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teresis observed.®® Experiments are currently
underway to see if improved surface preparation
and avoidance of end effects will produce evi-
dence of the large nucleation barrier to flux
penetration calculated here.

The present elementary treatment has only
considered E(x) for a single flux thread. To cal-
culate the detailed hysteresis curves expected,
one must consider an assembly of flux threads
and the interactions between them. For a more
exact calculation of Hg and removal of the limita-
tion A > ¢, detailed consideration of the core of
the flux thread and use of the Ginzburg-Landau
equations will be required.

We gratefully acknowledge discussion with
P. G. deGennes, who had independently con-
sidered the image flux thread and the resulting
energy barrier.
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"Our calculation of Hg in this approximation is in-
exact because of uncertainties in the image term in
E(x) for x $&. Choosing to cut off Ko(2x/)\) at x =¢,
the maximum image force then occurs here, and we
get Hy =@o/4TAE = H./V2, where H, is the thermo-
dynamic critical field.
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Polarization effects due to ionic motion in in-
sulators have been studied over a great many
years, essentially following two different meth-
ods: by considering the change in time of the
electrical current in a sample subjected to a dc
external field">? or by measuring the dielectric
losses®; these measurements are carried out
at fixed temperature. Alkali halides were one
of the subjects studied more extensively.

We propose here a different method of investi-
gation; it is based on a phenomenon, analogous
to thermoluminescence, which could be called
ionic thermoconductivity (ITC). The method is
as follows:

(1) The sample is first polarized in a static
field E, for a time {, at a temperature Tp; the
temperature should be enough to allow the com-
plete orientation of all the dipoles that one wishes
to consider, and not too high, in order to avoid
heavy space-charge contributions. In alkali
halides, reasonable polarization temperature
is around 0°C.

(2) The solid is cooled down to a temperature
Ty << Tp, where any ionic motion is completely
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hindered, then the external field is taken off.

(3) The solid is subsequently warmed up at a
constant rate b, and the discharge current is
registered as a function of temperature. One
expects “electrical glow” curves, similar to
those characteristic of thermoluminescence? or
of electronic glow.5

When the release of the electrostatic energy
is due to relaxation of electric dipoles, the peaks
of the function #(7) correspond to various di-
polar imperfections present in the crystal, and
can give information as to relaxation time and
number of dipoles. The situation is in some re-
spects simpler than in the case of thermolumi-
nescence, because the relaxation mechanism is
monomolecular; the only exception to be ex-
pected is the case of release of the accumulated
space charge, where decay is complex and
slower.®

Briefly, the following information can be ob-
tained by analyzing a peak of ITC: (1) The area
delimited by the function ¢(7) is proportional to
the number of dipoles of a given kind present in
the sample:
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area ocNdipT(Tp){l - exp[t/T(Tp)]},

where 7(T,) is the relaxation time at tempera-
ture Ty, at which the crystal is polarized for a
time interval ¢. (2) The following relation con-
nects the temperature corresponding to the maxi-
mum current T, with 7:

2-‘ ]
kTm = bET(Tm) bE'r0 exp(E/kTm),

where E is the activation energy for the dipole
orientation; it follows that the temperature cor-
responding to the maximum current is approxi-
mately proportional to the activation energy for
the dipole orientation; the proportion is to be
expected much better than for thermolumines-
cence because the pre-exponential factor should
not depend much on the nature of dipole. (3) The
activation energy is given by the initial slope of

In[é(T) /4, :
In[i(T)/i,] = const - E/kT.

(4) The current intensity is directly proportional
to the polarizing field, because even at break-
down fields, at 7> 0°K, one is far from satura-
tion conditions.

The experiments are carried out with the usual
apparatus for measuring very weak currents; in
our case it was a vibrating capacitor electrom-
eter, and the weakest detectable current was
107%+10% ampere. Much care must be used
to avoid the presence of insulators in the region
of the sample’s container subjected to thermal
cycles; even quartz or Teflon yield competitive
ITC.

The results on KC1 either pure or doped with
SrCl, (0.06%) (purchased from K. Korth), polar-
ized at 237+1°K, are shown in Fig. 1.

The dipoles Sr** (positive ion vacancy) give
the strong band at TmI =235°K (the temperature
of the sample may be some degrees lower than
the detected one); in contaminated samples it is
30 times stronger than in nominally pure crys-
tals. We have shown that it is a single band:
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FIG. 1. (a) ITC of nominally pure KC1 polarized at 237°K with 305 volts.

(b) ITC of nominally pure KCI polar-

ized at 237°K with 610 volts. (c) ITC KC1:SrCl, (0. 06 %) polarized at 237°K with 305 volts. (d) ITC KCl1:SrCl,
(0.06 %) polarized at 237°K with 610 volts. (e) Activation energies of the dipole relaxation time, obtained from
the slope of logi(T) versus 1/T in the low-temperature tail of the peak at 235°K.
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Activation energy obtained from the slope at
T<T,, [Fig. 1(e)] is EI=(0.794+0.01) eV; re-
laxation time at T,, =235°K is 27 sec. These
results are in good agreement with the results
of Matsonaskrili’ (£ =0.81 eV) but agree less
well with Dryden’s and Meakins’® (E =0.67 eV).

In pure as well as doped crystals there are
other ITC peaks at lower temperatures: TmII
-178°K; T,,1-168°K; T,,IV=153°k; T,,V
=135°K; if we suppose the pre-exponential fac~
tor unchanged, the corresponding activation en-
ergies are the following: EI=0.60 ev; EIII
=0.56 eV; EIV=0.51 ev; EV=0.46 eV.

The band at 235°K in pure crystals is asso-
ciated with other little peaks, probably due to

different divalent impurities, always present in
the nominally pure crystals. Notice that asso-
ciated divalent impurities in nominally pure
crystals are detectable neither in dielectric
losses nor in dc measurements.

It can be noticed that in both pure and doped
samples the ITC doubles when the polarizing
field grows from 305 to 610 volts.

Figure 2 shows the results of KCl: SrCl, and
pure KCI polarized at higher temperatures. The
peak due to dipoles becomes wide and a new
band grows a higher temperatures (Fig. 2,
curves b and ¢). This does not seem character-
istic of a dipolar relaxation process, and we
believe it due to space-charge relaxation, ac-
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FIG. 2. (a) ITC of nominally pure KCI polarized at 295°K for three minutes with 305 volts. (b) ITC of KCl:SrCl,
(0.06 %) polarized at 237°K for three minutes with 305 volts. (c) ITC of KC1:8rCl, (0.06 %) polarized at 295K for
three minutes with 305 volts. (d) ITC of KCIL:SrCl, (0.06 %) polarized at 295°K for 60 minutes with 305 volts.
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cording to previous evidence for space-charge
formation in dc polarization. ®:°

Summarizing, the method is more sensitive
than, and at least as accurate as, the analysis
of the current decay at fixed T, for measuring
the activation energy of the relaxation process,
and reveals finer detail of the phenomenon.

Thanks are due to Dr. M. Beltrami for carry-
ing out some of the measurements.

*This research was supported in part by the Con-
siglio Nazionale delle Ricerche.

1A, Joffe, The Physics of Crystals (McGraw-Hill
Book Company, Inc., New York, 1928).

’R. W, Dreyfus, Phys. Rev. 121, 1675 (1961).

3See, for instance, Y. Haven, J. Chem. Phys. 21,
171 (1953); G. D. Watkins, Phys. Rev. 113, 91 (1959).

4See, for instance, G. F. J. Garlick, Handbuch der
Physik (Springer-Verlag, Berlin, Germany, 1958),
Vol. 26.

SD. Dutton and R. Maurer, Phys. Rev. 90, 126
(1953); H, Ohkura, J. Phys. Soc. Japan 16, 881(1961).
8G. Jaffé and Z. Le May, J. Chem. Phys. 21, 920

(1953).

7Matsonaskrili, Izv. Akad. Nauk SSSR, Ser. Fiz. 22,
296 (1958) [translation: Bull, Acad. Sci. USSR, Phys.
Ser. 22, 294 (1958)].

8. Dryden and R. Meakins, Discussions Faraday
Soc. 23, 39 (1957).

M. Beltrami, C. Bucci, and R. Fieschi, Conference
on Solid State Physics, Pavia, Italy, 16-18 July 1962
(unpublished).

¢, Bucci and S. Riva (to be published).

EFFECT OF PRESSURE ON THE RESISTANCE OF CESIUM*

R. A. Stager and H. G. Drickamer
Department of Chemistry and Chemical Engineering and Materials Research Laboratory,
University of Illinois, Urbana, Illinois
(Received 21 November 1963)

The electrical resistance of cesium has been
measured to pressures of several hundred kilo-
bars. Bridgman' measured the resistance to
65 kilobars. He found a small discontinuous
rise at 22 kilobars, and a rise of several fold

accompanied by a very sharp cusp at 41 kilobars.

(All pressures have been corrected to the values
most generally accepted today.) His p-v meas-

urements? also indicated volume discontinuities

at these pressures.

It is generally assumed that the first discon-
tinuity in resistance and volume corresponds to
a transition from a bcc to fcc structure. Stern-
heimer® has postulated that the second volume
change (and cusp) correspond to the promotion
of the 6s electron to a vacant band arising from
the atomic 5d shell. His calculations indicated
that this is indeed feasible. His work has been
criticized® based on more recent calculations
of band structure for the alkali metals. His
calculations must at best be approximate, since
he assumed a fivefold degenerate spherically
symmetric 54 band. The degeneracy must be
at least partially removed by the crystal field
of the lattice, and the bands arising from the
atomic 5d state must have structures strongly
dependent on direction in 2 space. Neverthe-
less, the notion of the promotion of conduction

electrons from a filled to an empty band is a
fruitful one, and has been used to explain tran-
sitions in cerium® and in other metals.

In our studies 99.95% pure cesium from A. D.
Mackay was used. The high-pressure techniques
have been previously described.®~® The cell was
loaded in a dry argon atmosphere. The cell was
cooled to inhibit melting of the cesium. It was
very difficult to obtain reproducible pressures
due to initial flowing of the sample as pressure
was first applied.

All of the electrical resistance features oc-
curred on every run, but the 41-kilobar cusp
appeared at apparent pressures from 20 to 70
kilobars. Figure 1 shows a composite average
of twelve successful runs. The 22-kilobar tran-
sition is smeared out by problems of making
contact, etc. The cusp at 41 kilobars is of the
same magnitude as found by Bridgman. The
important new feature is the very sharp rise in
resistance initiating at an apparent pressure of
175 kilobars. The rise is accompanied by a
strong upward drift with time. There is a def-
inite maximum at a higher resistance than the
first cusp. It should be emphasized that, while
the pressures shown are nominal because of
problems in handling cesium, the sharp rise and
drifting occurred on every run. (There was no
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