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Spin-Polarized Tunneling Measurement of the Antisymmetric Fermi-Liquid
Parameter Go and Renormalization of the Pauli Limiting Field in Al
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Spin-polarized tunneling is used to measure the energy difference 5 between spin-up and
spin-down electrons in a magnetic field in thin films of superconducting Al. 5 decreases
from 2p, aII at low temperature and field to 0.8(2 ,ttaH) as the phase boundary T, (H) is ap-
proached. This change in 5 provides the first measurement of the l =0 antisymmetric
Fermi-liquid parameter G in a real metal and the first direct evidence for the renormaliza-
tion of the Pauli field in high-field superconductivity.

PACS numbers: 74.60.Ec, 71.38.+i, 71.45,Gm, 75.20.En

Enhanced Pauli spin susceptibility is common to
many interacting systems of fermions: for example,
liquid He, nearly itinerant ferromagnetic metals
(Pd and TiBe2), and some superconductors with

high transition temperatures. The Pauli spin sus-
ceptibility is renormalized by many-body effects
from the electron-phonon and electron-electron in-
teractions. ' Measurements of two normal-state
properties, the Pauli spin susceptibility X and the
electronic part of the heat capacity y, in principle
would give directly the amount of the renormaliza-
tion. Unfortunately, extraction of the two required
normal-state properties in real metals is complicated
by large orbital contributions to the susceptibility
and lattice contributions to the heat capacity. How-
ever, as Leggett showed, superconducting proper-
ties are directly sensitive to the needed normal-state
properties and, hence, to the renormalization. We
describe here a tunneling experiment which ex-
ploits this sensitivity of the superconducting state,
allotting measurement of the strength of the
many-body interactions in Al. The effects seen in
the present experiments can be traced back to a re-
normalization of the ratio N (y)/N(X) where N(y)
and N (X) are the densities of states obtained from
the normal-state electronic specific heat and from

the Pauli susceptibility, respectively. Landau s
theory of Fermi liquids relates this ratio to the an-
tisymmetric I = 0 Landau parameter G;
N(q)/N(x) =1+G'. '

We have used a spin-sensitive tunneling tech-
nique to measure G directly for the first time in a
"real" metal. Specifically, we measure the energy
difference between spin-up and spin-down electrons
in a magnetic field in thin films of superconducting
aluminum. The measurements show that 8= 2p, &H
at very low temperature and field but that 5 de-
creases as the temperature and field increase toward
the phase boundary T, (H). The weak-coupling2 5

theory for superconductivity predicts that
8 2p, aH (1+G ) ' as the phase boundary is ap-
proached. This decrease in 8 arises from a
temperature-dependent internal field H;„, due to
many-body interactions.

The measurement of G is particularly important
to the quantitative understanding of the theory of
high-field superconductivity and the nature of the
basic interactions in high-transition-temperature su-
perconducting materials. The traditional theory of
high-field superconductivity describes how the
upper critical field H, 2 and the tunneling density of
states are affected by two pair-breaking interactions.
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First, the orbital pair-breaker leads to a reduction in

T, and results in a "smearing" of the density of
states. Second, the Pauli spin pair-breaker leads to
a further reduction in T, ; however, the effect on
the density of states is quite distinct and results in
Zeeman splitting of spin-up and spin-down densities
of states. The Pauli spin pair-breaking can be re-
duced by increasing random spin-orbit scattering
which increases the critical field and mixes the den-
sities of states of spin-up and spin-down electrons.
These interactions are parametrized by the orbital
pair-breaker c, the Pauli limiting field H, and the
spin-orbit scattering rate b„.

Although the traditional theory with no renor-
malization qualitatively explained tunneling and
critical-field data, quantitative discrepancies were
found. " Renormalization of the Pauli limiting
field H~, namely H~ = H~ (BCS ) [N (y )/N (X ) ], al-
leviated these quantitative discrepancies. Al-
though the renormalization of H~ allows quantita-
tive agreement between the theory and experiment
and among various experiment, the ratio
N(y)/N(X) has appeared as an additional fitting
parameter. However, the experiment reported here
allows this ratio to be measured and quantitatively
demonstrates the existence of the renormalization
effects.

The spin-resolved spin-polarized tunneling tech-
nique ' involves measuring the tunneling conduc-
tance dl/d V as a function of V of a junction be-
tween a thin superconductor and a ferromagnet in a
magnetic field. The excited states of the supercon-
ductor are split in energy by the field into spin-up
and spin-down parts. The ferromagnet has unequal
tunneling densities of states for the two spin direc-
tions and therefore serves to make the tunneling
conductance depend on the spin of the tunneling
particle. The degree of polarization of the tunnel
current is found' by fitting the total conductance at
low temperature and moderate field using the
theory of Bruno and Schwartz. ' This polarization
is independent of field and temperature and varies
less than 3'/o from sample to sample for Fe films. '3

Hence, the tunneling conductnace then can be
separated algebraically into parts related directly to
the spin-up and spin-down densities of states in the
superconductor as shown in Fig. 1.

The junctions used in this experiment were
formed between 4-nm-thick Al (T, =2.32 IO films
and 100-nm-thick Fe films. The tunnel barrier was
aluminum oxide produced by an oxygen glow
discharge. The junctions were cooled in a He cryo-
stat and measured in an 8-T superconducting mag-
net.
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Figure 1 shows the spin-resolved conductances at
various fields and temperatures. The shapes of the
conductances for spin up and spin down are nearly
identical, indicating that there is very little spin

FIG. 1. Conductance vs voltage for spin-up (short-
dashed curves) and spin-down (long-dashed curves)
electrons at various fields and temperatures; the solid
lines are the total conductances. The horizontal bar
marks 2p, aH and is to be compared with the observed
splitting 5 between the steep portion of the curves. 5
equals 2p, aH at low temperature and fields but becomes
less than 2p, aH as the phase boundary Tc(H) is ap-
proached. Note the change of the vertical scale in the
lowest graph. The scales have been chosen such that
cJt t / a a 1 + ( 1 —a)o- 1 where a is the fraction of elec-
trons available to tunnel from Fe that have up spin. See
Ref. 13 for details.
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mixing (b„~0.05). At low temperature and field
Fig. 1(a) shows that the curves are separated by
5 = 2p, &H, where the separation is measured
between the steep portions of the conductance
curves. "

The traditional pair-breaking theory with no re-
normalizations (i.e., GO=0) predicts that the spin
conductances would always separate by 2p, &H in-
dependent of T for sma11 enough spin-orbit scatter-
ing regardless of the amount of the orbital pair-
breaker. However, Figs. 1(b) and 1(c) show that at
either higher fields or higher temperatures the
separation 5 is less than 2p, &H, indicating that the
magnetic field is being renormalized and that the
renormalization is a function of applied field and
temperature. The separation 8 as a function of
magnetic field for two temperatures is shown in Fig.
2. The error bars reflect uncertainty in 5 arising
from using different portions of the conductance
curves to measure the separation. The solid curves
are theoretical calculations from the (dirty limit)
weak-coupling theory with G =0.3. Hence the
measurement of 8 as a function of H and T pro-
vides the first measurement of G for Al and shows
that the Pauli field is indeed renormalized.

The weak-coupling theory used in Fig. 2 explicitly
calculates the energy separation 6=2p, &HT, where
HT =H, +H;„,. Here HT is the total field, H, is the
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applied field, and H;„, is the internal field. The
weak-coupling theory contains T„b„,c, and G as
input parameters and self-consistently finds the su-
perconducting order parameter and the internal
field. According to the theory of Fermi-liquid in-
teractions H;„,= —2G M/p, sN (y) where M is the
magnetization (see Ref. 2, for example). It should
be noted that the weak-coupling theory is a general-
ization to high magnetic fields of Leggett's calcula-
tion for the susceptibility of a superfluid. In fact,
using Leggett's value of the susceptibility X of a su-
perfluid (as in Ref. 1) and M =XH, at low fields,
one finds that H;„,=0 at zero temperature and

H~„, ———G (1+G ) 'H, near T, . Hence, for low

magnetic fields, 5 = 2p, &H, at zero temperature and
2p, sH, (1+Go) ' near T, . These two values of 8
bracket the splitting for all temperatures and fields
and are shown as dashed lines in Fig. 2. The slope
of the lower dashed line gives G =0.3+0.05. The
weak-coupling theory used in Fig. 2 will be dis-
cussed in detail elsewhere, 5 but let us say here that
it also shows the critical field can be fit with the
same b„as used for fitting the total tunneling con-
ductance.

Our experiment yields the many-body enhance-
ment of N(y)/N(X). This experiment by itself
cannot separate the contributions of the enhance-
ment from the electron-phonon and electron-
phonon interactions'6; ho~ever, the additional in-
formation needed for this separation can be provid-
ed, in principle, by tunneling experiments and in-
version of the Eliashberg equations' ' which yield
the electron-phonon coupling constant X,~. Hence,
from the relationship2

N(y)/N(X) = (1+G ) = (1+)t,„)(1+G,~ )

0.2

0
0

H (teslaj

the purely electronic exchange enhancement
(1+G~o~ ) ', could be obtained. (For example, as-
suming a range of A.,, of 0.4 to 0.5 for Al, one finds
that G o~ ranges from —0.05 to —0.15.' ) An experi-
imental determination of the exchange enhance-
ment (1+G o, ) also is useful in view of the recently
ly renewed interest in the influence of spin fluctua-
tions on T, . One is tempted to use —G,&

as an esti-
timate for the enhancement parameter I of the
spin-fluctuation model in which

FIG. 2. The observed splitting 5 of the conductances
of spin-up and spin-down electrons vs applied magnetic
field for different temperatures. The symbols mark the
data and the solid lines the theoretical calculations of
Ref. 5. The dashed lines bracket the splitting 5 between
its maximum of 2p, sH at low field and temperature and
its minimum of 0.8(2psH) near the superconducting
phase boundary T, (H) Data for intermed. iate tempera-
tures (not shown) also lie between these limits.

Here A.,~ and A.»,.„are the mass renormalization
from the electron-phonon interaction and spin fluc-
tuations, respectively, in this model. Because tun-
neling spectroscopy of the phonons yields only the
ratio20 h. s„"(I+)t~;„) ' all the needed parameters
()t,~, )t,„;„,and I) cannot be inferred from experi-
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ments without recourse to a model-dependent rela-
tionship between X,~;„and I which is qualitative at
best

In summary, we have provided the first measure-
ment of the antiysmmetric Fermi-liquid parameter
Gc in aluminum and the first direct evidence that
the Pauli limiting field is renormalized in high-field
superconductors. The antisymmetric Fermi-liquid
parameter is found to be 6 =0.3+0.05. This tun-
neling technique and analysis in the superconduct-
ing state will serve, in our opinion, as a more
powerful method than the traditional normal-state
analyses for determining electronic Landau parame-
ters.
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