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Nuclear Magnetic Resonance in Solid and Liquid Copper~

R. L. Odle and C. P. Flynn
DePa&ment of I'hysics and Materia/s Research I aboxatoxy,

University of I//inois, Uxbana, I//inois 6&80&

I,'Received 1 February 1971)

Two recently published and mutually discrepant sets of data giving the Knight shift in solid
and liquid Cu are shown to be compatible with earlier results in those temperature ranges for
which each recent set is apparently reliable. Recent diffusion data are also discussed.

In a brief note published some years ago, Odle
and Flynn' reported values for the Knight shift of
Cu in solid and liquid Cu at high temperatures and
for Sb in liquid Sb. The Sb results have since
been confirmed, but doubt has been cast on the Cu
results by two much more extensive studies '

which agree fully neither with each other nor with
the original work. It is important that this matter
be resolved because of the unusually large Knight-
shift change undergone by Cu at its melting point,
and the interpretation of this shift as originating
partly in the elimination of P-like necks on the
Fermi surface. The explicit results of the earlier
work are presented in this note. These agree with
the two sets of later results where each is ap-
parently reliable, and the composite data appear
to confirm our earlier conclusions.

Figure l shows the data, of Odle and Flynn (OF),
together with those of El-Hanany and Zamir (EZ)
and of Warren and Clark (WC), fitted together in
the liquid at the melting point where the results
are in best accord. It should be noted that each
set does contain the inherent possibility of small
absolute shifts owing to the choice of differing
reference standards and to the difficulty of abso-
lute field calibration inside furnaces at these
elevated temperatures. All major discrepancies
originate in the anomaly observed by EZ at about
1000 'K and in three points taken by WC at tem-
peratures immediately below the melting point.

The anomaly at 1000'K occurs at the linewidth
transition. It most probably originates in ap-

paratus adjustments enforced by the transition or
in skin-effect shifts due to imperfect sample con-
struction. Neither the susceptibility nor the spin-
lattice relaxation rate ' of Cu shows any signs of
an anomaly having this order of magnitude near
1000 'K. In the alternative recent data3 the dis-
crepancy below the melting point was accompanied
by substantially accelerated relaxation of an im-
perfectly reproducible nature and has been as-
cribed to sample contamination. Difficulties con-
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FIG. 1. Knight shift of Cu as a function of temperature
according to several reports. The data from various
sources are fitted together just above the melting point.
Error bars indicate the typical experimental uncertainties
quoted by WC and EZ, and the estimated uncertainties for
T & 1100 K in the OF data.
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nected with sample structure can be avoided by
careful preparation and encapsulation techniques
described elsewhere.

The assembled data are consistent with changes
in K of 5. 5% from room temperature to the melt-
ing point and a further 5. 0% at the melting transi-
tion. These compare favorably with the values
(5.0+ l. 5) and (5. 1+0.3)% we reported previously
(the latter value was obtained as the mean of re-
peated measurements). The absolute Knight shift
at room temperature in Fig. 1 agrees with accepted
values for Cu, of which the higher ( - 0. 236) are
probably the more reliable, owing to skin-effect
shifts.

We note further that the relaxation rates mea-
sured by EZ confirm the motional narrowing ob-
served by Flynn and Seymour' (FS), and allow an
estimate to be made of the activation energy Q for
self-diffusion. The result, 9=2.04+0. 02 eV, ap-
peared to be in better agreement with existing
radio-tracer studies than the value of Q = 2. 08,
+0.04 eV obtained by FS from absolute diffusion

rates and an estimated Do (the diffusion rates of
EZ and FS agree where they overlap). Results
derived from direct observation of T& shouM in-
deed be the more precise. Unfortunately, recent
more accurate tracer studies 0 give Q=2. 19
+ 0.01 eV. This tends to confirm the impression
that nuclear-magnetic-resonance (NMR) methods
(except perhaps those using temperature ranges ex-
tended by the Ailion-Slichter" or related methods)
do not compare in accuracy or reliability with
alternative radio-tracer techniques when suitable
isotopes are available.

Note added in manuscrip. We have been notified
through a publication of the Israel Atomic Energy
Commission that fulthel lnvestlgatlons by EZ con-
firm our belief that their published Knight-shift
data contain substantial systematic errors. It
appears that the anomaly at - 1000'K is indeed an
experimental artifact. The 7% discrepancy be-
tween their NMH results and the tracer values of
the activation energy for self-diffusion in copper
has not, as yet, been explained.
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We calculate the healing length of the superconducting order parameter near T= T~ by means
of a vaxiational method based on the Neumann-Tervordt expression for the free enexgy of an
inhomogeneous superconductor. The result for the correction to the Ginzburg-Landau healing
length neax 7 = Tc indicates that the healing takes place over distances of the ordex of the co-
herence length at all temperatuxes, in disagreement with a recent calculation @which predicts
healing over atomic distances at low temperatures.

I. INTRODUCTION

The problem of a superconductor in contact with
a magnetic material is one of current interest.
Because of the large pair breaking, the supercon-
ducting order parameter n(r) is assumed to vanish

in the magnetic material; the boundary condition
on n(r) in the superconductor is taken to be b(r)
= 0 at the interface. To obtain qualitative predic-
tions for the properties of this system, one can
take L(r) to jump at the interface to the value (& )
characteristic of wholly superconducting material


