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the crystal current. That such an effect exists
is also consistent with the stated observations
on the well-formed electric field domains.
That is, a limiting velocity of the charge car-
riers, and a decrease in that velocity with an
increase in the electric field, would be a suf-
ficient mechanism to stabilize the width of the
domains.

With a polychromatic polarized probing light
the bands appear as alternate colors. The pho-
toinduced region of the static effect previous-
ly described also displays a different color
from the unaffected area of the sample in a
white probing light. The various colors illus-
trate the dispersion inherent in optically ac-
tive materials. This very effectively demon-
strates the differences in polarization of ad-
jacent areas.

We wish to thank G. J. Kominiak for his very

able technical assistance, and G. G. Douglas
and R. N. Zitter for discussions on photocon-
ductivity.
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Theoretical work of Berk and Schrieffer~
and of Doniach and Engelsberg has suggested
the importance of electron-paramagnon (spin-
fluctuation) interactions in metals which are
nearly ferromagnetic. Recent experiments
on Ni-Rh alloys by Bucher et al.' and on Ni-
Pd alloys by Schindler give striking confirma-
tion of these effects.

Initially, the theory was carried out for a
spherical one-band model with a contact-ex-
change interaction. This model predicts ex-
ceptionally large many-body corrections, e.g. ,
a mass enhancement of order 8 for Pd. From
augmented-plane-wave' and relativistic aug-
mented-plane-wave (RAPW)8 calculations on

Pd, and the observed specific heat, one finds
a factor closer to 2. In addition, the alloy ex-
periments exhibit a considerably smaller mass
enhancement than this model predicts. In an

attempt to account for this discrepancy, Doni-
ach' added Hund's rule (intra-atomic) exchange
to the model and found a reduction of the pre-
dicted enhancement, although it appears that
the reduction is insufficient to bring theory
and experiment into agreement. '

We report here on the importance of (a) band-

structure effects and (b) interatomic exchange
interactions in the problem, and show that they
can lead to large additional changes in the many-
body corrections.

Band-structure calculations'~ show that the
heavy-hole energy contours in Pd can be rough-
ly represented by three cylindrical sub-bands,
each of length equal to the (100) reciprocal lat-
tice vector and having their axes along x, y,
and z, respectively. The Bloch functions gran
for these sub-bands can be represented in terms
of Wannier functions zv& by

= (N) "'Q . exp(ik R.)ce (r-R.), (].)ke j j n j'
n = (x, y, z),

where N is the number of cells in the crystal.
Recent theoretical work' shows that for d bands,
the re~ behave like tight binding functions, and

we expect matrix elements of short-ranged
(screened) potentials taken between co's locat-
ed on different sites will decrease rapidly with
the site separation. Thus, we expand the Bloch
matrix element (p+q, n;k, P'IVIk+q, P;p, n)
in Wannier functions and retain only the one-
and two-center terms. The importance of in-
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(nn I V I nn) = U (self-exchange),

(Pn I VI nP) =J, n& P

(Hund's rule exchange),

and the two-center (interatomic terms

(2a)

(2b)

ter-atomic exchange in Pd has been stressed
recently by Clogston and by Peter. ' If n de-
notes so~ centered at the origin and e& denotes
so~ centered at p, the relevant contributions
to N times the matrix element are the one-cen-
ter (intra-atomic) terms

with a repeated-zone scheme in (4) and restrict-
ing p to the first Brillouin zone. The paramag-
non contribution to the mass enhancement is
given in terms of the static (q, =0) t matrix
by"

be
kn

kn

AA ~ QN ~ n de
[t (k —k') —V (k —k')]5(e-, ),(5a)kk kk k' (2w)'. '

while the dynamic susceptibility is

Q (np IVlnp )e =U '(p-k), (2c)
pro0 p p nP

Z (P nIVInP )e
~0 p p

'(q). (2d)

We neglect one-body hopping terms, e.g. ,
(nn& I Vl nn) since they are already included
in the band-structure calculation.

Central to the spin-fluctuation theory'~ is
the spin-one particle-hole t matrix tpyn~(q)
describing a particle-hole pair of total four-
momentum q scattering between bands a and
P. The self-energy (and hence the effective
mass) and the spin susceptibility are simply
related to this quantity. The integral equation
for t is

where we have suppressed q and set

(q)
pk

ap an' n' n'p d'p'= V + V-, K-, t-,- „(3a)
pk ~ pp' p' p'k (2m)~ '

X(q)=EX (q)+ Z K- (q)t k
K- (q) (5b)0 ~k p pk k

By neglecting the interatomic interactions
U' and J', and considering for the moment three
spherical sub-bands, one obtains the Hund's
rule model of Doniach, ' for which the solution
of (3a) is

JH+(q)'
(q) =(U-JH)&(q)& +

l 3J / (6a)

Here, the enhancement factor

& (q)=
A

&-(U-JH)x0 (q)

is independent of n because of the spherical
sub-band assumption.

More generally, if one adds band-structure
effects and the interatomic exchange J'(q) (but
not U'), one obtains

t (q) =(U-J )F (q)5

V (q)

=(U-J )& +J +U '(p-k)+J '(q), (3b)
H nP H nP nP

where

J(q)& (q)+ (q)

&-J(q)Z ,X0 (q)& (q)

K- (q)=~ G (p+q)~ (p)
p 27r

'

with G~ being the one-particle Green's func-
tion for sub-band n Kpn(q) is re. lated to the
zero-order susceptibility (in units of 2lLB',
p, B——Bohr magneton) for sub-band n by~~

dp
X0 (q)= K- (q)(2,).

(3c)

(4)

(lb)

We consider first the s herical sub-band
case, and decompose t™into its three spin-
fluctuation eigenmodes, '

aP
l U+ 2J + 3J'(q)

H
3 &-lU+2J +3J'(q)]X (q)

Umklapp processes are included by working
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The first term, corresponding to an in-phase
spin fluctuation of the sub-bands, is influenced
by the interatomic exchange J', while the last
term, arising from antiphase modes, is inde-
pendent of J'. Since Tr(b&p ——,') =0, only the
in-phase mode contributes to X(q) [see Eq. 5(b)]:

X(q)
1 [U+ 2J + 3J/ ( )] ( )

Xo(q) (q)
H

q Xoq
(9)

The Stoner factor S(0) is roughly of order 20
for Pd. For JH= J'=0, all three modes con-
tribute equally to bm/m. For J'(q)=0, the in-
phase mode continues to contribute one-third
of the JH=O mass shift. However, for J'(q)
4 0 the decrease of J' as q increases -from ze-
ro, Eq. (2d), leads to a more rapid drop of
the in-phase part of t(q) for small q and hence
to a smaller mass correction. For J& and/or
J' nonzero, the antiphase mode contribution
to the mass correction is reduced because of
the reduced exchange coupling for these modes,
i.e., U-JH rather than U+2JH+3J'.

These effects are illustrated in Fig. 1, where
6m/m is plotted for spherical sub-bands with
(a) J' = 0 (Hund's rule model) and (b) JH = 0 (in-
teratomic exchange model) as a function of the
exchange strength. The Stoner factor, S(0)

5.40-
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t 2 JH + 3 J ' (0)j / L U+ 2 JH+ 3 J'(0)j
FIG. 2. The paramagnon contribution to the mass en-

hancement factor for three limiting models: g, Hund's
rule (JH) and self-exchange (U) with spherical sub-
bands; Q, interatomic {j')and self-exchange with
spherical sub-bands; and c, Hund's rule and self-ex-
change for cylindrical sub-bands. The results are
plotted as a function of the fraction of the non-U ex-
change entering the Stoner factor, i.e. , (2JH+3 J')I
(U+2JH+3J'), with the Stoner factor chosen to be 20.

of (9), was set equal to 20. We assumed J'(q)
=J'(1—q'a'/6), where a is the nearest-neigh-
bor distance, chosen such that gapa

= 1.7. We
see that interatomic exchange can be much more
effective than Hund's rule exchange in reduc-
ing bm/m. For example, m*/m is 2.2 if 30%
of the exchange entering the Stoner factor is
interatomic in origin, while it is 3.4 for this
strength of Hund's rule exchange. "

Turning to band-structure effects, we plot
in Curve c the results for the cylinder model
with J'=0. For a. cylindrical sub-band, X, (q)
is independent of q if qJ (the component of q
perpendicular'to the cylinder axis) is less than
the cylinder diameter. Therefore, t remains
large for a large range of q about q = 0 and a
large mass enhancement results. Judging from
the HAPW plots of the Fermi surface of Pd,
the cylinder model overemphasized the weak

q variation of Xo(q) for small q and some com-
promise between the results of the spherical
and cylindrical models seems appropriate.

We note that the two-center counterpart U'(p
—k) of the self-exchange U may in fact be the
dominant interatomic exchange coupling, judg-
ing from the matrix elements (2c) and (2d),
i.e., "direct" versus "exchange. " Preliminary
analysis indicates the effects of U are simi-
lar to those of J'. As was recently stressed, ~'

the neutron-scattering experiments of Low'~

on dilute Fe and Co in Pd seem to require a
major fraction of the exchange in Pd to be in-
teratomic in character. " If this is the case,
it appears from the above results that the dis-
crepancy between the predicted paramagnon
contribution to the mass enhancement and the
modest total enhancement (including the pho-
non contribution) required by band-structure
analysiss may be resolved in this way. It is
possible that interatomic exchange also plays
an important role in reducing 5m/m in the al-
loy experiments. '~~ Neutron-scattering stud-
ies of X(q) in these systems, similar to those
mentioned above, would be helpful in settling
this question.

In addition to reducing the mass enhancement,
interatomic exchange reduces the spin-fluctu-
ation contribution to the pairing interaction
in superconductors. In the absence of pseudo-
potential effects (which were shown to be small
for the one-band contact exchange model' ),
one has N(0)Vspin= 5m/m. Whether this re-
duced spin-fluctuation repulsion dominates the
Coulomb repulsion in suppressing supercon-
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ductivity at the right-hand end of the transition
metal series is not clear at present.
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Up to now most nuclear-relaxation-time mea-
surements in the mixed state of Type-II super-
conductors have been made far below the up-
per critical field H~2. Their interpretation
generally involves the well-known BCS behav-
ior. ' We report here T, measurements in pure
niobium near H~2. The new point is essential-
ly that in this region the distance between vor-
tices becomes comparable with the coherence
length. This is a gapless situation, ' which gives
rise to new features in the nuclear relaxation.

T, was measured in two different samples
of niobium powder with average particle of 15
p, . We label them Nb I and Nb II. The upper
critical fields at zero temperature are, respec-
tively, H~2I=8. 2 kG and IJ~2II=12.1 kG, as

determined by extrapolating the variation of
K~2 vs T. By using the theoretical electron
mean free path dependence' of the upper cri-
tical field of a Type-II superconductor, the ra-
tio of the coherence length g, to the mean free
path l is found to be $0/l = O. V for Nb I and $0/l
= 1.5 for Nb II. Thus it turns out that sample
I is rather clean, while sample II is rather
dirty, though the $0/I parameters differ by on-
ly a small factor. Most of the T, measurements
were done at temperatures between 1.4 and
4.2'K, in magnetic fields from 3 to S kG (name-
ly 0.15 T/Tc ~0.45 and 0.4~8/Hc2 1). T,
was measured at the center of the nuclear mag-
netic resonance line in the following way.'We
saturated the thermal- equilibrium nuclear mag-
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