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Tunneling study of Fermi-liquid efFects in amorphous gallium
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The Fermi-liquid parameter Go has been determined in amorphous gallium. Al/A1203/a-Cxa tun-

nel junctions were used to observe the renormalization caused by Fermi-liquid interactions of the

spin splitting of the a-Ga superconducting density of states in a magnetic field. This was done by

fitting the dynamic tunneling conductance to the theory of Rainer. Excellent agreement was found

with this theory, and the results were consistent with critical-field measurements made on the same

films. A large renormalization was observed (Go =0.81+0.14), as expected for this strongly coupled
material. Correlation effects were also seen. The spin-orbit scattering rate bs was found to be

0. 18+0.03.

I. INTRODUCTION

Interaction between the p -rticles of a many-body Fer-
mi system such as a metal or He leads to renormaliza-
tion of many of its equilibrium and transport properties.
Fermi-liquid theory' provides a useful and conceptually
economical framework for describing these Fermi-liquid
efFects (FLE) in terms of just a few parameters. Deter-
mination of Fermi-liquid parameters from materials in
the normal state is difficult, however, and has only been
accomplished for a few elements. For example,
conduction-electron spin-resonance absorption and
transmission experiments, and de Hass —van Al-

p hen ' measurements have been used to measure
Fermi-liquid parameters in some of the alkali and noble
metals (For a review, see Ref. 13). More recently, by us-
ing bilayer samples, Vier et ah. ,

' have extended the ap-
plicability of the transmission technique to include, in
principle, all metals for which a conduction-electron
spin-resonance signal can be seen. The basic difFiculty in
determining Fermi-liquid parameters from these mea-
surements is that this requires knowledge of the "bare"
quantities, e.g., the effective mass in the absence of
Fermi-liquid effects. Fermi-liquid theory deals with the
residual interaction between already dressed quasiparti-
cles. In real metals the electrons will interact, for exam-
ple, with phonons, thereby changing their effective mass.
There will also often be an orbital contribution to the sus-
ceptibility. Thus, in all but the simplest metals, it is
difficult to know how much of the measured renormaliza-
tion is due to Fermi-liquid interactions. The supercon-
ducting tunneling experiment described here avoids this
problem, as it is sensitive only to the Fermi-liquid renor-
malization.

The need to include FLE in the description of super-
conductivity was first pointed out by Clogston. ' Experi-
mental support for this was provided by the unphysically
large values of the spin-orbit scattering rate needed to fit
the cntical field 0,2 measurements of Orlando and co-
workers on A15 superconductors. ' ' To obtain more
reasonable fits to their data, these authors found it,

beneficial to include FI E. 'The inadequacy of the un-
renormalized theory ' ' became even clearer when it
was compared to tunneling and critical-field data on Al
thin films. ' Tedrow et al. showed that for Al thin
films their spin-polarized tunneling and critical field

[H,2( T) ] data could be explained using a generalized
theory by Rainer which includes FLE. One result of
these experiments was to demonstrate a new and very
direct way of measuring the Fermi-liquid renormalization
in metals. The great advantage in using a superconduc-
tor for such measurements is that along a second-order
phase boundary, H, z( T), the densities of quasiparticles in
the normal and superconducting states are equal, but for
H «H, 2(0) and T«T, the density of the unpaired
quasiparticles approaches zero, and the interaction be-
tween quasiparticles is effectively turned off. Thus we
can separate the renormalization of the quasiparticles
due to Fermi-liquid interactions from the effects which
"dress" the noninteracting quasiparticles, by varying the
magnetic field and temperature. The present measure-
ments utilize this property of superconductors to deter-
mine Fermi-liquid parameters without relying on model
calculations or other experiments to determine the bare
quantities.

According to the theory, the rather modest Fermi-
liquid correction observed in Al (Ref. 24) should be great-
ly exceeded by that of a superconductor with a large
electron-phonon coupling constant (A,, „h). The value of

h for amorphous gallium (a-Ga) (Refs. 27 —29) is =2
compared with a value of =0.4 for Al. It also has a
sufficiently low spin-orbit scattering rate for the present
experiment, unlike other strongly coupled superconduc-
tors. Quench-condensed a-Ga films have been extensively
studied ' ' ' in spite of the fact that they are only
stable for T(20 K and must be prepared by deposition
on a substrate held at liquid-helium temperature. High-
T, modifications have been produced by other techniques
but these generally include phases with a lower T, and

ph %e have observed a large renormalization of
the superconducting density of states and critical field of
a-Ga, underscoring the need to incorporate Fermi-liquid
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effects in understanding the superconducting behavior of
this material and providing a rigorous test of the renor-
malized theory.

II. THEORY

Near a second-order phase transition to the normal
state, the density of quasip articles approaches the
normal-state density of electrons, and interaction be-
tween them becomes important. The effect of the neigh-
boring quasiparticles on a given quasiparticle can be de-
scribed in terms of an additional magnetic field acting on
its spin (in addition to the renormalization of its self-
energy or effective mass). Since this extra field is
equivalent to renormalizing the effective magnetic mo-
ment of the quasiparticle, the interaction renormalizes
the superconducting properties dependent on this mo-
ment, such as the Pauli-limited critical field and the spin-
splitting of the quasiparticle density of states in a magnet-
ic field. The present study is based on these effects.

The theoretical foundation for the application of
Fermi-liquid' theory to isotropic superAuids in the clean
limit was laid by Leggett. ' We will use the quasiclas-
sical approach developed by Eilenberger and Larkin
and Ovchinkov. This approach has been used by
Serene and Rainer to describe He. The extension of
this theory to high-field superconductivity used here is
due to Rainer. The high-field properties of supercon-
ductors, in particular the superconducting density of
states and upper critical field, are calculated from the
quasiclassical propagator for the quasiparticle excita-
tions. Impurity, anisotropy, and strong-coupling effects
can all be incorporated. We are interested in the dirty
limit (1((go) for our amorphous films, where the quasi-
particle parameters can be averaged over the Fermi sur-
face. It is important to note that in the dirty limit the re-
normalization of both the quasiparticle density of states
and the critical field is characterized by the singe parame-
ter Go. This is the l =0, antisymmetric, Fermi-liquid pa-
rameter which is sometimes referred to as 80 in the
literature.

In the limit where the interaction of the applied mag-
netic field with the spins dominates the coupling between
the orbital motion and the field (e.g., a thin film in a
parallel field where the orbital depairing is negligible) the
renormalization of the Pauli-limited field (Hz) is given
b 15, 16

7

H =H (1+G ).o (1)

We also find from this theory that as the applied field ap-
proaches the critical field, the apparent Zeeman splitting,
5, of te quasiparticle excitations becomes

K(T) K (T)5: 2piiH, ( T)/(1+ Go) . (2)

From these relations, we see that at the phase boundary
the effect of the interaction between quasiparticles is
equivalent to adding an extra internal field,

H;„,=H,„,[—Go/(1+Go)], which acts on the quasipar-
ticles' spins (in addition to renormalizing their masses).
This field can be either positive or negative depending on

the sign of Go.
It is di%cult to determine Go from critical field mea-

surements alone. This point has been discussed in detail
by Alexander. The problem is that spin-orbit scattering
has an effect on the critical field which is very similar to
that of the renormalization. This spin-orbit scattering is
analogous to that in the simple hydrogen atom problem.
Grain boundaries, impurities, defects, and interfaces can
all lead to potentials which yield an "L.s" coupling term
in the Hamiltonian. In the theory used here, these effects
are combined together into a single phenomenological
spin-orbit (SO) scattering time, iso. The spin-orbit
scattering rate, bsQ=A'/3~$QAO will be an additional
fitting parameter in the theory (b.o is the order parameter
of the superconductor in the absence of any pairbreak-
ing). The best way to determine Go is by fitting curves
calculated using the theory of Rainer to measured con-
ductance curves. In a superconductor —normal metal
tunnel junction, the dynamic conductance as a function
of bias voltage is simply the convolution of the supercon-
ducting density of states, N, ( V), with the derivative of
the Fermi function with respect to energy. " The full
effect of Go on the shape of N, ( V) is complicated and de-
pends on the amount of orbital depairing and the spin-
orbit scattering rate in the superconductor. One of the
main features of the renormalization is a decrease in the
apparent Zeeman splitting. The change in this splitting
as a function of field can be measured directly and com-
pared with that predicted by the theory in order to deter-
mine Go when the spin-orbit scattering rate is low. This
approach has been used by Tedrow et al. on aluminum,
which has a very low spin-orbit scattering rate. They
used Al/Alz03/Fe tunnel junctions to resolve the two
quasiparticle spin densities of states of the aluminum.
This technique has been described by Meservey et al.
and Tedrow et al. By measuring the separation in en-
ergy of these densities of states, Tedrow et al. obtained
60 =0.3.

With a moderate amount of spin-orbit scattering, spin
is no longer a good quantum number but Go can be accu-
rately determined by fitting the full energy dependence of
the quasiparticle density of state to the theory. In this
way, the effect of spin-orbit scattering is properly taken
into account. Although both spin-orbit scattering and
the renormalization (for Go)0) tend to reduce the ap-
parent Zeeman splitting, their exact effect on the super-
conducting density of states as a function of energy is not
the same. This will become clearer when we fit the con-
ductance curves for amorphous gallium tunnel junctions.
Alexander et al. and Alexander fitted the full super-
conducting density of states for aluminum and again got
Go -0.3.

Our expectation in studying amorphous gallium was to
observe a large renormalization, because of its strong
electron-phonon coupling (A,, h-2). While there are
other superconductors with large electron-phonon cou-
pling constants, such as PbBi, most consist of high atom-
ic number elements and consequently have spin-orbit
scattering rates which are too large to allow this study
(see discussion section). As we shall see, the spin-orbit
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scattering rate in amorphous gallium is moderate
(bso -0.18), and we use a full fit of the density of states
in determining Go. The large size of the renormalization
allows it to be unambiguously distinguished from the
similar effects of spin-orbit scattering, which is difticult in
the case of aluminum. The large renormalization also
provides a rigorous test of Rainer's theory. For an excel-
lent review of high-field superconductivity in the absence
of Fermi-liquid effects see Fulde.

III. APPARATUS AND
KXPKRIMKNTAI. PROCKDURK
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FIG. 1. Schematic view of low-temperature evaporator used
to make Al/A12O3/a-Ga tunnel junctions (left). Cross-sectional
view of modified Janis dewar in which sample was mounted.

The major experimental difhculty involved in working
with amorphous gallium tunnel junctions is that the Ga
must be deposited at liquid-hehum temperature and the
junctions tested in situ. This is necessary both because
amorphous gallium anneals to a more ordered phase at
approximately 20 K and because the extremely thin films
which are required in the present study oxidize rapidly in
air. In addition, magnetic fields of the order of 20 T are
required. A low-temperature evaporator which can be
operated within a 2-in. -bore Bitter magnet was used.
This device is shown schematically in Fig. 1. A
stainless-steel cryogenic dewar is supported just above the
magnet. The "tail" section of the dewar has been
lengthened and is inserted through the bore of the mag-
net. The end of the "tail" section is clamped to a metal
bellows attached to a vacuum chamber which lies below
the magnet. This allows removal of the system from the

magnet. Thermal evaporation sources are mounted on a
removeable Aange at the bottom of the vacuum chamber.
The evaporation boats are surrounded by a liquid-
nitrogen cooled shield with an opening at the top. A
shutter is positioned above this opening and can be con-
trolled from the outside by a rotary feedthrough. A
quartz crystal rate monitor views the source through a
second hole in the liquid-nitrogen shield. The vacuum
spaces between the liquid nitrogen and liquid helium are
connected with each other as well as the vacuum
chamber below the magnet. This single vacuum space is
pumped by a cryopump mounted directly on the side of
the vacuum chamber next to the evaporation sources.
When the system is fully cooled, the pressure at the ion
gauge is less than 10 torr. The pressure at the sample,
which is completely surrounded by surfaces at —1 K or
less, is no doubt considerably lower. A He pot is at-
tached to a pumping tube which runs up through the He
chamber (see Fig. 1). The sample substrate is mounted on
a rotatable stage which is thermally anchored to the He
pot. The sample stage can be rotated from the outside so
as to face down toward the source during deposition and
then aligned parallel with the field for measurements.
The sample is surrounded by a copper radiation shield
which is mounted on the bottom of the pumped He bath.
This, in turn, is surrounded by an aluminum radiation
shield which is thermally anchored to the bottom of the
liquid-nitrogen bath. There is a —,-in. opening at the bot-
tom of each shield for the passage of the evaporant. This
pathway can be blocked by a shutter which is thermally
anchored to the He pot. A mask can be attached to the
sample holder so as to produce the desired pattern. By
pumping on the He bath, temperatures as low as 0.7 K
could be achieved.

The following procedure was used to form the tunnel
junctions. Gold contacts were evaporated onto liquid-
nitrogen-cooled glass substrates in a separate evaporator
[see Fig. 2(a)]. These were then counted in the low-
temperature evaporator, and leads were attached to the
gold contacts with pressed indium. The sample was
again cooled to liquid-nitrogen temperature by putting
liquid nitrogen in the He compartment. Approximately
300 A of aluminum were evaporated in order to complete
the "cross-strips" [see Fig. 2(b)]. The system was then
warmed to room temperature and the mask changed. In
the process the Aluminum was exposed to air for between
15 min and 1 h. This exposure oxidized the top surface
of the aluminum and formed a tunnel barrier. The sys-
tem was evacuated, cooled to the lowest possible temper-
ature, and the gallium evaporated, forming two tunnel
junctions [see Fig. 2(c)]. Note that four-terminal mea-
surements of the gallium "long-strips" could also be
made. The gallium films were made as thin as possible in
order to minimize their orbital depairing in a field. This
was accomplished by slowly depositing the gallium while
monitoring the electrical continuity of the film. The films
generally became continuous at approximately 15 A, but
evaporation was continued until they reached about
20—25 A. Thinner films usually did not survive long and
had unmanageably low critical currents. During the gal-
lium evaporation, an aluminum film with a T, of 2.3 K
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remained superconducting and showed that the tempera-
ture of the glass was low enough for the gallium to be
amorphous.

The junctions were aligned parallel to the field by max-
imizing the critical field of the aluminum strip. The
aluminum was used because the parallel critical field of
the gallium films was often greater than the available field
of 20 T. The dynamic conductance of the tunnel junc-
tions as a function of voltage was measured for various
fields and temperatures. Finally, the critical field was
measured at as many temperature points as possible.

IV. ANALYSIS OF TUNNELING DATA

The dynamic conductance versus bias voltage for a
typical Al/Alz03/a-Ga tunnel junction at zero field and
low temperature is shown in Fig. 3. The leakage current

FIG. 2. Three steps in the production of Al/A1203/a-Ga tun-
nel junctions. (a) Evaporation of gold contacts onto 4-in. X 2-
in. glass substrates in separate evaporator. (b) Evaporation of
aluminum "cross-strips" at 77 K in low-temperature evapora-
tor. (c) Completion of two tunnel junctions by evaporation of
gallium "long-strip" at ~ 2 K.

is negligible and the features are quite sharp, indicating
that tunneling is the primary conduction process and that
the films are uniform and of high quality. At this low
temperature and zero magnetic field, the aluminum is
also superconducting, as shown by the very sharp con-
ductance peaks at +(b,~~+ b.o, ). The difference peaks are
not observed because not many quasiparticles are excited
at low temperature. In Fig. 4 we see a similar junction at
a higher temperature where both the sum and difference
peaks are observable. This curve gives an additional
measure of the gap in both the aluminum and gallium.
The normal-state tunneling resistance of these junctions
ranged between 20 and 100 kQ.

The transition temperature of the gallium films, mea-
sured resistively, varied from 6.8 to 7.7 K. These values
are somewhat lower than for thick-film amorphous galli-
um, which has a T, o about 8.4. ' ' ' ' ' A lowered
transition temperature is a common feature of supercon-
ducting thin films and has been observed previously in
amorphous gallium. Naugle and Glover found a d
dependence of T, on thickness consistent with the
present result. The resistivities of the gallium films were
in the range of 75 to 200 pA cm. There is an uncertainty
of about a factor of 2 in the resistivity measurements due
to the geometry of the films. The parallel critical fields of
these films at low temperature were typically at the limit
of the magnet, or just slightly more than 20 T. The per-
pendicular critical fields ranged from 11 to 13 T. One
very thin film ( =15 A) had a perpendicular critical field
of 15 T.

%'e fit our tunneling data using a program written by
Rainer based on his extension of the theory of high-field
superconductivity' to include Fermi-liquid interac-
tions. The input parameters to the theory are the
Fermi-liquid parameter Go, the spin-orbit scattering rate
b sQ two orbital-depairing parameters, and the measured
transition temperature. Theoretically, the orbital depair-
ing for a thin film in a parallel field should be proportion-
al to the square of the field. ' ' We find that in order to
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FIG. 3. Dynamic conductance vs bias voltage for a typical
Al/A1203/a-Ga tunnel junction at H=O, T=0.8 K. At this
low temperature only the "sum" peaks are observed.

FIG. 4. Dynamic conductance at H=O, T=1.5 K. At this
temperature both the sum and difference peaks are observed.
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get the best fit to the data we must include a pair-
breaking term, Pp, which is independent of field. This
has also been found to be the case for tunneling data on
aluminum and vanadium. ' It may in part be due to
overmodulation of the junction by noise. A further possi-
bility is quasiparticle lifetime broadening due to quasipar-
ticle recombination or correlation effects. This life-
time broadening partially mimics the effect of pair break-
ing on the superconducting density of states. The theory
for the behavior of the superconducting density of states
in the presence of correlation efFects has been developed
by Browne et al. To describe the H depairing
term we will use Fulde's depairing parameter, cF
=De d b,0/pzhc . Here D =Ivy/3 is the diffusion con-
stant with I the transport mean free path and UF the Fer-
mi velocity. The total pairbreaking is given by

dI
dv

2p. g H

892 T

I I I

0
Bios Voltage (m V)

P= k~ T,p
cFh +Pp,

0

where P0 is the zero-field depairing parameter, T,p is the
transition temperature in the absence of all pairbreaking,
and h =piiH/k~T, O. As defined here, P Po is t—he
square of the ratio of the orbital to spin energy
differences between time-reversed states. Typically we
found Pp-0. 05 —0. 10 and cF-0.3. This small value for
P0 has negligible effect on the value we determine for Gp.

Rainer s program, as written, does not explicitly in-
clude strong coupling. We have approximated its effect
by simply multiplying the gap by (25/kT, o)/3. 52 wher-
ever it appears, as suggested by Rainer. For all five of the
junctions measured, it was found that using 2b. /kT, o
=4.45 produced very good fits to the data. This value is
very close to those reported by others.

In comparing theoretical curves with data, first, a con-
ductance curve obtained for an applied Geld just above
the critical field of the aluminum electrode (H, =4 T) was
fitted. At this low field the effects of the renormalization,
spin-orbit scattering, and the H part of the orbital
depairing were negligible. Thus, the only adjustable pa-
rameter was Pp. After determining Pp, higher field
curves were used to determine cF, bshe, and Gp. First, t."F
was determined by roughly fitting the size of the gap at
high fields. Then bso and Gp were determined by fitting
the full shape of the curve. The effect of increasing the
spin-orbit scattering rate of the renormalization is illus-
trated in Fig. 5. It can be seen that, while both decrease
the apparent splitting, the overall change in the shape of
the density of states is not exactly the same. For exam-
ple, increases in bso result in larger relative increases in
the height of the "shoulder" at the positions of the inner
peaks. Thus, by carefully fitting the full shape of the con-
ductance curves, it is possible to distinguish the effects of
the renormalization and spin-orbit scattering and to
determine accurately both Gp and bso. This fact is fur-
ther illustrated in Fig. 6. Here, the solid curves are data
taken on a single junction at two different fields. The
dashed lines are a fit to these data. The same parameters
were used to fit both curves as well as others taken on the
same junction at difFerent fields and temperatures. The
values Gp =0.67 bso =0.21 cF =0.235 and Pp =0.055

FIG. 5. The soIid curve is the prediction of Rainer's theory
for Go=0, bso=0. 05. The dotted curve is that predicted for
GO=0. 67, bso =0.05. The dashed curve corresponds to 60=0,
bso =0.21 and the dash-dot curve is for Go =0.67, bso 0.21.

provide a very good fit to all the experimental curves (see
middle figure in both columns). Now if we arbitrarily
hold Gp fixed at 0.33 and vary the other parameters to
get the best fit simultaneously for all the curves, the best
we can do is shown in the bottom figures. Similarly, if we
fix Gp at too large a value, say 1.2, the best fit we have
managed is shown in the top figures. This clearly shows
that the effects of the renormalization and spin-orbit
scattering can be distinguished. It also provides a mea-
sure of the accuracy with which we can determine Gp.
With good data, such as those shown, careful fitting can
determine Go to within better than 20%.

Figure 7 shows conductance curves at a number of
fields for a single junction. Again, the dashed curves are
a Gt to the theory of Rainer using a single set of parame-
ters. A very good fit is obtained over the entire range of
magnetic field. The increasing discrepancy near zero-bias
is a common feature of tunneling conductance fits in high
fields. ' ' ' ' Here it may be due in part to a slight
misalignment of the junctions in the field. The discrepan-
cy has also been attributed to lifetime broadening
effects. 4'

There is also an increasing difference between the ex-
perimental curves and the theory at voltages above the
gap. This background curvature cannot be attributed to
an increasing tunneling probability with increasing volt-
age. Alz03 barriers are on the order of 2 eV high and
should not cause any curvature at these low biases. Also,
the sign of the observed curvature is the opposite of what
one would expect from a low barrier. We believe instead
that this background is due to electron correlation effects.
The gallium films are very thin (-20—25 A) and highly
disordered. Consequently, the electrons' motion is
diffusive, screening is reduced, and the Coulomb interac-
tion is enhanced. From the large resistivity of our galh-
um films we estimate that kFI is only —3—10. Note that
the resistivity (75—200 pQ cm) is significantly larger than
the values of 26—34 pQ cm reported for amorphous galli-
um films over 150 A thick. ' ' For a three-
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FIG. 6. (a) Solid curve in each part is experimental data taken at 8.92 T. Dashed curves are best fits obtained for these data while

simultaneously fitting all the data taken on this junction at other fields and temperatures. In each of the three cases Gp was held fixed

at the indicated value while the other parameters were allowed to vary. (b) Same thing for an experimental curve from the same junc-
tion taken at 13.52 T.

AI/AI2+/a —Ga dimensional sample it has been shown that correlation
leads to a cusp in the normal state density of states,

j/2

N(E) =N(0) 1+

dv

I

-2
I I

-I O l

Bias Voltage (tT V)

FIG. 7. Conductance curves at three different fields for a sin-
gle junction. Dashed curves are a fit to the theory of Rainer
with Op=0. 82, bso=0. 16, c~=0.325, and Pp=0. 11. T p=8.4.

where E is the energy measured from the Fermi level and
6 is the correlation gap. In two dimensions the singulari-
ty becomes logarithmic in the energy. Two-dimensional
behavior is expected when the sample thickness is less
than both (AD/eV)'. / and (AD/kT)'/ where D is the
diffusion constant. The resistivity of the aluminum elec-
trodes is low ( —10 pQcm) so that we do not expect to
observe correlation e6'ects in them. In fact, junctions
with similar aluminum electrodes used in other studies do
not show any background curvature. Thus, the density
of states of the aluminum electrode should be constant
over this energy range and the dynamic conductance of
the junction should be proportional to the density of
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states of the gallium. In Fig. 8 we show the dynamic con-
ductance for one of our amorphous gallium junctions
above the transition temperature of the gallium. A
square-root dependence on energy is clearly seen. The
slight deviation at low energy is due to overmodulation of
the junction, which tends to round out the cusp at low
bias. We have also observed the logarithmic energy
dependence in very thin films of amorphous gallium (as
well as quench-condensed vanadium and palladium) at
low temperature and bias. This work will be reported
elsewhere. ' In any case, we have eliminated the mea-
sured background conductance from the data and com-
pared the result with the theory. First a straight line was
fitted to dI/dV versus V' at voltages well above the su-
perconducting energy gap for T=0.9 K and H =0.
Then this function was divided out of all the measured
curves regardless of T and H. Above the gap there ap-
peared to be negligible change in the background curva-
ture in the range of field and temperature used in this ex-
periment: 0—20 T, 0.8 —3.5 K. At voltages below the
gap, it is difFicult to determine the effect of the field and
temperature because of the superconducting energy-gap.
The result of performing this division for the junction
used in Fig. 7 is shown in Fig. 9. The horizontal bar in
this figure represents the value of 2p~H for the 14.65 T
curve. The observed splitting is significantly less than
this due to the Fermi-liquid interaction. Note that for all
our junctions, dividing out the background makes negli-
gible difFerence in the value obtained for Go (over the
range of voltage examined, the change in normal state
conductance changed typically by only 10—30 %).

Figure 10 shows how, at the highest fields, the depair-
ing becomes too large to observe the splitting. Here
again the background observed at zero field has been re-
moved. In most of the junctions the Zeeman splitting of
the quasiparticle excitations became indiscernable at
about 17 T. The highest field at which splitting was ob-
served was 17.2 T. The parameters used to fit the curves

(&v),

(~V)N

—2 0 2
Bias Voitage (mV)

FIG. 9. Data of Fig. 7 with measured background conduc-
tance divided out. The horizontal bar represents 2p&H at 14.65
T. The splitting observed at this field is clearly much less than
2pB~.

in Fig. 10 also gave an excellent fit to lower field curves
taken on the same junction. Figure 11 shows the effect of
holding the field constant while raising the temperature.
The data here are from the same junction shown in Figs.
7 and 9. A good fit to the data is obtained using the same
set of parameters used in those figures.

In all, the data from five junctions were fitted to the
theory of Rainer. The results are summarized in Table I.
As can be seen, the results are quite consistent from junc-
tion to junction. We obtain the values GO=0. 81+0.14
and bsQ =0.18+0.03. Critical-field data were also taken
on some of the gallium films. The data points shown in
Fig. 12 were taken on the gallium electrode of the junc-
tion used in Figs. 7 and 9. The solid curve is the theoreti-
cal prediction for the critical field derived by using the
values obtained from the tunneling data for cF, Po, bsQ,

dg
dV

T = I4'K
dI
dV

I

4

Vi~Z( V iiZ )

FIG. 8. Dynamic conductance of junction with gallium nor-
mal. Shows V' dependence as in Eq. (3).

I I

—2 0 2
Bias Voltage (mV)

FIG. 10. Dynamic conductance at high fields. Solid curves

are experimental and dashed lines are a fit to Rainer's theory us-

ing 60 =0.818, bso =0. 19, cF=0.35, and Po =0.04. Above 17.2
T splitting could not be observed in any of the junctions studied

due to the large depairing.
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TABLE I. Fitting parameters for five best junctions.
5.5 K Junction

1

2
3

5

Gp

0.724
0.667
0.818
0.818
0.95

0.17
0.2 1

0.19
0.16
0.16

CF

0.17
0.235

0.35
0.325
0.13

Pp

0.155
0.055

0.04
0.1 1

0.07

7.22
7.27
7.75
7.66
6.8

~c0

8.25
7.6
8
8.4
7.2

dI
d V

O

Qias Voltage {m V )

cy. They find that the bulk critical field is enhanced at
low temperature by 10% to 20%%uo over the weak-coupling
calculation (depending on the spin-orbit scattering rate).
The phonon spectral density of Pbo 758io 25 is similar to
that of amorphous gallium. Thus, a strong-coupling
calculation of the critical field for our gallium films
should bring the prediction into closer agreement with
the data at low temperature.

V. DISCUSSIQN

FIG. 1 1. Temperature dependence of conductance. Solid
curves are experimental data on the same junction shown in
Figs. 7 and 9. Dashed lines are the prediction of Rainer's
theory for the same parameters used in those figures.

and Go. The agreement between the tunneling data and
the critical-field data is quite good. There is some uncer-
tainty in the temperature of the data points taken above 2
K because of the di%culty in stabilizing the temperature
of the sample without He condensed in the He pot. Be-
tween 2 and 4.5 K there are no data points because of the
extremely rapid Auctuations of the temperature in this
range. The higher temperature points were taken by
holding the field constant and letting the temperature
slowly drift through T, (H).

Recall that 2b,o/KT, =4.45 for amorphous gallium
and that the theory used is a weak-coupling theory.
Rainer et aI . have calculated the critical field for
Pbo 7sBio 25 using the full a F(co) dependence on frequen-

soi

20,—

C2 (~)
( Tes I o )

0

FIG. 12. Critical-field data for gallium film of junction used
in Figs. 7 and 9. The solid curve is the prediction of Rainer s
theory using the parameters obtained from the tunneling data.
(Gp =0.818 bso =0.16 cF =0.325, and Po =0. 1 1 ).

In this section we will discuss the applicability of the
theory and the reasonableness of our result for Go. We
will also compare this result to that predicted by Eq. (4).

In the limit where correlation effects become very
large, Fermi-liquid theory will break down. In our films
the change in the normal-state conductance was only
—10—30% over the range of voltage studied. The pres-
ence of only a small change in the normal-state density of
states due to correlation indicates that the Fermi-liquid
theory remains valid.

The effective coherence length at T =0 we get from the
perpendicular critical field is

1/2

-3S A+ d,
2m.H,

so we are correct in taking the thin film, parallel field lim-
it, of the theory. Here @0=bc /2e is the magnetic Aux
quantum That we ale ln the two-dimensional (2D) limit
can also be seen from the fact that the parallel critical
field is much larger than the perpendicular one,
H, ~~(0)/H, ~(0)-1.67. Furthermore, we are clearly in
the dirty limit, which allows us to average the quasiparti-
cle parameters over the Fermi surface and justifies the
use of only the isotropic Fermi-liquid parameter Go in
describing the renormalization.

To incorporate strong coupling, we simply multiplied
the gap by a constant factor wherever it appeared in the
theory, as described in Sec. IV. A full strong-coupling
calculation, including the energy dependence of the in-
teraction, would be considerably more complicated. To
include higher-order terms in T, /OD would require
defining "higher-order" Fermi-liquid parameters, as the
mean-field potential seen by the quasiparticles would no
longer be a linear functional of the quasiparticle propaga-
tor. We can view our result as an eff'ective, first-order (in
T, /OD), Fermi-liquid parameter. Again, this is not a
large effect.

Finally, we conclude that the Fermi-liquid theory, as
used here, explains quite well the renormalization of the
density of states in amorphous gallium, as both a function
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of temperature and field. Also, the parameters obtained
from this theory are consistent from sample to sample.

The value obtained for Go, 0.81+0.14, is somewhat less
than one would naively expect for an electron-phonon
coupling constant A,, h-2. We will now compare our re-
sult for Go with that predicted by the following simple re-
lation:

so we do not expect this thickness dependence to be a
large effect.

As a final note, we consider our measured value for the
spin-orbit scattering rate, bsQ =0. 18+0.03. We can
make a rough estimate for bsQ using the formula derived
by Gallagher using Fermi's Golden Rule

1+Go =(1+A, , „+A,, )(1 I )—, (4)
A/+so 2~c [IID(Ef ) ] I

b so I'

I-N(0) V, -3N(0) &, =3@*-. 0.4&

If we use these numbers in Eq. (4) we get,

(5)

where k, is the mass renorrnalization due to spin Auctua-
tions (paramagnons), and (1 I) —is the Stoner factor. '

This equation has been suggested as the proper way to
determine the net renormalization when both electron-
phonon and paramagnon enhanced electron-electron in-
teractions are important. To our knowledge, the Stoner
factor and the electron-electron mass enhancement, X„
have not been determined from amorphous gallium.
However, we can make the following crude estimate.
Chen et al. have measured the Eliashberg function,
a F(co), for a-Ga and inverted it to obtain A,, h2. 25+0.2
and p =0.17+0.02, where p* is the Coulomb pseudopo-
tential. Similarly, Jackson et al. have obtained

ph 1 .94 and p* =0. 15 . These are unusual ly large
values for p'. One would expect a value more like 0.11,
which is what Chen et al. obtained for quenched-
condensed bismuth. They found, however, that 0.17
gave a very good fit while 0.1 yielded a poor fit. The high
value may be the result of the rescaling due to paramag-
nons described by Daarns et al. This interpretation
would indicate a value for A,, =0.05—0.07. The exact
value of A,, makes little difference in Eq. (4) as it is small
in any case. Jensen and Andres have shown that a
crude approximation for the Coulomb exchange potential
is that it is three times the Coulomb pseudopotential.
Thus,

Here c is the fractional concentration of spin-orbit
scattering centers (defects, impurities, etc.), D(EF ) is the
density of states at the Fermi level, 0 is the volume of the
unit cell, and 6$Q is the matrix element for spin-orbit
scattering. Note that since 5$Q Z where Z is the
atomic number of the scatterer, ' that Eq. (6) gives the
relation bsQ-Z suggested by Abrikosov and Gorkov. '

For 6 Q we will use the value 0.102 meV obtained by
Yafet. If we make the assumption that, all the spin-
orbit scattering in these filrn occurs at the surface and
that every surface atom causes scattering, then c —1/d,
where d is measured in lattice constants. Using the bulk
values for crystalline gallium for the lattice constant (2.69
A), and kF (1.65X10 cm '), we can calculate 0 (19.6
A ), c (0.067), and

D(E~) =mk~/2m A' =8.4X 10 states/erg cm

(using the free-electron model and the bare electron
mass ). From this we get fi/iso —1. 1 meV. Thus,
bso =Pi/3rsob, 0-0.25. This is close to the measured
value of 0.18. A similar analysis for thin aluminum films
yields a value of bsQ -0.12. This is also somewhat more
than the value (=0.05) obtained from tunneling. In
short, our measured spin-orbit scattering rate is con-
sistent with the simple calculation and with measure-
ments on other superconductors. A more complete dis-
cussion of spin-orbit scattering in superconductors may
be found elsewhere.

VI. SUMMARY

1+GO-1.64 .

This is close to the measured result. Leavens and Mac-
Donald argue that Eq. (4) is only good when the ex-
change enhancement factor is large. The large measured
value for p* and our relatively small value for Go indicate
that this may be the case. Rainer has also pointed out
that it is not conceptually correct to try to separate the
net renormalization into its constituent interactions.
However, for amorphous gallium, and aluminum and
vanadium, ' Eq. (4) seems to predict values for Go con-
sistent with our data. Thus, it seems possible to predict
the overall renormalization by simply summing the con-
tributions from the electron-electron and electron-
phonon interactions in this way.

This conclusion is, of course, contingent on whether
the value for Go obtained from these thin films is applic-
able to thicker films ("bulk" ). The fact that the T, 's are
somewhat reduced indicates that there is probably some
change in the phonon spectral density and/or the density
of states. However, the reduction in T, is only 10—20%

We have found good agreement between Rainer's
theory, which incorporates Fermi-liquid effects into the
high-field theory of superconductivity, and our tunneling
data on amorphous gallium. This agreement demon-
strates the accuracy of the theory when the net Fermi-
liquid interaction is large. This interaction rnanifests it-
self in a large renormalization of the quasiparticle density
of states. The change in this density of states as a func-
tion of both temperature and magnetic field was fitted
with a single set of values for the depairing, spin-orbit
scattering, and Fermi-liquid renormalization. The results
for six difFerent Al/A1203/a-Ga junctions were consistent
and yielded a value for the Fermi-liquid parameter, Go,
of 0.81+0.14. This corresponds to a decrease in the ap-
parent Zeeman splitting near the phase boundary of 45%
and graphically demonstrates the need to include Fermi-
liquid effects in explaining the behavior of superconduc-
tors. We also found that the normal-state density of
states in amorphous gallium was altered due to correla-
tion effects. These effects were qualitatively those pre-
dicted by Altshuler and Aronov, MeMillan, and
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Altschuler, Aronov, and Lee.
These results demonstrate the efficacy of determining

the intrinsic Fermi-liquid parameters of a material from
its superconducting properties. It was also found that the
magnitude of the Fermi-liquid parameter 6'o could be ac-
curately predicted from knowledge of its constituent in-
teractions using the simple relation

1+Go =(1+1,, „+A,, )(1 I )
—.

Finally, these techniques were found to yield a value
for the spin-orbit scattering parameter, b so

' =0. 18

+0.03, which is fairly close to that predicted by a simple
calculation.
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