb thin film devices and have also been the major barrier to previous
investigations of superconducting tunnel junction fabrication directly on Nb single

crystals (see Chapter 6 and also [90] and references therein).

In the following sections we will discuss results of the observation of phonon and
quasiparticle propagation obtained from single crystal Nb. The non—equilibrium signals
were created using laser excitations and Joule heating of the Nb surface. Phonons in the
Nb were detected using superconducting tunnel junctions (STJ) fabricated on the surface
of Nb crystals. A comprehensive review of the techniques available can be found in
Eisenmenger [60]. In summary, an STJ is formed by a superconductor—insulator—
superconductor sandwich. The current in a STJ, biased at a voltage below twice the
superconducting energy gap, depends on the number of quasiparticles in the films
available to tunnel across the insulator. At temperatures significantly below the
superconducting transition temperature, T, of the superconducting films the number of
thermally excited quasiparticles becomes extremely small. If a high—energy phonon, Q, is
transmitted from the substrate (on which the STJ is made) into the superconducting thin
film it will break a Cooper Pair in the film generating two quasiparticles. These
quasiparticles will be available to tunnel through the S-I-S sandwich and will register as
an increase in the tunneling current. The threshold for a phonon to be able to break a

Cooper Pair is Q > 2A where A is the superconducting energy gap of the thin film. In our
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experiments on Nb we have, for the most part, used STJs fabricated from Al and Sn

which have phonon detection thresholds of ~400 eV and 1200 peV, respectively.

Phonon propagation in bulk superconducting Nb is limited by an upper energy,
determined by 2Anp ~ 3 meV (see §3.3.6). Phonons above this threshold will rapidly
break Cooper Pairs in the Nb itself creating quasiparticles (above—gap phonon m.f.p. ~
100 A). At temperatures significantly below the T, of Nb, phonons at energies below the
superconducting energy gap will propagate freely, unhindered by scattering from
electrons. Given that Nb has the largest energy gap of the elemental superconductors it’s
phonon propagation properties at low temperatures are more akin to those of dielectric

crystals.

STJ junctions fabricated with the Nb crystal as one of the superconductors of the S—
I-S sandwich were also shown to be sensitive to quasiparticle signals in the Nb. The
quality of such junctions was found to be extremely poor, however. Difficulties in
providing a clean interface at the Nb surface hampered work to demonstrate the effect of
quasiparticle trapping (see §5.4). In the late stages of this research we developed
techniques which demonstrate a significant improvement in the Nb interface and we hope
to readdress the issue of trapping shortly.

Initial experiments were performed on low purity Nb crystals (RRR ~ 10-60).
Propagation of both phonons and quasiparticles were found to be impurity limited
(m.f.p.’s of 100 wm and 1000 A, respectively). Later experiments involved higher purity
samples (RRR ~ 10%) in which low energy phonons (2 ~ 400 peV) were shown to
propagate ballistically with m.f.p.’s in excess of the dimensions of the crystals studied (5-
15 mm). The quasiparticle m.f.p. also increased to 10 pm. Unfortunately, this means that
over distances between 2—10 mm the phonon and quasiparticle signals tend to overlap. As

a consequence ambiguities in the interpretation of some of our data arose.
The discussion in the rest of this chapter will go as follows. Firstly, we will provide

evidence of the ballistic transport of phonons in high purity Nb and make an analysis of

their propagation velocities based on the second—order elastic constants. This will include
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(RRR £ 60) Nb single crystals ballistic phonon propagation was almost absent over
distances of a few mm. This was due to the much smaller phonon mean free path in these
samples which was limited by impurity scattering. The observation of phonon diffusion in

these samples is discussed in more detail in the next section.

SiO
-5 Mmm———

Al SASTJ 7 \ A
!
1

> : K__ 10 mm
Direct Laser Pulse " Laser

1

: Y

Figure 5.2.1 Diagram of Nb single crystal (15 mm x ¢10 mm) with position of laser fibres and
SAST]J (see §4.3 for device fabrication details).

Figure 5.2.2 shows the first 12 pus of the voltage signal from an SASTJ in the
geometry shown in Fig. 5.2.1 at 500 mK. The voltage signal shape does not directly
represent the phonon flux entering the thin films of the junctions (and breaking
quasiparticles) due to the integrating effect of the finite quasiparticle recombination time
in the Al (in this case, T, = 1.30 ps), and the RC effect arising from the electronic
characteristics of the SAST]J, leads and head amplifier (tp~ = 0.20 ps). The voltage signal
time—base also has a slight delay between the digital oscilloscope trigger and the start of
the laser pulse. These effects can be removed satisfactorily by the deconvolution of the
signal with an appropriate function representing the response of the SASTJ and
electronics to a d-function injection of quasiparticles directly into the films.% The result
of this deconvolution is shown in Fig. 5.2.3. A gaussian time averaging (width 80 ns) was

applied to the resulting pulse to improve the signal to noise.

66This response can be measured by direct illumination of the SASTJ using a second laser fibre positioned
directly above it.
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Figure 5.2.2 Voltage signal from a current biased Al SASTJ (shown in Fig. 5.2.1) following a
laser pulse on the far face of the Nb crystal. 67

Flux(a.u.)
15001

12501

10001

7501

5001

2501

AUAA.‘AAMJ, JJ ' " J + ’ t + + t(us)

2 3 4 5 6 7 8 9 10 11

O4+——=

-250

Figure 5.2.3 Signal representing the phonon flux entering a SAST]J, obtained from trace in Fig.
5.2.2 using deconvolution technique outlined in the text. Vertical marks give calculated phonon
arrival times, based on elastic constants given in Table 5.2, for the L (5.05 km s°!), FT (2.56
km s'!) and ST (1.85 km s-!) modes. 98 The spike at t = 0 arises due to scattered light from the
fibre on the far face falling directly onto the SAST]J.

We will consider the deconvoluted pulse shape in detail. A small signal at t =0
arises due to scattered light from the fibre, aligned with the far face, falling directly on the

SASTJ. It’s presence as a narrow spike (FWHM ~ 100 ns) indicates that the

67File: “Ballistic Cross Xtal VIIIp47”
68Fjle: “Ballistic Cross Xtal VIIIp47”
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deconvolution has worked. The following oscillation is electrical pick up from the laser

drive mechanism.%9

The L phonon peak is observed with a leading edge arrival time of 3.06 = 0.01 us
for the propagation distance of 15.3 = 0.1 mm. The error in the distance arises due to the
uncertainty in the position of the laser fibre on the far crystal face. This gives a velocity of
5.00 £ 0.05 km s-! which is close to that determined by Weber (see Table 5.1) from
ultrasonic measurements on Nb. The FWHM of this pulse is ~270 ns. The electronic
processing and variation in path length over the area of the SASTJ (100 ns and 75 ns,
respectively) contribute the majority of this width. The residual width may arise from the
finite lifetime of the mechanism, at the Nb crystal surface, generating the longitudinal

phonons.

Al SAST]

Laser

Figure 5.2.4 Paths traced by L phonons causing peak at 3.8us in the trace shown in Fig. 5.2.3.

The second peak is caused by the reflection of L phonons from the surface of Nb
crystal, as depicted in Fig. 5.2.4. It has an arrival time some 18.8% slower than the initial
L pulse. This should be compared to an estimate of the additional path length of a
reflected signal (for a cylinder diameter of 10 mm) of ~20%. The ratio of peak areas for
the direct L and reflected L peaks is 1:0.63. Unfortunately, we cannot obtain a precise
estimate of the surface reflection coefficient implied by this ratio because of the
complexities presented by the cylindrical profile of the crystal combined with an
uncertainty in the position of the laser fibre. If as an approximation to the slightly offaxis
cylindrical case we assume 100% phonon reflection takes place from four planar surfaces

round the surface of the crystal this would predict a ratio of 1:1.4 indicating an actual

691t is interesting to note how the deconvolution (Fig. 5.3) emphasises the high frequency pick up when
compared to the previous Fig. 5.2
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reflection coefficient ~ 50%. A theoretical calculation of the expected reflection
coefficient will have to take into account potential mode conversion which would also

reduce the L phonon flux [91].

The timing of the reflected pulse also provides evidence for the predicted anisotropy
in the propagation speed of L phonons since if our estimate of the additional propagation
distance is correct the leading edge appears to travel with a velocity ~ 5.3 km s-1. We will

discuss this in more detail in the next section.

The third peak in Fig. 5.2.3 arises from the [110] FT phonons and corresponds to a
velocity of 2.65 + 0.03 km s-1. The forth peak arising from ST phonons appears
considerably smoothed out at around 8.5us (1.8 km s-! + 0.1). The rising background on
which it appears is due to reflected FT phonons which arrive before the expected ST
peak. As will be discussed in the next section, ST phonons preferentially propagate in the

[111] direction (phonon focusing) leading to a reduction in the number observed along

the [110] direction.”0

Flux(a.u.)
121

101

8+

WA

&1 2 5 & 5 6 7 8 & 1011 |

2

Figure 5.2.5 Signal representing the phonon flux entering a SASTJ obtained using
deconvolution technique outlined in the text. A 200 ns gaussian time filter has been applied to
improve the signal to noise ratio. The geometry is similar to that shown in Fig. 5.2.1 except that
the signal source is from the laser illumination of a Cu-SiO layer on the surface of the Nb
crystal. The use of this source of excitation is discussed in more detail at the end of this

chapter.7 1

70private Communication: B. Cabrera, Stanford, USA.
71File: “Ballistic Cross Xtal Vp102”
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The transverse phonon modes could be observed more readily by using an
alternative source of excitation (laser directed at Cu—SiO layer) on the surface of the
crystal (see §5.7 concerning the variation of the non—thermal signals in the Nb with
excitation source) in a similar crystal geometry to that shown in Fig 5.2.1 (Propagation
distance 15.3 = 0.2 mm). Both the FT and ST peaks can be clearly observed in the
deconvoluted pulse shown in Fig. 5.2.5. The ST peak is, once again, smeared out by
additional reflected FT phonons. The measured FT propagation speed is 2.67 km s-1
which is consistent with the calculated ST velocity at 15° to the [110] direction in the
[100] direction. In this case the SASTJ and laser were not arranged symmetrically on the

near and far faces.

Mode  Direction Velocity Reference
(km s°1)

L [111] 4.95 [92]

L [111] 5.02 +£0.02 [37](Calc.)

L [111] 4.943 [86]

T [111] 2.55 [92]

T [111] 2.34 [86]

L [100] 541 +0.01 [37]

[110] 5.10+0.02 [37]

L [110] 5.00 £ 0.05 (This paper)
FT [110] 2.65 +0.03 (This paper)
ST [110] 1.8+£0.1 (This paper)
ST [110] 1.865 = 0.002 [37]

Table 5.2.1 Measurements of the velocities of phonons in Nb at
low temperatures.
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cll cl2 c44 Density
(1010 dynes cm™2) (g cm-3)
Alers[38] 254.2 134.0 30.9
Weber[37] 246 + 2 134 £ 4 294 + 0.1 8.44 =+ 0.01
Values used in 246 134 29.4 8.5773

calculations

Table 5.2.2 Experimental values of the second order elastic constants of Nb. The last line in the
table is the set of parameters used to calculate Figs. 5.2.6-5.2.10.

In Figs. 5.2.6-5.2.8 we have plotted the surfaces, in 3-D, representing the low
energy (2 « Qp 74) dispersionless phonon velocity for the three separate phonon modes.
The techniques to obtain these surfaces are well documented and will not be discussed
further here [10, 93, 95]. In Figs. 5.2.9 and 5.2.10 we have also plotted velocities in the
planes through the [100]-[110]-[010] and [100]-[111]-[110] directions. It can be seen
that, while the L phonon velocity varies by only 10% in all directions, both the T modes
are considerably distorted. The points on the curves of Figs 5.2.9 and 5.2.10 were spaced
in k-space at 5 degree intervals of 0. Regions where they are closely spaced or the lines
double back indicate regions were phonon flux will be concentrated. This can also be
clearly seen in the half-octant 3-D projections of Figs. 5.2.6-5.2.8. While the L group
velocity surface is close to a sphere, the FT and ST group velocity surfaces are
considerably distorted. The fold-back directions, along which phonons will appear to
preferentially propagate, are the [111] directions for ST phonons, and the [111] and (more

significantly) the [110] directions for the FT mode.

In high purity Nb single crystals low energy phonons (2 = 400 ueV) propagate
ballistically with m.f.p.’s of many cm s. The group velocity surfaces of the phonons are
extremely complex and warrant further study. Given the limited flexibility of our current
laser system in our cryostat we have been unable to map out these focusing patterns.

However, the anisotropy of the phonon velocities were confirmed for a number of fixed

Density at 300 K from [94]. Thermal contraction at low temperatures would increase this value ~1%.
74Q ,, (= kg®p) is the Debye energy which is around 23.7 meV in Nb averaged over all phonon modes.
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laser positions. The importance of these focusing patterns will have a number of
ramifications for the detection of the position of particle interactions within the bulk of

Nb crystals and will be discussed in §7.
Table 5.2.3 contains the expected phonon velocities as calculated from the elastic
constants given in the last line of Table 5.2.2. As can be seen there is good agreement

with those experimental values obtained for propagation in the [110] direction.

Mode Direction Phonon pV2
| Velocity”5
(km s-1)
L [100] 5.36 C11
T [100] 1.85 C44
L [110] 5.06 (c11+c12+2c44)/2
(5.00 £ 0.05)
T1[001]76 [110] 1.85 C44
(1.8=0.1)
T2[116] [110] 2.56 C11-C12
(2.65 £ 0.03)
L [111] 4.96 (c11+2c12+4c44)/3
T [111] 2.35 (c11-C1a+cas)/3

Table 5.2.3 Calculated phonon velocities using parameters given in last line of Table 5.2.2.
These values compare well with those we observed experimentally (shown in brackets).

7SExperimental values determined in this work shown in brackets.
76Direction of transverse displacement
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Polarisation O

Figure 5.2.6 Longitudinal phonon group velocity (km s!) in Cartesian co-ordinate system. Only
half of one octant mapped from k-space is plotted for simplicity. The high degree of symmetry
means that the full surface can be created by the reflection of this surface into the other sectors.
The lines are spaced in 5 degree intervals of 0 and ¢ in k-space. Areas were they are more
closely spaced compared with the normal isotropic pattern (or where they double back) indicate
directions of increased phonon focusing.””

77File: “Focus/Group Vel in Nb 19.12.92”
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Polarisation 1

Figure 5.2.7 Slow transverse phonon group velocity surface (see caption of Fig. 5.2.6).

Polarisation 2

Figure 5.2.8 Fast transverse phonon group velocity surface (see caption of Fig. 5.2.6).
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[010] km/s 100-110-010

[100] km/s 100-111-110

Figure 5.2.9 and 5.2.10 Phonon group velocities in the planes containing the directions
indicated. The L phonon velocity varies by less than 10% in all directions leading to minimal
focusing effects. The FT (grey line) and ST (black inner line) modes show considerable

anisotropy. The major focusing directions are along the [110] and [111] directions. The points

are spaced at 5 degree intervals in 0 in k-space.78

78File: “Focus/Group Vel in Nb 19.12.92”
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[

Y(7,t) = me 4Dr | [5.3.1]

where D is the diffusion coefficient, t is the time and T is the position of the point relative

to the source (assumed a d—function in space and time). The peak maximum of this
function is at a time, ¢4y,

2
t _rpﬂ

"X 6D [5.3.2]

for a propagation distance, 7py,p.
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Figure 5.3.2 A typical voltage pulse shape detected in a AI-Ox—Pb STJ on the insulated surface

of a low purity Nb crystal following laser excitation of the far face of the crystal. The signal is
due to the diffusion of phonons over 2.4 mm across the crystal.

The diffusion coefficients of the pulses can be obtained directly from Eq. 5.3.2 after
adjusting for the STJ response function. A plot of the temperature dependence of the
diffusion coefficient observed in a number of Nb samples is shown in Fig. 5.3.3. At
temperatures above 1.5 K the phonon diffusion coefficient decreases rapidly with

increasing temperature. This is due to the scattering of phonons from thermally generated

quasiparticles within the Nb. The line is calculated using the relation
D=3v,A,. [5.3.3]
where v, is the phonon velocity. Ag is the phonon m.f.p. which is given by

-1 _ A-l 'Tl
Ny =Ny + Niny [5.3.4]
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where A;np is the impurity scattering length and Ay is the path length for scattering from
thermally generated quasiparticles. The phonon—quasiparticle scattering rate80 is given by

Eq. 3.3.25 which for Q « kgT and Anp, simplifies to

1 2Qm

3.15
) — - SAT)). [3.15]

T, (Q) = (75

‘cgh is the characteristic scattering time of phonons from electrons in the normal state. The
presence of the Fermi function reflects the reduction of the number of unbound electrons
(due to the formation of Cooper Pairs in the superconductor) when we move from the

normal to the superconducting state.

If we take the value of 1{-’)” = 4.17 ps for Nb from Kaplan[36] and use the transverse

phonon velocity (vg = 1.85 km s-1) such that

(Q,T)=v,T,,(Q,7), [5.3.6]

¢qp

we can evaluate Eq. 3.3.25 81, We assume an average phonon energy near the threshold of
the STJs (€2 ~ 400 peV) and find that an impurity limited phonon m.f.p., A;pp, ~100 pm
is best able to fit the low temperature data. This is consistent with the previous

measurements of Pannetier et al[92].

80For phonons below the 2Ay, threshold.

81Bobetic[51] also gives an expression for the ratio of normal state to superconducting mean free paths
which is equivalent to our analysis

Ay _1 de(f(E)—f(E+Q))(E(E+Q)_A2)
As Q (EZ _AZ)%((E_'_Q)Z _Az)%
__f dE/l'_ (f(E)= F(E))P(E)P(E)

~ 2f(A(T)) for Q « A
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junction at 360 mK The Al film has a threshold for phonon detection 85 of Q = 340 pueV
and so the STJ is sensitive to both the phonon and quasiparticle signals. In similar
experiments performed with Nb—Ox—Pb junctions the magnitude of the phonon pulse was
significantly reduced [96] (relative to the quasiparticle signal) due to the much higher

threshold for phonon detection Q = 2700 peV in these devices.

V(a.u.)
9..

S~ M W B

t 4 t + : + t(us)
0 100 200 300 400 500 600

Figure 5.4.1 Voltage signal from a AI-Ox-Nb STJ following laser illumination of the far face
of a low purity Nb crystal (length 2.5 mm, diameter 10 mm). The leading peak is due to
phonons and the following signal due to quasiparticles. The ac coupling time of the amplifier
rolls the signal off at long time—scales.

H
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Figure 5.4.2 Quasiparticle signal, detected in Nbry,—~Ox—Pb junction at 400 mK, propagating
2.55 mm in [110] direction. Dotted line is fit for diffusion coefficient 0.7 m2s!. For comparison
the timings for the three ballistic phonon propagation modes (L, FT, ST), over the same
distance, are indicated.

85phonons of energy = 2Ay;, are strongly attenuated in the Nb crystals due to pair breaking (see §3.3.6).


















FEBRUARY 1993 5. INVESTIGATION OF TRANSPORT PHENOMENA

characteristics. In each case the temperature rise of the crystal was calculated using the
Debye heat capacity of Nb and an estimate of the total energy absorbed by the crystals
from the fibre pulse®2. This is the first time that a quantitative analysis has been made of
the behaviour of STJs over ms time—scales following a non—equilibrium excitation of a
crystal on which they are fabricated. Indeed, once we have a sound understanding of the
way in which an STJ responds to changes in the substrate phonon spectrum we can drawn

conclusions about the behaviour of the phonons within the crystals themselves.

Interpretation of the shape of the STJ voltage signals in the region after the ballistic
signal, ~10 pus, out to 0.5 ms, requires a detailed understanding of the mechanisms
responsible for up and down—conversion of the non—equilibrium phonons, within the Nb

crystals.

The analysis of the phonon pulse shapes is further complicated by the variation of
phonon m.f.p. in Nb with their energy, Q. Phonons above a threshold of 1200 ueV (see
§5.5.3) were observed to propagate in the Nb with a diffusion coefficient of 0.5 m2s-! and
with an apparent lifetime of 20 us. The expected energy dependence of phonon m.f.p.
(due to impurity scattering) and lifetime (due to anharmonic decay) are Q-4 and Q-5 (see
§3.3.9) [53, 100] and so this is consistent with the observation of ballistic propagation of
phonons (over distances ~10 mm) at the Al film threshold (2A ] ~ 400 peV).

In the following sections we will discuss the observed temperature dependence of
non-equilibrium phonon signals in Nb crystals. This will also involve the experimental
verification of the theories, developed in §3, concerning STJ sensitivity to non—
equilibrium and thermal equilibrium phonon distributions. We will also demonstrate the
significant enhancement in sensitivity to phonon signals available by using SAST]Js. In §7
we describe the use of these devices to detect the non—equilibrium phonon signals created

| by the interaction of alpha and gamma particles.

92This estimate of the energy absorbed by the Nb crystals (~10 GeV) following the laser excitation was in
agreement with the SAST]J signal sizes for the interaction of an alpha particle of energy 6 MeV.
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An Al-Ox—Al STJ was fabricated on the insulated surface of a 10 mm long, 10 mm
diameter Nb crystal and cooled in the 3He cryostat in the geometry shown in Fig. 5.5.1.
The junction was formed at the overlap of two 2500A Al films giving a tunneling area of
300 um x 180 pwm with a normal state resistance of 1.6 x 10> Qcm? (30 mQ). A high

conductance junction was used in order to reduce electronic RC effects.?

| Nb Xtal
10.8 mm x 910 mm

 [—Laser

Al-Ox-Al junction

3000 A SiO
Figure 5.5.1 Geometry of Al-Ox—Al junction on Nb crystal.

Due to variation in the evaporator base pressure during the STJ fabrication the
upper and lower Al films had different energy gaps and 7.’s, 210 peV, 1.67 K and 160
ueV, 1.22 K. The measurement of the energy gaps from the IV characteristic slightly

underestimates the gap due to junction self-heating.

The Al STJ will have a detection threshold for phonons (€2 > 320 peV) although the
difference in the lifetimes of the quasiparticles created in the top and bottom films will
favour those created in the larger gap film. It is assumed that the probability for phonons,
with energies above the Al energy gap, being absorbed is near one for the thicknesses of

films employed.?4

93 Al-Ox—Al junction capacitance is 6 uF cm2.
94The m.f.p. of 2A phonons in Al films has been determined experimentally by Long [60, 101] to be AL
~ 1600 A and AT ~ 3400 A.
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Figure 5.5.2 Ballistic Phonon flux versus temperature. The temperature dependence of the Al
STJ has been adjusted for. The data are consistent with no temperature dependent attenuation of
ballistic phonons below 1 K. The temperature axis is scaled as T-1.9°

Figure 5.5.2 shows the variation in the time integrated L and T ballistic phonon flux
(2—6 ps) in the temperature range 0.3-1.0 K following laser pulse illumination of the far
face of the crystal. In order to calculate the phonon flux from the voltage signal of the STJ
it was necessary to adjust for the dynamic resistance of the STJ and the recombination
time of the quasiparticles in the Al films%. The STJ was current biased at the position of
maximum dynamic resistance on the IV characteristic between Aa1—2Aa; and the dynamic
resistance was measured directly from the IV characteristic. The Al recombination time
was measured from the decay time of a STJ voltage pulse fqllowing direct illumination of
the junction by laser light. The behaviour of the quasiparticle recombination time in the
STJ is discussed in Appendix A. It should be mentioned here that the recombination time
in the Al showed bias dependency at low temperatures implying that it was limited by
self-heating in the junction. Within the experimental errors (arising, in the most part,
from the uncertainty in the measurement of the Al recombination time) the ballistic

phonon flux appeared constant in the range 0.3-1.0 K.

95File: “nb140793 VIIIp71 Pulse Series”
96This is discussed in detail in §3.4. In order to recover the ballistic features which occur over time—scales
comparable to the measured recombination time in the Al (below 600 mK) Fourier transform techniques

were employed.
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The STJ (300 x 160 um) subtends an angle from the point of interaction of 5 x 104
sterads. The integrated ballistic flux of order 50 keV would imply a source strength of
~ 1 GeV into 2x sterads. The estimated energy of the source (calculated from the

temperature rise of the crystal, see §5.5.4) is 18 GeV. ¥7

Figure 5.5.3 shows the variation in the pulse shape (0-300 us), for temperatures
0.3-1.0 K, after the deconvolution of the detector response function. The constancy of the
ballistic feature at the leading edge can be seen. At 0.317 K the signal reaches a
maximum at around 25 us, shortly after the ballistic peak. It then decays with a time
constant of 145 us. At 1.00 K the signal rises immediately after the ballistic signal with a
time constant of 36 us. Figure 5.5.4 shows the pulses on a semi—logarithmic plot in the

range 0-1.6 ms?8. At longer time—scales all the traces converge to a constant decay time

of 10 £ 1 ms.

The parameters used to determine the absolute flux calibrations shown in Figs.

5.5.2-5.5.4, using the theory detailed in §3, are given in Table 5.5.1.

Parameter Value Comment
2Afiim 400 peV Average value
Quasiparticle recombination 100 ns—2 us Observed Values
time, T, (see Appendix A)
Dynamic Resistance, Rp 0.8-8 Q
Quasiparticle tunneling rate, [2.8 us]-! Calculated using Eq. 3.4.4
Tiun and values below
N(0) Al 12.2 x 102! states eV cm-3 [36]
Area 300 x 160 um
Film thickness 2500 A
Normal Resistance, R, 30 mQ

Table 5.5.1 Characteristics of Al-Ox—Al STJ.

97 The ballistic flux deficit arises in part due to an overestimation of the STJ phonon detection efficiency
but could also arise due to mechanisms within the Nb such as focusing, details of the initial phonon
spectrum and phonon/quasiparticle yield immediately after the interaction. These points are discussed later.
98The original voltage signals were taken with a head amplifier with an AC—coupling time of 6.0 ms. This
effect was folded out during the digital post—processing of the signal.
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Figure 5.5.3 Phonon flux (in units of keVus'!) entering STJ, versus the time from the laser

excitation, for temperatures, 0.317, 0.343, 0.380, 0.453, 0.571, 0.705, 0.858 and 1.00 K (curves
run from bottom to top).9?
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Figure 5.5.4 Log. plot of the phonon fluxes shown in Fig. 5.5.3.

We will discuss the pulses shape in more detail following our introduction of results

from a Sn—Ox~Sn STJ in a similar geometry to this device.

99File: “nb140792 VIIIp71 Pulse Series”
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m.f.p. ~ Q-4 (arising from impurity scattering) this would give a m.f.p. of 2.4 cm for

Q =400 ueV, which is consistent with the observation of ballistic phonons for the Al STJ

data.
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Figure 5.5.6 Signal in Nb crystal at 360 mK detected by Sn-Ox-Sn junction 5 mm from the
laser interaction point. The STJ voltage signal was deconvoluted using tgc=1.0 us and
t.=5.4 us. The fit, shown as a grey line, was made using the 3-D diffusion model with
D=0.5 m2s-! and a decay time of 20ps. 102

The phonon diffusion pulse is modified by the decay of the high energy phonons
within the Nb. A value of 20 us was found to fit the pulse adequately, which is lower than
that estimated in §3.3.9 (123 us). Beyond 60us an additional long lived taill3 is present
which cannot be due to above Sn gap phonons from the initial interaction, due to their

short decay time. It will be discussed in the next section.

The change in the junction voltage signal shape with temperature is shown in Fig.
5.5.7 for 0.36-1.8 K. The signal amplitudes have been adjusted, by folding out the
contributions of the dynamic resistance and the Sn recombination time to reflect the rate

of energy entering the Sn films creating quasiparticles as was done for the Al junctions.

102Fjle: “nb051092 VIIIp104 Pulse Series”

103The tail decay time, 3.5 £ 0.3 ms, is independent of temperature in the range 0.8-2.0 K. We were unable
to measure it accurately outside this range.
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Figure 5.5.7 Temperature series (0.36 K-1.8 K) of pulses detected by Sn-Ox-Sn STJ on
insulated surface of Smm Nb crystal. Signal sizes are adjusted for the effects of the dynamic

resistance and quasiparticle recombination time in the Sn films.104

As would be expected the shape of the leading edge of the phonon diffusion pulse

appears almost independent of temperature (T < 1.8 K) since the time for the scattering of

104Fjle: “nb051092 VIIIp104 Pulse Series”

70

102 GAITSKELL  NON-EQUILIBRIUM SUPERCONDUCTIVITY IN NIOBIUM ...



FEBRUARY 1993 5. INVESTIGATION OF TRANSPORT PHENOMENA

" the impurity scattering time, at Q = 1200 peV. A

phonons from quasiparticles, T imp’

oap
plot of the leading diffusion pulse height against temperature is shown in Fig. 5.5.8. In the
region below 0.6 K the peak height is a constant. Above this temperature the peak
maximum begins to increase. This is due to an increase in the contribution from the tail
signal at time comparable with the diffusion peak. The superposition of the tail signal also
moves the peak maximum to later times. This will be discussed shortly. Using the same

techniques applied in the last section, the absolute flux calibration shown in Fig. 5.5.6—

5.5.8 were made using the STJ parameterisation given in Table 5.5.2.
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Figure 5.5.8 Phonon diffusion peak heights measured in energy flow into STJ per us versus
temperature for Sn-Ox-Sn STJ 105,

105Fj]e: “Peaks/TauR 4.11.92 VIIIp104”
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the same basis.!07 The tail signals were found to have a decay time, which was
independent of temperature, although it varied for different experiments.

Secondly, we must identify the mechanisms giving rise to the time constants
exhibited by the signals in the region 10-200 us. The signals either relax (at low

temperatures) or rise (at high temperatures), to the tail signal level.
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Figure 5.5.9 Temperature dependence of tail height (at 1.5 ms) for Al-Ox-Al device. Height is
adjusted to reflect the energy required to create the number of non-equilibrium quasiparticles
measured in the Al films (assuming a decay time of 10 ms). The line has a slope of 220 peV.
The temperature is scaled as T-1.

1071t should be remembered that the signals from the STJs were originally recorded as voltage pulses at
constant current bias. These voltage signals typically varied by over three orders of magnitude in the pulse—
temperature sequences shown in the previous sections. In analysing the pulse data we have converted the
voltage signals to a measure of the rate of creation of excess quasiparticles in the STJ films in order to
remove the nominal temperature dependence due to the nature of the STJ tunneling mechanism.
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Figure 5.5.10 Temperature dependence of tail height (at 250 us) for Sn—Ox-Sn device. Height
is adjusted to reflect the energy required to create the number of non-equilibrium quasiparticles
measured in the Sn films (assuming a decay time of 3.5 ms). The line has a slope of 620 ueV.
The temperature is scaled as T-1. 108

We will discuss the first of these effects. Fig 5.5.9 and 5.5.10 show the temperature
variation in the apparent energy, required to create excess quasiparticles, for the duration
of the long lived tail 19 in the in the Al and Sn STJs 110 | The signals appear to decrease
as the temperature is lowered with slopes characteristic of the detecting film gap. Clearly,
on the time scales considered here the total energy of the phonons entering the STJ films
will be equal to that leaving. The number of quasiparticles within the films will be in near
equilibrium with equal creation (due to 2A phonons) and annihilation (due to
recombination) rates. It would, therefore, be more appropriate to consider the voltage
signal of the STJ in terms of an apparent change in the temperature of the STJ film 111,
The necessary calculations are shown in §3. The results are shown in Figs. 5.5.11 and

5.5.12.

108File: “Pulse Temp VIIIp101 3.11.92”

109This is the same as the flux parameterisation used in last sections except that we have integrated over the
entire tail signal.

I10The tail magnitude was measured at 250 us for the Sn STJ and 1.5 ms for the AL STJ to ensure that the
contribution from initial phonon pulse is negligible.

ITTWe are making an assumption about possible changes in the phonon spectrum, within the STJ films,
which will be justified at a later point.

106 GAITSKELL NON-EQUILIBRIUM SUPERCONDUCTIVITY IN NIOBIUM ...
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Figure 5.5.11 Temperature rise calculated from quasi-thermal equilibrium model of tunnelling
current in AI-Ox—Al STJ plotted against the Nb crystal temperature prior to laser excitation.
Line is expected temperature rise due to 18 GeV pulse energy deposition in the Nb crystal
assuming a Debye lattice heat capacity. The divergence below 0.6 K is caused by STJ self-
heating (see text for details).
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Figure 5.5.12 Temperature rise in Sn-Ox-Sn junction (calculated as Fig. 5.5.11). Line is
expected temperature rise due to 10 GeV pulse energy deposition in the Nb crystal assuming a
Debye lattice heat capacity. The energy deposited is the only free parameter in the fit and agrees
with an estimate of the effective laser energy.

This approach may seem obvious, however, it is at odds with previous theoretical

models and experimental observations of the behaviour of STJs on bulk crystals [103]. At
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temperatures, well below the T, of the STJ films, the tunneling current of a STJ is
proportional to the number of phonons in the film above 2Agm. For an STJ on a ideal
large single crystal it is generally assumed that phonons from an interaction will
reverberate around the crystal. The above—gap phonons will be absorbed in the STJ films,
creating quasiparticles. The quasiparticles will ultimately recombine in the films
generating phonons at the gap energy. Many of these phonons will be retransmitted back
into the bulk crystal and will be, subsequently, reabsorbed by the STJ film after traversing
the crystal a number of times. The rate of creation of quasiparticles within the STJ films
will therefore, to first order, be independent of temperature. The decay rate of the STJ
signal would be determined by the anharmonic decay rate of phonons in the bulk
crystall12, Observations of the STJ signal behaviour in Nb are at odds with this
interpretation. The amplitude of the tail signals, adjusted for the temperature dependence
of the STJs, are not independent of temperature. The phonons, above the threshold of the
STJ, are being thermalised on time scales much shorter than our estimates from the

anharmonic processes in a single crystal.

We have calculated the expected temperature rise in the Nb crystals, on the basis
that the initial energy from the laser is fully thermalised and that the Nb heat capacity is
given by the Debye model (c, ~ T3). These estimates are compared to the temperature rise
in the STJs implied by the variation in the excess voltage signals in Figs. 5.5.11 and
5.5.12. The absorbed laser energy has been adjusted to provide a best fit to the data. The
values needed are very close to our own estimate of the laser energy per pulse assuming
that the Nb surface is 95% reflective. The uncertainty in the laser fibre transmission
coefficient and the reflectivity of the Nb surface make an absolute measurement of the
heat capacity, by this method, difficult. However, the estimate of 10-20 GeV for the laser
energy is consistent with the size of signals observed for a—particle (5 MeV) irradiation in

similar geometries.

112The anharmonic decay rate of phonons increases as the temperature rises due to the boson enhancement
factor arising from greater occupation of the decay states.

108 GAITSKELL NON-EQUILIBRIUM SUPERCONDUCTIVITY IN NIOBIUM ...
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The data for the Al STJ, shown in Fig. 5.5.11, shows some divergence from the
theoretical line below 0.6 K. This disagreement arises due to the self-heating in the high
conductance junction. This was verified by observing the variation in the recombination
time of quasiparticles within the Al film with bias at 0.360 K. The theory developed in
§3.4.5 assumes that the quasiparticle population is that for the equilibrium temperature of
the STJ and crystal. It will be demonstrated in the following section on Al SASTJs that
the theoretical agreement is much better in high conductance Al-Ox-Al junctions when

lower bias powers are used.

If we now review the pulses shown in Figs. 5.5.3 and 5.5.7 it is apparent that at
higher temperatures (7> 1 K) the signals in the Al and Sn STJs due to phonons from the
initial interaction becomes dominated by a second signal which is evident only as a tail at
low temperature (T < 1 K). As has already been detailed the size of the tail signal
corresponds to that expected for a fully thermalised phonon distribution in the Nb crystal
at a slightly higher temperature to that prior to the excitation. At all times the shape of the
pulses will be determined by the population of phonons above the energy threshold of the

STI.

If we first consider the Al STJ pulse shapes. In a simple model of ballistic phonon
propagation around the crystal, where the phonon number was unchanged after the initial
excitation, the rate of phonons entering the junction at long time—scales would be about
30% of the integrated flux of phonons arriving ballistically at the STJ 113, This appears to
over—estimate the level of the signal at, say, 25 us by about 20% for the pulse taken at
360 mK !14, The leading edge will also contain an additional component of higher energy
phonons (2 > 2A,)) which diffuse from the interaction point due to their shorter m.f.p.’s.
This will further complicate the structure of the first ~40 us of the signal 115, The

subsequent decay of the STJ signal must arise from the net loss of phonons of energies

113The steady state flux would be given by the kinetic theory value of 1/4 Nc where N is the number
density of phonons and c is the propagation velocity. The integrated ballistic flux is given by the solid angle
subtended by the area of the junction from the original point of interaction.

114 A estimate for the specular reflection coefficient of L phonons obtained in §5.2.1 was 50% although
this is subject to large uncertainties.

115We have not applied our diffusion model to the leading edge since as yet it lacks the complexity
necessary to handle both ballistic and diffusion components.
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above the STJ threshold. At 0.360 K the decay time is 145 us. This is over an order of
magnitude shorter than that estimated from a calculation of the anharmonic decay time for
L phonons in Nb. It seems likely that the down—conversion arises either in the Al films of
the STJ or at the surfaces of the Nb crystal. Investigations of the down—conversion of
phonons in other bulk crystals due to Al over-layers seem to indicate that they are not
responsible for this effect [104]. Indeed, we have seen no increase in the phonon decay
rates in Nb for samples covered in larger areas of Al. We believe the effect arises from
inelastic decay and mode conversion of the phonons in the region of lattice distortion at
the Nb surface. A 145 pus decay time in the 10 mm x 10 mm Nb crystal would imply a
probability of down—conversion at the Nb surface of 0.03 assuming the signal was

entirely due to ballistic phonons (¢ = 2 km s-1).

The pulse shape in the Al device at 1 K shows that the rate of quasiparticle creation
in the Al films actually increases after the initial ballistic burst. The absence of this
increase in the low temperature pulse shape indicates that the increase must arise from a
change in the excitation phonon frequency distribution due to the presence of the thermal
phonon distribution. Phonons that are initially above gap will still tend to decay.
However, three phonon processes (at the crystal surface) will also tend to work in the
other direction combining sub—gap phonons, from the non—equilibrium distribution, with
sub—gap phonons from the thermal population, to produce new above gap phonons.
Clearly the probability of this process occurring increases significantly as the mean
energy of the population of thermal phonons increases. The phonon population spectra at
0.360 K, 1 K and 2 K are shown in Fig. 5.5.13 compared to the detection thresholds of the
Al and Sn STJs.116

I16The average energy of the populations is given by 2.70 k7.

110 GAITSKELL NON-EQUILIBRIUM SUPERCONDUCTIVITY IN NIOBIUM ...



FEBRUARY 1993 5. INVESTIGATION OF TRANSPORT PHENOMENA

E(ueV)

10 200 400 600 800 1000 1200 1400

Figure 5.5.13 Phonon population against energy at 0.36, 1 and 2 K. The dashed lines show the
threshold for detection with Al and Sn STJs.

The source of these non—equilibrium phonons, that only make a contribution to the
signal after ~10 ps, could arise from two sources. The initial excitation may be generating
a significant number of below 2A,; phonons that are subsequently up—converted as
previously described. Alternatively the initial excitation may create a significant number
of high energy phonons. Detection of these phonons will be highly inefficient for reasons
illustrated in Fig. 3.4.2. For example those in the window 2AA; < Q < 4A,; will only
break one Cooper Pair in the STJ !17. The energy of the phonon distribution will
subsequently be redistributed by phonon up— and down—conversion giving rise to a
possible additional signal in a manner similar to that mentioned in the first case. At

present we have insufficient data to distinguish between these possible mechanisms.

The pulse shape from the Sn device at 0.360 K shows a decay time of 20 ps. This is
shorter than that estimated for the anharmonic decay time of L phonons in Nb although
the discrepancy is not as large as that for the Al data. If it is assumed that the decay arises

solely from surface effects, the apparent down—conversion probability is 0.24 calculated

117This will give rise to two quasiparticles, one at an energy A and the other at Q-2A. The latter will relax
quickly to gap edge emitting a sub—gap phonon.
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Figure 5.5.14 Temperature rise calculated from quasi-thermal equilibrium model of tunnelling
current in AI-Ox—Al SAST]J plotted against the Nb crystal temperature prior to laser excitation.
Line is expected temperature rise due to 30 GeV pulse energy deposition in the Nb crystal
assuming a Debye lattice heat capacity. 118

The details of the electronic equivalent circuit represented by an SASTJ will not be
discussed in detail here [109]. In summary, the SASTJ behaves electronically with a

dynamic resistance, Rp, and capacitance, C ,119

(Array) _ (Junction)
RS™ = nRY"e" [5.5.1]
(Junction)
cCAm™ = — [5.5.2]
n

where n is the number of series connected junctions and Rp and C (on the left—side of the
equations) are the dynamic resistance and capacitance of each junction. Thus the effective
electronic RC time constant of the array is identical to that of a single junction. This is
important since we are observing signals on time—scales ~ 100 ns. The SASTJ covers a

much larger area of the Nb crystal than a single STJ leading to a proportionately larger

118Fjle: “Plot Peak/Tail VIIIp66 9.7.92”

. ( Junction) Junction)
119The full form of the equations are RO - (nRD )RL ,and caray _ C +C, Where Ry is the
RL + (nR(DIuncnon)) n
AC load-line given by the parallel combination of the bias resistance and amplifier input impedance, and C;
is the sum of the amplifier input capacitance and stray capacitance. The reduced form of the equations is

valid in the limit that R, » RS*"®” and CA™) «C. .

t

114 GAITSKELL NON-EQUILIBRIUM SUPERCONDUCTIVITY IN NIOBIUM ...
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voltage signal from a uniform above—gap phonon flux (assuming the STJ and SASTJ

have the same dynamic resistance).

We were able to check the enhanced sensitivity of the SASTJ by comparing results
with the single Al-Ox—Al STJ in a similar geometry. The rate of energy entering a single
junction of an SASTJ will be related to the observed voltage signal, 8V, across the entire
SASTJ by Eq. 1 in Table 3.4.4, where Rp becomes the dynamic resistance of the
SASTIJ!120, The calculated peak flux for a pulse arriving after laser excitation, observed at
0.360 K, using the parameters given in Table 5.5.3, was 20 keVus-1. The area of each
junction in the SASTJ was 66% that of the in the AlI-Ox—Al STJ (and the propagation
distance was 50% further) and so the value compares favourably with the peak flux

shown in Fig. 5.5.3.121

Parameter Value Comment
2Afilm 440 peV Sum of gaps divided by
number of junctions
Quasiparticle recombination 100 ns—24 ps See Appendix A
time, T,
Dynamic Resistance, Rp 10400 Q
Quasiparticle tunneling rate, [0.74 us]-! Calculated using Eq. 3.4.4
I'un and values below
N(0) Al 12.2 x 1021 states eV cm-3 [36]
Area 200 x 160 um
Film thickness 1250 A
Normal Resistance, R, 3.5 Q (23 mQ) 150 junctions in series
(Resistance per junction in
brackets)

Table 5.5.3 Characteristics of Al-Ox—Al Series Array of Superconducting Tunnel Junctions
(SAST)).

120 Alternatively, the voltage signal across each junction of the array can be thought of as §V/n across a
resistance RpA™)/n,

121The apparent laser energy absorbed by the SASTJ from the temperature rise calculation was a factor of 2
higher than the Al-Ox-Al experiment.
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deviations of the crystal from the profile of the clamp it is difficult to estimate the
proportion of the crystal directly in contact with the GE/paper sandwich. Additional GE

varnish was used to take up some of the slop.
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Figure 5.6.1 The lattice phonon and electron (in normal and superconducting state) components
of the heat capacity of Nb in mJ mol-! K-1.124
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Heat Sink Thermal Conductivity, K

Sample
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Figure 5.6.2 Schematic representation of a Nb crystal during an experiment to measure the
thermal conductivity of the heat sinking. Heat was dissipated in one SASTJ. The temperature of
the crystal was calculated from the variation in bias current of a second SAST]J.

An estimate of the heat sink thermal conductivity could be made by introducing a

constant heater power into the Nb crystal and measuring the temperature rise. This was

124 Fjle: “Specific Heat Capacities 15.8.92”
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achieved on devices with more than one SASTJ fabricated on the surface. The crystal is
heated directly using one SASTJ which is biased using a current supply and the voltage
drop across it measured four terminally. A second SASTJ on the opposite face of the
crystal was then monitored for the corresponding change in bias current at a constant
voltage. The temperature dependence of the bias current in the second SASTJ will follow
Eq. 3.3.13 and was checked using a heater on the sample stage. The dependence of the

thermal current versus stage temperature is shown in Fig. 5.6.3.
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Figure 5.6.3 Variation in thermal current in SASTJ with temperature. 125

A plot of the power dissipated in the first SASTJ verses the temperature rise in the

crystal (above that of the sample stage) is shown in Fig 5.6.4.

The sample stage temperature was held constant using a separate heater mounted
directly on it. Since the sample stage and crystal holder are constructed of Au plated
OFHC Cu and tightly clamped together it was assumed they were at the same

temperature.

125File XL: “Al decay with bias (Series 1)” of nb020891 27/5/92 VIIIp43
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Figure 5.6.4 The temperature rise in a 10 g Nb crystal caused by the bias power of an SASTJ
on its surface. The sample stage temperature was fixed at 360 mK. The SASTJ bias is shown in
mV and as a percentage of 2A. Both the temperature rise of the crystal and the power dissipated
in the SASTJ are shown.126

The thermal heat sinking of the Nb crystal might be expected to be determined by
the Kapitza resistance of those areas of the crystal touching the GE-Paper—GE—Cu crystal
holder sandwich. Calculating the theoretical conductivity of such a composite would be
invalidated by the uncertainties in the thermal characteristics of the materials and
interfaces. We will, however, compare our results with those quoted for experiments on

Nb-epoxy interfaces.

The thermal conductivity of the heat sinking is given by

=£2 5.6.3
AT’ [56.3]

where Q is the power generated by the SASTJ, and AT is the temperature drop across the

Nb crystal-holder interface. The Kapitza thermal boundary resistance, Rk, of this
interface is then given by,

_AAT

) 5.6.4
3 [5.6.4]

Ry

126Fjle XL: “Al decay with bias (Series 1)” of nb020891 27/5/92 VIIIp43



5. INVESTIGATION OF TRANSPORT PHENOMENA FEBRUARY 1993

where A is the effective area of the interface. In the limit of small temperature differences
the Kapitza resistance between two solids is expected to have a T-3 temperature
dependence [110] . This dependence is derived from considering the balance between two
equilibrium phonon distributions (temperatures T1 and T5) on either side of the interface.
The net heat flow across the interface, area A, is found to depend on the temperatures of

the phonon distributions as (Stefan—-Boltzmann Law)
0
X = oz(Tl4 - T;), [5.6.5]

where o is a constant determined by summation (over all phonon energies and modes) of
the transmission of phonons at the interface. In the limit, T,-T; = AT « (T and T»), and
T =Ty =T,

1
R, =—T". [5.6.6]
4o

In analysing our data, where AT becomes comparable to the sample stage temperature, it
is necessary to return to Eq. 5.6.5 and reexpress it in the form
-1
R - 1( 1f-1 )
4a\ 41, -T,))

_ 4_1(1_(1*)'3, [5.6.7]

where we relabel the complex temperature as T*. Figure 5.6.5 shows (Rg (T%)3) plotted
versus AT for the Nb crystal with a sample stage temperature of 0.360 K. Rx73 is a

constant (= 0.0015 K4uW-1) for temperature differences as large as 150 mK.

120 GAITSKELL NON-EQUILIBRIUM SUPERCONDUCTIVITY IN NIOBIUM ...
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(see caption)
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Figure 5.6.5 Plot of Kapitza Resistance function, Rg(T")? (K*uW-1) against the temperature of
the Nb crystal. (See text for details of T*).127

A T-2, rather than T-3, dependence in the thermal boundary resistance has been
observed for non crystalline/amorphous dielectric layers by Reynolds and Anderson
[111]. They suggest that this temperature dependence may result from the interface
showing some frequency dependence in its conductivity and acts like a low pass filter.
This dependence was also observed by Schmidt for Nb-epoxy interfaces [112] when the
Nb is in both the superconducting and normal states. Schmidt showed that at 1 K the ratio
between the acoustic mismatch model prediction of Rk and his experimental results was a
factor of 2 too high. He also showed that the ratio of Kapitza resistance for
superconducting Nb to normal Nb was ~0.9 the reverse of theoretical estimates [113]. If
we use Schmidt’s value of Rk at 1 K (~ 10 cm2KW-1)128 we would have to assume that
< 0.1 % of the surface area of our Nb crystal was contributing to the heat sinking. We

estimate that the actual area in contact is around 10% and so conclude that the Ge-paper

127Fjle: “Kapitza Plot in Math 13.12.92" based on nb020891 Day270592 VIIIp43

128/ a]ues for the Kapitza resistance of this order were measured for other superconductor €poxy
boundaries [114]). However, it should be born in mind that the precise theoretical treatment of Kapitza
boundaries with superconductors is complex (see e.g. [115]).
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sandwich has a thermal resistance some two orders of magnitude worse than the systems
studied by Schmidt.

At this stage of the development of the Nb single crystal detectors we have not been
concerned with the quality of the thermal heat sinking. At low temperatures the response
of STJs to thermal signals is vanishing small. The heat sinking is, however, important to
the extent that poor sinking limits the bias power one can put into the SASTJs on the
surface of the crystal when operating them to detect particles. Optimal voltage bias for the
SAST]Js appears to be a around 10% of the 2A sum and since the bias currents decrease
exponentially as the temperature is lowered it is possible to operate arrays of individual
junctions with mQ normal state resistances without causing self heating. This is the case
even with the poor heat sinking calculated above. In cases where the Nb crystals were

only loosely clamped the SASTJ performance was adversely affected by self-heating.

Using the value for the thermal conductivity of the heat sinking calculated above we

derive a thermal time constant for the crystal of mass 10.1 g of 129

Trhermal = % =15 ms. [5.6.8]

This is in close agreement to that experimentally observed using DC amplification of the

STJ signal arising from the laser (14.8 = 0.5 ms). 130

For the Al-Ox-Al (§5.5.2) and Sn—Ox—Sn (§5.5.3) devices the long tail decay times
were observed to be independent of temperature (0.3—-1.8 K). This is consistent with heat
capacity of the crystal varying as T3 since it has been demonstrated that the heat sinking

also has this temperature dependence.

129 . ~10.37° WK using ®, =275 K, mass= 10.1 g
130File reference: VIIIp54
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Figure 5.7.1 Signals due to laser excitation after propagating 15 mm in the [110] direction of a
Nb crystal detected by Al SASTJ (Temperature 0.7 K). The signals are normalised on the tails
at > 200 ps. The SAST]J response function has been deconvoluted from the signals (see §3.4.3).
(a) Signal due to laser incident on a Cu/SiO layer on the surface of the crystal (black line)

(b) Signal due to laser incident directly on the surface of the crystal (grey line). 133

The lower pulse (b) in Fig. 5.7.1 was generated by the direct photo—excitation of the
crystal surface by the laser. The yield of ballistic phonon is seen to be considerably
smaller than that for pulse (a).134 The change in shape of the leading edge of the pulse
arises because the average energy of the phonons produced in the initial interaction is
much higher. The average impurity scattering m.f.p. of phonons is strongly energy
dependent (~ Q-4) [121] leading to a more diffusion-like propagation for the phonon
energy. The leading edge of the pulse is consistent with a diffusion coefficient of
1.4 m2s-1 if we assume the phonon spectra is unaltered during phonon collisions with the
surface. We have already demonstrated that this is probably not the case. Figure 5.7.2
shows the significant alteration of simulated diffusion pulses shape (in the crystal

geometry above) for a increase in the fraction of phonons being down—converted (below

133Fjle: “Ballistic Cross Xtal Vp102”

1341 a number of experiments using direct excitation of the crystal surface by the laser there was found to
be some variation in the apparent yield of ballistic phonons. Compare Figs. 5.5.3 and 5.8.1(b). While some
of this variation arises due to changes in the propagation distances of the signals the precise condition of the
end of the laser fibre closest to the crystal and the Nb surface also factors appear to influence the ballistic
yield. Residues left by poor cleaning of the illuminated Nb surface may be responsible. We intend to
investigate this effect more closely in the near future.
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the SASTJ threshold) at the surface from 0-0.24. It can be seen that the leading edge (and
signal maximum) both occur at shorter times as the down—conversion factor increases.
This type of analysis sheds some light on the factors effecting the shape of the phonon
signals, however, the actual mechanisms will be considerably more complex. The spread
in the spectrum of phonons from the initial interaction will lead to considerable variation
in the phonon m.f.p.’s. When the phonons hit the crystal surface they will change
frequency and mode altering their propagation characteristics. Any simulation of this
behaviour will require a model of much greater complexity (and must cope with both
diffusive and ballistic transport). A solution of a frequency and spatially dependent
Boltzmann equation may provide such a model, but we have not pursued that technique

here.

Flux(a.u.)
80..

601

401

20+

} " + t
03 20 40 60 goLus)

Figure 5.7.2 Simulation of phonon diffusion signal in a Nb crystal of the size given in Fig.
5.7.1. The phonons are assumed to propagate with a diffusion coefficient of 0.5 m2s!. The
effective down—conversion probability at the boundaries of the crystal has been varied
producing a variation in the leading edge and peak times. The traces have been normalised to
the same peak value. The curves running right to left have down—conversion probabilities of 0,
0.04, 0.08, 0.15 and 0.24.133

The question of the contribution of quasiparticles to the signal also arises. In an
experiment using methods of excitation similar to that shown in Fig. 5.7.1, Pannetier [28,

30, 120] was able to demonstrate an additional contribution to the non—equilibrium signal

135File: “nb200591 Box Diff Sim 12.2.93”
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in Sn crystals from quasiparticles.!36 The signals were detected by an Al bolometer which
was insulated from the crystal. Such a sensor is not directly sensitive to quasiparticles but
detects the phonons emitted by their recombination close to the bolometer.!37 The
diffusion coefficient of the quasiparticles was high enough that they could be detected at
times (~20 ns) well in advance of the arrival of the ballistic phonons (~500 ns). The same
method of unambiguous identification is not available in the Nb since even in the highest
purity sample the characteristic propagation time!38 is comparable to that of the phonons.
We are continuing to investigate techniques for the simultaneous measurement of the

quasiparticle and phonon components.

I36He was able to show that photo—excitation leads to a high yield of quasiparticles relative to ballistic
phonons, whereas, a thin film heater (0.1 W mm-2) produces low energy ballistic phonons and very few
quasiparticles.

137The size of the recombination phonon signal is strongly temperature dependent falling in proportion to
the number of thermal quasiparticle in the Sn.

138 Quasiparticle diffusion coefficient is 0.7 m2s-!
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Shen [122] has pointed out that the electron—tunneling technique samples one
coherence length!3% beyond the insulating oxide at low quasiparticle energies. In the case
of transition metals, such as Nb, the low Fermi velocity leads to coherence lengths that
are much shorter than those for sp-band materials, such as Pb. A contamination surface
layer on a transition metal of ~10-100 A may represent a substantial portion of the

distance sampled in a tunneling experiment.

The details we obtain from the tunneling experiments will reflect the density of
states of the bulk Nb as modified by the surface condition of the Nb single crystal. The
results reported here for junctions directly on the Nb surface can be interpreted in the
context of previous work on single crystal and polycrystalline Nb—Ox—Pb or Nb junctions

(see Table 6.1 at the end of this chapter).

We have attempted to model the structure of the surface density of states of Nb in
terms of a McMillan proximity layer [123]. The surface is assumed to be characterised by
a thin region (~10 A) of Nb that, due to damage from the ion implantation associated with
ion milling during junction fabrication, is a normal metal. This approach was shown, by
Keith and Leslie [124], to quantitatively predict the correct structure in the Nb—Ox—Pb
IVs at around the sum of the energy gaps when compared to the expected ion

implantation depth.

Nb-Ox-Pb (and Nb) junctions made by ourselves and others (listed in Table 6.1.1)
show varying amounts of leakage current at biases between Aprope film and the sum of the
energy gaps. Empirically this can be best explained by Nb (normal metal)-I-Pb tunneling
taking place in parallel to Nb (superconducting)-I-Pb tunneling. This will be discussed in
more detail later but it should be pointed out that, while both the alteration in the
superconducting density of states and the additional normal state tunneling effects appear

to arise due to surface contamination or damage of the Nb surface, it is evident that they

139Coherence length, E, ~ "V which for Nb, vg ~ 2x10°m s°! gives € ~ 1000 A.BCS theory predicts an
AO
additional factor of 0.32 in this expression.
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Reference 2ANp (meV) Comment

Sherrill and Edwards (1961) [125] 3.02 Polycrystalline films Nb-Ox-Pb
(considerable variation in quality
of the STJs).

Townsend and Sutton (1968) [126] 3.05 = 0.05 Polycrystalline film Nb-Ox-Sn.

MacVicar and Rose (1968) [127] 3.10 +0.02 Single Crystal Nb-Ox-Pb.

Hafstrom et al. (1969) Single Crystal Nb-Ox~Pb.
Evidence for a second energy gap
in Nb.

Frommer et al. (1973) [90] 3.12 £ 0.05 Single Crystal Nb-Ox-Pb.
Absence of second gap in Nb
tunnelling data, 140

Bostock et al. (1976) [128] 3.12 £0.02

Broom et al. (1975/6) [129, 130] 3.12 Polycrystalline film Nb-Ox-
Nb/Pb. Includes an empirical fit
of IV characteristics.

Wolf and Zasadzinksi (1977/8) [131, 3.02 £0.04

132]

Shen (1970) [133] 2.98 Polycrystalline film Nb-Ox-Nb

Keith and Leslie (1978) [124] 3.05 + 0.05 Single crystal Nb-Ox-Pb.
Correlated variation of shoulder
structure in I'Vs with ion mill
damage.

Gaitskell (1993) [this paper] 3.10 = 0.05 Single crystal Nb-Ox-Pb

Table 6.1.1 Listing of tunnel junction experiments performed with Nb and the observed energy

superconducting energy gaps (taken in part from Keith and Leslie [124]).

stem from different mechanisms. Different methods of surface preparation yield different

amounts of each effect.

We have also investigated the behaviour of thin (~100 A) layers of Al which were

deposited on the surface of Nb single crystals using our evaporation system. Attempts to

explain the temperature variation of the induced energy gap in the Al proximity layers (at

temperatures above and below the superconducting transition temperature, T.~1.2 K, of

140This paper corrected a series of previous papers, published by the Group at MIT, which misinterpreted
low bias structure in the IVs of junctions on the surface of Nb crystals as evidence for a second

superconducting gap in Nb.
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Al thin films) using the McMillan model were only partially successful. This failure
almost certainly arises due to the non—ideal nature of the Nb crystal surface (as mentioned
above). While it may be possible to analyse the system using a multiple layer McMillan

approach we have not proceeded with that idea in this work.

At the end of the chapter we discuss a single Al proximity layer (80-2000 A) that
were fabricated on Nb single crystals in our CVC sputtering system. This system is able
to achieve oxygen partial pressures (~ 10-10 torr) over 100 times better than the
evaporation system. A significant improvement in the degree of proximity effect was
observed. Good agreement was found between the McMillan model and the temperature

dependence of the induced Al energy gap.

We fabricated junctions directly on the Nb crystals in order to investigate the non—
equilibrium behaviour of quasiparticles in the bulk Nb. Quasiparticles created by a laser
or particle interaction in the Nb crystal propagate throughout the crystal. Those within a
coherence length of the junction barrier will be able to tunnel giving rise to an excess
current in the junction above the equilibrium thermal current. Additional experiments
performed with quasiparticle trapping layers, formed by Al proximity films deposited in
the evaporator, were inconclusive. The failure to observe quasiparticle trapping for Nb
crystals with proximity films made in the evaporator may in some part arise from the
contamination of the interface between the Nb crystal and the trap leading to extremely
low transmission coefficients at this interface. Al proximity layers deposited in the CVC
sputtering system showed much higher transmission coefficients at the Nb—Al interface
but proved more difficult to fabricate junctions on. The crystals had to be removed from
the CVC system and placed in the evaporator exposing them to the atmosphere. The
normal state resistances of such devices were extremely high (» 10 kQ) making their use
for signal propagation measurements difficult. We intend to investigate devices made in

this way in the future but cannot report any results of quasiparticle trapping at present.
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We will now briefly summarise the McMillan model of weakly coupled

superconductor—metal systems and then look at its application to the Nbpyixk—NDbsurface—

Ox-Pb and Nb-Alpyroximity layer—OX—Pb geometries.

McMillan [123] has considered the proximity sandwich of a superconductor and
normall4! metal film, represented in Fig. 6.1.1, as a second—order perturbation problem
where the tunneling of electrons across the S—-N interface leads to coupling of the
electronic wave functions of the two films. McMillan assumes that the thickness of S and
N layers are thin compared to the m.f.p. modified coherence length. This avoids the
problem of having to consider any variation in the superconducting order parameter. It is
also assumed that the electrons undergo diffuse reflection at the boundary. The other
assumptions are listed on p537 of McMillan [123] and relate to the simplification of
calculations involving the electron tunneling matrix elements, Ty, and the transmission

probability of electrons, o, through the interface. McMillan assumes the latter to be small.

Film Thicknesses, dy dg «E

Interface Area, A
with transmission
coefficient,0

N

Normal Superconducting
Layer Layer

Figure 6.1.1 Superconductor—normal metal sandwich considered in McMillan’s analysis.

141ywe will keep McMillan’s original convention of referring to the second layer as a normal metal
although this analysis can also be applied if the second film is a superconductor.
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The equations of the model are developed in terms of the scattering rates of
electrons in the two films, I'y and I's which are given by 142

Fys= ”|T|2 Adg yNg 4 (0)
h [6.1.2,6.1.3]

21:N’S

where Ny s(0) is the electron density of states of one spin at the Fermi energy and ty s are
the electron relaxation times in the two films. Other definitions given in Fig. 6.1.1 above.

The relaxation times are given by

LN,S

Vin,sO [6.1.4, 6.1.5]

Tys

where Ly s are the average electron path length between collisions with the interface
barrier, and v y s are the Fermi velocities. The average electron path lengths between

collisions were shown by Vrba and Woods [135] to be given by
Lys= {ZdN,S}BN,S(cIIZ,_i) [6.1.6, 6.1.7]

where B is a function of the ratio of electron mean free path, [y s, to film thickness. For a

clean film they calculate B = 2. This gives

thN,SO'

s =3B, sy
N,s%s. N [6.1.8,6.1.9]

Using the above parameters McMillan shows that, for the proximity sandwich in
which electrons are scattered between the two films, that the simultaneous self-energies

AME), Ag(E) for the fixed BCS potentials A2, A’S’h are given by

(o
S
(
l

il
[E2 - &.(B)]

)-1
J

[6.1.10, 6.1.11]

1421n his original paper McMillan omitted the factors of p and 2 which was corrected by Kaiser and
Zuckermann[134]. This original mistake lead to errors in some of the parameters quoted by later authors.
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In order to provide a clean surface for fabrication of the Nb—Ox-Pb junction the
crystals were ion beam milled and then thermally reoxidised. Keith and Leslie[124] have
demonstrated that ion milling a polycrystalline Ta or Nb surface leads to a damage layer.
They showed using Auger electron spectroscopy that the depth of the ion contamination
corresponds to that estimated kinematically!44. For Ar atoms incident on a Nb surface the

implantation depth of Ar is 6.5 A per keV energy in the incident beam.

I(mA)

2.5t

1.5¢

0.51

' ' = 4 + + V(imV
005 1 15 5 25 3 35 4 Y@V

Figure 6.2.1 IV characteristic for a single crystal. Nb—Ox—Pb tunnel junction (dots) at 1.6 K
taken using a sweeping voltage bias circuit to highlight negative resistance region around 3 mV.
The solid line is a fit to the IV generated by an empirical density of states illustrated in the next
figure. The dashed line is the ideal IV expected on the basis of BCS density of states for both
the Nb and PB.145

Figure 6.2.1 shows the IV characteristic at 1.6 K for a Nbyyx—Nbjon damage—Ox—Pb

junction made on a single crystal Nb surface using Ar ion mill cleaning, prior to junction

144The implantation depth of ions (1) in a target material (2) is given by

R,(A)=

60E(keV) (Zf + Zf)% (MZ(M, + Mz))(l .M, )"
g (gem™) 2,2, M, 3M,
where Z, M are the atomic numbers and relative atomic masses, g is the density and E is the energy of the
impinging ions.

145File: “DOS by Hand Fit 8.1.93” for Fig. 6.2.1 and 6.2.2.
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fabrication, at the minimum ion kinetic energy of 2 keV146 available in our evaporation
system. Initial attempts were made to fit the IV using the McMillan proximity model. The
fits were only in qualitative agreement, however, even with an introduction of an
additional component of Nbygma~I-Pb tunneling in parallel to the Nbpyik—Nb proximity—I—
Pb process. As an alternative method we derived the Nb surface density of states, shown
in Fig. 6.2.2, by guessing a form for the density of states, at 0.05 meV intervals, and
comparing the resulting IV with the experimental one. The IV was calculated using Eq.
6.1.1 with T=1.6 K and the Pb density of states given by the BCS form with a low
temperature energy gap determined from previous experiments of App(0)2 = (1.35 meV)?2

+ 0.051 meV?2. This is shown as a solid line in Fig. 6.2.1.

rho

+ + + + T + E A\
% 035 05 075 1. 125 15 175 2. qp(meV)

Figure 6.2.2 Empirically determined average density of states for the surface of the Nb crystal,
ps/py 147, following ion milling by 2 keV Ar atoms and thermal oxidation. The resulting I'V for
Nb-Ox-—Pb junction is shown in the previous figure. The theoretical BCS density of states for
Nb (A = 1.515 meV) is also shown.

1461on Tech Fast Atom Source: Kinetic Energy of Ar atoms is ~85% of operating voltage.
1475 is the normal state density of states, py is the apparent superconducting density of states of the Nb
crystal.
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Figure 6.2.3 McMillan model density of states, ps/py, for the best fit to the experimental Nb—

Ox-Pb IV. The parameters used were AIIiI =0, A§h= 1.55meV, 'y =6 meV, I's =0.06
meV.148
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Figure 6.2.4 The IV characteristic generated from the McMillan density of states shown in the
previous figure for a Nb—Ox—Pb junction (solid line). The experimental curve is shown as a
dotted line. The parameters of the model were adjusted to give the best qualitative fitted to the
knee structure around 2.9 meV. The additional leakage current in the range 1-2 meV was fit by
a 33% normal contribution in the Nb density of states (see discussion in §6.2.3). The Pb film is
assumed to have a BCS density of states with Apb(O)2 =(1.35 meV)?2 + 0.05i meV2.

0

Using Eq. 6.1.8, with I'y = 6 meV, the transmission probability, o, at the interface
of the bulk Nb and damage region is estimated to be 0.2, assuming v, 5x10° ms-! and
B = 2. This is similar to that calculated by Keith and Leslie for a similar experimental

arrangement.

148Fjle: “nb070292 Fit IV MTM 18.1.93” for this and following Figs. 6.2.3-6.2.7
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Figure 6.2.5 McMillan density of states, ps/py, in the normal layer using parameters A’;I =0,
4 h_ 1.55 meV, I's = 0.06 meV, I'y = 2, 6 and 20 meV (curves running left to right).
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Figure 6.2.6 McMillan density of states, ps/py, in normal layer using parameters AI;Ih =0,
A’éh =1.55 meV, I'y =6 meV, I's = 0.2, 0.06 and 0.01 meV (curves running left to right).
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Figure 6.2.7 Empirical density of states, ps/py, obtained from IV shown in Fig. 6.2.1. We have
excluded a 33% normal component, and renormalised the result, to allow direct comparisons
with figures above. Despite the subtraction of the normal component a tail at energies 0.8—
1.3 meV is still present.

In light of the poor fit of the McMillan theory in regions away from the double peak

structure it is instructive to look at the variation in the density of states in the normal
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surface that is normal since the conductivity of such regions will be different from that of

the conventional tunneling route for quasiparticles.

Halbritter [137] has proposed a surface mechanism for creating the normal tunnel
regions, at the surface of a Nb crystal, which is due to the properties of the native oxide.
At the metal-oxide (Nb,0s) interface a clear cut spatial separation in metallically
conducting regions and dielectric regions is impossible because of continuous
stochiometric changes and leakage of conducting electrons out of the metal, ®c, (over
characteristic distances ~2—-20 A). Localised states, ®;, outside the metal hybridise with
these leaking conducting electrons. Such surface states, where an extended ®c and a
localised @, component are mixed yield various surface effects including a weakening of
the superconducting interaction. This creates both a depression in the observed
superconducting energy gap and also normal regions due to a seam of such surface states.
For Nb-Nb,0s—metal junctions he estimates that the rate of exchange of electrons
between ¢ and @, will be small compared to the inverse surface state lifetime with
respect to tunneling to the counter electrode. Thus the surface states will act as holes in
the tunneling barrier. He estimates the diameter of the holes is ~5 A. The resulting gap
depression will be ~2% and there will be a normal component in the density of states
~15%. He is at pains to point out that the normal surface states do not interfere with the
superconducting wave function. Thus he explains the commonly occurring IV
characteristic in terms of Nb—Nb,05 regions without taking the NbOy o, inclusions [138]
and 5 A thick NbO 149 layers [139] into account. The last two oxides have been suggested

as the cause of these effects by other authors.

In analysing sputtered Nb—Ox—Nb junction IVs Broom [130] proposed an empirical
form for the additional density of states at the Nb surfacel30. We find that this form with

only minor modification of the free parameters is also able to make a good fit of our data

149NbO in crystalline form is a superconductor, Tc ~ 1 K. However, Halbritter points out that, in the
amorphous form that it is probably present at on the surface of Nb, it will not superconduct.

I50Excess density of states given by,

_{E !
pe.rce:J(E) = Kl —lEL— + Kze (/EO) Kl = 0.45, K2 = 0.33,E0 =(0.6meV

o]
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below the double peak structure. Since Broom offers no explanation for the form of this
additional density of states it sheds no light on the cause of the structure except in so
much as these features appear to be common between sputtered Nb films and Nb single
crystals. Broom et al. [129] point out, in agreement with the conclusions of Keith and
Leslie, that they can reduce the size of the shoulder structure they observe in sputtered
Nb—Ox-Pb junctions by reducing the RF voltages used in sputter cleaning prior to their

oxidation step.

Arnold [140] has considered proximity models (involving specular reflection at the
boundary surfaces) for a thin normal metal backed by a semi infinite superconductor. In
the limit that dy « Eo he predicts the existence of a smeared resonance state in the normal
layer just below Ag and the form of his density of states appears to have some qualitative
resemblance to our empirical one below the peaks toward lower energies. However, given
the evident mix of effects that are present at the Nb surface it is difficult to confirm this

interpretation of our results.

It is worth noting that the shoulder feature has been observed in the IVs of junctions
examined in a number of different experiments. Keith and Leslie showed that the effect
can arise from ion milling damage (and were able to significantly reduce the effect by
using heavier bombarding atoms, reducing the damage layer to ~1 A). Frommer et al.
[141] saw similar shoulder structures in junctions on Nb single crystals where no ion
milling/sputter cleaning was performed. Their crystals were grown in ultra-high vacuum
by the floating zone electron beam method. The crystal was then allowed to cool in situ
and oxygen introduced directly in to apparatus to create the thermal oxide barrier. The
cooling period itself was found to be the major determinant of final junction quality. If
cooling extend past the mono-layer time (of the back ground atmosphere ~6 hours) a
deterioration in barrier performance was observed. However, even in the rapidly cooled
devices features at the shoulder of the IV were observed and were thought to be caused by
“adsorbed oxygen”. In Pb—Ox-Pb junctions Wyatt et al. [142] were able to reproduce the

shoulder feature by adding a mono—layer of Zn between the first Pb and the oxide barrier.









6. PROXIMITY EFFECTS FEBRUARY 1993

of fit was achieved by assuming the Al energy gap was somewhat enhanced, over the
bulk value, to 250 ueV. Figure 6.3.1 shows the energy gap temperature dependence,
assuming a 250 ueV Al energy gap, for I'y = 0.025 and 0.04 meV. The other parameters
were I's = 0.001 meV, mg = 23.9 meV, As = 0.2918, oy = 43.32 meV, As=0.171 151. The
agreement is improved but still leads us to conclude that the McMillan model is unable to
adequately explain the observed temperature dependence for these devices. If we assume
that the McMillan solutions give some indication of the quality of the Nb—Al interface

then I'y = 0.04 meV corresponds to a transmission coefficient of 6x10-3.

Gap(ueV)

3501
30071
2501
20071
150+
1001
50;
0

R S S BT T T S E LY

Figure 6.3.1 The temperature dependence of the energy gap induced in a thin film of Al on the
surface of a single crystal of Nb. The Al films had thicknesses and deposition rates of: Circles
60 A @ 30 A s-!; Diamonds 60 A @ 25 A s'; Crosses 60 A @ 20 A s°!; Squares 80 A @
12 A s'1. The lines are theoretical temperature dependencies from the McMillan model: Solid
line I'y = 0.025 meV; Dashed line I'y = 0.04 meV; I'\/I's = 15. Other parameters are given in

the text. The grey line in the left hand corner is the BCS temperature dependence for an Al thin
film with Ay = 250 peV.152

Surprisingly, for a given Al thickness slightly better Nb—Al transmission
coefficients were obtained for lower Al deposition rates. These devices were fabricated in
a thin film evaporation system with a base pressure of ~106 torr (see §4). At this pressure
the mono-layer time is less than 1 second. Despite outgassing of the Al source boats prior

to use this pressure was still observed to rise by ~10 during the trap deposition. It seems

1511n the limit that I')y becomes very small, corresponding to the transmission coefficient between the Nb—
Al layer =~ 0, the expected temperature dependence below the T of Al will be close to that of BCS
predictions.[135] This is shown by the grey line in the bottom left-hand corner of Fig. 6.9.

152Fijle: “Induced Proximity Gap 26.1.93”
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In initial tests in this system we deposited Al thin films of ~80 A for direct
comparison with those reported in the previous section. Figure 6.3.2 shows a typical IV
for such a Nb—Al-Ox-Pb device. The apparent gap of the Al proximity film was close to
that of the bulk Nb indicating a significantly improved transmission probability at the
Nb-Al interface. This can be seen by first comparing the IV with that for an evaporator
fabricated Al proximity layer (short dashed line in Fig. 6.3.2) and that for a Pb probe film
directly on the surface of the crystal (dashed line). Fits based on McMillan model
generated I'Vs yield a value of 'y consistent with o ~ 0.2—1 where the uncertainty arises
from the errors in the determination of the Pb energy gap.

I(arb)
3.5¢

2.51

1.57

0.5¢

0 =05 1 15 3 25 3 35 @V)

Figure 6.3.2 Comparison of current-voltage characteristics of Nb—Ox—Pb (dashed line) at
4.2 K, Nb-A1(60 A)-Ox—Pb (short dashed line) at 4.2 K with trap made in the evaporation
system and Nb—Al(80 A)-Ox-Pb (line) at 4.8 K with trap made in CVC sputtering system. The

IVs have been normalised to have equal normal state resistances. The actual values were 1.4 Q,
2.3 kQ and 80 kQ.154

Figure 6.3.3 shows the temperature dependence of the energy gap induced in a
2000 A Al film deposited in the CVC system. In this case a fit using the predicted gap

variation of the McMillan model gives extremely close agreement. The best fit was

achieved for 'y = 0.06 = 0.01. The other parameters were I's <2 I'y 155, g =23.9 meV,

154File: “STJ IV Comparison 31.1.93”
I55The fit is insensitive to this parameter in this range.
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Al deposition in the CVC sputtering system we were able to create proximity layers with
transmission coefficients ~0.3. In the case of thin Al (80 A) films the IV characteristics
showed a proximity layer density of states close to that of bulk Nb without the leakage
currents associated with native oxides. This technique is now common place in the
fabrication of Nb thin film superconducting devices where Nb—Al-Ox—Al-Nb “tri-
layers” are used combining the benefits of the high T, of Nb with the robustness of AlOx
tunneling barriers. At present the normal state resistances of our Nb—Al-Ox-Pb junctions

are very high (» 10 kQ). We would hope to reduce these values in future work.

These results are encouraging for the application of quasiparticle trapping from bulk
Nb single crystals. The finite (~10 us) propagation times of quasiparticles over distance
~cm, in the extremely high purity Nb samples used in these experiments, will still limit
the effective rate at which quasiparticles can be trapped but we believe that we will soon
be able to unambiguously differentiate between quasiparticle and the pervasive phonon
signal arising in STJs and SAST]J. This is a crucial criterion if we are to use the ratio of
these signals to gain further information on the nature of the original particle interaction

in the Nb crystal and so possible differentiate between nuclear recoil and electron events.
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Early experiments on the (un—outgassed) low purity Nb crystals showed that the
signal shapes detected for laser and a-particle signals were identical [119]. The
experiment was performed on a Nb crystal (length 2 mm x diameter 10 mm) using an Al
SASTJ fabricated on the opposite face to which was excited by the laser/o—particle.
Figure 7.1.1 shows the SASTJ voltage signals at 360 mK (averaged over 50 events, in
each case, to improve the signal to noise ratio). The phonon and quasiparticle diffusion
signals could be clearly identified due to the significant difference in their propagation

times. The phonon signal precedes that of the quasiparticles 157.

120 %ot
. ] Laser <0 o - particle
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Figure 7.1.1 Comparison of the voltage pulses due to laser excitation and o—particle excitation
of a low purity Nb crystal (length 2 mm x diameter 10 mm, not outgassed). The sensor was an
Al SASTJ (200 junctions). The pulses decay at long time-scales due to an electronics ac
coupling (CR) time of 900 us. The signals were averaged over 50 events to improve the signal
to noise ratio.[119]

In the high purity Nb crystals the propagation times of the phonons and
quasiparticles becomes comparable. It is no longer possible to measure the relative signal

sizes using time separation techniques. We are investigating alternative techniques

(discussed in §5.4) to clearly distinguish between the signals. For the results presented in

L57This is discussed in detail in Chapter 5.
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right hand hole of the collimator are illustrated in Fig. 7.2.2.158 The signal from a SASTJ
is a convolution of the phonon energy entering the SASTJ and breaking pairs in the Al
thin films combined with the electronic RC time constant (trc < 1 us) and the effective

recombination time of the quasiparticles in the Al (T, ~ 20 us) 159,

Left SASTJ ! Right SASTJ

[
()]
o
[
(9]
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[u—
-
o

W
O a2

o.

Voltage Signal (arb. units)

100 150 200

Figure 7.2.2 Voltage signals from constant current biased SASTJs at opposite ends of the
crystal following an a interaction defined by the hole nearest the right hand end. The
asymmetry in pulse height is due to the different propagation distances from the hole to the left
and right arrays.

A scatter-plot of the voltage signal heights, in the left versus right SAST]Js, arising
from the interaction of a-particles at positions defined by the five hole collimator (1 mm
diameter holes at 2 mm spacing) is shown in Fig. 7.2.3. The plot also includes events that
were generated by periodic light pulses from a low power LED 160 which were directed
by a quartz fibre on to the upper surface of the Nb crystal directly opposite the central
hole as indicated in Fig. 7.2.1. These pulses permitted the monitoring of the stability of
the array sensitivity and give an estimate of the intrinsic scatter, due to electronic noise, of

the signal heights.

It is evident, from Fig. 7.2.3, that the peak voltage signal height in a SASTJ is a

function of its distance from the interaction point. This would be expected since the signal

I58The voltage signals were very similar in shape to those seen for laser illumination through the same hole
in a previous experiment under the same bias and temperature conditions.

159The convolution of the detector response is discussed in §3.6.1.
160This is a different light source to the much higher power laser used in §5.
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shape in the first ~60 s 161 is determined by the direct ballistic phonon flux 162 and also
the signals due to the high energy phonons (and quasiparticles) which diffuse!63. Using
the signal heights alone the detector is clearly able to resolve the events corresponding to

interactions in the five separate holes which are spaced at 2 mm intervals.

200 - LED calibration pulse

b

150 -

100 - %

Right Array Pulse Height (ch. no.)

' L L L
L] L L] L

50 100 . 150 200
Left Array Pulse Height (ch. no.)

Figure 7.2.3 The pulse heights, in arrays at opposite ends of a 12 g crystal, due to 5.5 MeV a-
particles (see Fig. 7.2.1) are plotted. The grouping in the top right hand corner is due to a LED

calibration pulse incident on the crystal adjacent to the centre hole and gives an estimate of the

signal/noise. 164

Closer analysis of the events from the centre hole shows that we can also see a
residual inverse—correlation between the signal heights from the left and right SASTJs
that must be a due to the variation of the interaction position within the finite size of the

collimator hole (diameter Imm). Given the symmetry of the detector at this hole a crude

1611t should be remembered that the integrating effect of the SASTJ response function (due to the finite
recombination time (t,) of the Al quasiparticles) means that the phonon flux, at a given time, will influence
the voltage pulse shape at later times (At), diminishing as exp(-At/t,).

16215 the absence of attenuation, a ballistic signal would scale as (distance)2 due to the decrease in solid
angle subtended by the detector.

1631n the absence of reflection from the surfaces of the crystal the peak diffusion signal height would show
a (distance) dependence. The pulse behaviour becomes more complex if reflection is assumes. This will be

discussed in a later section.
164Fjle: “Alpha T001 (Heights)” nb020891.
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ratio of the signal heights will give the position of the interaction independent of its
energy. Comparison of the variation in this ratio for the o—particle events with that for the
LED diode events (which acts effectively as a point source) imply an electronic noise
limited position resolution of ~300 wm. If this position dependence is folded out of the
pulse heights the resulting energy spectrum (for the central hole only), shown in Fig.
7.2.4, gives an energy resolution of 170 keV FWHM for the 5.5 MeV a-particles. Clearly,
such an analysis is simplistic. A more complex functions (of the left and right signal
heights) could be empirically determined for the position of the interaction by a fit to the
centroids of the five separate point—distributions. The centroids lie on a mono—energetic
locus at 2 mm intervals. We will discuss this in the later paragraph.

A slight asymmetry in the trend of signal heights with position for the left and right
arrays was observed. This may be due to the enhanced sensitivity of the left hand array to
quasiparticle trapping in the Al layer directly beneath it. However, the results detailed in
Chapter 6 indicate that the technique used in the manufacture of this trap would be small
due to a low transmission coefficient at the trap—crystal interface. Improvements have

been made in trap fabrication (§6.3.3) and will be applied to future devices.
607
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Figure 7.2.4 Plot of counts versus energy for 5.5 MeV a-particles from the centre hole giving
an energy resolution of 170 keV FWHM.
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this can be achieved with additional energy information as discussed later. The size of the

position sensitive region can be increased by altering the geometry of the arrays.
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Figure 7.3.1 Peak voltage signals from the upper versus lower SASTJ on the face opposite to
incident 5.5 MeV a-particles (See inset of Fig. 7.3.2).
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Figure 7.3.2 A plot of the time difference of the leading edges of the signals from the two
arrays versus the log of the ratio of the pulse heights. The Nb crystal was 3 mm length x 10 mm
diameter and the arrays cover an area of 2.9 x 6 mm each with a centre separation of 3 mm.
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The width of the scatter distribution (marked “x” in Fig. 7.3.1) is greater than that
which would be observed in experiments on crystals where the a-particles are incident on
a bare surface of the Nb. The presence of an Al trap on the Nb crystal surface in the
immediate vicinity of the a-particle interaction region appears to affect the initial

evolution of the non-thermal signal.

A plot of the time difference of the leading edges from the upper and lower arrays is
shown in Fig. 7.3.2. The distribution implies a propagation speed of 1.0 km s-! compared
to the slow transverse phonon velocity of ~2 km s-!. Once the interaction takes place
outside the central region, the timing difference becomes weakly position dependent as
would be expected. The position resolution for the interactions on the far face is

~200 um, as ascertained from the signal timing differences in the two arrays.

Knowledge of the position dependence of the a-particle signals for this device aids
the interpretation of the signals arising in the SASTJs for y-ray interactions where the
position cannot be determined a priori. The device was used to detect 662 keV and
356 keV y-rays from sources outside the cryostat. Figure 7.3.3 shows a plot of the pulse
heights from the upper and lower SASTJs (connected in series as indicated in the inset of
Fig. 7.3.4) for 662 keV y-rays from 137Cs source. The reduced position dependence
shown in the scatter plot of Fig. 7.3.3 compared to Fig. 7.3.1 indicates a difference
between the shape of the signals arising from o and y-ray interactions 166, (We would
expect the altered array connections to accentuate the position dependence.) A different
behaviour is also observed in the range of the timing differences between the leading
edges in Fig. 7.3.2. More detailed modelling of the signal shapes and position

dependencies is currently being carried out.

166 At present this is only verified statistically by the scatter of the points.
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Figure 7.3.3 Voltage pulse heights in upper and lower composite arrays. On the same device as
shown in Fig. 7.3.2, the arrays were paired so that those opposite one another were connected in
series (as shown in inset of 7.3.3). The device was irradiated with 662 keV y-rays from outside

the cryostat.
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Figure 7.3.4 The timing difference of the rising edges of the signals in the upper and lower
composite arrays (connected as shown in the inset) for irradiation by 662 keV y-rays from
outside the cryostat.

We would expect that, at a time long compared with (a), the initial propagation time

of the signal in the Nb crystal and (b), the integration time of the Al SASTJs determined
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the heights of the voltage signals in the left and right arrays has also become more
exaggerated. The signal heights now appear to scale approximately with the square of the

propagation distance. This is the behaviour we would expect if we were only detecting the

ballistic component of the phonon signal.

While this result is only preliminary, if correct it implies the decay of phonons at
the surface of the Nb takes place more rapidly than we had imagined. The results obtained
using an Al-Ox—Al STJ, at 360 mK, reported in §5.5 indicated a decay time of 145 us for
the phonon signal in the range 50-150 us. This would have seemed to be close to a
limiting value since at this temperature the thermal population of phonons above 50% of
A1 is already becoming small (see Fig. 5.5.13). Phonons in this energy region would be
expected to make a significant contribution to the 3—phonon processes that up—convert
non-equilibrium phonons that have decayed and so prolong their apparent lifetime. We

intend to study this effect in more detail. 168
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Figure 7.4.1 Voltage signals from constant current biased SASTJs at opposite ends of the
crystal following an a—particle interaction in the hole nearest the right hand end. The pulses
were recorded in a similar experimental arrangement to used to record those shown in Fig. 7.2.2
except that the temperature is now 70 mK.

1681nvestigations subsequent to the completioq of this_ wqu indicate that the pulse shapes of the signals
shown in Fig. 7.4.1 recorded from Nb crystals in Fhe _dllutpﬂ refrigerator are anomalous. In subsequent
experiments the pulse shapes have shown decay lifetimes in excess of those illustrated in Fig. 7.4.1 by a
factor of 2—5. We believe that this effect could be caused by the inclusion of magnetic flux in the Nb crystal
and arrays while cooling the samples. We are currently investigating this and related phenomena.
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8. CONCLUSIONS

Do not all charms fly

At the mere touch of cold philosophy ?
There was an awful rainbow once in heaven:
We know her woof, her texture; she is given
In the dull catalogue of common things.
Philosophy will clip an angel’s wings,
Conquer all mysteries by rule and line,
Empty the haunted air, and gnomed mine
Unweave a rainbow.

John Keats

We have observed the ballistic propagation of phonons in high purity Nb at
temperatures below 1 K. The propagation velocities agree with calculations based on the
tabulated second—order elastic constants. Some evidence for the predicted anisotropy of
the phonon propagation times was observed. At higher temperature (T =2 K) it was
shown that the phonon m.f.p. becomes limited by scattering from the thermally generated
quasiparticles. The characteristic scattering times were found to agree with theory.

The behaviour of the reverberation of non—equilibrium phonons was unexpected.
The lifetimes of non—thermal phonons were very much shorter than estimates based on
the bulk anharmonic decay rates. We believe significant down conversion was taking
place at the surface of the crystai. The down conversion rates were strongly temperature

dependent. The size of the signal at long time scales was found to be close to that
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predicted for a fully thermal phonon distribution, assuming the heat capacity was given
by the Debye model. The signal decay time was found to correspond to the thermal time
constant of the crystal.

Quasiparticle propagation was observed in junctions fabricated directly on the Nb
crystal surface. We were unable to unambiguously identify the quasiparticle signal in

junctions separated from the crystal by an insulator.

Initial work to investigate quasiparticle trapping into thin films was frustrated by
poor interfaces between the Nb crystals and the Al trapping films. Better conditions have

now been identified for trap fabrication. We will investigate trapping again shortly.

a—particle and y-radiation interactions were observed in bulk Nb crystals using Al
SASTJs. We demonstrated methods for extracting the position and energy of the
interaction. Differences were found in the behaviour of the non—thermal signals arising
from o-particle and y-ray interactions. In a 12 g Nb crystal at 360 mK the detection
threshold was ~200 keV. We plan to investigate the improvement in threshold (due to

enhanced SASTJ sensitivity) when the device is cooled to lower temperatures.
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where Tpp is the calculated pair breaking time in the films according to Eq. 3.3.22. The
calculated phonon loss times for the Al SASTJ and Sn STJ are 400 ps and 1 ns. This

consistent with those values quoted in Eisenmenger. [60, 143].

tauR (us
)

b S AN ' + + + T(K
1 0.7 0.5 0.4 0.3( )
Figure A.1 Recombination time of quasiparticles in Al film of Al SASTJ (§5.5.7). Dotted line
is (half) calculated recombination time using Tgp = 110 ns. Experimental recombination times

were extracted from direct illumination pulses and fit using a convolution algorithm to take

account of electronic RC effects. The superconducting energy gap used in the fit was
A =220 peV.
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tauR(us)

0.11

——t——t + ' ' T(K
1 0.7 0.5 0.4 0.3( )

Figure A.2 Al recombination time in STJ (§5.5.2). The saturation at low temperatures was
caused by self-heating. The line gives a slope of 220 ueV.!169
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Figure A.3 Sn film recombination time as a function of temperature (§5.5.3). High temperature
data in grey was obtained by measurement of the area of the direct signal in order to avoid RC
effects. The fit uses a slope of 600 peV saturating at 5.4 ps. T

169Fijle: “nb140793 VIIIp71 Pulse Series”
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Excess Current (A)
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Figure B.1 Comparison of excess signal current in Sn-Ox-Sn STJ with temperature against
predictions from phonon (solid line) and quasiparticle (dashed line) models. The absence of free
parameters in the phonon model favours this interpretation. !

If the quasiparticles were predominantly recombining, not in the bulk of the crystal,
but at the surface of the crystal in a region where the superconducting energy gap was
reduced then it is possible to suggest a reason for the observed temperature dependence.
The regions were the gap is reduced would have thermally generated quasiparticle
populations dependent of the local value of the gap. Excess quasiparticles from the bulk
of the crystal would be able to recombine in these regions emitting phonons. The number
of phonons emitted (£2 = 2Ageduced) Would be proportional the thermal populations at a
given reduced gap Ageduced- We would assume that the dominant phonon component at a
given threshold came from recombination of quasiparticles at that threshold. The
relaxation phonons emitted by the quasiparticles as they moved into this region would

have to be very low energy (so as not be detected by STJ). This could arise if the depth of

such a damage region was large compared to the superconducting coherence length.

t1 File: “Phonon T3 vs QP Recomb Sig 12.1”












