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The phase transformation taking place xFxemrium in metallic
cerium at high pressures, first discovered by Bridgman /1/, is
of considerable %x® theoretical interest. It has now been estab-
lished /2/ that in this transformation the constant a of the
close-packed f-:ic-. lattice falls from 5.14 to 4.8% A, which cor-
responds to a 16.6% reduction in volume ; the type of crystal lat=-
tice undergoes no change.

There are grounds for believing fhat the cerium transformation
in question is due to the passage of the 4f electron to the 54
level, i.e., to a transformation of cerium from the tervalent
to the quadrivalent state. Accordingvto calculations of Zach-
ariesen /2/, the ionic radii of .ter- and kmkx quadrivelent cer-
jum for coordination number 12 respectively equalec...a8Nfeceee,

which are almost equal to the values calculated from the lattice
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constants observed for the "ordinary" and /"dense" phases. The
assumption regarding the electron transition mentioned is also
supported by x data of /3/,relating to é sharp rise in the elect-
ri@l conductivity of cerium after the transformation.

The pressure associated with the transformation in cerium has
been estimated differently in different investigations. In 1927
Bridgman observed the transformation at 300 and 7600 kg/cm2 s at
75° the transformation pressure was 9400 kg/cmz. Later /3/,
working with cerium of unknown purity, Bridgman found a transform-
ation pressure of 12,430 kg/em". Finally, in 1951 /b/ and 1952
/5/, using extremely pure cerium, Bridgman obse?ved a transform-
ation at a pressure of about 7000 kg/cma. The ettent of the fall
in volume during the transformation was also not established ex-
actly. The reason for this was that, even before reaching the
trahsformation region, the compressibility of cerium started ris-
ing rapidly with increasing pressure, which made it more difficult
to "intercept'' the extent of the change in volume associated with
the transformation itself. According to Bridgman's estimate
/b/, this quantity was about 8% ; the total change in volume on
raising the pressure from atmospheric to 15,000 kg/cm2 was 16.55%.

The indetermminacy in the extent of the fall in volume attrib-
utable to the transformation made it difficult to earry out an
exact calculation of the latent heat of the transformation from
the Clausius-Clapeyron equation. A determination of this quant-

ity is nevertheless of very great interest. In this paper we

shall consider its determination under high-pressure conditions.
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Experimental Part

In order to determine the heat of the phase transformation of
cerium under pressure we used the thermogram: method (see /6/).
The use of the thermal-analysis method at high pressures is de-
scribed in /7, 8/. The essence of the method employed lies in
comparing the aream of the differential recordm of the thermogramm
of mxsubzkmnzexwikkvaxkmexm the substance under examination with that
of another standard substance for which the thermal effect of the
phase transformation is known. Usually thé’standard is a substance
in which a phase transformation takes place at a temperature fairly
close (but not equal) to that of the phase transformation in the
substance under consideration. Under these conditions (for a con-
standt heating rate), the areas of the khx differential records
of the thermograms are proportional to the heats of the transform-
ations and to the amounts of the substances taken. In our meth-
od the work was carried out at constant temperature but increasing
pressure ; hence our standard had to be a substance in which the
phase transformation took piéce at a pressure not equal to but
close to that of the cerium transformation. Mercury provided
such a standard. The melting curve of mercury is quite well

was used.

known /9, 10/. In Bridgman's paper /9/ this curvesogether with
data relating to the compressibility of solid and liquid mer-
cury)were—used to calculate its heat of fusion at pressures up
to 12,000 kg/cm2 (corresponding to a melting point of -

We used cerium of 97% purity.* As will be shown later, the

* C""h"“""ﬂ 1-§7, Nd 3% Pr, o.l7° Phb, and O-Oiz, Sa.
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¢ir¢ phase transformation of this cerium took place at pressures
close to those found for pure cerium by Bridgman ig his latest
papers /4, 5/. In calculating the heat of the transformation a

correction was made for the 3/ of "inert" impurities.

Fig. 1. Schematic section of the high-pressure wessel. 1)
electrical conductor ; 2) resistance manameter ; 3) cylinder con-
faining the cerium ; 4) body of the vessel ; 5) copper block ; 6)

cylinder containing the mercury j; 7) thermosouple ; 8) ebonite

bushing.

The experiments were carried out in a high-pressure booster
with a working channel 25 mm Xemg across, this being sufficient to
create the required hydraulic (pehtane) or gas (nitrogen) pressure.
A bofper block 5 was mounted on the electrical conductor zm 1

(Fig. 1)« The cerium and mercury samples 3 and 6 under consider-

ation were placed in two similar small cylinders made of plexi-
glass (wall thickness 1.5 mm and internal diameter 6 mm), firm=-

ly fixed in the block 5. The rise in temperature associated
with the phase transformations (solidification of mercury or tran-
sformation of cerium into the denser form).was measure& with a
differential thermocouple 7 made of iron and Nichrome, coated
with a thin layer of shellac, and recorded with a Kurnakov pyro-
meter. The "hot" junctions of the thermocouples were centered

in the cylinders by means of the ebomite bushings 8.

The rate of pressure rise was the same in all the experiments.

e “7 ) - — -
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The rise in pressure from 4000 to 13,000 kg/cm2 (in experiments
with hydraulic pressure created by pentane) was achieved in 11
min. The pressure was measured by a Manganin resistance manometer
2 to an accuracy of + 30 kg/cma. The raté of pressure rise in-
cfeased slightly during compression owing to the fall in the
compressibility of the medium transmitting the pressure. This
could cause error in measuring the thermal effects owing to the
change in the conditions of heat transfer., In order to find
the extent of this possible error we made some experiments on the
solidification of mercury under gas pressure (Hitrogen) as well
as pentane. Theama of the differential records of the thermo-
grams for the same weight of mercury was almost the same in the
two cases (discrepancy 3%). Subsequent experiments were made

with the booster channel filled with pentane.

Fige 2. Typical thermogram taken with increasing pressure

and constant temperaturem.

In order to check the accuracy of the method we also made
15 experiments in which the smme amount of meréury was poured into
each of the cylinders and therise in temperature on solidificat-
ion was measured with two differen¥ial thermcouples connected

to two mirror galvanometers with photoregopding on the same drum.

Bach thermocouple was connected now to one and now to the other
galvanometer. On the basis of these experiments we estimated

the maximum possible error in determining the thermal effect of
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the phase transformation as + 5%.

In order to determine the heat of them phase transformation
in cerium the latter was first melted in vacuum in a quartz tube
and then machined to fit the cylindrical container exactly. The
thermocouple was fixed tightly in a hole drilled in the center of
the sample. The experiments were made with one differential thermo-
couple, the junétions of which were placed in the mercury and cer-

ium samples. The weight of mercury was 2.00 g in all the =zps ex-

periments and that of the cerium 1.15 g.
A typical thermogram is illustrated in Fig., 2. The first jump
in temperature (on the left) corresponds to the phase transform-

ation of cerium and the second (on the right) to the solidificat-

ion of mercury.

Table 1

Results of Determining the Heat of the Phase Transformation in Cerium

Key
1) S=rizx No. of the series

2
2) Pressure at the onset of the phase transformation, kg/cm

3) Areas of the differentialrecgﬁds of the thermograms, mm
4) Heat of phase transformation of cerium, cal/g-atom

5) Average

The results of three series of experiments are shown in Xks

Table 1. In the last column of the tabele we give the heat

L A =
heda ok oo d N 2
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of the phase transformation in cerium QCd calculated from the form-
ula *

s sRePs 552

BASTA qu is the heat of fusion of 1 g of mercury according to
A Aol
Bridgman's data /9/ at the temperature of the experiment,lK is

the ratio of theareas of the differential record of the thermo-
grams (Sce: SHg)‘
The average value of QCa from the three series of experiments

(2 new pairm of samples and new thermocouples were taken for each

series) equals 880+40 cal/g-atom.

Discussion of Results

The results of the present investigation confirm the identity
of the iﬁ?ﬁ of cerium formed at high pressures with the low-temp-
erature form. Barlier Trombe and Foex /11/ mm studied the behav-
ior of cerium at low temperatures and'observeQ(i:e transformation
at 109°K,with a10% fall in volume. In connection with this it
was first suggested in /2/ that the form of cerium found by Trombe
and Foex was identical with that discovered ?y Bridgman /1/ at
high pressure. Two papers were later published in support of

this view. Shuch and Stmrdivant /12/ reported their earlier x-ray

diffraction study of the crystal structure of cerium at 90°K.

1

™

* We consider the cerium transformation as completed since
2
the pressure in our experiments went up to 13,000 kg/em” ; at

this pressure the less dense form could not be detected by x-ray

diffractione (see /2/).
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In this they observed theexistence of two crystalline phases, one
with the ordinary fec lattice (a = 5.12 A) and the other with a
compressed lattice of the same type (a = 4.82 4), i.e., with the
same parameters as in /2/.

Measurements of the electrical resistance of cerium at low
temperatures /13/ indicate that the new,denser form of cerium
has a considerably lower resistance that the one existing at ord-
inary temperatures.

Lawson and Tﬁng-Yﬁn-Tang /2/ not omly suggested the identity
of the two forms of cerium in question but also made an approx-
imate estimate of the heat of the transformation under pressure so
as to be able to plot the p-T diagram satisfying this concept. Ac=
cghding to these calculations, the heat of the cerium transform-
ation should in this case be about 0.04 eV, or about 200 cal/g-atom.
g;:etperimental *x value of 880+40 cal/g-atom (at 13 to 18%) is
extfemely close to this value. It should be mentioned that the
plotting of the p-T curve directly from a:pe;aimental data relat-
ing to the temperature of the phase transfofmation as a function
of pressure is complicated in the case of me= cerium by kin?tic
factors (the retardation and incompleteness of the transformation

at low temperatures), as indicated in /11/.

Conclusions

lication g
1. We have describdd thg?gzi of the thermographic method tgo the

case of high pressures, the principle being to compare the thermal

effectm of the phase transformationm of the substance under con=-
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sideration with that of a standard substance at neighbouring but
\ - S B 5' ~I>» o
different thupsrakurms and constant temperature.

2. We have determined the heat of the phase transformation of

cerium, which is equal to 880440 cal/g-atom at temperatures of
’ 2

13 to 18°C and a pres#ufc of about 7000 kg/cm .

3. Our reuultsiahppart the view.that the form of cerium obsérf-
ed at high pressures is identical wifh f§g;obaorqu at low temp-
eratures. |
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