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Paramagnetic Effect in Superconductors: IV. Measurements on Aluminum*f
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A cryostat has been designed and constructed to permit investigation of superconductors having transition
temperatures in the range from 1.4'K to below 0.9'K. By means of this cryostat, the paramagnetic effect,
previously observed in In, Sn, Ta, Hg, Tl, and NbN, has been observed at the superconducting transition
of aluminum. The threshold current, Ip, required for the occurrence of the paramagnetic effect, had previ-
ously been shown to be related to the applied longitudinal Geld, H, p, and the specimen diameter, d, by the
equation

Io= Ig+y~m-H, pd,

where It, and p~ are constants characteristic of a particular superconductor. Preliminary measurements
on the six superconductors listed above had suggested that I, values occur only in multiples of 0.6 ampere.
Measurements of I, for aluminum yield an I, value definitely less than 0.6 amp.
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Itt amp
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0.2~0.3
0.6
0.9+0.3
0.6
1.7
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0.83+0.04
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0.37
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1.0

Reference

Thompson'
Steinerb
Shibuya and Tanuma'
Thompson'
Thompson'
Steinerb
Thompson'
Steinerb
Meissner et ul. d

Meissner et ul. d

Sellmaier'
Present work

a See reference S.
b See reference 2.
e See reference 4.
d See reference 3.
e See reference 6.
& These data were found for a hollow NbN cylinder on a Nb core; all

other data were obtained for solid cylinders.
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I. INTRODUCTION

$p nsig a cylindrical current-carrying aupercen-
ductor is cooled through its transition temper™

ature in the presence of a longitudinal magnetic 6eld,
the magnetic Qux in the specimen may show an increase
over the value which it had in the normal state. This
apparent increase in the permeability, which is referred
to as the paramagnetic eGect, has been investigated' '
in a number of superconductors since its discovery in
tin by Steiner and Schoeneck. ' lt has been established
that a threshold current, ID, exists below which the
eGect does not occur. Io is given by

Io= lo+y*srÃod,

TABLE I. Summary of the I~ and p~ values.

where I, and y* are constants for a particular super-
conductor, H, o is the applied longitudinal magnetic
field, and d is the specimen diameter. Table I summar-
izes all of the superconductors for which either I, or y*
has been measured to date.

Of the super conducting elements for which the
paramagnetic eGect has not yet been observed, only
vanadium, lead, arid niobium have transition tempera-
tures in the temperature range 4.2'K to 10'K. Against
this, aluminum, zinc, gallium, rhenium, and thorium
have transition temperatures in the range 1.39'K to
0.9'K. Because of this, it was decided to build a
cryostat which could operate down to temperatures of
0.9'K. This investigation on aluminum represents the
erst in a series on the latter group of superconductors.

II. EXPERIMENTAL ARRANGEMENT

(a) Cryostat

The cryostat used in this investigation is of the type
in which the temperature is reduced by pumping
through a small orifice over an adiabatically isolated
bath of liquid helium. The thermal isolation is accom-
plished by a vacuum jacket whose outside wall is
maintained at 4.2'K. Several cryostats which employ
this method have been described in the literature. ' "
The more recent of these employ high pumping speeds
(600—1000 liters/sec) and are able to cool a considerably
larger volume than the early designs. Figure 1 shows
the general plan of the cryostat used in this investi-
gation. The inner bath is pumped by a C.V.C. MB-200
oil booster pump which is backed by a Leybold mercury
booster pump Hg-45 and a Kinney rotary pump
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FIG. 1. Cryostat for production of temperatures in the range
0.8'K to 1.3'K.

VSM-556. Selection of a series of pumps, such as those
used in this application, is greatly facilitated by a
diagram such as Fig. 2. The throughput of all three
pumps in mm HgXliters/sec is plotted versus the
pressure in mm Hg. The MB-200 has a limiting fore-
pressure of 0.6-mm Hg at which it is removing a
quantity of gas of 8-mm HgXliters/sec. From the
diagram, it can be seen that neither the Hg-45 nor the
MB-200 can handle throughputs greater than 8-mm

HgX liters/sec and, in practice, it is advisable to operate
at throughputs at least a factor of two below this
figure. Neglecting film Row, this throughput corresponds
to a heat input to the inner liquid helium vessel of
1.5&(10 ' watt. —The vacuum jacket is continuously
pumped with a C.V.C. MCF-60 oil diffusion pump.

The conical ori6ce to the inner liquid helium vessel
is made of German silver and has a limiting throat
diameter of 7 mm. In choosing the orifice diameter,
one must And a compromise between the excessive film

Aow allowed by a large diameter orifice and the excessive
reduction of conductance by a small diameter. The
7-mm throat represents this compromise.

The conductance increases approximately as the cube

TEMPERATURE (4K)

l.6 I 4 ).2 1.0,9 .8
)0 ~1 ) I I 1 I

)
I

6-

2 'iVSbh 556

Io—
6-O

th
L

I

6Xl
E
E 2-

-II- )0—
n 6-

4
CQ 2-
R -s
~ IO8

6

~~MB 200

Wg45 g

)0&il l I ill I I II I I I l(i t

I0 6 4 2 )864 2 )($l 64 2 )0264
PRESSURE (mm Hg)

—)0
—6

—IO

-2—10

Qe
—2—IO &4l-

+64
.2 hl

—)0
—6—4

I

2 IO

FIG. 2. Pumping diagram for the three pumps used in conjunc-
tion with the cryostat. On the temperature scale the pressure
drops along the ducts were neglected. On the heat-input scale
the Film Aow was neglected.

"H. Meissner, Phys. Rev. 101, 1660 (1956).

of the throat diameter, whereas the 61m Row increases
only as the first power. The ratio of 61m fIow to total
Row is therefore smaller for systems having pumps of
higher speeds, provided that the proper choice of orifice
diameter has been made for the pump in question. For
the MB-200 and heat inputs of 10 ' watt, the above
ratio is less than 0.1.

The ducts leading to the ori6ce are of a conical
construction to avoid the turbulence which would

appear at sharp edges or bends. The increase in diameter
of the cones was chosen so as to approximately match
the expansion which the temperature change produces
in the emerging vapor. The upper cones were con-
structed from 0.25-mm sheet supernickel, while the
lowest one was machined from German silver rod. With
the exception of the outer liquid helium Dewar which
was Pyrex, all of the cylindrical vessels were made of
brass.

The high-current connections were brought from
room temperature to the 4.2'K liquid helium bath by a
method previously described. "From there the specimen
current was carried by lead (Pb) wires which were
brought into both the vacuum jacket and the inner
vessel through Kovar seals. Since lead is supercon-
ducting below 1.2'K these leads contribute no Joule
heating in the low-temperature bath.

All other connections were of No. 40 wire, with
manganin used wherever possible. These leads were
brought from a seal at room temperature through a
tube into the vacuum jacket where they were clamped
at 4.2'K. From there they led through Kovar terminals
into the inner vessel.
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(b) Operating Procedure

Prior to a run, the system is first precooled with
liquid nitrogen. The liquid nitrogen is then removed
and the transfer of liquid helium into the Pyrex Dewar
is started. As soon as the liquid begins to collect,
helium gas at a pressure greater than one atmosphere
is introduced into the inner vessel through a counterRow
heat exchanger, not shown in Fig. 1.This helium almost
immediately begins to condense in the inner vessel. In
order to eGect a more rapid cooling of the inner vessel
and its contents, the vacuum jacket is 6lled with
helium gas at a pressure of a few mm Hg. Usually, the
inner vessel is filled with condensed helium by the time
the Pyrex Dewar is full; both liquid levels are measured
by means of carbon resistance thermometers. The
exchange gas is then pumped out of the vacuum jacket
in preparation for cooling down to the transition
temperature of aluminum. Since the pumping speed of
the Hg-45 is effectively zero at pressures above 10 mm

Hg, the system is 6rst roughed down to this limiting
forepressure with the VSM 556. During this roughing
period, several calibration points are obtained for the
carbon resistance thermometer by simultaneously
measuring the helium vapor pressure with a U-tube
manometer and the thermometer resistance with a
Wheatstone bridge. When the transition temperature
of the sample is reached, the regulating valves on the
pumping system are adjusted to maintain the temper-
ature approximately constant. The fine-temperature
regulation is accomplished by manually varying the
current to a 1-ohm manganin heater coil in the inner
vessel. To reach the transition temperature of alumi-
num, it was not necessary to use the MB-200, this
pump having been installed for investigations at lower
temperatures.

(c) Specimens and Measuring Equipment

Three specimens were used in this investigation, and
they were all prepared from 99.99%pure ingots supplied
by the Aluminum Company of America. The first
specimen, hereafter referred to as AlI, was a poly-
crystalline cylinder 69.6 mm long and 5 mm in diameter,
which was annealed for 24 hours in vacuum prior to
use. The second and third specimens, Al II and Al III,
were single crystal cylinders of diameters 3.1 mm and
6.0 mm respectively. These were vacuum melted and
grown in crucibles of high-purity A.K.C. graphite. All
three specimens were etched and electrolytically pol-
ished. The following residual resistance ratios, ro

Rg. s K/R273 K were obtained for the three specimens:
AlI, r0=0.62X10 '; Al II, r0=0.86X10 '; Al III, ro
=2.43X10 '.

Figure 1 shows the general arrangement of sample,
search coil, and 6eld coil used in the present work. In
addition, two potential clips, not shown in Fig. 1, were

'6 We desire to express our thanks to the company for supplying
the aluminum free of charge.

I 5 5 mm POLYCRYSTALLINE ALUMINUM

zo' 972 ANIP/C III

4 AMP

I-
I.O-

Cl

hl
X
lK
W
CL

0.5—
LLI
IL'

CL
O.

OO, , I

l.l75
t I i~& Iiiiil
I.I80 I.I85 I.I 90 I.I 95

TEMPERATURE K

(a)

6 mm ALUMINUM SINGLE CRYSTAL
Hzo ~0 972 AMP/CM

4.5 AM
hC

I-
I.O-

Cl

4J
E
IL'
LLj
CL

0.5—
X
LLI
IK

CL0.

0,0 i i I I I

I.I75 I.I80 I, I 85 I.I90

TEMPERATURE K

(b)

ilail

i i»I
I.I 95 I.ROO

Pro. 3. (a) Z vs T curves for the 5-mm-diameter poiycrystalline
aiuminum specimen (Al I). (b) Z~ ss T curves for the 6-mm-
diameter aluminum single crystal (Ai ID).

attached to the sample for resistance measurements.
The search coil, used for detecting the change in Aux,
was wound directly onto the specimen and was con-
nected to a Leeds and Northrup ballistic galvanometer,
type 2284 b, having a coil resistance of 17 ohms, a
period of 7.4 sec, an external critical damping resistance
of 17 ohms, and a ballistic sensitivity of 2X10 v
sec/mm at a scale distance of 5 m.

The longitudinal magnetic field, H, o, was produced
by a field coil surrounding the specimen (see Fig. 1).
The field coil was wound with 88.4 turns/cm of tantalum
wire. Since the tantalum wire becomes superconducting
at 4.4'K, the Geld coil itself produces no Joule heating
in the inner liquid helium vessel. Both the horizontal
and vertical components of the earth's magnetic field
were compensated by a set of Helmholtz coils, not
shown in Fig. 1.

III. MEASUREMENTS

When recording the data, the procedure was slowly
to vary the current to the manganin heater coil, which
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FIG. 4. (a) E ss I curves for the 5-mm-diameter polycrystalline
aluminum specimen (Al I). (b) X~ ss I curves for the 6-mm-
diameter aluminum single crystal (Al III).

thereby changed the thermometer readings from point
to point through the transition while holding the current
fixed. At each fixed temperature, the applied magnetic
fi.eld was reversed and the resulting galvanometer
deRection, o., recorded. The carbon thermometer read-
ings were converted to temperature by means of the
two-constant formula given by Clement. "The galva-
nometer deQections, o., were converted to apparent

' J.R. Clenmnt, in Temperature; Its 3IIeasurement and Control in
Science and Industry (Reinhold Publishing Corporation, New
York, 1955), Vol. 2, p. 282.

permeability, E, through the equation

&-= (~—~oo)/(« —«s).
Here, o.p is the deQection produced upon reversing the
field, H, p, when the specimen is in the normal state;
O, pp is due to the residual Aux linking the search coil,
but not the sample, when the latter is totally super-
conducting.

Figure 3 (a) and (b) show plots of Ens '7 with
H,s=0.9/2 amp/cm for the polycrystal and the 6-mm
single crystal, respectively. Both of the temperature
axes in Fig. 3 are drawn to the same scale. It can be
seen that the transitions for the 6-mm single crystal are
noticeably broader than those for the 5-mm polycrystal.
After obtaining E es T curves at two values of H p,

specimen AlII was removed from the cryostat for
inspection; because of a slight deterioration of the
surface, measurements were discontinued on this speci-
men. Its behavior was intermediate to that observed
for specimens Al I and Al III.

Figure 4 (a) and (b) show a plot of the maximum
apparent permeability X vs I for both the 5-mm
polycrystal (Al I) and the 6-mm single crystal (Al III).
As can be seen from Fig. 4(b), the data taken at the
two lowest values of H, p for the 6-mm single crystal
show an unexpected crossing of the X es I curves.
After carefully checking the compensation of the earth' s
magnetic field, a second run was made which only
served to verify the data shown in. Fig. 4(b). Since a
plot of Ip es H p for this specimen would obviously
depart enormously from a straight line, an I, for this
specimen is undefined. For this reason, the I, quoted
in Table I for aluminum is the value obtained from
the 5-mr. — '-- rystal.

IV. CONCLUSIONS

The paramagnetic effect exists in aluminum. Samples
A1II and A1 III, although single crystals, were less
pure than the polycrystalline sample Al I, as shown by
their higher residual resistances. Their paramagnetic
behavior did not conform with that observed in other
pure superconductors, while the behavior of sample
Al I did. We consider therefore that the values of I,
=0.3+0.2 amp and y*=1.0, obtained for sample Al I
are representative of pure aluminum. These values,
together with those of Thompson' for indium, indicate
that the I, values do not necessarily occur in multiples
of 0.6 amp.
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