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The fusion curve of barium has been determined
up to pressures of 65 kbar by means of differ-
ential thermal analysis (DTA); no previous in-
vestigations of the melting under pressure have
been reported. Bridgman has reported volume'
and resistance discontinuities, presumably in-
dicative of polymorphic transitions, near 17 kbar
and 59 kbar (revised pressure scale) at room
temperature. The former transition was not
detected in the present experiments, while the
trajectory of the latter has been approximately
delineated. In room-temperature work to higher
pressures, Balchan and Drickamers have re-
ported a sharp discontinuity in resistance near
144 kbar —indicative of a further polymorphic
transition.

Pressures were generated in single-4 and dou-
ble-stage ~' piston-cylinder apparatus. Friction
corrections were made as before, & and pressures
are believed accurate to ~1.0 kbar up to 45 kbar
and +3 kbar at higher pressures. DTA4'8 determi-
nations were accomplished with chromel-alumel
thermocouples (without any corrections for the
pressure effect on thermal emf) for samples in
tantalum containers. The signals obtained upon
heating were taken for the melting points, and
these temperatures were determined with a pre-
cision of +3'C in the range up to 40 kbar and
~5 C elsewhere; the freezing signals were much
sharper, although some undercooling was ob-
vious. All of the barium samples were from
high-grade commercial stock (purity &99. 5@),

800

~ 700
K
Di-

~~600-
4J

500
0

o high purity

e~&other stock

lo 20 30 40
PRESSURE (KBAR)

BARIUM

liquid

bcc
I

50

FIG. 1. Melting curve of barium.

except one, which was from vacuum-distilled
material of the highest purity. ' This sample
was loaded in an argon-filled dry box. The
other samples were handled in air but with suf-
ficient care to minimize contamination, par-
ticularly oxidation. The results of the several
runs are plotted in Fig. 1, no difference being
obvious between the sample of highest purity
and the others.

In an effort to reproduce the volume discon-
tinuity of -0.6% reported' by Bridgman near
17 kbar, compression runs were made with both
grades of barium at room temperature. A col-
umn about 0. 50 in. diam by 1.5 in. long was
compressed at rates of -l kbar jmin, while the
displacement vs pressure was continuously re-
corded. Other details of the technique have
been presented elsewhere. i" Although a dis-
continuity of -0.2@ would have been detectable,
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none was apparent in the several compressions
up to about 37 kbar, strongly suggesting that
the transition reported near 17 kbar for barium
does not exist. Bridgman does not report the
purity of his material but comments that the
batch on which the volume discontinuity and the
0.35@ discontinuity in resistance were ob-
served was probably less pure than the previous"
material in which no discontinuities were de-
tected to about 50 kbar. The fusion curve (Fig.
1) does not reflect the triple point that would
occur if this transition had existed with the tra-
jectory indicated by Bridgman. '

The present fusion curve connects satisfacto-
rily with the zero-pressure melting point of
729'C, ~ and an initial slope of -O'C/kbar is
suggested. The maximum in the fusion curve
is located near 14 kbar and 770'C.

The first maximum in the melting curve of an
element was that reported by Bundy ~ for Rb,
although there was some hesitation in its inter-
pretation as such. Kennedy, Jayaraman, and
Newton" clearly established the existence of
maxima in the fusion curves of Cs I and II. The
present results for Ba indicate that the occur-
rence of such maxima may be a more widespread
phenomenon.

The present data reinforce the previous pro-
posal" that an understanding of the fusion curve
maxima must be sought primarily in a consid-
eration of the structure and coordination obtain-
ing within the liquid phase. No structural in-
vestigations of liquid barium or of the other
alkaline earths —calcium and strontium —have
been published. In lieu of such studies, some
consideration may be directed to the results of
the neutron diffraction studies of the liquid al-
kali metals, as carried out by Gingrich and
Heaton. '6 These workers found similar coor-
dinations of 9.0-9.5 for Li, Na, K, Rb, and Cs
near the respective melting points. For Rb and
possibly Cs, subsidiary peaks in the radial dis-
tribution function were detected, the relative
magnitude of these peaks increasing with in-
creasing temperature. Since the compressi-
bilities of liquid Rb and Cs are known to be ab-
normally high, as strikingly manifested in the
fusion curve maxima, it may be that the sub-
sidiary peaks indicate a drastic, possibly dis-
continuous, change in coordination within the
melt. A similar situation may exist for barium.

Some points for the solid-solid phase boundary
were also obtained with DTA and these are plotted
in Fig. 2. The thermal arrests associated with
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FIG. 2. Coordinates of solid-solid transition in
barium. The room-temperature point {square) was
obtained by resistance measurements, the others by
DTA.

the transition were very weak, and hence the data
cannot be considered very precise. The room-
temperature point was obtained by the resistance
discontinuity method'~' and has been precisely
located because of the sharp resistance increase
accompanying the transition. This is the first
direct determination of this transition, which
is widely used as a calibration point. For a
linear fit of the four experimental points (Fig. 2),
a slope of -22'C/kbar is suggested. For a, vol-
ume change" of -1.9$ or 0.72 cms/mole, the
entropy difference between the body-centered
cubic (bcc) polymorph and Ba II may be estimated
as -0.8 entropy unit. By linear extrapolation of
both the fusion curve and the approximate solid-
solid boundary, a triple point between liquid, bcc,
and Ba II may be estimated to occur near 80 kbar
and 450'C.

It is impossible to predict the slope and tra-
jectory of the Ba II fusion curve. If Ba II melts
with a slope only slightly less negative than the
approximately linear slope (dT/dP= -5.3'C/kbar)
of the melting curve of Ba I (Fig. 1), it is alto-
gether possible that the discontinuous increase
in resistance~ near 144 kbar and 25'C is indica-
tive of melting. The relative abruptness~ of the
resistance change at this point is certainly not
incompatible with this interpretation. The ex-
istence of a liquid would have considerable sig-
nificance, since investigations under completely
hydrostatic conditions at such high pressures
and relatively low temperatures may now be
feas ible.

Preliminary results from experiments now
in progress in this laboratory with calcium and
strontium do not immediately indicate any ob-
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vious similarities with the phase diagram of
barium. It may be that the solid- (and liquid-?)
state transitions in Ba are more closely re-
lated to those in Cs,"both being intimately con-
nected with the band structures corresponding
to the closely spaced'8 6s, 5d, and 4f atomic
energy levels. In support of this viewpoint, it
may be noted that the volume changes across
the I-II transition for Cs and Ba are -0.6Q '9

(0. 43 cm~/mole) and -l. 9% '7 (0. 72 cm~/mole),
respectively. The Cs II-III transition is known

to be rapidly reversible and with a rather large
volume change of -5.6%" (4. 0 cms/mole); pres-
ent published speculations~~ ' are that Cs II and

III are isostructural and that a discontinuous
change in the character of the valence electron(s)
is involved. The volume change for the Ba tran-
sition near 144 kbar and 25'C is not known, but
its ready reversibility does not rule out the pos-
sibility of its being an "electronic" transition.

The crystal structures of Cs II and III and of
Ba II have not been determined, although most
speculations~&" have assumed boih of the former
to be face-centered cubic (fcc). If the reason-
able working hypothesis of a close-packed struc-
ture for Ba II is embraced, it is more likely that
the structure is fcc rather than hexagonal close-
packed (hcp). This statement is based on the
experience that all bcc-hcp transitions studied
so far'y' occur at different temperatures upon
heating and upon cooling and that no such hys-
teresis was detected in the present measure-
ments for the Ba I-II transformation.
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