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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
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at the temperature T. If, however, it is desired
to push the model somewhat further, one is re-
quired to determine at least approximately how

&(r) heals on going into the superconductor.
The position dependence of A(r) in the supercon-

ductor is known exactly at T= T, since an analytic
solution of the Ginzburg- Landau equation is possi-
ble: If the plane of contact is the plane x= 0, the
solution for a superconductor of infinite thickness
ls

A(x) = &„tanh(x/&2 $„)

II. DERIVATION OF THE NEUMANN-TEWORDT

FREE ENERGY

The result of Bardeen et al. for the free energy
of an inhomogeneous pure superconductor [relative'
to the state with A(r) =&„]is, for the geometry un-
der consideration,

&G = AG~+ V fdx(5 —1) A„

+ (A„/2v ) f kdk f dAZ(k, A)tanh(2Pb, „A),

where ) oL is the Ginzburg-landau coherence length.
No exact solutions are known at lower temperatures,
however, and it is necessary to resort to approxi-
mations.

Recently, Bardeen et al. (BKJT) have presented
a theory of inhomogeneous pure superconductors
based on WKBJ solutions of the Bogoliubov equa-
tions, and a variational method based on this the-
ory has been used to estimate the position depen-
dence of A(x) for all temperatures less than T,:
The method was to assume that the form [$ = 8'v~/

vA„(T)]

A(x) = A„tanh(dx/$ )

was a good approximation at all temperatures; the
adjustable parameter d was determined by mini-
mizing the BKJT free-energy expression. It was
found that d extrapolated, as it should, to the cor-
rect value at T= T, . The result of greatest inter-
est in this calculation was the strong temperature
dependence of d; d extrapolated to a very large
value at low temperatures, and it was concluded in
Ref. 2 that the order parameter heals over atomic
distances.

The above result is surprising in view of the weak
temperature dependence found for other quantities
in the theory of inhomogeneous superconductors;
the ratio H,z(T)/H, (T), for example, changes by
only 20%%uo or so from T=0'K to T= T, . ~ As a
check on the calculation of Ref. 2, we have calcu-
lated the first-order correction in 1 —T/T, to the
Ginzburg-Landau result for the healing length using
the theory of Neumann and Tewordt for the free
energy of an inhomogeneous superconductor near
T = T, . In Sec. II we derive the Neumann- Tewordt
free-energy expression from the BKJT formalism,
and in Sec. III the temperature dependence of the
healing length near T = T, is obtained variationally.
We find that the correction to the Ginzburg-Landau
result is only one-fiftieth as large, as the result of
Ref. 2, and we conclude there is no evidence that
the order parameter heals over atomic distances at
low temperatures.

where 5= &(x)/&„, AG, is the contribution from
the bound states, A=E/A„, and Z is the sum of the
phase shifts for the scattering states Eq. uation (3)
can be rewritten as

AG = AG, + (A„/2v ) f kdk f dAtanh( ,'PA„A)—

x[Z+ —,'f @(5' 1)(A' 1)-'~'], (4)

where t = (2m A„/I k)x.
In a previous publication, the author has de-

rived the Neumann- Tewordt free-energy expres-
sion for the isolated vortex geometry from the
BKJT theory; the demonstration for the geometry
under consideration here is very similar and we
give only the main points.

The result for Z obtained in Ref. 5 is easily con-
verted to the new geometry; we find

Z = —2f dan[A (5 —1)+ A [4(5 —1)+ (5') ]

+ A ' [—(55') +~(5 —1)- 25'5"' —(5") ]] (5)

and

Z+ g f dt'(5 —1)(A —1)

'f, «[,-A' [-'(1-- 5')'+ (5')'l

+ A 5[- —;"(55')+8 (-5 + 35 —2)+25'5"'+(5") ][.

$(T) = hvI/vA„(T) .

On substituting the result (6) into Eq. (4) and per-
forming the k and A integrals as in Ref. 5, we find

In Eqs. (5) and (6), the prime denotes differentia-
tion with respect to g. We now go over to the
variable x and introduce the temperature-dependent
coherence length $ by
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zG = m, +m,+, dx, " (1-6 ) +—w ] (6')slVg(3) 6 s s 1

~4 4
31K(5) —5v h (Mi)s+ ( Qs 362 2)

h [26ttiiii+ (6ri)s] (8)
m4 2T 24 8 80

where the derivatives are now with respect to x,
and aG, represents terms of odd order in & /2T
arising from the A integration. Equation (8) can
be rewritten using the expansions of 6„/2T and H,
given in Ref. 5; after an integration by parts, the
result is

Equation (10) is valid for both pure and impure
superconductors; the first square brackets contain
the Ginzburg-Landau term and the second the first-
order correction in 1 —T/T, .

To determine the healing length, we use the
variational function of Ref. 2,

LK = AGb+&G, + —' dx pm' 5' + z 1 —6

H, 31$(5) (1 —t) v $4

4w 490 f (3)

6 = tanh(dx/t'),

in Eq. (10); the result is

AG = (H,/4m)~[[ s ($/d)+ (dX /Ks))]

+ (1, —t)g[(rl, )/d)+ (0 —4'„)(dX /K3$)

(12)

&c 31&(5) (1 —t) d„[ 6s (1 6s)s
4v 98 t (3) + (&44+ 3&4.)(4d'~'/&s&')D ~ (13)

(9)

where t= T/T, . The term arising from the inte-
gration by parts vanishes for any analytic function
of x antisymmetric about x= 0, such as the varia-
tional function of Eq. (2}. The terms M, and EG,
are of odd order in (1—T/T, ) and we neglect
them. The remainder of the right-hand side of Eq.
(9) is identical to the Neumann- Tewordt expression
for the free energy of an inhomogeneous pure super-
conductor in this geometry.

III. HEALING LENGTH NEAR T = T~

The Neumann-Tewordt expression for the free
energy of an inhomogeneous superconductor in zero
magnetic field, relative to the state with ~(r) = &„,
is

aG = (Hs/4m) f dx{[s(1—6 ) + X xs (6') ]

The required expansion of the quantity X. /xs in
powers of (1 —t) can be obtained from Eq. (11) and
Ks= K[1+ (1 —t)Q], where Q is defined by Eq. (8) of
Neumann and Tewordt. The result is

X~/Kss= ~~s's$ [8Ss~/Vt'(3)][1 —(1 —t)(1+ Q+ 2q,)], (14)

where

Ss, = F (2n+ 1) ' (2n+ 1+ n) ' .
n=P

Note that

lim($'/koL) = 6/s as T-T, .

(15)

(16)

On minimizing ~G with respect to d and expanding
d 88

d = do+ (1 —t)di,
one finds

+ (1- t) [&c~'(1—~')'- &s~'&s~ (1—~')(~')'

+ q„~'~ss(65')'+ (q4„+ 3q4, ) &'x (6")']], (10)

dp — f 8S ~2

and

(18}

where g„g&, g, g~, and g4, are constants given
by Eqs. (2) and (3) of Neumann and Tewordt; '0,
= —31t.(5)/98t (3) is independent of the mean free
path t, but the other quantities depend on a.'= &( (0)/
2yt = 0. 882t (0)/l. X is the weak-field local Pene-
tration depth, defined (in the usual notation) by

j. 1 6 g 1
dg = ds[s+ k sfR+c++ ( Nur ++0 3 t4d @4c)]

dq = 0. 218dp (20)

For a pure superconductor, g&= 6&„'g = 4g„'94~
= 0, q4, —~sq„and P = —1 —4&„Eq. (19) then reads

or

d = ds [1+0. 218(l —t)] (21)
+2 P gz l/3

Since the correction term to the Ginzburg- Landau
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d = do [1+10(1—t) j (22)

result is so small, there is no evidence that the
healing length is much different from $ at any tem-
pex ature.

Qn the other hand, the result for d obtained in
Ref. 2 is

near T'= T„ the two results differ by a factor of
50 in the correction to the Ginzburg-Landau result.
The source of the discrepancy is at present un-
known and further work is required. It is clear,
however, 'hat Eg. (21), rather than Eq. (22), is
the correct result for the healing length jn "thj.s
model. "
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The spin-Hamiltonian parameters for ZnO: V + have been refined using electron-paramag-
netic-resonance (EPR) line position calculations. The principal sources of error are dis-
cussed. The accurate spin-Hamiltonian parameters are used to discuss the spin-orbit cou-
pling within the 3d manifold of electronic states.

Values for the spin-Hamiltonian parameters of
V ' in ZnO have been reported recently by Filipo-
vich, Taylor, and Coffman and by Hausmann and

Blaschke. ~ Significant differences between several
of the reported parameter values, and the question
of the importance and magnitude of the anisotropy
of the spin-orbit coupling coefficients, have
prompted us to reinvestigate these parameter val-
ues using an accurate EPH spectrum calculation.
The experimental data were fitted with an axial-
symmetry spin Hamiltonian which included the nu-

clear Zeeman and electric quadrupole interactions:

K= D(Sg —s) + gii il s Hg Sg+ gg P» (H, 8„+H S„)
+ AS I,+ B(S„I„+S„I) + g„p,» 0 'I

+ 9'(I'- 4) (1)

The (isotropic) nuclear g value for V" was taken
from the Varian NMR tables. 3 The resonance field
values and intensities were calculated using the

program MAGspEc, which determined the resonance
fields for a given set of parameter values in (1)
to within at least + 0. 1-6 accuracy (see Table I),
and correctly determines the intensities by com-
puting the transition probabilities from the radia-
tion Hamiltonian and the matrix of the eigenvectors
of X. The results were compared with the aecuxate
field and frequency measurements of Coffman and

Filipovich. Parameter variation after each eal-

TABLE I. Spin-Hamiltonian parameters for ZnO;V3'

with estimated. probable errors.

Parameter

D/hc
gu
gx
~/hc
8/hc
Q'/hc

+ 0.74637 cm
1.9451
1.9329

+66, 0&&10 4 cm
+77.1~10-' cm-'

0. 0 cm"

Fstimated error

+ 0.0005 cm
+ 0.0005
+ 0.0005
+0.5~10 cm
+ 0.5~10 cm
+ 0. 00005 cm

culation, so as to decrease the errors (H, ', —H„',.)
for all i absorption lines, was done by inspection
using previously derived perturbation theory for-
mulas.

The spectrum matching procedure was carried
out for two EPR bands: one measured with Ho (i e,
v = 9.30875 6Hz with center at about 4800 6, and

the other with Hol e, v= 9. 51026 6Hz and center
at about 6400 G. The value for gii was assumed
from the previous study, ' since it can be measured
independently of all other parameters. The values
of D, A, g„B, and Q were varied until one set
of values gave the best agreement with experiment
in a least-squares sense wit respect to the mea-
sured line centers. The values of the parameters
so derived (see Table I) led to the calculated line
positions which are compared with experiment in


