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[Note that the inequality (6) is correct as it
stands for pure Coulomb forces because UC in

(8) is identically zero. If short-range potentials
are included there will also be surface terms,
as in the cube construction, but these present on-

ly a technical complication that can be handled in
the same manner as before. '] While Eq. (9) is
more complicated than (7), it is readily proven
explicitly that fk approaches a limit as k —~.
[Indeed, it follows from the theory of the renew-
al equation that (9) will have a limit if Qljyj
(m ]

The possibility of packing spheres this way is
provided by the following geometrical theorem
which plays the key role in our analysis. We
state it without proof, but we do so in d dimen-
sions generally and use the following notation:

Od =volume of a unit d-dimensional sphere =
3 /T

in three dimensions and od = (2 -1)2d 2.
(T5) Let p ~ ad+2 od be a positive integer.

For all positive integers j, define radii ~.=p ~

and integers n =(p-Ip Ip~(d-I). Then it is
possible to place simultaneously Uj(nj spheres of
radius r ) into a unit d-dimensional sphere so
that none of them overlap.

The minimum value of p required by the theo-
rem in three dimensions is 27.

Many of the ideas presented here had their gen-
esis at the Symposium on Exact Results in Statis-
tical Mechanics at Irvine, California, in 1968,
and we should like to thank our colleagues for
their encouragement and stimulation: M. E.

Fisher, R. Griffiths, O. Lanford, M. Mayer,
D. Ruelle, and especially A. Lenard.
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SUPERCONDUCTIVITY OF BARIUM UNDER PRESSURE*
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Superconductivity of barium is observed under high volume compression. The high-
pressure phase, BaII, has a T somewhat lower than 1.3'K at 55 kbar, T~ sharply ris-
ing with increase of pressure. A second solid phase above 140 kbar has a T~ of approxi-
mately 5'K.

Since the discovery of superconductivity in ce-
rium, barium was also thought to become super-
conducting under pressure. If there is a common
origin of superconductivity in neighboring lantha-
num and cerium it seemed worthwhile to look at
barium, naively assuming similar electronic
properties might exist if it were compressed to
the same density. ' The abnormal pressure de-
pendence of the electrical resistivity~ (cf. Fig. 1)
as well as the highly abnormal P-T phase diagram

showing two maxima of the melting temperature'
indicate fundamental changes of electronic struc-
ture with pressure.

The apparatus and procedure have been de-
scribed in a recent publication. ' Difficulties of
sample preparation and cell loading caused by the
chemical reactivity of barium as previously men-
tioned' were overcome by covering the thin (20-p)
metal strip with a film of petrolatum. Two disks
of Mylar foil (thickness 6 p. ) provide protection
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FIG. 2. Superconducting transitions of barium under
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FIG. 1. Room-temperature resistance of barium
against press 1oad. The press was cooled to helium
temperatures at about 65 (C&), 140 (C2), and 170 (Cg
kbar.

against direct contact with the pressure transmit-
ting medium.

Barium from three different sources was used
for the experiments. Two samples were of com-
mercial grade and stated to be 99.5% (Mackay)
and 99+% (King Laboratories) pure. ' Both of
these samples showed resistivity ratios between
10 and 15. A third sample was cut from a small
piece of higher purity Ba.' Specimens prepared
from this lot had resistivity ratios between 30
and 70 varying from sample to sample and with
pressure. All three samples gave essentially the
same results so far as the appearance of super-
conductivity under pressure is concerned. Though
we have no analysis on the higher purity materi-
al, we conclude from the very consistent picture
of all the measurements together that unknown

impurities cannot be the reason for pressure-in-
duced superconductivity.

Figure 1 is a plot of the room-temperature re-
sistance of Ba with pressure. Two solid-solid
phase transformations at 55 kbar' (BaI-II) and

about 140 kbar are accompanied by distinct re-
sistance increases. This particular sample was
investigated at helium temperatures under pres-
sures of approximately 65, 140, and 170 kbar.
The corresponding room-temperature resistance
values before cooling are marked C, ~ ~ Cs in
Fig. 1. Superconducting transitions were found
as shown in Fig. 2 being as high as 5'K at the
highest pressure. Samples under a pressure of
55 kbar (just above the Ba, I-II phase transforma-
tion) showed an onset of a normal-to-supercon-

ducting transition between 1.5 and 1.3'K, the low-

est attainable temperature. Undoubtedly these
samples would exhibit full transitions at or below
l'K.

The present apparatus is not ideal for making
quantitative measurements of T~ versus pres-
sure between 55 and 75 kbar, but from all the da-
ta available there is no doubt that Tc rises sharp-
ly with pressure, dTc/dP being of the order of
(1'K)/(10 kbar). This is the cause of the broad
transition curves in this pressure range (cf. Fig.
2). One may speculate that the onset of supercon-
ductivity in phase BaII and the thermodynamic
stability of this phase with pressure are related
by the same electronic origin. Very broad tran-
sitions were found at pressures between 75 and
140 kbar always shifting to higher temperatures
upon increase of pressure. We have at present
no explanation for this effect. Another solid
phase may appear around 80 kbar as suggested
by Bastide, Susse, and Epain. ' Our resistivity
data, however, gave no indication for such an
event. After an extremely sluggish phase trans-
formation at 140 kbar, ' the transition curves be-
came sharper around 5'K (Fig. 2). This transfor-
mation has some similarity to the sluggish phase
transformations in La. It never ran to comple-
tion at room temperature. The residual resistiv-
ity ratios of the samples dropped suddenly after
this transformation to very low values indicating
a two-phase mixture. Thus, we are not quite
certain whether the transition temperature found
for this phase (Fig. 2) is typical for the pure
phase.

There are two possible hypotheses for the oc-
currence of superconductivity in barium:

(1) At high pressures, there exists a narrow f
band very near to or overlapping the Fermi level.
One or the other of the f-electron mechanisms
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proposed by Kondo and by Hamilton and Jensen
for La leads to superconductivity. The sharp
rise of T~ with pressure found in La" as well as
in Ba points towards the same origin of supercon-
ductivity.

(2) If the proximity of anf band is irrelevant to
the superconductivity of barium, it may be a con-
sequence of the development of d character in the
electron wave functions as suggested by the work
of Vasvari, Animalu, and Heine" on the band
structure of alkaline-earth metals or in analogy
to Sternheimer's 6s-5d electron transfer in ce-
sium. ~ In this case, we would expect cesium al-
so to become superconducting under pressure.
Similar arguments should hold for strontium and

rubidium. On the other hand, all these three ele-
ments also have 4f spectroscopic energy levels
of similar energy as Ba." An extended investiga-
tion for superconductivity under pressure of alka-
li metals and alkaline earths will be necessary to
decide this question.

*Research sponsored by the Air Force Office of Sci-
entific Research, Office of Aerospace Research, U. S.
Air Force, under Grant No. AF-AFOSR-631-67.

)Also Bell Telephone Laboratories, Murray Hill,
N. J. 07971.

~J. Wittig, Phys. Rev. Letters ~21 1250 (1968).
A rough extrapolation of Bridgman's compression

data reveal a specific volume of 50% or less at 160
kbar of the normal atomic volume.

3R. A. Stager and H. G. Drickamer, Phys. Rev. 131,
2524 (1963); H. G. Drickamer, Solid State Physics
(Academic Press, Inc. , New York, 1965), Vol. 17, p. 1.

4J. P. Bastide, C. Susse, and R. Epain, Compt. Rend.
267, 857 (1968).

~A. Eichler and J. Wittig, Z. Angew. Phys. 25, 319
(1968).

6We would like to thank F. Scott of the King Labora-
tories for kindly sending this sample.

~We are indebted to P. Schmidt of the Bell Telephone
Laboratories for providing this sample. It was purified
several years ago and stored under mineral oQ since
then.

J. C. Haygarth, I. C. Getting, and G. C. Kennedy, J.
Appl. Phys. 38, 4557 (1967).

J. Kondo, Progr. Theoret. Phys. (Kyoto) ~29 1
(1963).

~OD. C. Hamilton and M. A. Jensen, Phys. Rev. Let-
ters ~11 205 (1963); C. G. Kuper, M. A. Jensen, and
D. C. Harn. ilton, Phys. Rev. 134, A15 (1964).

~~T. F. Smith and W. E. Gardner, Phys. Rev. 146, 291
(1966). Measurements at very high pressure show that
T~ of lanthanum increases to about 12'K at 160 kbar.
J. Wittig, unpublished result.

~ B. Vasvari, A. O. E. Animalu, and V. Heine, Phys.
Rev. 154, 535 (1967).

R. Sternheimer, Phys. Rev. 78, 235 (1950).
~4C. E. Moore, Atomic Energy Levels (National Bu-

reau of Standards, Circular No. 499, U. S. Government
Printing Office, Washington, D.C., 1950), Vols. 2 and
3.

EVIDENCE FOR LONG-RANGE EXCITON-IMPURITY INTERACTION
IN TETRACENE-DOPED ANTHRACENE CRYSTALS*
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It is shown that diffusion of singlet excitons cannot explain the time dependence of the
fluorescence intensity in tetracene-doped anthracene crystals; however, the predictions
of a long-range energy-transfer rnechanisrn can be made to agree with experimental re-
sults.

The mechanism of energy transfer in organic
crystals has been the subject of extensive inves-
tigations and in the most recent work on tetra-
cene-doped anthracene crystals and similar sys-
terns, energy transfer is attributed to diffusion
of singlet excitons. ' It has generally been con-
cluded that the exciton-impurity interaction is a
short-range interaction, and the exciton diffusion
coefficient D is on the order of 10 ' crn~ sec
In this paper we present experimental data on
the time dependence of energy transfer from an
anthracene host lattice to tetracene-impurity

molecules which cannot be satisfactorily explained
by this simple exciton-diffusion theory. The re-
sults can be explained by a long-range exciton-
irnpurity interaction, and if the excitons move,
the results place an upper limit on the order of
5 &10 ' cm' sec ' on their diffusion coefficient.

Vapor-grown crystals of anthracene doped with
1 and 83 ppm tetracene were investigated. ' The
tetracene concentration was determined from the
fluorescence spectra by the method of Kreps,
Druin, and Czorny. ~ The samples were excited
by a 600-keV x-ray source having a total pulse


