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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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netization by a few tens of 90' pulses (typical-
ly a 60 6 rotating rf field was used). Then we
observed the time recovery of the magnetiza-
tion by the variation of the height of either a
spin echo or a free precession. The latter was
often unobservable due to the inhomogeneous
line broadening in the presence of vortices.
In most cases the recovery was found to be
exponential due to the complete saturation that
was achieved.

Some experimental values of T, in Nb I are
shown in Fig. 1. In the mixed state the temper-
ature variation of T, is clearly shown to be
intermediate between the Korringa law and the
BCS law. Furthermore, near Hc2 and at low
temperature this figure shows a rather rapid
increase of T, just below the transition tem-
perature. Similar features are found in the
T, variation in Nb II, except that the increase
near &c2 is not as sharp as in Nb I. From these
experimental values we were able to plot the
variation of the relaxation rate R = I/T, against
the magnetic field, at a fixed temperature.
The interesting parameter is the initial slope
Id(R&/RZ)/dPl& Z2, whe-re RS and R~ areC2'
the superconducting and the normal state re-
laxation rates. The variation of the slope as
a function of temperature is shown in Fig. 2.
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Here 0 is the conductivity and Ã, is given by
the slope of the magnetization curve. ' For
Nb II, which is rather dirty, this formula gives
Bx10 G ' to be compared with the experimen-
tal value of 3.3x10 ' G '.

In the clean limit I —~, N(e) is known to di-
verge logarithmically as e vanishes. This im-
plies a logarithmic divergence of the slope of
BS at Hc2 for T-O.' The much larger slope
in the cleaner sample Nb I supports this the-
oretical prediction.

The qualitatively different behavior of the two

samples is apparent. For Nb I the slope var-
ies approximately as logT. For Nb II the slope
remains constant at low temperature. Thus
for a small variation of mean free path close
to the coherence length, the behavior of T,
changes rapidly.

These results can be understood physically
in the following way.' RS can still be described
by a formula similar to the BCS equation in-
volving a product of a squared density of states
N'(e) by a coherence factor. At low tempera-
ture T «Tc the energies & involved are small,
e =kT. The coherence factor is slightly larg-
er than unity and N(&) is smaller than in the
normal state. This dominates the behavior
and leads to a relaxation rate smaller than in
the normal state,

'

in agreement with our results.
In the dirty limit I «)„ the slope at zero tem-

perature is finite and is given by the formula
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FIG. 1. The nuclear relaxation time of Nb93 is plot-

ted for sample Nb I vs Tc/T. The figure reproduces
the experimental results for only six magnetic field
values. The solid line shows the theoretical BCS law
for T& =9.2'K. The dotted line represents the Korrin-
ga law T~T = 380 msec 'K which is well fitted by the ex-
perimental points taken in the normal state (9400 0).
The vertical dashes crossing the dotted line indicate
the critical temperature corresponding to the fields in
which T& was measured. These temperatures were de-
termined independently.
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FIG. 2. The initial slope of RS /R~ just below Hc Z

is plotted versus T. The arrow at 0.6T~ shows the the-
oretical temperature, at which the inversion of the
sign of the slope is predicted.
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Our samples do not strictly belong to eith-
er of the above limiting cases. In principle
we should use a more general analysis, ' but
the accuracy of our results does not justify
it. We have made a simple numerical estimate
of the ratio (slope Nb I)/(slope Nb II) at low

temperature using Ref. 7 and assuming that

K,(T=O) is the same for both samples. We

gind a ratio of 2:5. This agrees with the exper-
imental low-temperature ratio taken from Fig. 2.
At T =0.6T& the slope is predicted to pass through
zero and to become negative for T &0.6T~. This
important feature seems to be verified by ex-
trapolation of the experimental points of Fig. 2.
Further experiments are on the way to clari-
fy this problem. In conclusion our experiments
are in agreement with the theoretical results
in the gapless region close to the upper criti-
cal field H&2. In particular they show the pre-
dicted differences in behavior between the clean
and the dirty limits.
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The spin polarization of a single magnetic impurity in a metal in an external magnetic
field has been calculated by variational method. The results are in agreement with the
measurement of the hyperfine field by the Mossbauer technique.

Recently, there has been much interest in
the nature of the ground state of dilute alloys
of transition elements in some metals. ' ' It
is believed that below a Kondo temperature
T&, a bound state between the loca, lized mag-
netic impurity and the conduction electrons
is formed. This state has a binding energy
of the order of kT~ and is characterized by
a long-range conduction-electron polarization
cloud. ' There is experimental evidence that
this state is a singlet, ' although the theoreti-
cal situation is not entirely clear. It had been
expected that this bound state will partially
break up in the presence of an external mag-
netic field and tha, t it will completely dissoci-
ate when the external field reaches a value
p, BHg = kT~. ' However, Frankel et al.' recent-

ly reported results of Mbssbauer experiments
on dilute Fe in Cu which shows that the bound

state is not completely destroyed until an ex-
ternal field four to five times kT& is applied.
In this paper, we present results of calculations
of a single magnetic impurity in an external
field.

Our method is a variational approach simi-
lar to that of Heeger and Jensen' for the cor-
responding problem in the absence of the mag-
netic field. Our results are in agreement with
the data of Frankel et al.4

We assume a one-orbital impurity, an anti-
ferromagnetic s-d interaction, a large intra-
atomic Coulomb interaction so that the impu-
rity is never doubly occupied, and the equal-
ity of g factor of the d electron and of the con-


