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Superconductivity in P-Phase Gallium
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An experimental study of the superconducting properties of small single spheres of P-
gallium has been made. Some spheres exhibited little superheating and went into the inter-
mediate state so that H, (T) could be determined, giving HO=538 +5 Oe. The deviation of
H~(T) from a parabolic temperature dependence is positive, indicative of strong-coupling
superconductivity. T,. is 5. 90+0.03 K. For temperatures close to T„ ideal superheating and

supercooling is observed in the best spheres, allowing the determination of the Ginzburg-
Landau parameter K=0. 141+0. 002. The variation with temperature of the signal difference
between the superconductive and normal states determines the penetration depth of the mag-
netic field, giving 50= 880+100 A. When the finite penetration depth is taken into account,
agreement is obtained between the extrapolated values of v~(T) and It.'~h(T) at T~.

I. INTRODUCTION

In type-I superconductors, the phase transition
between the normal and superconductive states is
of the first order in the presence of a magnetic
field. The phase diagram in the H-T plane for
such a superconductor is illustrated in Fig. 1.
At the thermodynamical critical field curve H, (T)
the free energy of the normal and superconducting
states are equal. However, under favorable con-
ditions, one observes metastable states and a
large hysteresis. Thus, in decreasing the mag-
netic field or the temperature from high values,
the normal state transforms to the superconducting
phase only when the supercooling field, i.e. , the
curve H„(T), is reached. Similarly, the super-
conducting phase, although metastable outside the
H, (T) curve, does not become intrinsically un-
stable until the superheating field H,„(T) is reached.
In the metastable regions any kind of surface flaws
will act as nucleation centers and tend to induce
the thermodynamically stable phase. Thus "ideal"
superheating and supercooling —i. e. , the hysteresis
characteristic of the material and not of the flaws-
are rather difficult to achieve experimentally.

Faber' first studied systematically the super-
cooling field in various type-I materials. How-
ever, as he worked with bulk samples, he observed
very little superheating. 'Meal" superheating was
first seen in indium by observing the transition
in a powder sample containing many small spheres.
A new phase cannot propagate in such a sample, a
separate nucleation process being required in each
sphere, and thus the limits of superheating and
supercooling observed should represent the ideal
case. This method has subsequently been used to
investigate a number of materials. " The draw-
back of powder experiments is mainly that only
relatively smeared-out transitions may be observed.
This tends to make the interpretation of powder
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FIG. 1. Phase diagram of the superconducting-to-
normal transition in P-Ga, based on observations made
on single P-Ga spheres. Hc is the thermodynamic critical
field. H, h is the maximum superheating field for the
superconducting state. Hs, is the minimum supercooling
field for the normal state.

results difficult. Specifically, in the case of su-
perheating, nonspherical particles with a demagne-
tization factor different from —,

' may dominate the
tail end of the hysteresis loop and give a super-
heating field higher than it should be ideally for
spherical particles, In the case of supercooling,
the distortion of the static field by the particles
which have already become superconducting may
give erroneous results for the transitions of the
remaining spheres. These problems are over-
come by the study of superheating and supercooling
in single spheres chosen under the microscope for
their quality. This method has so far been used
only for In, "Sn, and gold-plated In. " One advan-
tage of this method is the fact that one can study
the hysteresis as a function of field direction and
thus obtain information as to the presence of in-
visible nucleation centers. " In the present paper
we demonstrate that in single-sphere experiments
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shown that the GL parameter ~ is given by

~ = 0. O6~, (O)/t, (10)

for a pure superconductor.
Saint- James and de Gennes found that the in-

stability of. the normal state actually occurs at a
higher field H,3 for the situation where the appl. ied
magnetic field is parallel to the surface of the su-
perconductor. The supercooling field in this case
is given by

H„=H„= l. 6S5M2~H, (T) . (11)

For a sphere, one thus expects the normal state
to become unstable at the equator where the applied
field is parallel to the surface. The identification
of H,s with H„ is valid only provided a&0. 40S, as
pointed out by Feder.

We shall, as usual, parametrize our observed
supercooling fields by the parameter w„defined
by inverting Eq. (11), to give

been calculated for a spherical sample. It has
been customary to simply use Eq. (14), multi-
plying the observed superheating field by 2 to ac-
count for the demagnetizing field of the sphere.
Thus, the experimental results are parametrized
in terms of the superheating GL parameter K h

given by inverting Eq. (14) and including the fac-
tor p'.

tc,„=0.3143(H, /H, „) (16)

where H is the applied field. In the limit 5/R«1,
and with the notation of See. II A, we obtain

We find, however, that a significant correction to
Eq. (16) is obtained if one takes into account the
finite penetration depth ~ of the magnetic field into
the sphere. The local equatorial fieM parallel to
the surface of the sphere, Ho, is given by"

3 ~ R
H =—1-—coth ——— H

y„=0.4172(H„/H, ) . (12)i ~"'= 0 3143(H /H )'(1 —,' o'y+~ —o.'y')~ (18)

K is a purely experimental parameter which, how-
ever, is expected to approach the GL parameter
x as T, is approached.

As discussed earlier, "close to T, size effects
set in which make z„apparently diverge. One
may estimate' that the size effect becomes im-
portant whenever

~„=O. 74', (I —T/T, )-»'& 2H/7. 5 .

The importance of this correction is discussed in
Secs. IV and V.

The GL theory is expected to hold only for
1 —T/T, «aa. For lower temperatures one should
take into account the nonlocal electrodynamics of
the superconductor. This has been attempted for
the superheating field of a pure superconductor
with the field parallel, to the sample surface, with
the result '

C. Superheati)()ig H.„=1.36H ~ "'(I-f)-"" (19)

H~=H, /(~M2) ', ~«1. (14)

In the limit z» 1, one finds H,„=H, and numerical
calculations have been performed for intermedi-
ate values of ~. The published numerical re-
sults'9' ' may be fitted rather accurately by

H,„=[H,/(~v 2 )"'](1+0. 535m) (15)

for v &0.8.
Allowing fluctuations in the order parameter

that may vary in more than one dimension, one
will find lower instability fields. In particular
one finds that H,„-0.75H, instead of H, as ~ -~.
We have also previously argued~' that for v= 1/
V 2, one should find H,„=H„so that Eq. (14)
should represent a good interpolation formula for
the actual superheating field in the x range of in-
terest here.

The superheating field has unfortunately not

The superheating field H,„may also be derived
from the GL equations. However, the situation is
more complicated since one must study the sta-
bility of a state with a finite order parameter, and
thus the GL equations cannot be linearized. For
g «1, the one-dimensional calculation gives' '

The evidence for such a nonlocal behavior is dis-
cussed in Sec. V.

III. EXPERIMENTAL

The spheres were produced by ultrasonic dis-
persion at 40 kHz of the molten metal. A cleaned
glass tip was used on the ultrasonic drill to pre-
vent contamination. Several liquids were tried as
dispersants in order to obtain shiny, flawless sur-
faces. We obtained the best results by using a
mixture of glycerol and al.cobol in the proportions
2: 1 by volume, to which was added 0. I /~ of KOH
by weight. The exact proportions are not critical,
but the presence of the base is important. After
sonoration, the spheres were repeatedly rinsed in
pure alcohol. The spheres thus produced ranged
in size from 1 to 5Q p, m, with a distribution peak
around 15 p,m.

The metastable-phase P-Ga has a melting point
of —16.3'C, ' and thus it is not possible to have
solidified spheres at room temperatures. This
creates considerable handling problems, as a liq-
uid sphere very quickly develops flaws on contact
with other spheres or with the supporting surfaces.
Using a coM stage and a metallurgical microscope,
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we could directly observe the solidification and
remelting of droplets larger than 30 p,m. The
melting points and supercooled freezing tempera-
tures that could be estimated agree with Bosio's
values for the P and y phases.

We could not distinguish the P and y phases by
microscope observation, but the superconducting
transition temperature gives an unambiguous check,
since Bosio et al. ~9 were able to uniquely separate
the superconductive properties of the P and y
phase& by doing both superconductive and calori-
metric measurements on the same powder samples.
All of the 11 spheres we cooled down to liquid-
helium temperatures turned out to be in the P phase.

The spheres were handled with a 30- p, m-diam
lacquer-insulated copper wire, attached to an x-y
micrometer manipulator. They were selected
under magnifications of 308 or 616, and transferred
to the sample holder at a magnification of 110. All
the spheres selected had shiny surfaces and no
flaws on the visible part of the surface.

The diameter of the spheres was measured using
a graduated eyepiece. This measurement could
only be done to an accuracy of about —,

'
p, m, leaving

considerable relative uncertainty in the size of the
smaller spheres.

Our cryostat does not permit rapid insertion and
cooldown of a sample, so that warmup to room tem-
perature and remelting of the sphere were unavoid-
able. The spheres stayed at room temperature
for a period of about 8 h before the final cooldown.

With small modifications, the detection system
is the same as for the earlier single-sphere ex-
periments, ' "and details have been published
elsewhere. 30

Figure 2 shows one of the best sample holders
made. The pickup loop was connected to the pri-
mary of a toroidal transformer with a stepup ratio
of 1000. The secondary was connected to the in-
put of a PAR H-8 lock-in amplifier, acting as a

resonant circuit with a frequency of 76 kHz and a
Q factor of 4 at liquid-He temperatures. The out-
put of the lock-in was fed to an x-y recorder.

The signal-to-noise ratio obtained in this system
depends rather critically on loop size and the po-
sition of the sphere in the loop. It is roughly pro-
portional to (I/D~)(I/D~), where D, is the mean
loop diameter and D3 is the distance from the sphere
center to the closest part of the loop. It is there-
fore advantageous to place the sphere close to the
loop perimeter and not in the middle. We have
made a rough estimate of the pickup loop signal in-
duced as a result of the normal-to-superconducting
transition of the 11.5-p.m sphere in Fig. 2, for a
tickling field of frequency 75 kHz and peak-to-
peak amplitude 0. 3 Oe at the sphere. We find

y=—3x10" y.
To arrive at this figure, the pickup loop has been
approximated by a circular loop of diameter 35
pm concentric with the sphere. This figure must
be considered an upper limit to the real signal.
Figure 3 shows an actual recorder trace for the
transition of this sphere. At temperatures so close
to T, that the tickling field was not negligible com-
pared to H„and H, „, measurements were routinely
carried out for two different tickling fields, and
the result extrapolated to zero tickling field, giving
the correct values for H„and'H, „.

The cryostat used had separate inner and outer
baths of liquid He4. All electrical leads were ther-
mally anchored in both baths. The copper sample
holder was placed inside a vacuum jacket and con-
nected to the inner bath by a thermal resistance of
about 0.0005 W/K.

A germanium thermometer (Honeywell) was
placed in a hole in the copper sampleholder.
Thermal contact was provided by Apiezon N grease
and Ge-7031 varnish.

The thermometer was calibrated in the range

FIG. 3. Recorder trace of super-
conductive superheating and super-
cooling in P-Ga sphere of diameter
11.5 p,m. Time constant of the
lock-in amplifier is 300 msec.
Noise amplitude corresponds to
20 nV at amplifier input.
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0. 5-1.4 K against He3 vapor pressure, in the
range 1.4-4. 2 K against He4 vapor pressure, and
in the range 4. 2-10 K against a factory calibrated
germanium resistance thermometer (Cryocal).
We believe the absolute error in our temperature
readings to be less than 8 mK in the range 1.0-
4. 2 K, and less than 30 mK in the range 4. 2-10 K.
Relative temperatures for a single run are known
everywhere to an accuracy better than 2 mK, ex-
cept for the region of overlap at 4. 2 Kwhere the
error may be slightly larger.

A sphere's response to temperature changes as
seen from the superheating and supercooling fields
came within a fraction of a second, indicating a
good thermal contact to the sample holder.

The main static magnetic field was generated by
a small fixed copper solenoid. The earth's mag-
netic field was shielded by a long cylinder of c,—

metal placed around the cryostat. This reduced
the axial component of the earth's field to about
0. 07 6 at the sample. The transverse component

. was only a fraction of this.
After a number of field sweeps, an axial rema-

nent field of about 0. 2 0 always developed, pre-
sumably owing to superconductive flux trapping in
various parts of the cryostat. To correct for this
remanent field, field sweeps were carried out in
two opposite directions of the static field and the
results averaged.

The circular sample holder could be rotated
around an axis perpendicular to the static field by
means of a tight Q. 13-mm stainless-steel wire
running twice around the sample holder and fastened
at both ends to a brass wheel at room temperato. re.

IV. RESULTS

We have investigated ll single spheres of P-Ga,
with diameters ranging from 7 to 26 p, m. We only
present the results for the best and/or the most
illustrative samples.

A. Transition Temperature T,

For each sphere, the transition temperatur e
was determined in three different ways: (a) by
sweeping the temperature with the sphere in zero
external field, determining the point where the
superconductive signal disappears; (b) by extrap-
olating the observed superheating and supercooling
fields to zero; (c) by picking T, so the x,„(T/T,)
and x„(T/T,) both show a size effect starting at
the same value of T/T, . Method (c) was the method
used in the previous single-sphere experiments on
indium and tin. ' ' It is a very sensitive method,
determining T, to about 1 mK.

For any particular sphere investigated, these
three methods gave results agreeing within 5 mK.
Methods (b) and (c) consistently gave transition
temperatures 2-4 mK higher than the direct meth-

od (a), which, however, had an uncertainty of this
order of magnitude owing to the difficulty of ob-
serving high-temperature tails indicative of the
rapidly waning superconductive state.

The T, thus measured varied from one sphere to
the next, presumably because of irreproducibility
of the thermometer and its thermal anchoring.
Our weighed result is

T, = 5. 90 + 0.03 K .
Earlier determinations include that of Bosio et

al. who determined T, from powder experiments
28

extrapolating H, (T ) from 4. 2 K. Their result,
6. 0 yQ. ] K, is in fair agreement with the present
more accurate value. Feder et al. , also studying
powders, found 6.2+Q. 1 K. The cryostat used
was, however, rather unsuited for measurements
above 4. 2 K, and the error may have been larger
than indicated.

In these powder experiments, the particles were
frozen in a solution of sodium oleate in ethyl al-
cohol, which solidifies around —70 'C. Thus the
liquid solidifies before most of the particles.
Upon solidifying in this solid matrix, the particles
may well be severely strained, and this may ex-
plain the diff erent T,'s reported.

B. Thermodynamic Critical Field H, (T)

Some of the single spheres investigated exhibited
poor supercooling and superheating because of
defects. We also found that spheres remelted and
kept at room temperatures for a period of several
days always showed less hysteresis upon reinves-
tigation. In this way, even though superheating
was always present, the superheating field H,„
would sometimes be less than H, so that the sphere
would go into the intermediate state when the field
was increased above H,„. For the largest sphere,
of diameter 26 p.m, the intermediate state could
be observed at all temperatures below T/T, = 0. 926.
A recorder trace of a field sweep for this sphere
is shown in Fig. 4. If the field sweep is stopped
after the superheating transition has occurred, the
sphere is in the intermediate state and further in-
crease or decrease of the field will trace out a re-
versible curve joining the Meissner state to the
normal state. If, however, the field increases
above H„supercooling will occur upon decreasing
the field. Thus H, can be accurately measured.
If the system is in the intermediate state and the
field is lowered below the demagnetizing field HD
= (1 —D)H, where D is the demagnetization factor,
it will superheat when the field is increased again.
Thus, in one sample one can observe superheating,
supercooling, and reversible behavior. The inter-
mediate-state curve is reproducible and the irreg-
ular structure corresponds to ft.ux movements.
This sample has a ratio of major-to-minor axis
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more similar to the Hg curve than to any weak-
coupling superconductor.

Bosio et al. 3 have previously determined Ho in
their powder experiments. They found 560 + 5 Oe,
which is 4% above our present value. Here again„
one shouM keep in mind that the powder experi-
ments were performed on particles embedded in
ethyl alcohol. The ensuing pressure and strain
effects may explain the higher values of H, (T) and
T, obtained from powder experiments.

C. "Mixed State" near T,

80

H sc

100
I

120 140 H (Oe)

FIG. 4. Recorder trace for 26-pm P-Ga sphere
showing both irreversible and reversible superconductive
transitions in the regi. on far from T~. H» and H„are
the superheating and supercooling fields. HD is the de-
magnetizing field defined by HD=(l-D)H„where D is
the demagnetizing coefficient. From such data, H~(T)
was determined as explained in Sec. IV B.

close to l. 5, and a demagnetization factor D=0. 2,
as observed in Fig. 4, is to be expected.

These measurements of H, (T) are precise eno ugh
to see a definite deviation from a parabolic tem-
perature dependence. In Fig. 5 we have plotted
the results for H, (T) as a normalized deviation
from a T~ dependence. All these measurements
were performed on the 26- p m sphere, and T, for
this sphere was determined by a temperature
sweep in zero fieM. The few measurements of H,
done on smaller spheres at low temperatures a.re
consistent with the results on the large sphere.
The uncertainty in the determination of 7, has been
converted into a corresponding uncertainty in II„
indicated in the figure as the error bar at the open
circle at t=1. The open triangles in Fig. 5 are
measurements of H, in the size-effect region, and

will be discussed later. We conclude from these
measurements that

+0.02-

Ho = 537.80e

+0.01—

I I

~l~
I

I I

41 ~ 41~
41

4V
r 41

~'

Close to T, the 26- p.m sphere deviated from bulk
behavior. For this sphere, one could distinguish
three temperature regions:

t & 0.926. . In this domain, H, „&H„permitting
observation of H, and H~ as described in Sec. IV B.
Hv/H, is about constant for all temperatures,
equaling 0. 80.

0. 926 & t & 0.988. In this region, H,„&H„and
only clean, square hysteresis loops could be ob-
served.

t& 0. 988. In this region, the superheating was
again reduced and reversible behavior indicative
of size effects could be observed, a,s explained in
the following.

Figure 7 shows a recorder trace for the 26-p, m
sphere in the region close to 7.',. Two distinct hys-
teresis loops are apparent, as well as a reversible
curve. The change with temperature of the fields

H~= 538~ 5 Oe

and that the deviation D(t) = (H, /Hc) —(I —ta) is Posi
tive with a maximum value D(t),„=+0. 006 + 0. 003.

We note that D(t) changes sign at high tempera-
tures. This may be a real effect or a consequence
of the limited accuracy of the factory-calibrated
thermometer used as a secondary standard in the
region of T,.

In Fig. 6, the present results for D(t) on p-Ga
are shown, together with results published by
other authors on Hgs and n-Ga. s~' The weak-
coupling BCS theoretical curves" is also drawn for
comparison. There is a striking difference be-
tween n-Ga and p-Ga, the curve for p-Ga being

-0.01—
0 0.2 0.4 0.6

{T/Tc)

I

0.8 1.0

FIG. 5. Experimental results for H~(T) for the 26-pm
sphere of P-Ga, obtained in three different cooldowns.
Results are presented as a deviation from a parabolic
temperature dependence. Solid dots are measurements
of H, (T) from recorder traces of the type shown in Fig.
4. Open circle represents the experimental transition
temperature T, (see text). Open triangles represent
measurements of H~ (T) in the size-effect region, obtained
from recorder traces of the type shown in Fig. 7. Dot-
ted line is the parabolic least-squares fit used in the com-
putation of K„(t) and tc,h(t). Solid curve gives our pro-
posed temperature dependence of D(t) =H (t)/04 (I-tt). -
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D. Superheating and Supercooling

The main purpose of this work was to investigate
the superheating and supercooling properties of P-
Ga, since the earlier experiments performed on
powders in frozen ethyl alcohol4 gave results in-
dicating a large difference between &„and &,h.

As discussed in Sec. II, we choose to present
our experimental results parametrized in the usual

way, in terms of ~„[see Eq. (12)j, K h [see Eq.
(16)], and a„:

~„=0. 3780( H../ H,„)~~ .3 (20)

—0.04

I I I I I I I I I

0.2 0.4 0.6 0.8
(T/Tc )

1.0

FIG. 6. Experimental results for H~(T) for P-Ga are
compared to earlier results on Q, -Ga, Hg, and theoretical
BCS weak-coupling prediction. Superscripts refer to
calorimetric measurements (c), and magnetic measure-
ments (m). Data on Hg are from Mapother (Ref. 32), on
&-Ga from Phillips (Ref. 32), on +-Ga' from Gregory
et gg. (Ref. 33), and on BCS from Swihart (R,ef. 34).

labeled H,„and H„shows that they develop smoothly
from the bulk superheating and supercooling at
lower temperatures. The field H, must be inter-

pretedd

as the ther modynamic critical field for the
sphere at this temperature. Our data indicate that
it may be slightly larger than the bulk H, . The re-
sulting dH,'/dTI is 7/q lower than dH, /dT3. In all
probability, H, arises from a siz5 effect in the
critical field.

The most interesting feature of the curve in Fig.
7 is the appearance of a new field H&. Experi-
mentally, we were never able to prevent the sphere
from going completely into the Meissner state once
the field was decreased below H, . The ratio H&/H,
varied from 0. 53 to 0. 07 as the temperature in-
creased from t=0. 986 to t=0. 999. H„ therefore,
clearly has no connection to the demagnetizing field
HD seen at 1.ow temperatures, since the observed
H~/H, is expected to increase as T, is approached
because of the increasing penetration depth. It is
tempting to identify the transition at H, as similar
to that occurring at H„ for type-II superconductors.
Between H, and H„ the sphere might then be in a
state analogous to the mixed state for type-II super-
conductors. Other authors3' have shown that thin
films of type-I material can exhibit a vortex state
if D & ((T).

Here, I(.~ is obtained by eliminating H, from the
equations for z„and ~,„. The spherical demag-
netizing coefficient has been included in ~,„. Of
the three parameters, ~~ is the easiest to deter-
mine accurately from experiment, since it depends
only on H,„and H„. Computation of the other pa-
rameters requires knowledge of H„which cannot
be experimentally determined for the best spheres.
One finds that &,„and v„near T„are strongly in-
fluenced by the precise choice of T„whereas I(;~

is not.
For H, (T), we use our own measured values,

presented in Sec. IV B. However, we do not find
it necessary to take account of the correction D(t)
to a parabolic temperature dependence, since this
correction is so small. Instead, we use the com-
puter least-squares parabola fit to our data for
H, (T), indicated by a broken line on Fig. 5. The
error in making this approximation is nowhere
larger than 0. 8%. The equation for the straight
line used is

0.9920

H)

8 H (Oe)

FIG. 7. Recorder trace of reversible and irreversible
superconductive transitions for a 26-pm P-Ga sphere in
the region very close to T,. In addition to the super-
heating and supercooling fields also shown in Fig, 4, a
new field H& is observed, giving rise to a double hystere-
sis loop. Extrapolation to H~ is justified by doing this
sweep for several different tickling fields.
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If.(1")=H.ll —(1"/1".)'), (21)

where Ho = 541.6 Oe and T, is determined separate-
ly for each sphere.

Of the three possible methods outlined in Sec.
IV A to determine T, for a given sphere, we have
adopted method (c) for the presentation of the su-
percooling and superheating results. Figure 8
shows x,„(t) and v„(t) for the 11.5- p, m sphere with

T, picked so that both curves have similar minima
at t = 0. 99. It must be stressed that if we had used
T, of method (a) instead of T, of method (c), neither

' this sphere nor the other good spheres would show

any size effect at all in x».
Figure 9 shows zs(t) for the three best spheres

of P-Ga. The 13-p, m sphere is clearly not as good

as the other ones, but if we extrapolate zs (t) to
t=1, neg1ecting the size effects, the values for all
three spheres are comparable. Note the shift
in the minimum with decreasing sphere size. The
minima occur approximatel. y at (= 0. 9950, 0. 9895,
and 0.9860 for the 13-, 11.5-, and V-p. m spheres,
respectively. In contrast to the curves for z,b and

g„, these curves are completely insensitive to the
exact value of 7,.

Returning to Fig. 8, showing x„(t) and z,„(t) for
the 11.5- p, m sphere, we notice that the curves
cross at about t=0. 96. For t)0. 96, K,„is less
than I(.„. The extrapolated values to t= 1 are quite
different for the two curves if we base the extrap-
olation on the region 0.95 & t &0.99. This feature
is present for a/l of the best spheres investigated.
z„(t) and z,„(t) for the two best spheres are shown
in Figs. 10 and 11, respectively.

In light of the good agreement obtained between
the extrapolated values of z„(t) and z,„(t) for other

metals, 3 " it seemed strange that a clear discrep-
ancy should occur for P-Ga. This led us to consid-
er the effect of a non-negligible penetration depth
5(T) of the magnetic field into the sphere, as ex-
plained in Sec. IIC. Our results for the penetra-
tion depth of P-Ga are presented in Sec. IVE. We
shall see that when the ensuing corrections are
taken into account, the obtained values of ~,„have
to be increased significantly.

In view of these doubts raised about the interpreta-
tion of the superheating data, we choose to deter-
mine the GL parameter K by extrapolation of the
supercooling results. We should first, however,
satisfy ourselves that we have observed ideal m.eta-
stable states. Evidence for thi. s can be found in the
rotational diagrams for the two best spheres, Pigs.
12 and 13. For the 7- p, m sp~ere, there is con-
siderable structure in x„at t = 0. '760, indicating
that defects prevent. observation of the ideal limit
of metastability. But for all temperatures above
t = 0.90, this structure has essentiaDy faded away,
indicating that we are close to ideal conditions, the
coherence length having become large enough to pre-
vent these defects from acting as nucleation centers.
The corresponding curves for x,„show considerably
more structure, even at the highest temperatures.
The angular dependence of z„ for 11.5- p,m sphere
shows a somewhat larger variation with angle than

for the V-p, rn sphere. At t=0. 392, the effect
of the defects is clearly seen. The correspond-
ing structure is fading out at t= 0. 951. Above
this temperature, only a small residual variation
is left. Most of the variation in g„above t=0. 95
may be considered to be "noise" owing to the ex-
perimental uncertainty in I(;„which grows rapid-
ly as one get close to T, . The main series

.3 .5 .6 .8 .9 1.0

.30

.20

.15

.10—

~5 rn, Ks

I.9 1.0

.25

.20

—.10

FIG. 8. Experimental results
«r &,h(t) an«„(t) for the best P-Ga
sphere investigated, of diameter
11.5 pm. Insert js a blowup of the
region close to T~, showing the ac-
tual experimental points. The GL
parameter ~(t =1) is determined
from an extrapolation of z~Q) to
t =1, neglecting the size-effect in-
crease close to T~, as explained in
the text.
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FIG. 9. x~(t) for the three best
P-Ga spheres investigated. In-
sert is a blowup of the region
close to T~. Notice how the min-
imum in the curve goes farther
away from Tc with decreasing
sphere diameter. The 13-pm
sphere is clearly of poorer qual-
ity than the two others.

of measurements for the 11.5- pm sphere (see
Figs. 8-11) has been carried out in the field di-
rection of maximum supercooling, indicated by an
arrow in Fig. 13. We are confident that this series
gives ideal supercooling in the region approximate-
ly above t=0. 90.

In conclusion, we will determine the GL param-
eter ~ for P-Ga by extrapolating the curves for
x„(t) to 8=1. Figure 10 shows a„(t) for the two
best spheres investigated. The extrapolated value
of z„(t) does not depend very strongly on the exact
choice of T„since only points in the region t Q. 975
are used. From the extrapolation of e„(t) for the
11.5-p, m sphere, we obtain a GL parameter

z„(t= 1) = x(t = 1) = 0. 141+0.002 .
In the previous powder experiment, Feder et al. 4

found e„(l)=0.18 and z,„(1)=0. 18. No error is
quoted. In that experiment large errors were in-
duced by the fact that temperatures could not be
stabilized. Moreover, H, (T) was not accurately
known.

The slope of z„(T) at 1', is of some theoretical
interest, and we find

1 8I(. = —1.9+0.1,

whereas the theoretical estimates gives the value

3 1.0

.25

.15— 7 /fan

0 11.5 P~

I.9

0 0 0 00 I0 0 0
~oU~ ~ I ~

0 0

0 Ooe cQ0 000 (P'
0 % (D0

1.0

.20

.15

—.10

FIG. j.o. I(;~(t) for the two best
P-Ga spheres investigated. Insert
is a blowup of the region close to
Tc
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.4 .9 1.0

.30

.20

.15

.25

.20

'.15

FIG. 11. tc~h{t) for the two best
P-Ga spheres investigated. No
corrections for penetration depth
have been made. Notice the ap-
parent "knee" in the curves at
about t = 0. 945. When the correc-
tion for the penetration depth is
applied, this knee is seen to be
somewhat smoothed out (see
Fig. 15).

.10— —.10

.8 1.0

—1.0. The experimental value is certainly only
an upper limit, as flaws will always tend to increase
this slope. For spheres of lesser quality, the
above quantity was often found to be two or three
times as large.

In the earlier single-sphere experiments, ' '" a
symmetry was observed in the rotational diagrams
of tin spheres, indicating an anisotropy in Ir, ,„and

No such symmetry is seen in P-Ga, as evi-
denced by Figs. 12 and 13.

E. Size Effects

also be field dependent. As the order parameter
at the surface is reduced by the increasing field,
one would expect to measure a zero-temperature
penetration depth' '

t =.760

.40

As discussed in Sec. IIA, the change in signal
between the normal and superconducting states may
be used to obtain a quantitative measure of the pen-
etration depth 6.

In Fig. 14 the observed temperature dependence
of the normalized signal depression is plotted ver-
sus y = (1 —f ) for the I- and the 11.6-gm spheres.
The solid curves were obtained by a least-squares
fit to the theoretical expression [Eg. (6)]of the data
for the 11.5- p, m sphere. Only the data for which
y&8. 5 were used, the position of the remaining
points being strongly dependent upon the precise
value of 7, chosen. The least-squares fit gave

o.' = 3 &0/B = 0.046

and a magnetic field penetration depth at zero tem-
perature,

&o= 880+100 A .

.35

.30

.25

.20

.15
Qo

.20—
i~~

N

.15i~—

90o 180o
I

l

180o

t =.903

t=.955

t=.987

t = .760

t=.903
t =.955t=.987

Using this value of 60, the theoretical curve for
the 7- p, m sphere was calculated and, as seen in
Fig. 14, the fit to the experimental data is rather
good.

Theory predicts that the penetration depth should

00 90o

FIG. 12. &~(t) and Ks~(t) as a function of field orienta-
tion for the 7-pm sphere of P-Ga, for four different
temperatures.
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&,=& (4./0o) ", (22)

if the tickling field is parallel to the static field.
At the superheating field, theory predicts that

g,/q, = I/M2 (+=a,„) . (23)

The tickling field was not parallel to the static
field in our experiment. We found no magnetic
field dependence of 5 towithin 2/g, i.e. , the changes

.90

~4

.3
02

.C)

CD

v) 0 ~

.99
I

.997

phere

level of zero skin depth

.30
t =.392

O 11

DJ

Q
UJ
Ci

.5—

.90 .99
i

7 9
1

V1- t4

.997
I

~3

.20t

.15

.10
QO

.30—

90~ 180o

t =.869

t =.951
4 =.987

t =.993

t =.392—

I I

7 9
y K1- t4'

FIG. 14. Normalized signal depression [S(0)—S(2')/
S(0)] for the 11.5- and 7-pm spheres of P-Ga plotted vs
y = (1-t ) . The solid curve for the 11.5-pm sphere is
a least-mean-squares fit to Eq. (8), giving 80

—- 880 A.
The solid curve for the 7-pm sphere is obtained with the
same &0, by scaling the radii. Dotted horizontal line in-
dicates the signal amplitude for the hypothetical case of
zero penetration depth.

.25—

.20
t =.869

t =.951

t =.993

t =.987

.12 90~
I

180~

FIG, 13. &~{t) and &8,(t) as a function of field di-
rection for the 11.5-pm sphere of P-Ga, performed for
five different temperatures. Error bars are given for
temperatures close to T . At lower temperatures the
error is less than the extension of the dot.

in signal for the superheating and the supercooling
transitions were equal within experimental error.

We are now in a position to calculate the cor-
rected a,„, taking into account the finite penetra-
tion depth, by using Eq. (18) with n = 0. 046&& 2'~3

= 0. 058. The factor 2"' comes from the depression
of the surface order parameter, Eqs. (22) and (23).
The resulting ~,„values for the 11.5- pm sphere
are presented in Fig. 15. The correction due to
the finite penetration depth is seen to be quite
large. In fact, the discrepancy between ~,„and
g„ in the region close to T, has been removed, the
remaining difference being within experimental er-
ror ~

Having measured ic and 6o, we can make use of
Eqs. (3) and (10) to obtain A~(0) and $s. It should
be remembered that Eq. (3) is derived assuming
a plane boundary, and one may expect &0 for a
sphere to be larger. However, as the equations
for the spherical geometry have not been solved,
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FIG. 15. Superheating and
supercooling results for the
11.5-pm P-Ga sphere, when cor-
rections have been made for the .

effect of the penetration depth and
surface depression of the order
parameter (see Sec. IV E). New
curve for tc(t) is seen to be lifted
considerably as compared with
the uncorrected curve. Super-
cooling points are unchanged,
since K~ is independent of demag-
netization factor. Dashed curve
is ~,h obtained by using Eq. (15),
giving H~ for finite x in a one-
dimensional GL calculation.
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we use Eqs. (3) and (10) to get estimates for Xz (0)
and gc'.

$o = 4860 a 600 A, Xg(0) = I 10+ 100 A.

ficient y, using the empirical relation"

T dH dH
4w ' dT dT) (25)

V. DISCUSSION '

The temperature dependence of H, (T) for p-Ga
is that of a strong-coupling superconductor, as the
deviation from the parabolic temperature depen-
dence is positive (see Figs. 5 and 6). Using the
empirical relationship of Toxen, 7 we find

2S(0) 2T. dH, (T) '

kT, H(0) dT

instead of the BCS value 3.56. Cohen et al. 3' have
studied gallium films in tunneling experiments and
found that the phase they identified as the P phase
has an energy gap of h, (0) = 1.03 meV. Fitting the
observed b, (T) with the BCS expression for T & 5. 5

K, they determined the transition temperature to
be 6. 4 K. Thus they found 24(0)/kT, =3.8. Using
our value for T, with their zero temperature ener-
gy gap yields 24(0)/kT, = 4. 1, in fair agreement
with our result.

From the temperature dependence of H, (T), we
can also obtain the electronic specific-heat coef-

p

We may get another estimate of $c by insisting that
the size-effect increase in ~„close to T, is de-
scribed by Eq. (13). For the 11.5-pm sphere, the
increase becomes noticeable at T/T, -0.985. In-
serting this in Eq. (13), we obtain $o-2700 A,
which is lower than the estimate obtained using 60,
as might be expected.

The transition temperature has been found to be
size dependent in other materials. '3 In our experi-
ments on p-Ga single spheres of diameters ranging
from 7 to 26 p, m, we could see no systematic
change of T, with size.

as T-0. Here C„and C, are the electronic specif-
ic heats of the normal and the superconducting
states, and

H, (0)''= 2'T'. .
In Eq. (26) we have neglected the deviation D(t)
from the parabolic temperature dependence. In-
serting our values for H, (0) and T, we find

y= 1315 erg/Ke cme .
In the free-electron model one finds

yc = ,' ke mk„/—8 = 875 erg/Ke cme,

where the Fermi wave number k& was obtained
using the density of P-Ga, pe=6. 23+0. 01 g/cm',
measured by Bosio et al. ~8 We thus have

y/yo= l. 50 .
In GI theory, 0 using local electrodynamics, the

GI parameter may be written

2e&H, .
Ac

Near T, we have X —2 '~
Xr, (0) (1 —t) and H,

= H, (0) (1 —te) = 2H, (0) (1 —t), so that we find

(26)

Xi(0)=
~

g
)

=.242 A, (27)

which is much less than the value of Xr, (0) = 765 A
deduced from the size effects discussed in Sec. IV E.

Although the interpretation of K„as bulk K,3 is
expected to be good except in the region very close
to T„ it should be mentioned that Baratoff and
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Bergeron ' have calculated a size dependence of
H,3 as a function of sphere radius

. 1
H,s(m)

' R R

Here the last term is the usual size effect treated
earlier, giving rise to an apparent increase in z„
close to T,. The new term is a negative term on
the right-hand side which should give an apparent
decrease in g„as T, is approached, competing
with the positive term. Assuming, for simplicity,
that the bulk GL parameter z is temperature inde-
pendent and noticing that H,3(R)/H~ (~) = z„/z, we
can differentiate Eq. (28) to obtain a minimum in

~„(t) when

Here, we have used $(T) =0.74$o(l —f) " . Experi-
mentally, we found t,„=0.9895 for the 11.5-p, m
sphere. Substituting, this yields $0=62 A, lower
by a factor of 50 than the estimates made fromm our
experimental values of 6p and ~. We conclude that
Eq. (35) does not describe the size effects in P-Ga.
de la Cruz et al. '3 reached a similar conclusion
from their experiments on Cd.

The superheating results are more difficult to
interpret since a number of factors enter into the
parametrization of H,„. First of all, we find that
the equation for z,„used so far in interpreting the
superheating results, Eq. (14), should be modified
in order to take into account the finite penetration
depth 5(T) of the magnetic field. In our present
single-sphere experiments, we have shown how the
penetration depth 5(T) may be obtained experimen-
tally (see Sec. IVE). Using the modified expres-
sion for x,„of Eq. (18), we find a substantial cor-
rection to the I(.,„obtained in the usual way, as
seen in Fig. 15.

This effect was not noticed in the earlier single-
sphere experiments. This may be due to the fact
that ~p in In and Sn is somewhat smaller than. in
P-Ga, and also that the diameters for the. spheres
used to obtain ~,„(t= 1) were larger than the 11.5
pm of the P-Ga sphere being discuseed here. In
fact, a look at the old single-sphere raw data" re-
veals that there is indeed a signal depression close
to T, for these samples also, but smaller than
that found for P-oa, so that for these metals the
correction to I(,'~ would be quite small. We believe,
however, that the finite penetration depth effect
should give important corrections to the super-
heating fields obtained in Cd by de la Cruz et al. ,
since their samples range down to 1 pm. In fact,
they observe the usual size effect increase in g„
near T„whereas their I(;,„, obtained using the
spherical demagnetization factor, does not show
thy usual increase near T„but rather a decrease.
The smallest spheres, 1 p, m in diam, actually

show an increase and then a decrease as T, is ap-
proached. Assuming a 6p of the same order of
magnitude in Cd as-in P-Ga, the correction should
be very important for the 4- and 1-p,m Cd samples,
making the ~,„curves exhibit the usual increase as
T, is approached.

Another problem with the superheating field is
that the shape of the' sample affects the results,
also through the demagnetization factor. In single-
sphere experiments, one may get an idea of the
demagnetization factor by observing H,„as a func-
tion of field direction. In the case of In and Sn, "
all structure in the rotational diagrams vanished
near T„consistent with a perfect spherical shape.
In the present case'of P-Ga, the quality of the sam-
ples is not as good, as for In and Sn, but it seems
that the best sample, 11.5 p, m in diam, has very
little asphericity.

Firially, the interpretation of H,„ is complicated
by the fact that the existing theory, giving H,„ in
terms of z and H„describes only the case of one-
dimensional fluctuations in the order parameter.
As discussed in Sec. II, we expect the Eq. (14) to
give the best estimate even in the situation where
K «1 is not satisfied. Tbg result for finite K ob-
tained by Ginzburg and others [see Eq. (15)]cer-
tainly represents onjy an upper limit to H,„. If
we use Eqs. (15) and (1V) to give a,„, we obtain
the dotted curve in Fig. 15. It is clear that with
this correction, the extrapolated value x,„(T,) is
about 10'%%uo larger than v„(T,). For In and Sn also,
K h(T, ) is larger than z„(T ) by about 6-12%%u& if
Eq. (15) is used. 'Thus we consider the present
results far z,h to be about as reliable as those pre-
viously obtained on In and Sn, and we believe that
tr,„sh uoid be calculated using Eq. (18).

Equation (19) gives H,„(T) in the nonlocal limit.
In Fig. 16, we have plotted 2+a"~(1- t)'"~(H, „/H, )
for the P-Ga 11.5- pm sphere. This expression
should be temperature independent and equal to
1.36 if Eq. (19) was satisfied. Clearly, the present
results are not accurately described by Eq. (19);
the factor 1.36 has to be repl. aced by about 0. 8,
and there is also a significant temperature varia-
tion. Srgith et al. '. have found similar results for
their In and Sn powder experiments. They also
find that the factor 1.36 has to be replaced by
-0.9. Also, they observe a temperature depen-
dence similar to that in Fig. 16.

We firid, however, that the presence of flaws in-
creases the temperature dependence of H,„, and
it is quite possible that H,„for a perfect sample
would satisfy Eq. (19), although with a different
constant. At present, with real samples, we do
not believe that there is experimental support for
Eq. (19).

Finally, we sumn arize our results for the su-
perconducting properties of P-Ga in Table I.
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FIG. 16. gK~ 3(1-t) (H~/B~) is plotted vs reduced
temperature for the 11.5-pm sphere of P-Ga. According
to the derivation of Smith et al. [see Eq. (19)), this
function should be temperature independent and equal to
1.36.

VI. CONCLUSION

Experimental studies of the superconducting
phase transition of small single spheres of metasta-
ble P-Ga have been carried out. Both thermo-
dynamic properties and superheating/supercooling
were investigated,

In spheres of lesser quality, H, (T) in some cases
exceeded H,„(T), permitting observation of the in-
termediate state, H, (T), and the demagnetizing
field Hn(T). Size effects were seen close to T,.
We find'T = 5 90'+ 0 03 K and Ho= 538+ 5 Oe The
deviation of H, (T) froma parabolic temperaturede-
pendence is found to be positive, having a maxi-
mum value D(t),„=0. 008 a 0. 003. This shows that
P-Ga is a, strong-coupling superconductor, con-
firming earlier tunneling experiments. '

In the best spheres, ideal superheating and su-
percooling has been observed in a region close to
T,. From extrapolation to t=1 of the supercooling
results, we find ~«=0. 141+0.002. A new dimen-
sion has been added to this type of experiment by
the direct observation of the penetration depth 0(T)
of the magnetic field. This is achieved by studying
the variation of the transition signal as a function

TABLE I. Superconductive properties of P-Ga.

T~, superconductive transition temperature
0~(0), thermodynamical critical field at T =0
w, experimental GL parameter at T~
~p experimental zero-temperature penetration depth
N, number of conduction electrons/cm3
&=h, (0) /2' T~, electronic specific-heat coefficient
pp = free-electron, electronic specific-heat coefficient
V/Vp

2&(0) -2T, m,
k Tc Hc(0) d T

5. 90+ 0. 03 K
538~5 Oe

0. 141+ 0. 002
880 +100 A

1.615x1023 cm 3

1315 erg/K2 cm
875 erg/K2 cm3

1, 50

4. 0

fp = 01 S8V p/keTp

I (0) (ypgg2/4mNe )i/2 calculated in
free-electron model

132 A

z = 0. 96 A.i(0)/$p

$p = 0, 96 Ag(P)/K

Zi(0)
estimated from the
size effect, Eq. (13)

t/3
Ag(0) =!~ d~ 8p

I

' estimated using &p

0. 028

710+100 A

4880+800 A

-400 A

-2700 A

,( )

p
=0.96 ~L,(0)/e !

estimated from H, (0)
240 L

1630 A
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of temperature. Using the empirical relation
&(T) = 60/(1 —f ) ', which fits the data nicely, we
find &0= 880+ 100 A. From the knowledge of this
finite penetration depth, we have corrected the
spherical demagnetizing factor of —,

' used in the in-
terpretation of the superheating data. The re-
sulting change in the parameter ~,„is quite size-
able, amounting to about 17% at t= 0. 99 for an
11.5-pm sphere. Without this correction, there
is clear discrepancy between the extrapolated val-
ues of z„(t) and z,„(t) at t= l. After the correction
is made, these extrapolations agree within experi-
mental error, as predicted by one-dimensional
GI theory. It is remarkable that the simple low-
e limit calculations of the superheating field [see
Eq. (14)] seem to fit the data even for v=0. 14.
Just as for In and Sn, "the numerically calculated
values of H,„for intermediate z [see Eq. (15)] give
a clear disagreement between z,„(t) and a„(t) ex-
trapolated to t= I. We conclude that these calcu-
lations overestimate H,„, the best estimate still

being Eq. (14).
The independent observation of z, &o, and H, (T)

provides through theoretical relations an overde-
termined system of equations to calculate X~(0) and

The size effect observed close to T, in ~,„and
a„provides yet another estimate of $o, and thus
cross checks are possible. Different sets of values
for A~(0) and (0 were thus calculated using differ-
ent combinations of the experimental parameters.
These estimates agree only within a factor of 3,
indicating that the theoretical relations connecting
these quantities may have to be refined.
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X-ray scattering experiments have been carried out on dried colloidal graphite, for scatter-
ing angles y=0' and y =10, using CrKp& line as a primary radiation. The spectrum for y =0
shows a faint new component shifted by 13+ 1 eV from the primary line; the same line was al-
so found for a scattering angle y =10'. lf the dried colloidal graphite was replaced by dried
colloidal graphite embedded in gelatine, the new component moved to a position shifted by 10
+ 1 eV from the primary line. The corresponding experiments with polycrystalline graphite
did not show such components. These new components can be attributed to a plasmon excita-
tion on the spherical surface of each particle of colloidal graphite. This experiment shows
that surface plasmons can be excited in small spherical particles independently of the scatter-
ing angle.

I. INTRODUCTION

In recent years, surface plasmons in small
spherical particles have been investigated using
fast electrons by Kreibig and Zacharias for Ag
and Au, by Doremus for Ag and Au, and by Fu-
jimoto and Komaki for Al. Recently, Kokkinakis
and Alexopoulos observed surface plasmons in
small spherical particles of Ag using x rays.

The study of graphite has received much atten-
tion in plasmon investigation because of the two
kinds of bulk plasmons, one of low energy (7 eV)
due to the m electrons and one of high energy
(25 eV) due to m and o electrons. ' The existence
of both these types of plasmons was established
with electron-energy-loss experiments, ~ optical
measurements, and x-ray-scattering experi-

1l-14

Recently, the excitation of surface plasmons of
colloidal graphite was reported using x-ray tech-
niques. ~ In the present paper a complete report
of the experiment is presented. Zero- as well as
nonzero-scattering-angle conf igurations were
employed and two different dielectric environments
were used for the colloidal-graphite particles.

to the natural width (3.14 eV) of the line~8 and
other experimental limitations, the resolution of
the instrument was about 1880. The apparatus has
been described in detail elsewhere. ~~'~~ For the
scattering angle q = 0', the following modification
was made (Fig. 1): The sample S was positioned
just in front of the window of the x-ray tube with
its center approximately on the Rowland circle.
The scattering angle p indicated in Refs. 11 and
17 is not shown in Fig. 1 being equal to O'. It was
found that the background was considerably reduced
by using a lead shield B. The samples were pre-
pared from col.loidal Acheson graphite and were left

X-Ray tube

II. EXPERIMENTAL PROCEDURE

The experimental investigation involves the ob-
servation and examination of the transmission
spectrum of the radiation produced by a Cr x-ray
tube. The radiation was analyzed by a curved-
crystal spectrometer and detected by a Geiger
counter. The region investigated was the KP, line
and the near region towards lower energies. Due FIG. 1. Experimental set up for y =0'.


