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ly, there is still the possibility that the differ-
ence between these estimates and our results is
simply due to slow convergence or other peculiar-
ities in the expansion procedure.

Our results, which are expected to simulate
for Ie I~ 10 ' an infinite two-dimensional kinetic
Ising system"' with nearest-neighbor interac-
tions, lead to the fo11owing conclusions:

(1) The divergences of r' and 7 &„»' are pre-
dicted to be the same as those of the isothermal
susceptibility [Eq. (11)]. Consequently, there is
no evidence for a critical speeding up of fluctua-
tions. The equality of 4 and ~|„»confirms the
conjecture of Suzuki, ~ and 4&„» = y = ~7 agrees with
the result of Ogita et al. '~

(2) The critical exponent A„of slowing down of
the order-parameter autocorx elation function is
considerably smaller than that of the isothermal
susceptibility [Eq. (11)].

(3) Our results [Eq. (11)]do not confirm the
estimates obtained from the high-temperature
expansion and ratio method. ~ 9"

(4) Our data [Eq. (11)] imply that

This result contradicts the prediction of the DSH,
x = —

& [Eq. (9)], and the estimates from the high-
temperature expansion and ratio method, which
in turn confirm the DSH.

To summarize, we have reported on computer
simulations of critical slowing down in finite
klnetlc Ising systems which approximate an in-
finite system for I e I a 10 ', "'4 as one expects
from static scaling for the rounding effect. The

critical exponents deduced from these data dis-
agree with the predictions of the DSH to such an
extent that the failure of this hypothesis in the
kinetic Ising model is probaMe. Our results also
disagree with those obtained from a high-temper-
ature expansion and ratio method.
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Tunneling into a High-Tc Superconductor-Nbs Sn
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Tunnel junctions were fabricated on Nb38n films reacted on Nb substrates. Derivative
measurements were made from 0 to 50 meV and above 18 K. From these tunneling re-
sults, the phonon spectrum of NbeSn is shown to have a strong low-energy peak at 9 meV,
a broad peak centered around 17 meV, and a small peak at 25 meV. Using this shape of
the phonon spectrum and taking @*=0.11, a maximum 1"~ of -21 K is obtained for this
class of superconductors. This result suggests that crystal transformations arising
from instabilities do not limit T, in this case.

The tunneling of electrons through an insulator
into a superconductor is a powerful way of study-
ing directly the electron-phonon interaction in the

superconductor. The technique has been devel-
oped, and described in detail, by McMillan and
Howell. ' The energy gap and the derlvatlves of
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the tunneling I-V characteristics are analyzed, us-
ing an iterative solution of the Eliashberg strong-
coupling gap equation, ' to give the gap parameter,
renormalization functions in the normal and su-
perconducting states, phonon spectrum weighted

by the electron-phonon coupling parameter [o."(e)
& F(w)], electron-phonon coupling constant X, and

Coulomb pseudopotential p, *.
For all materials studied so far,"the self-

consistency of the parameters indicates that only
the electron-phonon and Coulomb interactions are
required to explain fully the occurrence of super-
conductivity. In this Letter results of a tunnel-
ing study of Nb, Sn are presented. Although our
junctions made on this material are not yet ideal,
they are of sufficient quality to determine the en-
ergy gap and shape of the Nb, Sn phonon spectrum,
which clearly shows a peak at a surprisingly low

energy. Extrapolation of our results to ideal junc-
tion behavior indicates that A. = 1.55 to 1.69 for
Nb, Sn, and hence, from the dependence of T, on
A, derived by McMillan, ' the maximum T, one can
expect for materials of the Nb, Sn family is 20 to
21 K.

Previous tunneling studies of P-tungsten super-
conductors have generally been confined to mea-
surement of the energy gap, which was generally
reduced by impurities on the surface. The junc-
tion and surface quality is easily judged in these
cases by the magnitude of the tunnel current flow-
ing for eV«& at T «T,. However, a well-de-
fined tunneling characteristic for NbsSn and ener-
gy gap of 2.8 meV (26 =3.6kT, if T,= 18 K) were
obtained by Levinstein and Kunzler' using a point
contact, but instability of the point prohibited de-
rivative measurements. Hauser, Bacon, , and
Haemmerle' avoided the surface contamination
problem on V,Si by studying a V,Si-Al/Al-oxide/
Pb proximity sandwich. They reported a gap of
2.8 meV (24 = 3.8kT, for T, =17 K), but structures
they observed in the derivative curves are diffi-
cult to interpret quantitatively in these n-s sand-
wiches because of interference effects. '

The preparation of Nb, Sn films on Nb was first
reported by Jackson and Hooker. ' Dickey, Stron-
gin, and Kammerer" reported the superconduct-
ing transition temperature of 14 K in such a Nb, Sn
film. We have used the same method to generate
clean Nb38n surfaces in an ultrahigh-vacuum en-
vironment. The vacuum was provided by a 60-
liter, all metal titanium sublimation pump, 9000
cm' in area, capable of reaching an ultimate pres-
sure -2x10 "Torr. The detailed description
of the sublimation pump is to be published else-
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FIG. 1. The I-V characteristics of three Nb-contain-
ing junctions.

where. " Because of the extreme sensitivity of
the junction quality to the experimental parame-
ters, the junction must be prepared with extreme
care. First, a sheet of Nb of size 7.0 cmx0. 5
cmx0. 12 cm was heated for ~ h near its melting
point at 10 ' Torr. Second, a thin layer of Sn
(300 A) was evaporated at 10 "Torr over the
clean Nb surface at room temperature. Third,
the Sn-coated Nb was heated again to 700 C in a
vacuum of 10 "Torr. Fourth, the very reactive
Nb~Sn layer was oxidized in air at room tempera-
ture and a layer of Pb was evaporated at 10 '
Torr over the oxidized Nb3Sn surface to complete
the junctions. The outgassing procedure, amount
of Sn, and annealing temperature are all critical
to the preparation of good junctions and under the
wrong conditions junctions can be prepared show-
ing the Sn gap, Nb gap, and Nb, Sn gap (in addition
to the Pb gap), and various proximity effects.
With the proper thickness of the Sn layer and
room-temperature air oxidation, the resistance
of the Nb, Sn-O-Pb junction is -0.1 0/mm'. The
superconducting I-V characteristic of such a
junction (naturally the best made to date) at 1.5 K
is shown as curve 1 in Fig. 1. The first major
rise in current occurs at 4pb (1.35 meV) and is
due to a small amount of normal or gapless metal
on the Nb, Sn surface. No abrupt rise in current
is observed at the energy &pb+ hs, (1.95 meV), in-
dicating that no free tin is present. The second
rise in current occurs at &pb+&Nb (2.85 meV).
Then, the current gradually increases and be-
comes linear with voltage above b, pb+ b.Nb, a, (4.45
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meV). This complicated behavior is character-
istic of a superconductor-superconductor prox-
imity sandwich, i.e. , Nb, Sn film on superconduct-
ing Nb substrate. We can see from curve 1 in
Fig. 1 that very little change in the I-V charac-
teristics occurs when the junction cools from 4.2
to 1.5 K, the slight increase of the Pb gap at 1.5
K being as expected. To illustrate the problems
encountered with other Nb, Sn surfaces, curve 2
in Fig. 1 is the I-V curve of a Nb, Sn-O-Pb junc-
tion made by evaporating Pb directly onto RCA
vapor-deposited Nb, Sn magnet ribbon which super-
conducts at 17 K. This junction characteristic in-
dicates the presence of a thick normal-metal lay-
er and the "gap" is barely bigger than that of Nb

as shown in Fig. 1, curve 3, for a Nb-0-Pb junc-
tion. No phonon-induced structure was found in
junctions such as that of curve 2. It is interest-
ing to note that the "knee" structure just above
the "gap" in the I-V curves 2 and 3, which has
been associated" with a contaminated surface
(essentially a n-s proximity sandwich), is not
present in the best Nb, Sn junction. From curve
1, the average energy gap of this NbsSn layer is
-2.5 meV, although it is obvious that some areas
have 4 as high as 3.1 meV. In another slightly
poorer junction, where T, measurements were
also made, these gaps were 6„=2.0 mV and 4
=2.8 mV, while the first sign of a gap in the tun-
neling characteristic was seen at 16.4 K and a
strong development of a gap observed at 12 K.
This gives 4»/12 K =1.94, and &~»/16. 4 K = 1.98,
very reasonable values for a strong-coupling su-
perconductor.

In Fig. 2 the measured conductances of the junc-
tion qf curve 1 of Fig. 1 are shown for the normal
and superconducting states and compared to sim-
ilar measurements for the best Nb-0-Au junction
we have ever made. The Nb data were plotted us-
ing the top voltage scale and the Nb, Sn data were
plotted using the bottom voltage scale. The rela-
tive shift of the two scales by h&b s„-ANb facili-
tates direct comparisons of the energies of the
phonon-induced structures of two different mate-
rials. Note that the normal-state characteristic
of the Nb-0-Au junction was obtained at a field of
8 kG. As we increase the magnetic field on the
Nb3 Sn-0- Pb junction the Pb gap disappears at - 5

kG and with it all the phonon-induced structure of
the Pb counter electrode. The Nb-induced gap at
1.5 meV disappears below 8 kG, but even below
this field there is no evidence of phonon-induced
characteristics from the Nb base layer. This sug-
gests that the Nb, Sn completely covers the Nb and
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FIG. 2. The curves of dI/dV versus V for Nb and
Nb3Sn. The two upper curves are measured by the top
voltage scale, and the two lower curves by the bottom
voltage scale.

that the Nb gap is indeed seen in the I-V charac-
teristic by a proximity effect. Above 5 kG and up
to our magnet limit of 15 kG, the NbBSn tunnel-
ing characteristic is independent of field and, as
shown in Fig. 2, clearly reveals phonon-induced
drops in quasiparticle density of states from 19
to 22 meV and also near 28 meV (measured from
V=0). The normalized first derivative and sec-
ond derivative (Fig. 3) show these structures
more clearly and further indicate the presence of
another structure in the Nb, Sn density of states
at 9 meV (measured from

blab,

s„). No further
structure was observed from 30 to 50 mV and
noise in the junction prohibited measurements
above 50 meV. The phonon density of states of
Nb, Sn, weighted by the electron-phonon coupling
parameter e'(&), was calculated using the McMil-
lan program, taking b, »(Nb, Sn) =2.3 meV, and is
shown at the bottom of Fig. 3. This value of 4
was chosen to give the best fit between the mea-
sured density of states and the BCS density of
states from 4 to 4+ 5 meV.

The most surprising features of this spectrum,
when compared to that of Ta or Nb, are the low-
energy peak at 9 meV and the breadth of the 17-
meV peak. From neutron scattering and tunnel-
ing experiments it is known that the transvere
and longitudinal peaks in the Nb are both sharp,
and occur-at 16.6 and 23.5 meV. " The 9-meV
peak in Nb, Sn is presumably the "soft phonon

1984



VmUMz 29, NUMsza 16 16Ocr'oszR 1972

0.004

I.oe
K

I.05

I.02

I.OI

I.O

o 0.99

0.4

-0.008 p

, OI2
Ol

-O.ole

0.6

0.5
u

0.2

8
O, l

oe o
II

—Oi2 04
h.
CI

mode" associated with the lattice instabilities dis-
cussed by Batterman and Barrett'3 and by Testar-
di et a/. '4 The resultant strong weighting of the
phonon spectrum towards low energies (compared
to Nb, for example) leads to high T,'s, as dis-
cussed by McMillan. '

The quality of tunnel junctions, and hence valid-
ity of the derived coupling parameters, can gen-
erally be judged from the value obtained for p*.
In all tunneling experiments on easily prepared
materials p. ~ is detexmined to be 0.10 to 0.15 and
theoretical calculations" show 0.10 to 0.18 to be
a reasonable value. From the data of Fig. 3 we
obtain @*=0.06 and A, =1.08 for NbsSn with 4 =2.3
meV. These low values of both p. * and A, we take
as an indication of a slightly contaminated Nb, Sn
surface, as similar xeductions in p, * and A. are
observed in Nb and di.rty Ta junctions. " The nor-
mal niobium base layer couM also be a factor
here, although if the Nb, Sn layer is more than a
few coherence lengths thick (the coherence length
being that determined at the phonon energy) the
tunneling characteristic should measure Nb38n
only.

It is of interest to examine the effect of these
new results for Nb, Sn on the predictions of maxi-
mum superconducting transition temperatures
made by McMillan. ' By assuming that the P-tung-

IO
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p&G. 3. The top curve is the second derivative d I/
A' plotted versus V -Dwb ~. The middle curve is the
normalized first derivative. The bottom curve is 0.'2E

plotted according to the left-hand scale, u E should be
measured against the right-hand scale if p* divas fixed
at 0.11,

sten materials have a phonon spectrum with a
shape similar to that of niobium, McMillan showed
that the st.rong-coupling theory predicts an abso-
lute limit on T, when A, &2. That is, whatever at-
tempts are made to increase A. , by alloying for
example, no gain in T, mill be made once A. has
reached -2. McMillan fux'ther points out that at-
tempts to increase A. may well first lead to lattice
instabilities and resultant crystal tx ansformation.
Hence, he essentially suggested two operative
limits on the maximum T„ the "X= 2 limit" or a
lattice transformation at A. &2. In the case of Pb-
like materials the A. =2 limit gives T, ~„=9.2 K
and a Pb, OBiso alloy has a T, of 8.6 K." However,
in the V,Si family McMillan calculates T, m»=40
K, ' compared to an unobserved 17 K for V,Si it-
self, suggesting that the lattice instability limit
is important here. In NbsSn materials the pre-
diction is T, „=28 K, compared to 20.7 observed
for Nb, (Al-Ge)" and 20.3 K for Nb, Ga." How-
ever, this estimated &,~ will be xevised if the
Nb, Sn phonon spectrum differs greatly from that
of Nb. As Fig. 3 now shows this to be the case,
we proceed to recalculate T, for materials
with an u'(co)&(ar) similar in shape to that of Fig.
3(c). To do this, we need to estimate the a'(~)
XE(a&) result for a perfect tunnel junction. We be-
lieve that the gap 6, would be 3.1 meV (2kT, for
T,= 18 K), and that p. * should fall in the range
0.11 to 0.15. %e further assume. that the shape of
n'(~)F(w) of Fig. 3(c) would be unchanged, i.e. ,
the relative heights of the peaks are kept fixed
and the magnitude of the whole spectrum is in-
creased by a factor independent of energy. This
increased magnitude, found by a single solution
of the gap equation with 40 = 3.1 meV and p, *= 0.11,
is shown as the same curve in Fig. 3(c), but mea-
sured with the new o.'+ scale to the right. The
spectrum, essentially a measure of the attractive
part of the electron-electron interaction, must be
increased by 44% and 60% to give self-consistent-
ly a gap of 3.1 meV when opposed by a Coulomb
repulsion represented by 0.11 and 0.15 pseudopo-
tentials. From these scaled spectra we obtain
A, =1.55 if p, *=0.11 and A, =1.69 when p, *=0.15.
From the dependence of T, /T, ~ on I, calculated
by McMillan, ' this gives T, jT, ~=0.85 and 0.9,
respectively, or T, ~=21.2 or 20.2 K for p. *
= 0.11 ox p, *= 0.15. This x ather startling result
appears to indicate that, although instabilities
and low-frequency phonon modes axe important
in the spectrum of NbsSn and hence in determin-
ing T, , the "A. =2 limit" of the strong-coupling
theory is already approached in Nb, (Al-Ge) and
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Nb, Ga, and the crystal transformations resulting
from instabilities are not the important limiting
factor on T, in this family of materials.

The author wishes to thank J. M. Howell for a
critical reading of the manuscript. The author
wishes to thank especially W. L. McMillan for his
suggestion on how to estimate the maximum T, .
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Calculation of Electric Field Gradients in Crystals Using Molecular Wave Functions*
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The electric field gradient in stressed NaCl is calculated using a simple cluster ap-
proach. The assumption of independent bonding allows the contribution of cluster elec-
trons to be calculated directly from their wave functions, without the use of shielding
factors. Molecular rather than atomic wave functions are employed. Good agreement
with experiment is obtained,

Although electric field gradients at nuclear
sites in crystals have been routinely measured
for a number of years by a variety of techniques,
theoretical studies of the origin of the electric
field gradient (EFG) have had only limited suc-
cess. Most theories of solids assume inert and

spherical atomic cores, a fatal approximation
since the EFG interaction goes as R ' from the

nucleus and, hence, small perturbations of the
inner electrons are likely to be important. This
point has been recognized in recent years, and

it has been shown in detail' that an EFG arises
from the fact that core orbitals lose their spher-
ical symmetry due to overlap with neighboring
ions. The most complete calculation of this kind

was done by Sharma' for Al,O„using free-ion

wave functions and including all the metal-ligand
matrix elements. In spite of the good agreement
achieved in this case there remain two major dif-
ficulties with this approach: (1) The use of free
ion wave functions restricts its validity to the
most ionic solids, and (2) there is no consistent
way of taking account of shielding and antishield-
ing effects; for example, if ions A and B overlap,
the EFG due to the charges on A and B may be
calculated with the use of appropriate Stern-
heimer shielding factors, but to the charge dis-
tributed in the "overlap region" no such shield-
ing factor obtains. This is a serious problem
since these shielding corrections are typically
large.

This Letter proposes a new theoretical ap-
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