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that for 6(r) &kT the metal behaves as if it
were normal and that the contribution to the
relaxation rate from regions where b. (r) & AT

is negligible. However, it does yield the cor-
rect order for the relaxation rate for the val-
ues of $ and d which are known and gives the
appropriate field dependence as well as the
approximate temperature dependence to be
expected from the predicted forms of A(r)

We have made 7.', measurements on other
type-II superconductors with large Landau-Ginz-
burg parameters (V,Ga and V,Ge) and in each
case the deviation of T, from the BCS value
is observed to begin at T-Tz/4, which indi-
cates that this low-temperature relaxation
process may be a general property of this class
of type-II superconductor. '
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The superconducting transition temperature
for solid solutions of Gd, Pr, Yb, and Ce in
lanthanum has been measured as a function
of pressure up to -10 kbar. The transition
temperatures for La+Gd with 0.6, 0.8, 1.0,
and 1.2 at. '%%uo Gd, La+ 1 at%% Yb, and La+at.%
Pr, while depressed from that of pure lantha-
num, exhibit positive pressure dependences
similar to that observed for the double hexa-
gonal close-packed (dhcp) phase of pure La, '
the values for the La+ Pr and La+ Yb being
essentially the same. However, for the La
+Gd alloys, BTc/BP is enhanced, the increment
in slope being proportional to the Gd concen-
tration. This enhancement of BTc/BP is con-
sistent with the Abrikosov-Gor'kov (A-G) the-
ory for the effect of paramagnetic impurities
upon Tc. A value for 28 ln J/8 InV+ a lnN(0)/
8 lnV, where J is the effective conduction-elec-
tron-localized-spin exchange parameter, and
N (0) is the density of electron states per atom
at the Fermi surface, has been estimated for
Gd dissolved in La and is compared with the
value obtained from the pressure dependence

of the Curie temperature of pure Gd. Small
percentage additions of cerium, however, rap-
idly decrease the positive pressure dependence
of La and eventually result in a strong negative
pressure dependence of Tz for alloys contain-
ing more than 1 at. /p Ce. This behavior for
the solid solutions with Ce is attributed to the
instability of the 4f electron of this element.

The solid-solution samples were prepared
by melting the constituents in a water-cooled
copper-hearth arc furnace. The weight loss-
es were small, and the compositions quoted
are those calculated from the relative propor-
tions of the constituents, no attempt being made
to chemically analyze the samples. The alloys
containing less than I at. '%%up of the rare-earth
addition were made by diluting a portion of the
1 at.%%uoalloybyadditio no f lanthanum . Noat-
tempt was made to attain single-phase solid
solutions (either dhcp or fcc) by annealing the
alloys following preparation. In fact, such an
annealing is undesirable because it causes the
precipitation of rare-earth solutes heavier
than Pr. '~4
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vertical lines indicate the width of the super-
conducting transition, determined by extrapo-
lation of the linear portion of the transition
curve to the fully normal and fully supercon-
ducting state. For alloys where there was con-
siderable rounding at the ends of the transition,
the extent of the "tail" is indicated by the bro-
ken-line extension of the vertical line. The
majority of the alloys, however, had relative-
ly well-defined transitions.

It is evident from Fig. 1 that the linear, pos-
itive pressure dependence of Tz observed for
La is retained in the La+ Gd alloys over the
range of compositions investigated. Moreover,
BTc/BP is enhanced from that of pure La by
an amount which is directly proportional to
the Gd concentration. This increase of BTc/
BP is quite appreciable and amounts to (5.0
+ 0.5) && 10 ' 'K bar ' per at.% Gd. No signifi-
cant change from the value of BT&/BP for pure
La. could be distinguished for the La+ 1 at.%
Pr and La+ 1 at.% Yb alloys.

The pressure-dependence data for La+ Ce,
shown in Fig. 2, contrast sharply with that of
Fig. 1 and exhibit a marked dependence upon
the Ce concentration. The addition of 0.5 at.%
Ce is sufficient to reduce drastically the pos-
itive pressure dependence of T~ associated
with pure La and cause a departure from lin-
earity. With 1 at.% Ce the positive pressure
dependence is totally depressed, and T~ is
essentially independent of pressure below -5
kbar. Increasing the pressure beyond -5 kbar
results in a decrease of T~. The alloy contain-
ing 1.3 at.% Ce exhibits a nonlinear decrease
of T~ with applied pressure, the slope increas-
ing with pressure. An interesting feature of
the data for the 1.3 at.% alloy is the partial
resolution of a second superconducting tran-
sition, preceding the main transition, for pres-
sures in excess of -6 kbar. Transition curves
for this alloy at zero pressure and 11 kbar,
illustrating this second transition, are repro-
duced in the insert of Fig. 2. This second tran-
sition may possibly arise from the separation
of transitions related to the dhcp and fcc phases
due to an increased difference in pressure de-
pendence for the two phases. However, such
an explanation does not seem likely as there
is already an appreciable difference between
the transition temperatures for the two phases
at zero pressure. 4~' In addition, no such sep-
aration was observed for any of the other al-
loys, including the lower concentration Ce al-

~T ~T B lnN (0) 2B ln J
cp c

+AT v +~P ~P c 8 lnV 8 lnV
(2)

where AT& ——Tz Tzp, K= --V '(BV/BP), and N(0)
and J are, respectively, the density of states
per atom at the Fermi level and the exchange
interaction between conduction electrons and
localized spins. Thus 4(BTc/BP) is expected
to vary linearly with concentration, in agree-
ment with the observations on the La+ Gd al-
loys. Substituting the observed values of b, (BT~/
BP)/AC, ETc/AC, where C is the concentra-
tion in at %, into (2.), and assuming & is little
changed from the value of -42 ~ 10-' bar -'
for pure La, we find

[B lnN (0)/B lnVj+ 2(B lnZ/B lnV) = 2.5 + 0.3. (3)

We may compare this value directly with that
obtained from measurements of the volume
dependence of the Curie temperature of Gd,

loys. This separation is reversible, the sec-
ond transition disappearing upon the release
of the pressure. It would appear, therefore,
that there is the possibility of a further super-
conducting phase forming above -6 kbar. Fur-
ther measurements to higher pressures are
planned in an attempt to clarify this situation.

Following the cycle of pressure application,
the zero-pressure T~, for all of the samples,
was slightly displaced to a lower temperature.
This effect, which was small relative to the
reversible pressure-induced change in Tz,
may possibly be a consequence of slight changes
in the relative proportions of the dhcp and fcc
phases in the sample.

For low concentrations of paramagnetic ad-
ditions to a superconductor the A-G theory
predicts the relationship

T T 4' 7
1

cp c s

where T~ is the transition temperature of the
pure superconductor and 7~ is a magnetic scat-
tering relaxation time. This linear dependence
of Top on concentration has been observed
experimentally for a number of systems and,

in particular, for the range of rare-earth con-
centrations in La considered in the present
investigation. ' ' We shall, therefore, adopt
(1) to describe the superconducting behavior
for these alloys. Differentiating (1) with re-
spect to pressure, we find
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which may be written as'

9 lnB 8 lnN(0) 2& ln J
8 lnV 8 lnV 8 lnV

(4)

Using the value for BB/&P given by Bloch and
Pauthenet, "we calculate 8 inB/& lnV = 2.03
+ 0.06, which is in relatively reasonable agree-
ment with the value calculated from (2). The
higher value of 8 lnN (0)/8 lnV+ 2& ln J/8 lnV

calculated from (2) may be a consequence of
a somewhat larger volume dependence of the
density of states of La than that for Gd. If
we assume that (3) is the same for the La+ Pr
and La+ Yb alloys we calculate &(sTc/BP)-0. 5

x 10 ' K bar ', a change which would be tao
small to resolve in the present measurements
and is, therefore, consistent with. the value
of 6(BTc/BP)-0 observed for these alloys.

The pressure dependence of Tz for the La
+ Ce alloys indicates that in this system the
term in brackets in (2) is not a constant, as
is the case for the La+ Gd alloys, but is strong-
ly sensitive to pressure and becomes the dom-
inant contribution to the pressure dependence
of Tc for alloys containing more than 1 at.%
Ce. To arrive at such a strong pressure de-
pendence, we require a model in which the

state of the 4f electron, associated with the
cerium-impurity atom, is sensitive to pres-
sure. Such a model would be one in which the
4f electron occupies a virtual bound state, "
rather than being localized in a 4f orbital state
situated at the Ce atom. " Considerable inter-
band mixing will be associated with such a
virtual bound state, "~"particularly in view
of the considerable 4f character that is undoubt-

edly present in the conduction band of La. It
is probable, in fact, that for cerium the inter-
band mixing provided the dominant contribu-
tion to J.4~'4 It may then be argued that reduc-
tion of the atomic separation will have the ten-
dency to increase the overlap of 4f wave func-
tions and produce a broadening of the virtual
bound state, with an associated increase in the
interband mixing. Experimental evidence to
support this approach is found in the well-known
instability of the 4f electron in cerium. "

This virtual bound-state model is essential-
ly the same as that proposed by Bocher for
cerium. " In effect, as there will be little change
in the character of the conduction band along
the length of the lanthanide series, we may
consider the 4f electrons associated with the
solute atoms in La as occupying states which

will differ in energy only to a small extent from
those in the solute element. The relatively
reasonable agreement between the values of
8 lnN (0)/& lnV+ 2& ln J/8 lnV for pure Gd and
Gd dissolved in La provides strong support
for this approach. The 4f electrons of Pr,
Yb, and Gd additions are therefore considered
to be situated in truly bound or very narrow
virtual bound states well removed from the
Fermi level, and in such they will be relative-
ly unaffected by volume changes of the magni-
tude considered here.

The virtual bound-state approach adopted
here for La+ Ce alloys could also account for
the anomalously high depression' of T~ and
the large residual resistivity of these alloys4
when compared with the values for other La
+ rare-earth alloys.

Further work is in progress to extend the
pressure range of the present measurements
and to cover a wider variety of La+ rare-earth
solid solutions. A detailed report of this work
will be presented in due course.

Discussions with P. A. Griffin, S. Gygax,
B. T. Matthias, and, in particular, D. B. Mc-
Whan are gratefully acknowledged.
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COMMENTS ON "DIRECT EVIDENCE OF FLUX MOTION"
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Pearl' has suggested two experiments to dem-
onstrate that potential differences in supercon-
ductors are due to moving vortices. One of
these experiments employing magnetically cou-
pled films had already been done independent-
ly by Giaever' and Solomon. ' Pearl chose the
experiment of moving a region of magnetic
field in a superconductor in such a way as to
produce a net flow of vortices across the sam-
ple with no net change in magnetic flux link-
ing the voltmeter circuit. The purpose of this
note is to point out that the voltage which Pearl
observes is not necessarily due to the motion
of vortices and that exactly the same result
can be achieved using any magnetoresistive
material. Volger and co-workers' have pointed
out that many effects in superconductors such
as their superconducting homopolar dynamo
are observable in magnetoresistive materials.
There is little doubt that the resistivity of the
magnetic field region is due to the motion of
vortices when that region is in the mixed state,
but unfortunately, Pearl's experiment cannot
distinguish this situation from the one in which
the region is entirely normal.

If we connect a voltmeter to two points on
a sample in which completely general current
patterns may be flowing, and if the only source
of emf is a time-varying magnetic field, then
Kirchhoff's rule may be written

Consider the two-dimensional analog of Pearl's
experiment shown in Fig. 1. For simplicity,
we will not consider the boundaries of the sam-
ple but it can be shown that these do not affect
the nature of the result. The induction will
be canceled by simply bringing the voltmeter
lead back along the surface of the samples from
b to a. The simplest field A which gives the
desired magnetic field is shown in Fig. 1. %hen
the region in which the field exists is moved
to the right with the velocity v, the magnitude
of dA/dt -is given by

-dA/dt = Bv cos8.

The charge carriers in the sample in region
2 will respond to this dA/dt field by flowing
in the direction of dA/dt, -giving rise to a cur-
rent density j = cr, dA/d-t There .will be a back-
flow of current outside region 2, so that cur-
rent continuity is preserved and

x + l/cos6~ ~ x~
j dl = — j dl+ j dl.x ~ a x + I/cos8

The -dA/dt terms cancel out, corresponding
to the fact that we have no net flux change in
the circuit, and the voltmeter reading is given

„-dA „J.dl-('& dl =I 8 = V,0' 57 Pl

where -dA/dt describes the time variation of
the magnetic field (8=curl A), Isampie is the
current density at each point along the path
integration (not including the current flowing
through the voltmeter), and cr is the conductiv-
ity (assumed isotropic) of the sample at each
point along the path of integration. It is assumed
that the resistance of the meter, R~, is much
greater than the resistance of the sample and
leads. I is the current through the meter,
and V is the voltage.

FIG. 1. 8, A, and dA/dt fields in the sample. The
induced current patterns are indicated by the loops.
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