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critical field H„, extrapolated from our mea-
surements, of the order of 25-30 ko.

Measurements on sevex'al samples of the di-
hydride and the dideuterlde indicate clearly that
these compounds are not supereonducting, con-
sistent with an earlier report.

Most of the results presented here have been
corroborated by work done at Los Alamos. '
Their transition temperatures differ by 0.5 to
I' from ours for the higher hydrides and deu-
terides, probably due to differences in composi-
tion.

The apparent absence of an isotope effect is
puzzling and deserves more careful study, but
on present evidence one would infer that the high-
frequeney lattice modes simply do not pax'ticipate
in the super conducting interaction.
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EXPERIMENTAL DETERMINATION OF THE PAIR SUSCEPTIBILITY OF A SUPERCONDUCTOR*
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An excess tunneling current due to order-parametex fluctuations has been found in tin-
tin oxide-1ead junctions just above the transition temperature of tin. Detai1s of the vari-
ation of the excess current with voltage, magnetic field, and temperature are in agree-
ment with a calculation by Sca1apino in which the excess-current voltage characteristic
is a direct measure of the frequency- and wave-number-dependent pair susceptibility
characteristic of the superconducting transition. Estimates of the pair relaxation fre-
quency in tin based on the data are 5070 greater than theoretical predictions.

In a second-order phase transition, the cou-
pling of the order parameter to an external field
may be used to determine the susceptibility as-
sociated with the onset of the ordered pha, se.
The susceptibility in turn is a quantity possess-
ing clear theoretical significance which may be
compaxed directly with the results of calcula-
tions of the fluctuations a,ssociated with the tran-
sition. In a recent Lettex Sealapino' showed that
the relevant susceptibility for the superconduet-
ing pha, se transition, the pair susceptibility,
could be determined in a simple de tunneli. ng ex-
periment. Ferrell' originally suggested that the
pair susceptibility could be obtained by measur-
ing the frequency-dependent conductivity of R Jo-
sephson junction. In the experiment proposed by
SCR1Rplno, t11e pRlr susceptibility of R IDetal just

above its transition temperature is obtained from
measurements of an excess current in the dc I-
p characteristic of a tunneling junction ln which
one side of the junction is the metal of interest,
near its transition temperature, while the other
side is a superconductor we11 below its transi-
tion temperature. In this Letter we report mea-
surements on tin-tin oxide-lead junchons which
exhibit an excess current whose behaviox is con-
sistent in detail with Sea.lapino's calculation.
The data indicate that dc tunneling measurements
are a direct probe of the frequency- and wave-
number-dependent paix' susceptibility of a super-
conductor. Earlier studies of electrical conduc-
tivity, ' nlRgnetlc susceptlbIllty, RIld quRslpRI 'ti-
cle tunneling' involve convolutions of the pair
susceptibility and are thus indirect.
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In the determination of the pair susceptibility
of a superconductor by dc electron tunneling, the
order parameter or pair field of the higher tran-
sition-temperature superconductor provides the
necessary field to probe the fluctuating order pa-
rameter of the second metal. The central fea-
ture of the theory is the prediction that an excess
pair-tunneling current due to fluctuations flows
between a superconductor below its transition
temperature and one above its transition temper-
ature. This current is possible despite the fact
that the average value of the order parameter is
zero in the metal which is above T, . It is a con-
sequence of the instantaneous value of the order
parameter in the normal metal. The predicted
current is proportional to the imaginary part of
the frequency- and wave-number-dependent com-
plex pair susceptibility of the normal metal,
where the frequency is related to the dc bias
voltage V across the junction through the Joseph-
son relation and the wave number is determined
by a small magnetic field applied parallel to the
junction, through a simple phase condition which
will be given later. Ferrell, ' Kulik, ' and Tsuzuki'
have each treated aspects of the pair-tunneling
current due to fluctuations. Ferrell' calculated
the conductivity associated with it in the limit of
zero voltage. Experiments in qualitative agree-
ment with his calculations have been reported by
several groups. "

Using the connection between the fluctuation
pair current and the susceptibility, and employ-
ing a mean-field" form for the susceptibility,
Scalapino' obtained an expression for the pair
current which can be written as

I,(V, H)
I.(V)

c G~ z [1 g2(T) 2]2 (1)ln(4~ /~) re' I,
This equation is normalized to the current which
would flow at a bias voltage V if both metals
were normal. Primed quantities refer to the su-
perconducting side of the junction and unprimed
to the normal. The equation is valid when 6'& 6
and in the semiclassical approximation' which
holds when

(2eH/hc)d « 1.
In the above equations 6 and b, ' are energy gap
parameters, T, and T, ' are the transition tem-
peratures, and e = (T-T,}/T, . E, is the low-tem-
perature Josephson coupling strength and U is
the condensation energy of a volume Ad of the un-

$(T) = 0.74(,e '" [clean limit, I » $,],
=0.85(),l)'"e '" [dirty limit,

(4a)

«& &.]. (4b)

The quantity $, is the BCS coherence length.
Here we report a comparison of the magnetic-

field and temperature dependence of the I-V
characteristics of two junctions, at temperatures
above and in the vicinity of the transition temper-
ature of tin, with calculations based on Eq. (1).
Measurements of the resistive transition of the
tin film, the temperature and magnetic-field de-
pendence of the maximum zero-voltage current,
and the I-V characteristics of the junction below
the transition temperature of tin were carried
out for the purpose of characterizing the junc-
tions. In these measurements careful attention
was paid to rf and magnetic shielding and tem-
perature control. The details of the apparatus
are identical to those presented in an earlier
publication. "

In any study of crossed film oxide junctions in
the vicinity of a superconducting transition there
are certain experimental difficulties. Deposited
tin films possess edges which are under strain
and are granular. Edges have a higher transi-
tion temperature than the center of a film and
produce an upward broadening of the resistive
transition. When these edges are incorporated
in a Josephson junction a confusing high-temper-
ature tail in the zero-voltage Josephson current
is observed. To avoid this difficulty we have ex-
cluded the edges in our experiment by using evap-
orated insulating masking. A second complica-
tion is the possible presence of small metallic
bridges across the oxide layer in junctions exhib-
iting almost ideal I-V characteristics. Measure-
ments on structures of this type may exhibit su-
percurrents above T, which look like the pair tun-
neling current. Matisoo" has shown that when

primed side. This quantity is given by zN(0)g2&d
where 1V(0) is the single-spin density of states,
g is the area of the junction normal to the direc-
tion of current flow, and d is the thickness of the
unprimed film. The wave vector q and the fre-
quency are given by q=(2e/Sc)H(1'+d/2) and ~
=2eV/h, respectively. In these relations A.

' is a
penetration depth and 8 is a magnetic field ap-
plied parallel to the junction. The quantity I, is
the pair relaxation frequency,

I', = (8/w)(kBT, /S)e,

and the coherence length $(T) is

744
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small bridges are present the low-temperature
I-V characteristic possesses zero-magnetic-
field steps. %e have excluded those junctions
possessing zero-field steps. 3 third difficulty is
the possible confusion of an I-V charactex istic
exhibiting a fluctuation-x'ounded"' dc Josephson
cul rent with the chRx'actex'lstlc of R junction ex-
hibiting an excess current due to fluctuations. A
distinction between the two regimes may be made
by a careful study of the magnetic-field depen-
dences of the I-V characteristics in the vicinity
of T, . Below 7„ in the fluctuation-rounded re-
gime the I-V characteristic is periodic in the
field in the usual way. " Above T, the pair cur-
rent due to fluctuations is a monotonic function of
Rpplied field according 'to Eq. (1). Tllis Qualita-
tive difference can be used to establish T, for the
junction. The results ax'e in reasonable agree-
ment with extrapolations of the low-tempexature
zero-voltage current-temperature curve and
with the values of 7, obtained from analyses of
the properties of the excess current above 1', .
Measurements of the resistive transition of the
tin film in a junction are not independent of film
edges and are thus considerably broadened (10-
20 mK). However, temperatures corresponding
to the onset of resistance were consistent to
within a few millikelvins, with values of T, ob-
tained using various other methods which exclud-
ed the edges. The excess tunneling current was
observed at temperatures well into the range in
which the tin films were resistive. A fouxth dif-
ficulty is the possibility of a distortion of the I-V
characterlstlc becRuse of the finite resistance of
the tin films. " Junction resistances were always
substantially larger than film resistances. Con-
sequently this correction was always insignifi-
cant.

In analyzing the data we obtained the excess
current-voltage characteristic by subtracting the
quasiparticle current from the total current-volt-
age characteristic. Quasiparticle currents were
estimated using a linear extrapolation from volt-
ages at which the excess current was negligible.
Ill Flg. 1(R) we display typicR1 excess cul'1'ellt-
voltage characteristics at several temperatures.
In Fig. 1(b) a typical curve is compared with the
results of calculations of the excess current
based on Eq. (1) where parameters have been ad-
justed to bring experiment and theory into agree-
ment at the peak current. For voltages gxeater
than the voltage at the peak current the experi-
mental curve falls more rapidly with increasing
voltRge tllR11 ls pledlcted by Eg. (1).
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The peak of the excess current in zero magnet-
ic field occurs when ~/I', = 1. Consequently the
peak voltage V~ is proportional to the pair relax-
ation xate and a plot of it as a function of e is a
direct measure of the tempelRtux'e dependence of
the relaxation rate. This is shown in Fig. 2(a).
The pair relaxation rate appears to be a linear
function of e, but increases more rapidly with e
than theory predicts. In Fig. 2(b) we show a plot
exhibiting the temperature dependence of the
peak current. Figure 2(c) exhibits the tempera-

0.0 2.0 +0 6.0 8.0
VOLTAGE t P.V)

FIG. 1. (a) Excess current-voltage characteristic
of junction No. 1 at several temperatures. Curves I,
II, III, IV, and V correspond to e =1.48 x10 ~, 1.97
x10 ', 2.45x10 ', 2.94~10 ', and 8.91x10 ', re-
spectively. In obtaining these curves the quasiparticle
current was subtracted from the full tunneling current
assuming a fixed resistance of 70.5 Q. The correspond-
ing resistance for junction No. 2 (not shown) was 11.4
Q. (b) Excess current-voltage characteristic of junc-
tion No. 1 (a=2.45X10 ). The dashed curve is calcu-
lated from Eq. (1) with parameters obtained by fitting
to the peak current I& and peak voltage V&.
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FIG. 2. {a) Vp vs & for the two junctions. The solid
line is computed using Eq. (2) and the transition tem-
perature of junction No, 1 which was 3.720 K. The
transition temperature of junction No. 2 was 8.886'K.
The pair relaxation frequency determined from the
data is approximately 1.5 times the theoretical value.
(b) II. vs e for junction No. 2. The solid line is com-
puted from Eq. (1}. The junction area A, film thick-
ness d, normal resistance Rz, maximum Josephson
current at T =0, and transition temperature were
1.085X10 4 cm, 1.5x10 cm, 2.1 0, g.4x10"4 A,
and 8.886 K. The corresponding quantities for junction
No. 1 (not shown) are 3.1 x10 4 cm2, 1.5 xl0 ~ cm, 5
0, 1.7&10 4 A, and 8.72'K. Standard values for lead
and tin were used for other parameters. (c) (dI&/dV)

vs & evaluated at zero bias. The solid curve is com-
puted from Eq. (1}. The dashed curve is estimated us-
ing Eq. (1) of Ref. 10 and is based on the work of Ref. 2.

The voltage P~ corresponding to the maximum
of Eq. (1) in a nonzero magnetic field is a mea-
sure of the finite-q pair relaxation frequency:

V~=(R/2e)I', [1+(2e/h)'(x'+ —,'d)'$'(T)H']. (5)

A plot of peak voltage against II' which can be
used to test Eq. (5) is shown in Fig. 3. Addition-
al results which are not shown indicate that the
initial slope of the curve in Fig. 3 is dependent
on temperature. The apparent saturation of the
variation of V~ with 0' is not understood.

In conclusion, we believe that we have mea-
sured the pair susceptibility of a superconductor
as there is overall agreement between experi-
ment and theory. I-V characteristics exhibit an
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ture dependence of the fluctuation conductivity in
the zero-voltage limit. The agreement between
experiment and theory is seen to be semiquanti-
tative. Discrepancies may be expected at low c
where mean-field theory may be inadequate.
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FIG. 8. V& vs H for junction No. 2. The solid line
is a slope calculated from Eq. (2) with the coherence
length computed in the clean limit; ( p

=2300 A A.
'

=890 A, and d=1500 A, e =1.055X10 ~ We have also
used the experimental value of the pair relaxation fre-
quency as determined from the slope in Fig. 2(a). More
detailed experiments (not shown) indicate that the ini-
tial slope is temperature dependent.
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excess current which has the resonant behavior
of the pair-fluctuation current. As precautions
have been taken to minimize the possibility of
structural defects, the quantitative discrepancies
between experiment and theory are an indication
that corrections to the mean-field susceptibility
are needed.
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suggestions. They would also like to thank J. C.
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PARAMAGNETIC SUSCEPTIBILITY OF A 2P UNPAIRED ELECTRON IN A CRYSTALLINE FIELD
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Paramagnetic susceptibility of the cubic crystal 02+(As F6} between 4.2 and 300 K
reveals a complete quenching of the orbital moment of the 2P y 2P ~y configuration of the
02+ molecular cation. No ordering of the 02+ molecular cations has been detected in the
range of measured temperature because of the large interatomic distance 02+-02 of
4.00 A.

The molecular cation 0,+ is obtained by ioniz-
ing the molecule 0, subtracting one unpaired out-
er electron from its 2p shell and leaving 0,' with
only one unpaired antibonding m level. The Q,

'
is thus isoelectronic with the molecule NQ which
also has only one unpaired electron compared
with the two unpaired electrons of 0, free gas.
Hence, 0, and NQ are both in the & state. The X

of the NQ free-gas molecule has been calculated
by Van Vleck' and found to be

1'�'4 exp(-x) + (4/x) [1-exp(1-x)]
34T 1 + exp(-x)

where x = b,/hT. Taking the interval between 'n, I,
and '~]/2 to be b =124 cm ', a good agreement
can be found between the theoretical and experi-
mental }{.Relation (1) predicts that )(-0 when
T -0 and n, f~ is asymptotic at 2p. ~. The cubic
crystal O, '(As F,) can be considered as a case

where the free-gas molecule of NQ is inserted in
a crystalline field, and will allow a comparison
of the strength of the crystalline field Dq with
that of the spin-orbit coupling X. The only mag-
netic measurements performed on 0,' ion crys-
tals are those" on its isomorphous 0,'(Pt F,)
and NO'(Pt F,) between 80 and 300 K. The mo-
lecular cation NQ' is diamagnetic because it has
lost its unpaired electron. By subtracting g of
NO'(Pt F,) from that of O, '(Pt"F,) it was' pos-
sible to separate y of 0,' from that of Pt and
this was found' to confirm the y of the free-gas
NO as given by relation (1). The slightly lower
X of 0,' was interpreted' as stemming from a
larger splitting of the two 'm molecular orbital
states as compared with that of the free NQ gas.
The Pt in the NO'(Pt F,) crystal is in a low
spin state with 9 = 2, rather than the high spin
value of $=~.
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