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Temperature-dependent quasiparticle recombination lifetimes ., ,(7T) and densities N, of
electronic states at the Fermi level have been measured from time decay experiments of
excess quasiparticle concentrations in evaporated, superconducting Al- and Pb-tunnel
junctions. Current pulses were used to inject excess, nonthermal quasiparticles in a single
junction acting simultaneously as generator and detector. The experimental lifetimes in
“unperturbed” A1l show satisfactory agreement with calculations based on the 2 4-phonon
trapping lifetime model. 1., decreases with increasing perturbations of the Al film
structure by oxygen background evaporation. In Pb the measured times indicate 24-
phonon volume losses. The densities N, in Pb-films and “unperturbed” as well as
oxygen-perturbed Al-films differ by less than 59 from the corresponding bulk material
data. Therefore, in trying to explain the enhancement of the transition temperature from

1.23K to 1.85K in perturbed, granular Al-films a change of N, can be ruled out.

I. Introduction

In a previous publication [1] we reported on directly
measured effective quasiparticle recombination life-
times 7., in superconducting tin tunnel junctions
and, for the first time, on a new experimental method
to determine the absolute value of the density N, of
electronic states at the Fermi level in thin, vacuum-
deposited superconductor films. The experimental
times showed good agreement with values calculated
on the basis of the ray-acoustic lifetime model [2] in
the linear thickness range of 7, with negligible 24-
phonon loss processes in the film volume. Moreover,
N, of polycrystalline Sn-films with only slightly en-
hanced (1 %) transition temperatures T, deviated less
than 5% from that evaluated from the experimental
electronic heat-capacity coefficient y of ordinary bulk
tin. In the present paper experimental t,,(T) and N,
data for Al and Pb have been determined. A brief
description of the experimental technique and of the
lifetime model used, together with the most impor-
tant results, is given in Sects. ILA and II.B. The
experimental data are compared with theory and
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discussed with respect to the questions whether the
measured increase of T, in perturbed Al-films may be
caused by a change of N, and whether t, is changed
with increasing film structure perturbations (see
Sects. I1.C and II1.A). Experiments on lead were made
in order to investigate the influence of phonon vol-
ume losses on the value of 7, (see Sect. IIL.B).

exp

I1. Theory. Brief Outlines
A. Determination of N, and <,

Using the relations for the BCS density N, of therm-
ally excited quasiparticles, the lifetime 7., from the
rate equations for quasiparticle recombination [3]
and the excess quasiparticle density N under a sta-
tionary injection rate I, we derived in [1] the follow-
ing expression for Ny:

N. = 210 Texp,OeXp[A (T)/kB T] (1)
O [x2(0)+2x(0)][2m A(T) ky TT'?
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Accordingly, a measurement of N, requires absolute
values of the temperature T, the energy gap A(7), the
rate I,, the effective lifetime 7, o at SN/N,;, <1 and
the relative quasiparticle overinjection N (t=0)/N,
=x(0) at the switch-off time =0 of the injection
pulse.

These quantities can be measured with a single, sym-
metrical tunnel junction, ie. 4 and T from the cur-
rent (i)-voltage (U)-characteristics and x(0) and 7, ,
from the time decay of SN after pulse excitation. The
junction is biased in the thermal tunneling current
range (0<Ug<24/e) and acts as its own detector. In
the present paper cutrent pulses have been used to
generate SN. By current injection additional, non-
equilibrium quasiparticles are generated in single
particle tunneling via breaking up Cooper-pairs
(U=24/e) in the tunneling volume V., with the rate
Io=2i/eVy,; i 1s an effective excitation current (see
[1]).

Experimentally dN/N,, is determined from the cor-
responding increase of the thermal tunneling current
iy, ie. ON/Ny=0ifiy, and 7., o can directly be ob-
served from the time decay of di sufficiently long
after switch-off of the injection pulse. Accurate values
for x(0) and r,,, , are obtained from a mean least
squares fit of the nonexponential decay function [1]

x(8)=2{[1+2/x(0)] - exp(t/Teyp, 0} — 1}~ 2)

to the experimental decay curves.

Electronic densities N, determined from (1) for evap-
orated film samples are compared with values com-
puted from the experimental electronic heat-capacity
coefficient y of the bulk material according to the
formula

No=3y/n* ky=Ng*(1+4), 3)

where N§* is the band-structure density of states and
(1+2) the enhancement factor due to the electron-
phonon coupling 4 [4].

B. Quasiparticle Lifetime Model

According to the comprehensive calculations for the
effective quasiparticle recombination lifetimes in
superconductors [2], the influence of phonon reemis-
sion and reabsorption results in three characteristic
ranges of the thickness (d) dependence of 7. As to
our junctions, range 2 with d> A, is the most impor-
tant one, where 7., can be expressed by a linear
thickness dependence

N 1 1 T T
S B TN BT T
Nw,m(cf*ch)/ <cf+ch @

In (4) N, ,, designates the total density of thermally
excited 24-phonons, c¢;, are the longitudinal and
transverse sound velocities respectively, and T,
=T, .05+ 1 1.ome is the total, polarization and angle
dependent, average phonon transmission factor at the
boundaries film (f)/substrate (s) and film/helium.

We compare our experimental times in Al and Pb
with (4) assuming dominating 2A-phonon escape
across the junction boundaries (surface losses), i.e. the
validity of the relation 4, > A, between the mean free
paths of 24-phonons with respect to reabsorption
(4,,) and bulk loss processes (4,) (volume losses with-
out pairbreaking).

C. T, as a Function of N,

In this subsection we evaluate the exclusive depen-
dence of T, on N,, the other parameters as for
instance the average squared phonon frequency {®?}
being constant [5], by using the improved and more
general McMillan-Equation for T, [4] of Garland
and Allen (see Eq. (14) in [6]). With this calculation
we are able to predict quantitatively the T -enhance-
ment in perturbed Al-films caused by an eventual
change of N,.

The work of Garland and Allen takes account of
deviations in the shape of the phonon distribution
F(w) from the model of niobium used in McMillan’s
original paper and results in the following T -ex-
pression

T.=(0.25+0.67x) w,

1+
exp [_(0.53 062X %) 2— pu*—(0.25+0.67 x)/lu*]

©)

with x=<{w?*>/w}, w, is the upper cut-off phonon
frequency. For Al we have from available experi-
ments [7] {w?) =849 meV?, w,=40meV (neglecting
the slight high-frequency tail in the electron-phonon
spectral function o?(w) F(w)) and thus x=0.53. Ac-
cording to McMillan 4 is the electron-phonon cou-
pling constant as defined by

wo d 2
1=2 o) Pl =t ©

and p* is the Coulomb repulsion pseudopotential
¥ =No Ve/[1+No V. In(Eg/o)], ()

where o*{w) is an average of the electron-phonon
interaction, {I*) is the squared matrix element of the
electron-ion-deformation potential averaged over all
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Fig. 1. Variation of the transition temperature T, in aluminium
with the band-structure density N5 of electronic states at the
Fermi level, computed from an improved McMillan-Equation for
T, of Garland and Allen

possible scatterings on the Fermi surface, M is the
ionic mass, E, is the Fermi energy and V, is the
average over the Fermi surface of the screened Cou-
lomb interaction. N, in (6) and (7) is the band-
structure  density of states in the units
states/eV - atom - spin.

Applying Eq. (5) to Al, where data for {I*>/M<{w?>,
V. and In(E,/wy) were available [25], we obtained T,
as a function of N, as follows

1+11.58 Ny+17.92 N2
0.36 N, +15.97 N2

T.=281exp | - St

Figure 1 shows the graph of (8). From Fig. 1 we take
a critical temperature T,=1.13 K for crystalline Al in
reasonable agreement with the experimental bulk val-
ue of 1.16 K [4]. Moreover, an increase of N, by 109
for example causes a T,-enhancement by 60%;,. From
band-structure calculations follows [8] that the den-
sity of electronic states N(E) in normal Al decreases
near the Fermi level with increasing energy, ie.

d
EN (E)lg, <0. Hence it follows that a removal of

electrons shifts the Fermi level to an energy with a
higher density N, (assuming an unchanged shape of
N(E)) and, therefore, results in an enhanced T,. Ex-
perimentally this effect has been verified [9, 10].

II1. Experimental Data and Results.
Conclusions

A. Aluminium

Since the experiments of Buckel and Hilsch [11] it is
well-known that shifted transition temperatures 7, in
superconductors can be produced by lattice disorder
and particle size effects. In these experiments metal
films with high disorder were made by evaporation
onto substrates held at liquid-helium temperatures.
However, by warming up to room temperature the
films recrystallized and the critical temperatures ap-
proached the unshifted values. These results stimu-
lated all later studies of the structure influence on T.
In our experiments we applied a method developed
by Abeles et al. [12] and described in detail in [13].
Perturbed Al-tunnel junctions with granular film
structure and with enhanced and stabilized T, were
prepared by oxygen background evaporation onto a
sapphire substrate held at room temperature. The
necessary O,-partial-pressure was maintained either
by continuously admitting oxygen into the evap-
oration system and simultaneously pumping on the
evaporator or alternatively by the evaporation of Al
from alumina (Al,O,) coated molybdenum boats
(Manufacturers: R.D. Mathis Company). An external
O,-supply is not necessary in the last case. We varied
the oxygen pressure between 1-107* and
5-10~* Torr (first case). During evaporation the pres-
sure dropped to 2...4-107° Torr by the getter action
of the Al, depending on the evaporation rate which
has been varied between 20 and 150A/s. By this
technique the T, of the Al-junctions was increased to
1.85 K. Samples with higher T, showed high asymp-
totic resistances R, resulting in too high differential
resistances R, in the thermal tunneling current region
for our electronic measuring method to be applicable
(compare Sect. III in [1]). “Unperturbed” samples
with a slightly enhanced T, of 1.23 K were obtained
by evaporation with a rate of 150 A/s at a residual
pressure of 1076 Torr.

A special stripline like junction configuration guaran-
teed a negligibly low inductive crosstalk ( — 60 dB) from
the high excitation current pulse to the voltage (sig-
nal) terminals. The tunnel junction (with an area of
0.3mm?) is shaped between two superconducting
films elsewhere insulated by an approximately 3000 A
thick SiO layer (for more details see Fig.3 in [1]).
The tunnel barrier was formed by room temperature
oxidation of the bottom film through the SiO win-
dow at an O,-pressure of 20 to 30 Torr for 3 to 4 min.
Samples could be prepared with suitable properties,
ie. R in the 10 mQ-range, R, in the 1 Q-range and
ratios i,,_/i,, between the maximal and minimal
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Fig. 2. Experimental quasiparticle recombination lifetimes versus A/ky T for three Al-tunnel junctions with different degrees of perturbation
and direct contact to liquid *He. Symbols (@) and (o) correspond to lifetimes obtained from the slopes of the logarithmic diagrams of the
decay curves at long times and {rom the fits of the nonexponential decay function (2) on the experimental decay curves, respectively

single particle current at U=24/e of greater than
150; this ratio is a measure for the junction quality.
The specimens were directly immersed in liquid *He
with a lowest attainable temperature of 0.38 K. The
bath temperature was measured with a calibrated
germanium resistance and by the vapor-pressure (de-
termined by a Baratron pressure meter, MKS Instru-
ments). Additionally, we also checked these values by
determining the temperature from the thermal tunnel
currents of the junctions; (deviations +0.01 K).

The time constants t., , directly measured from the
time decays of the pulse signals at low excess quasi-
particle densities are plotted as a function of A(T)/k, T
for three Al-tunnel junctions with different T, values
in Fig. 2. Within the experimental errors the 7., ¢'s
verify the exponential exp(A4(T)/ky T) temperature de-
pendence required by theory, ie. the times are pro-
portional to the reciprocal concentration of ther-
mally excited quasiparticles. Hence it follows, that
these time constants can be ascribed to the effective
quasiparticle recombination lifetimes in Al-tunnel
junctions.

We now compare our experimental value t,, o/d
=0.024 (£20%) [s/cm] for the decay time constant
in the “unperturbed” Al-junction (d=50004, 4=
178 peV, T.=123K) at A=4k,T and A=200peV
with the calculation according to (4) and with
measurements of Long [14]. The decay time was
corrected to the energy gap of 200 peV for the same
Alky T by the relation rexpsoocd-Afz-f(A/kBT) [2],
[14] resulting from Eq. (4). This relation has been

verified by experiments [14]; f is a function of the
variable A/kgT.

Using the acoustic data for Al on sapphire substrates
[2], the phonon transmission coefficient into 3He
T, m.~0.3 [19] and the experimental value for N,
listed in Table2, the calculation from (4) valid for
d>A,, (A,=3500 A experimentally obtained by Long
[14] for transverse phonons) and A, A4, i.e. without
phonon volume losses, results in 7., o/d=0.03
(£20%) [s/cm]. The relatively good agreement be-
tween measurement and theory shows that 24-pho-
non scattering at grain boundaries or at the oxide of
the tunnel barrier is of low importance in evaporated,
“unperturbed” Al-junctions.

Long [14] obtained a mean lifetime ., ,/d=0.088
[s/cm] at A=4ky,T and A=200peV from several
steady-state “vacuum measurements” on Al-samples
with a sandwichstructure of two tunnel junctions in
the thickness range 1000A<d<3000A. This time
value, however, relates to the “lifetime” of one
quasiparticle. For comparison with our “decay time
constant” of an excess quasiparticle density Long’s
“lifetime” value must be divided by a factor two,
since the recombination process takes place between
two quasiparticles. The indirect determination of 7,
by the steady-state method requires the absolute val-
ue of the electronic density of states at the Fermi
level, for which Long has taken the bare band-struc-
ture value N§¥=2.43-1022eV ! cm™? (both spins) in-
stead of the correct quantity Nj=N5-(1+1) [see
Table 2] renormalized by the electron-phonon in-
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Table 1. Correction of the apparent lifetime reduction in the
perturbed Al-junctions in respect of the different values of thick-
ness d and gap energy 4. The effective quasiparticle recombination
lifetimes 7, o of the perturbed Al-junctions are normalized to the

exp,

values 4,=0.181meV, d,=50004, t*_,=3700ns of the “unper-

exp,

turbed” junction (with T,=1.23K) at 4=5k;T with the relation

Texp, o~ d/A ?
T [K] 1.49 185
A [meV] 0.221 0.280
d [A] 2,200 3,000
Co0 [05] at A=5k, T 1,270 550
Zo0.9 [experimental] 0.34 0.15
Texp,O

AZ
Zopo _ Zu® roalculated] 0.30 0.25
T:xp,O A*d*

teraction 4. Moreover, the transmission of longitu-
dinal phonons across the junction boundaries has
been neglected. Taking account of these arguments,
we converted Long’s “vacuum lifetime” with Eq. (4)
into the value with liquid He-contact and obtained
Texp,0/d=0.024 [s/cm] in good agreement with our
decay time constant measured at A=4k,T and
A=200peV,

Figure 2 shows that 7., , decreases with increasing
T, at a given A/k; T. However, for a correct compari-
son of the decay times in the three samples we have
to take into account that the samples have different
thicknesses d and gap values A. Therefore, the experi-
mental times in the perturbed samples were related to
the decay time in the “unperturbed” junction, ac-
cording to the general relation 'cexp,ooccl/zl2 f(A/kgT)
[21, [14]. As can be seen from the data in Table I,
the apparent lifetime reduction in the moderately
perturbed sample with a T,=149K can be com-
pletely described by the z.,, relation within the
total experimental uncertainty of 159 (errors in 7(5-
10%,), d(5-10%), 4(3%)). This is in contrast to the
excessive t-reduction of the strongly perturbed junc-
tion with T,=1.85K. In the validity range of the
Texp, o Felation (A, <d; A,, phonon reabsorption mean

free path, d=junction thickness; no phonon losses in
the bulk material) changes of the electron-phonon
coupling parameter 4 enter only by the gap value 4.
Under this condition the excessive t-reduction can be
only explained by an enhanced 2A4-phonon escape if
N, and the sound velocity are assumed to be un-
changed. The enhanced 24-phonon escape is possible
by diffuse phonon scattering at the junction bound-
aries with films of a granular, irregular structure,
since diffuse boundary scattering of phonons results
in an effective increase of the limiting angle for total
reflection. In thinner films d<A,, or with bulk pho-
non losses an increase of the electron-phonon
coupling can directly result in an excessively reduced
7. In discussing the enhancement of «*(w) F(w) in
granular aluminium [7] the sound velocity agrees
with that of the bulk material at low frequencies [ 15,
16]. Consequently, an essentially unchanged phonon
spectrum F(w) results within the limits of a Debye
model and thus an increase of the squared matrix
element o*(w) of the electron-phonon interaction
should be responsible for the enhancement of the
low-frequency tail in a?(w) F(w). This is in accor-
dance with a reduction of the intrinsic quasiparticle
recombination lifetime and also with the 24,/k, T,
data given in Table2. The ratio 24,/kzT, being a
measure for the electron-phonon coupling increases
with increasing perturbations of the Al-film structure.

In Table 2 we have listed the mean values of N, (with
its plus-minus standard deviation) for the three sam-
ples determined from Eq. (1) with experimental data
as described in Sect. IIA. The average was calculated
in each case from at least ten N,-values obtained
from measurements at different temperatures. The
maximum scatter of the single N,-values relating to
the mean value amounts to 10%,. From (1) we esti-
mated a maximal error for N, of 309 to 409 [1].

As Table 2 shows there is no essential change of N,
within the investigated transition temperature range
123K =T.<£1.85K and N, in the oxygen-perturbed,
granular Al-films agrees with the bulk value calculat-
ed from (3) with the experimental electronic heat-
capacity coefficient y [17, 18]. We compare this

Table 2. Some characteristic parameters of the Al-films, “unperturbed” (T,=1.23 K) and with increasing perturbation by evaporation in an
oxygen atmosphere. p, , =resistivity measured at T=4.2 K, /=electron mean free path due to elastic scattering, R =film resistance, d =film

thickness, D=average grain size, determined by electron microscopy

44 T 240/kp T, oT, d Ps.2 Iy s D R, 5/R300 ]\7(?

[1eV] [K] [K] [A3 [107%Qem] [A] [A] [10%2eV~tem ™3]
182 1.23 3.42 0.01 2,500 0.40 2,600 2,600 0.14 3.34+0.05

223 1.49 3.47 0.5 850 5.1 205 250 0.67 3.3+0.08

282 1.85 3.54 0.6 1,600 13 80 130 0.84 344002

For comparison: bulk value N}*=3.45.1022¢V ™' cm™* from the experimental electronic heat-capacity coefficient.
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result with results from low temperature oxidation
experiments performed on thin superconducting me-
tal films [10]. These measurements showed an en-
hancement of T, in thin (100 A) Al-layers. According
to [10] the shift of the transition to higher tempera-
tures can be explained by the relative decrease of the
electron density in the metal film. This has been
explained by the tunneling of electrons from the
metal to acceptor levels of oxygen molecules, chemi-
cally bound at the outer boundary of the oxide layer.
Concerning our O,-perturbed Al-films (prepared at
room temperature), however, we have to assume that
the oxygen exists in a stoechiometrically bound form
(Al,0O) and hence it cannot lead to a stable terminal
state of the system metal/oxide layer/adsorbed oxy-
gen being the precondition for the above explanation,

The unchanged, absolute values of N, for the density
of electronic states at the Fermi level (Table 2) show,
that N, is not important in the enhancement of 7, in
our granular Al-films. Therefore, other mechanisms,
such as alteration of the phonon spectrum or of the
electron-phonon interaction may be significant.

B. Lead

Although the first experimental [20] and theoretical
studies [21, 22] to determine quasiparticle recom-
bination lifetimes in superconductors have been per-
formed on the strong coupling lead, there were only a
few further measurements in the following period
[23-26]. The reasons for that are mainly due to
experimental problems resulting from the preparation
of proper lead tunnel junctions and from the
measurement of the relatively short effective lifetimes.
In addition, a perfect determination of 7., , is com-
plicated by the quasiparticle overinjection N/N,
easily reached in lead for temperatures T<2K. In [20,
23, 24] 7., o’s are reported, which were indirectly
obtained from steady-state measurements on high-
ohmic (Q- to kQ-range), thick tunnel junctions in
direct contact to liquid He. We report here first
temperature-dependent decay time measurements on
low-ohmic (mQ), high-quality (i, ,,/i,,_>200) Pb-
tunnel junctions under vacuum conditions.

In the preparation of the Pb-junctions we had to
dispense with the sample configuration of low in-
ductive crosstalk, used in the Al-experiments and
reported in [1, 25], since nearly all junctions pre-
pared with an intermediate layer (SiO window)
showed too high leakage currents. Proper junctions
were obtained, however, with the configuration
shown in the inset of Fig. 3; the overlap area of both
the films amounts to 0.6 mm? Pulse experiments
made on this film configuration resulted in decay

1750}
1500}
i[pAl [Pb/1/Pb,5i |
configuration
1250 i U
1000 UNi
750} s
24,
s
4
500
2501
025 125 25 28
2M/e=266
501 L UmY]) =
s TN 20 25 28/

w7
——= UmV]
Fig. 3. Current-voltage characteristics of a low-ohmic Pb-tunnel
junction for U <24/e and U <3 4/e (inset). Junction configuration
(inset)

curves with slightly superposed crosstalk-induced os-
cillations.

The lead films were vacuum-deposited onto silicon
substrates (300 K) under a residual gas pressure of
5-1077 Torr (additional cryopumping by a cold-area
(77 K) around the evaporation source [26]). After the
fast evaporation of the bottom film with a rate of
1000 A/s, the oxidation was immediately started by
slowly bleeding (20 Torr/min) pure and dry oxygen
into the evaporator up to atmospheric pressure. Dur-
ing the oxidation process, taking 1.5h, the tempera-
ture of the substrate and of the vacuum chamber
were carefully controlled at 323 K. The first 200 A of
the upper film were slowly deposited with 0.5 to
1 As, then with 200A/s. By using this preparation
procedure we succeeded in reproducing Pb junctions
with high quality (maximum i,,, /i,, ~10% at
T=18K for a sample with R _=52mQ). Figure3
shows some i— U-characteristics in the thermal tun-
neling range at various temperatures and the charac-
teristic at voltages exceeding 24/e (see inset) of a
sample used for the lifetime experiments reported in
this paper.

In Figure4 the experimental time constants 7., o,
directly obtained from the time decays of the pulse
signals at ON/N, <1, are shown in a logarithmic
diagram versus 4/k;T. The decay time constants ve-
rify the exponential temperature law above T=1.8K;
the reduction of 7., , at low temperatures may be
due to slightly trapped magnetic flux (junction was
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70 75 80 85 90 95 100 under vacuum conditions. Quasiparticle injection
—=A kgl by fast current pulses

oriented parallel to the geomagnetic field, compare
[17). In order to determine the decay curves the sam-
ples were loaded with an average pulse power of
1.5-107% W with a duty cycle 1:300. For checking
eventually existing heating effects in our vacuum
experiments, the pulse power was reduced to
1.5-107 W with a duty cycle 1:30000. Within the
experimental error the decay curves were not
changed and the time constants agreed with those in
Fig. 4. The experimental temperature dependence of
Texp, 0- Measured in the 3100 A thick superconducting
Pb-tunnel junction under vacuum conditions, can be
expressed by

-1/2
Texp, 0=Tp W exp(A O/kB T) (9)
with 7,=0.8-10"1%,
This result is in excellent agreement with phonon
pulse measurements [26] using Pb-tunnel junctions
on silicon as phonon detectors. These measurements
[26] showed that the decay time constants 7., q
determined in Pb samples with direct He-contact are
only lower by approximately 10 9} with respect to the
“vacuum-values”, ie. the phonon escape across the
junction boundary lead/liquid helium is not the dom-

inant phonon loss process in superconducting Pb.

Moreover, there is no essential dependence of 7,
on the junction thickness d in the range
3000 A <d<5000A [26]. Also indirect steady-state
measurements [24] on 3500A thick junctions on
glass substrates immersed in superfluid He resulted in
similar t,-values, ie. 1,=1.03-10"'%s (“lifetime-val-
ue” from [24] was multiplied with a factor 0.5 for
comparison with our “decay-time constants”).

Our experimental “vacuum value” 1,=0.8-10""%s is
compared with the calculation from Eq. (4) assuming
d>/, and negligible phonon volume losses, ie.
A, A,. The condition d>A, is verified by our
samples (4,,~300A [2]). Using the acoustic data for
Pb on Si [2] and the experimental value for N,
(compare Table 3) the calculation results in 7,
=13.5.10"1%5 for the 3100 A thick junction.

The calculated value t, is approximately a factor of 17
larger than the experimental result. This difference as
well as the good agreement among the above men-
tioned, different measurements definitely indicate, in
contrast to [24, 27, 28], that 24-phonon volume loss
processes in lead (inelastic phonon scattering at de-
fects and quasiparticles and three-phonon processes)
dominate the phonon escape from the sample to the
adjoining media substrate and liquid helium.,

Finally, we have listed in Table 3 some relevant
physical properties of the investigated Pb-films. As in

Table 3. Some characteristic parameters of the lead films, evaporated with high rates of 1000 A/s at a residual pressure of 5-10~7 Torr.

¢ =coherence length

44 [meV] 1, 240/ks T, oT; d P4 L4 4 R .4/R300 N
ati,, [K] [K] [A] [10~¢Qcm] [A] [A] [10°2eV~ ' em™?]
1.33 7.2 4.29 0.03 2,500 0.21 >2,500 500 0.01 42+0.2

at 2K

For comparison: bulk value NJ} =4.4.10?2 ¢V ™! cm™3 from specific-heat measurements.
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tin [1] and aluminium [see Table 2] the density of
electronic states N, (with both spins) in evaporated
lead films of polycrystalline structure agree with the
corresponding “bulk value”.

Helpful discussions with K. LaBmann, R. Rolcke, M. Welte and H.
Sixl are gratefully acknowledged. We should like to thank Mrs. G.
Mayerhoffer for preparing the substrates and Mrs. S. Sauer for the
electron microscopy.
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