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state in which trace impurity atoms are present
in the copper. Moreover, these results suggest
that the many conflicting observations on the
resistance minimum may be due to differences
in the preparation of the samples.

In addition to work now in progress with dilute
alloys of copper with various impurities sub-
jected to oxidizing and reducing atmospheres, a
similar study is contemplated for silver and gold.
The effect of other reducing atmospheres on the

resistivity of copper is also under investigation.
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In several cases a large nuclear polarization
has been produced in a fluid by pumping with

microwave radiation in resonance with paramag-
netic centers near a solid-fluid interface. '~' The
number of such paramagnetic sites per unit vol-
ume of the sample is often very small. Only
nuclei in the fluid mol. ecules nearest to the para-
magnetic centers are directly experiencing the
spin flips which give rise to such an Overhauser-
type effect. Therefore, molecular diffusion must

play an essential role in these phenomena. In
this note we derive a theoretical expression for
the total nuclear polarization, which contains the
fluid volume as an independent variable.

Let an amount of fluid with volume V and of
spherical shape be bounded by the solid. The
surface contains a number of paramagnetic cen-
ters which are in resonance with the microwave
power; we denote by V~ the volume occupied by
fluid molecules in the surface layer in the im-
mediate vicinity of these centers, and by V~
(which is part of V) the volume occupied by fluid
molecules in the remainder of the surface layer.
We will assume that V~ «V. The nuclei in V

are flipped at a given rate by the external micro-
wave power through the two known processes of

the Overhauser type or through that of the type
reported by Uebersfeld et al. ' and by Abragam
and Proctor. ' Some flipped nuclei escape to the
volume V before they are relaxed. In V they are
exposed to the ordinary relaxation, character-
ized by the relaxation time T, . They also may
penetrate the part V~ of V, as we assume that
the fluid forms a single continuous phase. In Vz
relaxation is influenced by the strongly reduced
mobility of the molecules which, unless one ap-
proaches a solid-like condition, is an enhance-
ment. Also surface magnetism not in resonance
with the microwave power can contribute to the
relaxation in V~. We denote by T, the relaxa-
tion time in V . Finally the nuclei may move
back into Vp and be relaxed there, with a char-
acteristic time TP.

In a steady situation a complicated pattern of
nuclear polarization will be established, given
by the density m, +m(x, y, z), where m, is the
equilibrium value. We wish to calculate the total
excess magnetization, M = fV mdxdydz. This can
be obtained from two simultaneous equations, for
the steady state spin polarization in V and in V,
respectively. The coupling describes the transfer
of spin polarization across their boundary. In V
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we use the equation4 for nuclear relaxation with
diffusion:

O = Sm/Sf =DV'm m-/T, ,

where

1/T1=1/Tl +(V /V)/(TIP+~ ).
p 1 p

where D is the molecular diffusion constant, and

T, ' is the relaxation time in V excluding the con-
tribution from V . One of us' has shown that
under a wide variety of circumstances in suffi-
ciently small pores:

1/T, = I/T, '+ {V,/V)/(T, '+~,), (2)

where Tz is the sticking time of molecules enter-
ing V . As a boundary condition for (1) we use
the condition that the flux of polarization across
the surface of the sphere equals the net flux
across the boundary of V and V:

This limiting condition which makes the result
independent of the shape, is also a requirement
for the validity of (2). Equation (5) also holds
obviously when V is very large and at the same
time T, = T,'. T, as given by (6) is, by analogy
with (2), seen to be the experimentally observ-
able relaxation time of the fluid in the pore.

One can distinguish two cases:
Case 1. T, «T, ':

(T +T
M = VpKS 1+—

i

V &T'+. &

p 1 s
4mR D(dm/dr) =(V /T )[m -m(R)],rR= p p

(3) Case 2. T, =T,'.
where R is the radius of the sphere, mp is the
steady state polarization density in Vp, and T

is the sticking time of molecules in Vp. Finally
mp is determined by the production rate of nuc-
lear polarization in V, and by local relaxation
and net transfer to V:

=pKS /T p m/T p--[m -m(R)]/T . (4)
1 p 1

Here p is the nuclear density in Vp, S is a meas-
ure for the electron spin polarization produced
by the microwave source: S =S~ -S„ i.e., the
deviation of spin polarization from thermal equi-
librium, for the Overhauser effect and S =S
for the effect reported in references 1 and 3.
K=1 for the effect mentioned last under the con-
ditions of their experiments and for the Over-
hauser effect due to contact interaction; K=-1/2
for the Overhauser effect due to dipole-dipole
interaction.

The solution of (1) which is well behaved at
r=0 is of the form:

m(r) = C sinhu/u, u = r(DT, ') ~ .
Using (3) and (4), we obtain in the limit that
R(DT ') ~'«1

M = V pKS T1/(T1 + v ),

M=V pKS T /(T P+v ).
p 1 1 (8)
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Case 1, which applies when the surface relaxa-
tion dominates, describes an enhancement of the
nuclear resonance absorption by a factor inde-
pendent of V. One obtains the full Overhauser
effect if relaxation in V dominates, Vs/(T, s+Ts)
«Vp/(T, +vp). If rela ation in Vz dominates,
one finds a reduced effect. This may be realized,
e.g., if the electron resonance is inhomogeneously
broadened. In case 2, i.e., when the bulk relaxa-
tion dominates, M is independent of V so that the
observed enhancement factor varies as V '. This
may apply when V is made very large compared
with Vp and Vz, or when 7p and 7s are very long.
One may conclude that the study of spin pumping
in these systems gives rather detailed informa-
tion concerning relaxation at the surface.
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