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change effects, as well as a discussion of the
validity of the effective charge approximation
[cf. Eq. (3)], will be presented in the future.

I wish to thank B. Baxter for assistance in
programming of the numerical integration,
Dr. M. Mittleman for pointing out the possibil-
ity of inclusion of the exchange effects in the
theory, and Dr. A. Temkin for valuable discus-
sions.
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VANISHING KNIGHT SHIFT IN SUPERCONDUCTING ALUMINUM
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We report here a new measurement of the
Knight shift in superconducting aluminum which
differs from a previous result' in that now the
Knight shift extrapolates to a value at T =0'K
which is essentially zero, as predicted by the
BCS theory of superconductivity, according
to which the ground state consists of a coher-
ent superposition of Cooper pairs in singlet
spin states.

Previous measurements of the Knight shift
in superconductors have all shown that the spin
susceptibility at T =0 remains finite, contrary
to the prediction of the BCS theory. In the ele-
ments tin, mercury, and vanadium these re-
sults have been explained either on the basis of
spin-orbit scattering or on the basis of contri-
butions to the Knight shift that are unaffected

by the transition to the superconducting state. '~

Aluminum, however, was expected to be one
example where these effects might not play
a significant role: (1) Spin-orbit coupling (both
to displaced surface atoms and to the crystal-
line field) should be small because aluminum
is the superconducting metal with the smallest
atomic weight, and (2) aluminum has no d elec-
trons so that one can a.ssume that the paramag-
netic susceptibility is entirely due to conduc-
tion electrons. The result' of a measurement
made on one sample of aluminum films a num-
ber of years ago was that the Knight shift a,t
T= 0'K was about 75%. In considering this un-
expected result, Appel' concluded that all of
the possible contributions to the Knight shift
in superconducting aluminum should nearly
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vanish at T = O'K, and that a possible explana-
tion for the finite shift was the presence of para-
magnetic centers due to the presence of non-
stoichiometric aluminum oxide. This provid-
ed the motivation to produce another sample
which would avoid as far as possible the inclu-
sion of oxygen within the film thickness.

The results of the present measurements
are shown in Fig. 1. The experimentally de-
termined quantity is the difference in frequen-
cy between the nmr frequencies of copper and
of aluminum. The data extrapolate roughly
to 82 kc/sec at T =0'K, which corresponds to
a change in the aluminum frequency of about

6.7 kc/sec, and which at the value of the mag-
netic field used, 3.8 kG, corresponds to a change
~f/f =0.16% in the aluminum shift. This is just
the value ascribed to aluminum as the Knight
shift. ' An uncertainty is the amount of the chem-
ical shift, which for aluminum is of the order
of 0.01%.

The sample was made by the flash evapora-
tion of precut pieces of aluminum wire (6-9's
Cominco) dropped into an electron-beam-heat-
ed tantalum cup at about 1600'C. The vacuum
was &10 7 Torr. The aluminum condensed on-
to 8-mil-thick Mylar, which was then cut and
stacked as described previously, ' again with

copper foil inserted at intervals.
Initial measurements of the nmr in the alu-

minum and copper at temperatures below the
transition temperature gave very broad and
asymmetric lines, despite apparent alignment
of the films with the magnetic field based on
the minimization as a function of angle of the
inductance of the rf coil of the Pound-Knight-
Watkins marginal oscillator. It was finally de-
termined that alignment is extremely critical,
beyond the magnet-angle scale resolution of
0.1', and only determined by sweeping repeat-
edly through the copper line at different adjust-
ments of the magnet angle (there were some
indications that we had to cool down the sam-
ple through the transition after each adjustment
of the angle, rather than change the angle at
a, given superconducting temperature). When

finally aligned, the copper and aluminum line
shapes did not change upon cooling through the
superconducting transition. The aluminum line
was first-order quadrupole broadened, presum-
abl. y either because of field gradients in the
otherwise cubic crystal arising from oscilla-
tions in the charge density due to the film sur-
faces'0 or because of strains in the film.
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FIG. l. Experimental data showing the change in the
Knight shift in aluminum films through the supercon-
ducting transition. The ordinate at the right is the dif-
ference between the nmr frequencies of Cu and Al in a
magnetic field of 3.8 kQ. The left-hand ordinate refers
to the dashed curve which is the spin susceptibility as
calculated by Yosida for a BCS superconductor. The
results of other measurements at O'K are indicated by
the arrows (see Refs. 3-5).

The temperature dependence of the observed
shift differs from the one calculated by Yosi-
da" on the basis of the BCS theory. An expla-
nation for this might be found in the consider-
ation of Fulde and Maki, "who have calculat-
ed the depairing effect of the magnetic field,
which even in the limit of vanishing spin-orbit
interaction will give rise to a finite suscepti-
bility at T =0 if the superconductor is in the
"gapless region" (when very close to the crit-
ical field), and which, at smaller fields, gives
rise to a field-dependent susceptibility that,
although vanishing at T =O'K, is larger at in-
termediate temperatures than that calculated
by Yosida. This is shown in Fig. 1 of Ref. 12.
These curves cannot be applied directly to our
results, however, since the parameter H/Hc
is actually a function of temperature, as the
phase diagram of a superconductor illustrates.
Unfortunately, our knowledge of the phase dia-
gram of the sample is not complete enough at
present to compare quantitatively our temper-
ature dependence with one derived from the
curves of Fulde and Maki. The critical tem-
perature at zero magnetic field Tc(H =0) is be-
tween 1.3 and 1.4'K, as determined by the change
in the inductance of the rf coil. A "best-guess"
phase diagram is obtained by fitting a temper-
ature dependence of j(1-t')/(1+ t')]"', which is
very close to what is found for a thin film, '
through T„(0)= 1.4'K and through Tc(3.8 kG)

157



VOLUME 18, +UMBER 5 PHYSICAL REVIEW LETTERS &0 JANvARv 1967

=1.08'K (obtained from Fig. 1). This gives a
Hc(T = 0) value of 7.6 kG, which would be ob-

0
tained if the film thickness were d = 136 A, us-
ing the formula" Hc/Hcg = 5.8/0'"AL (0)/d'".
This thickness is reasonably close to our es-
timate of 120 A based on optical measurements.
This phase diagram results in the following
values of H/Hc at the respective temperatures:
H/Hc = 0.79 at 0.9'K, 0.65 at 0.7'K, and 0.57
at 0.5'K. Using these values of H/Hc at the
corresponding reduced temperatures, one sees
that the results of Fulde and Maki fall below
our results. However, until the phase diagram
is known with more certainty, no real conclu-
sion can be made concerning the temperature
dependence.

Unfortunately, a determination of the phase
diagram of a sample consisting of a large num-
ber of films is difficult (the sample consists
of about 3000 film layers). Even if the resis-
tivity of a large sampling of individual films
were measured, the gapless region would not
be made evident since a gapless superconduc-
tor still has zero resistance.

Considerations of gapless superconductivity
and magnetic-field depairing also apply to the
previous measurement on aluminum. ' In ad-
dition, the effects of paramagnetic impurities
have to be considered in that sample. The fact
that the transition temperature was not also
lowered, and that the aluminum nmr linewidth
was not broadened, might be related to the pos-
sibility that the distribution of paramagnetic
centers due to a suboxide of aluminum could
have been nonhomogeneous because of the tech-
niques used then in the evaporation of the alu-
minum. A critical test for paramagnetic im-
purities would be a measurement of the nucle-
ar spin-lattice relaxation time Ti, using the
field-cycling technique, ' where the relaxation
is at zero magnetic field. Then the competing

effect on T, of magnetic-field depairing" could
be eliminated.
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