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Results are presented of measurements of the equation of state and speed of sound in cesium. The 
equation of state was measured at temperatures up to 2200 K and pressures up to 60 MPa in the 
liquid and vapor phases, including the coexistence curves as far as the critical point, and in the 
supercritical region; the error in the density data varied from 0.2 to 1.0 percent. The critical 
parameters of cesium were found to be 1938 K, 9.4 MPa, and 0.39 g cm- 3 .  The sound speed was 
measured to within 0 . 5 4 6 %  in the liquid phase up to temperatures of 2000 K and pressures of 60 
MPa. Tables of the thermal and specific heat properties of liquid cesium in this parameter range 
have been complied. Questions relating to the shape of the coexistence curve, the average 
diameter, and the specific heat at constant volume are discussed. The critical region in cesium is 
shown to be two orders of magnitude smaller than in dielectrics. 

1. INTRODUCTION 

Cesium is one of the few metals for which the critical 
point for the gas-vapor phase transition is accessible to mea- 
surement under steady conditions; only mercury has a lower 
critical temperature.' At the same time, the relatively un- 
complicated structure of the electronic spectrum of cesium 
enables us to use it as a standard against which to test theo- 
retical models of metallic liquids. Insufficient experimental 
information is available in the literature, however, to permit 
us to draw a complete picture of the thermodynamic and 
specific-heat properties of cesium at high temperatures and 
to establish the properties of the liquid-metal state for com- 
parison with nonconducting liquids. Therein lies the aim of 
the present work. 

In Sec. 2 we describe the techniques employed in carry- 
ing out measurements of the equation of state (EOS) and the 
results obtained at temperatures up to 2200 K and pressures 
up to 60 MPa, spanning the liquid and vapor phases together 
with the coexistence curve and the supercritical region. In 
Sec. 3 we describe the techniques employed and the results 
obtained in carrying out measurements of the speed of sound 
at temperatures up to 2000 K and pressures up to 60 MPa. In 
Sec. 4 tables are presented of the thermodynamic properties 
of cesium: the density p, the thermal expansion coefficient 
a = - p - ' (ap/aT), , the isothermal compressibility 
k ,  = p - ' (dp/aP) ., the sound speed U, the adiabatic com- 
pressibility k, = p - ' ( d ) ~ / d T ) ~ ,  the specific heats Cp and 
C,, and their ratio y = Cp/C,. Discussion and conclusions 
are presented in Secs. 5 and 6, respectively. 

2. EQUATION OF STATE 

Table I summarizes the results of earlier measure- 
ments'-" of the critical parameters of cesium. The data ob- 
tained prior to 1975 are completely consistent. This might 
convey the impression that nothing further remains to be 
done in this field. But an examination of the methods used 
and the results obtained in those studies (see, e.g., Ref. 12) 
leads one to conclude that more accurate experiments are 
needed. 

In the present work the EOS was measured using an air- 
tight two-zone dilatometer, shown in Fig. 1. A thin-walled 
bellows made of stainless steel served as the elastic element, 

which allowed us to carry out measurements not only for the 
liquid phase, as was done in our previous work,13 but also for 
the gas, including the saturation curve. 

The cesium was 99.99% pure. The measuring element 
was filled with cesium in a vacuum of better than 5 x 10- 
Torr. The dilatometer was situated in a high-pressure bomb 
divided into cold and hot zones. The medium used to trans- 
mit pressures was argon. The pressure drop at the dilato- 
meter was shown by calibration14 to be less than 20 kPa for a 
volume change of 2.2 cm3. The cell volumes we used varied 
from 1.7 to 2.0 cm3. 

The heater was made of two thin-walled coaxially fas- 
tened tungsten tubes 250 mm in length. At every experimen- 
tal point the heater power was stabilized by means of a thyr- 
istor temperature regulator. The cell temperature 
distribution was held uniform by means of guard heaters 
which kept the temperature gradient AT/T along the cell 
below A detailed description of the experimental ap- 
paratus was given by Kozhevnikov and Ermilov.15 

We used cells made of molybdenum and tungsten. The 
tungsten cell shown in Fig. 1 was made by precipitation from 
the gaseous phaseof WF,. In every case the ratio of the capil- 
lary volume to that of the cell was - The mass of the 
cesium in the capillary was corrected by assuming a linear 
longitudinal temperature distribution. Other corrections 
were carried out as described in Ref. 13. 

Figure 2 displays experimental data. The measure- 
ments were carried out along an isobar as the temperature 
increased and decreased. Over 600 experimental points were 
obtained. At pressures above 12 MPa the results agreed well 
with those of Ref. 13; the 30-MPa and 59-MPa isobars 
shown were constructed using the results of Ref. 13. 

The liquid-vapor transition temperature was found to 
within an accuracy of z 1 K (associated with the scale of the 
thermometer used) from the discontinuity in the sample 
density associated with heating and cooling. The values ob- 
tained for the boiling and condensation temperatures at 
pressures from 3 to 9 MPa agreed well (to within 1-3 K )  
with the elasticity curve for cesium vapor.', On the 0.9-MPa 
isobar boiling occurred with superheating sometimes reach- 
ing 60 K. There was no detectable recooling during conden- 
sation. At pressures above 9 MPa the experimental isobars 
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FIG. 1. Dilatometer: 1-cell (W or Mo); 2--container (Mo); 3--capil- 
lary ( W or Mo); &body of measuring element; 5-bellow; 6,7-pair of 
pistons; 8-plug of opening for refilling with mercury; 9-place for at- 
taching slide for slide wire; l&thermocouple; 1 1-tube for inserting ce- 
sium; 12-mast for slide wire; 13-slide wire with contacts; 14--station- 
ary potential contacts; 15--elastic current-conducting contacts; I-hot 
zone; 11--cold zone. 

assume the smooth form typically observed in supercritical 
states. 

Figure 2 also gives the values of the saturated vapor 
density taken from Vargaftik et a1.,17 which agree with the 
present data at temperatures up to 1800 K. In this compari- 
son the low-pressure region, where the data of Ref. 17 are 
most reliable and where our experimental error is greatest, is 
of prime importance; at 1300 K the discrepancy is less than 
1%. The same figure also shows experimental results" in 
satisfactory agreement with ours. It should be noted that 
Ref. 1 1  employed a different measurement technique: the 
values of the density on the saturation curve were found 
from the intersection of the experimental isochores and the 
saturated-vapor elasticity curve. 

The relative error in our determination of the density, 
which varied by two orders of magnitude in the course of the 
experiments, ranged from 0.2% in the dense liquid to 1 .O% 
in the rarefied gas. 

The temperature of the sample was measured by three 
VR 5/20 tungsten-rhenium thermocouples prepared from 
one pair of calibrated wire coils. The absolute error in the 
temperature measurements varied form 5 K at T Z  1300 K to 
10 K at Tz2100 K. The error in the differential readings of 
the thermocouple was less than 1 K. The pressure was regu- 
lated with standard pressure gauges to within 20 kPa for 
P( 10 MPa and to within 0.1 MPa for P> 10 MPa. 

The location of the critical point was determined from 
the intersection of the coexistence curve and the average di- 
ameter of the phase diagram. The critical parameters were 
T, = 1938* 10 K, PC =9.4*0.2 MPa, and p, =0.39 
0.1 g cm - . These values of the critical parameters differ 

considerably from most of those found in earlier work, but 
agree with the most recent results found by Hensel's group'' 
(cf. Table I ) .  

3. SPEED OFSOUND 

The speed of sound in liquid cesium has been studied 
experimentally on the saturation curve in six papers (re- 
viewed by Novikov et al.''). The maximum tempetsture 
reached in these studies19 was 1100 K; U( T )  was presented 
by a linear approximation. 

In the present work the speed of sound was measured 
with apparatus described p rev iou~ ly .~~  The pulsed-phase 
technique on which it is based permits the sound propaga- 
tion time to be measured to within 1 ns. The need for such 
great precision arises because at these high temperatures and 
pressures one has to deal with samples - 1 mm in dimension, 
a factor of ten smaller than the usual sample in liquid-metal 
experiments. 

The measuring element in this work was made from a 
molybdenum tube; the soundguide and limiting ring were 
also made the molybdenum. The pressure load on the air- 
tight cell was applied by means of a bellows spreader baked 
onto the molybdenum tube. In the experiments we measured 
the change in the sound propagation time through the tube 
as a function of temperature and pressure relative to a refer- 
ence state, a specified as 305 K and atmospheric pressure. 
The speed of sound there was taken to be U, = 958 m s -  ' 
(Ref. 18). 

Taking into account thermal expansion of the molyb- 
denum and the errors in the published value of U,, we con- 
clude that the error in our values of the sound speed was 0.5- 
0.6%. The temperature and pressure were measured with 
the same instrumentation as in the EOS experiments. 

The measurements were carried out at a frequency of 
approximately 10 MHz on an isobar under steady condi- 
tions, with automatic checking of reproducibility as the tem- 
perature increased and decreased. Over 300 experimental 
points were obtained, some of which are shown in Fig. 3. 
Seven sizes of measuring cells were used, ranging from 2 to 4 
mm. The resulting data agreed well with the results of our 
previous series of experiments, in which the sound speed was 
measured for T< 1400 K and P(60 MPa in a stainless steel 
cell." The experimental results also agreed with those of 
Novikov et aZ.,l9 except that, as can be seen from Fig. 3, the 
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FIG. 2. Equation of state of cesium (experimental 
data): 1 is the coexistence curve; 2-12 correspond 
to the following values of P in MPa: 2-4.98, 3- 
3.04; 4--6.96; 5-7.94; 6 8 . 9 2 ;  7-9.90; 8-10.7; 
9-11.9; 1C-14.8; 11-29.5; 12-58.9; A indi- 
cates the critical point, + the density of the satu- 
rated vapor," + the density of coexisting liquid 
and vapor, and v the critical point from Ref. 11. 

temperature dependence of the sound speed departed from 4. THERMODYNAMIC PROPERTIES OF LIQUID CESIUM 
linearity for T>900 K. 

The highest temperatures (around 2000 K )  were at- In order to calculate the thermodynamic and specific 
tained at high pressures. The maximum temperature mea- heat properties of cesium we have to take derivatives of the 
sured on the saturation curve was 1700 K and was accompa- density with respect to temperature and pressure. This is 
nied by a substantial decrease in the wave resistance of the typically done by fitting the data with some analytic func- 
sample relative to the impedance of the soundguide at high tion. The effectiveness of such a procedure depends in large 
temperatures. measure on whether there is any theoretical justification for 

FIG. 3. Speed of sound in liquid cesium: 1-on the 
saturation curve; 2-for P = 9.9 MPa; 3-for 
P = 19.7 MPa; 4--for P = 29.5 MPa; 5-for P = 39.3 
MPa; &for P = 58.9 MPa. 

500  /ODD /5UU T, 6 
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this function. An example is the virial form used for the EOS 
of nearly collisionless gases. In the case of liquids and dense 
gases, no such theory is available, so the experimental data 
were reduced by a local smoothing te~hnique, '~ using the 
algorithm described by Vargaftik et This method has 
the advantage that there is no need to develop a global pre- 
scription for the approximation function, while the deriva- 
tives can still be found fairly accurately. The accuracy with 
which they can be calculated depends primarily on the quali- 
ty of the data, whereas with a single functional approxima- 
tion it also depends strongly on the choice of that function. 

The rms errors in approximating the EOS and sound 
speed were 3 X 10 - g cm - and 0.8 m s - ' , respectively. 
The specific heat was calculated from 

with 

~ = k , / k s = p U % ~ .  

Table I1 gives the smoothed values of the thermody- 
namic properties of liquid cesium. The first line of subcriti- 
cal isotherms corresponds to the saturated state. The densi- 
ties of the coexisting liquid and vapor are separated with a 
horizontal rule. The value of the saturation pressure was 
taken from Ref. 16. The errors in the tabulated quantities are 
as follows: Sp varies from 0.2% (p> 1.5 g cm-3 ) to 1 % 
(p(0.02 g cmP3 ); Sap = 1-3%; Sk, =:2-5%; SUz0.6%; 
Sk,z1.5%;SCp variesfrom 15%atpz1 .7gcm-3  to 11% 
a tpz0 .9  g ~ m - ~ ;  SCvz16-17%; Sy=:2-5%. 

In Fig. 4 the specific heat Cp is plotted as a function of 
temperature for several pressures; also shown are values of 
Cp takes from the literature.24225 The evident agreement 
between the present results and those published previously 
provides some assurance that our experimental data are con- 
sistent and the method with which we reduced them is valid. 

FIG. 4. Specific heat of liquid cesium at constant pres- 
sure: 1--on the saturation curve; 2-for P = 5 MPa; 3- 
for P = 10 MPa; &for P = 20 MPa; 5-for P = 30 MPa; 
&for P = 40 MPa; 7-for P = 60 MPa. Broken traces 
indicate extrapolations, chain curves are defined on the 
saturation curve;24 0 and indicate experimental 
pointsz5 at pressure of 6 and 9 MPa, respectively. 

5. DISCUSSION 

Critical region of cesium. In Fig. 5 we plot 
Ap = (p", p 3 / 2  pc, hpL = ( p i  - pc )/pc, and 
Apv = (p, -p",/p, as functions of t = (T, - T)/T,, 
wherep",ndp",re the densities of the coexisting liquid and 
vapor phases. For 7 X 1 0 - 2 > t < 9 ~ 1 0 - 3  we have 
PLv=0 .40 f  0.01, fl, =0.44f 0.01 and P,=0.34 
+ 0.01, where PLY, Dr., and Pv are the respective expo- 

nents on the coexistence curve. In dielectric liquids the cor- 
responding traces have a single power-law behavior with ex- 
ponent 8~ 1/3, beginning roughly at the same peak values 
o f t  (Ref. 26). Our results on the specific heat at constant 
volume imply that these values of t  are associated with well- 
developed fluctuations, whose properties have to be ana- 
lyzed in terms of the theory of critical phenomena: the "fluc- 
tuational" growth of C, for liquid cesium in the saturated 
state begins at t z0 .1  (cf. Fig. 8 below). In argon the rise in 
C, also begins at t z0 .1  (Ref. 27). 

In the neighborhood of the critical point we can write 

FIG. 5. Coexistence curves for cesium in normalized coordinates (log-log 
plots); 1-Ap--to4'; 2-ApL -to*; 3-Apv-t0.34. 
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expressions for Ap, and Ap, in the form2' 

where 0 and a are the critical exponents for the coexistence 
curve in the specific heat at constant volume. Theoretical 
e~timates'~-~l yield values of a and B close to 0.11 and 0.3, 
respectively ( ~ ~ 0 . 5 ;  see Refs. 28, 3 1 ). 

Although fluctuations affect the equilibrium properties 
of metallic and dielectric systems noticeably for t<O. 1, it is 
possible that this influence may develop differently in metals 
and in dielectrics. In dielectrics in Hamiltonian has to a con- 
siderable extent become scale-invariant even for t<5- 
8 X lo-', so that the coexistence curve can be accurately 
approximated by the first term of expressions ( 1 ) and ( 2 )  
(Refs. 33, 34). In view of the specific form of the metallic 
coupling, particularly the strong density dependence of the 
interionic interaction, the loss the individual features in the 
Hamiltonian occurs closer to the critical point in a metallic 
system. It is possible that for <t< lo- '  the Ginzburg 
parameter satisfies Gi- t (i.e., Gi-P/ro6) in liquid cesium, 
where ro is the interaction radius and 7 is the average inter- 
particle ~epa ra t i on .~~  This implies that at such temperatures 
the second and higher terms of Eq. ( 1) exert a perceptible 
infl~ence,~, and the asymptotic region shifts in the direction 
of smaller t. 

The closeness of 0, and the theoretical value BZ 1/3 
allows us to extrapolate the measured values of Ap, Ap, , and 
Ap,, as shown by the broken traces in Fig. 5. Accordingly, 
the upper bound on the values o f t  for which the liquid and 
vapor branches of the coexistence curve can be described by 
the same power-law dependence (close to 1/3) is two orders 
of magnitude smaller than in dielectric liquids, which agrees 
with the assumptions made by M ~ t t . ~ '  A further peculiarity 
of the peak of the coexistence curve compared with that of 
dielectric liquids is found in the big difference in the asymp- 
totic regions for the liquid and vapor branches. 

The observed symmetry in the cesium phase diagram 
near the critical point is undoubtedly connected with the 
difference in the interaction between particles in liquid and 
in vapor, which persists under these conditions. Conse- 
quently, Fig. 5 serves to confirm that the metal-nonmetal 
transition in cesium occurs close to the critical ( t<  l o p 3  ), 
which is consistent with the available electrical-conductivity 
data.38 

Figure 6 displays traces of Ap, and Ap , vs t for Cs and 
Rb, taken from Ref. 1 1, and for Hg, taken from Ref. 1. Evi- 
dently the former are entirely consistent with our thesis. The 
situation is otherwise with mercury. The metal-dielectric 
transition at a density of 9 g cm- (p  z 1 .5pc ) causes the 
peak in the coexistence curve to resemble the ordinary shape 
(DL &', =: 1/3; cf. Ref. 1). 

Average diameter and the law of corresponding states. 
From Eqs. ( 1) and (2) it follows that as T+ Tc the average 
diameter p, - 1 = ( p i  + ~ 3 1 2 . 1  = f ( T) becomes singu- 
lar with critical exponent 1 - a (Ref. 30). As a rule this 
singularity is not observed for dielectrics. In SF, the diame- 
ter was observed to undergo a slight curvature close to the 
critical point (t< 10- ), where the gravitational field exerts 
a perceptible influence on the results of the  measurement^.^^ 

In many experimental investigations of metal phase dia- 

FIG. 6. Coexistence curve for cesium and rubidium'' and mercury:' 0- 
Ap,; 0-Ap,. The numbers labelling the traces are the values of the 
corresponding exponents. 

grams it was assumed apriori that the diameter is rectilinear. 
(This is one reason why the old and new cesium critical 
parameters differ; cf. Table I.) Deviations from this law 
were first observed by Kikoin and Senchenkov4' in studies of 
the equation of state of mercury and confirmed by Kikoin et 
al.' Jungst et al." observed curvature in the average diame- 
ter of cesium and rubidium, also confirmed in the present 
work." 

Vaks et al.35 treated the curvature of the average diame- 
ter of the phase diagram of cesium and rubidium" as a singu- 
larity manifested by anomalously large values of the corre- 
sponding terms of the expansions ( I ) ,  (2)  in metals. 
Without ruling out this possibility, we note that a purely 
"singular" explanation of this phenomenon runs into diffi- 
culty because the curvature in the diameter occurs fairly far 
from the critical point ( t ~ 0 . 4 ) ,  where fluctuations are neg- 
ligible. 

Unlike the situation in dielectrics, the coexistence curve 
in metals separates systems with qualitatively different in- 
teractions: Van der Waals interactions between the vapor 
molecules and metallic between ions in the liquid. Obviously 
one would not expect metals and dielectrics to be similar 
thermodynamically. The specific form of the differences 
must depend on the valence electron states defined by the 
interactions between ions in the metallic liquid. 

Figure 7 displays plots for eight dielectric liquids from 
the work of G~ggenheim,~' along with data for mercury1 
and cesium. It is clear that the basic differences between the 
phase diagrams of metals and those of dielectrics are asso- 
ciated with the liquid branches. For the metals the average 
diameters are curved, in opposite directions for mercury 
(valence 2)  and cesium (valence 1 ) . 

Anisimov and Zaprudskii4' have shown that the curva- 
ture of the average diameter in the mercury phase diagram1 
can be explained in terms of an interaction between the order 
parameters of the liquid-gas and metal-dielectric transi- 
tions. 

Strong asymmetry in the coexistence curve and related 
curvature of the average diameter have also been observed in 
other systems with long-range coupling: metal-ammoniate 
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solutions and electron-hole in semicond~ctors .~~ This per- 
mits us to assert that the law of rectilinear diameters is valid 
only for systems with short-range coupling, including 
(among others) simple dielectric liquids. 

Cesium spec& heat at constant volume. Because of 
technical problems, specific heats at constant volume are not 
measured directly for liquid metals. The available data on 
C ,  (cf., e.g., Novikov et a l l 9 )  were calculated by means of 
well known thermodynamic relationships from various 
combinations of experimental data on EOS, sound speed, 
and C,. Using data from different sources can give rise to 
qualitatively different temperature dependence in C, ,  e.g., 
the presence or absence of a minimum at low temperatures. 
A similar situation is found on the theoretical side.-6 

Since calculations of C ,  are highly sensitive to errors in 
the initial experimental data, it is important that these data 
be as accurate as possible and that relative error be as small 
as possible, i.e., that the measurements be carried out consis- 
tently with the same thermometers and pressure gauges. The 
experimental data of the present work meet this requirement 
fully. Figure 8 shows C ,  for liquid cesium as a function of 
temperature and pressure. It is seen that C ,  decreases mono- 

C", J kg-' K- '  

FIG. 7. Phase diagrams of the dielectric liquids: Ne ( + ), Ar(@), 
Kr(.),Xe( X ) , N , ( A )  O , ( A )  CO(o) ,CH,  (O;Ref.40),Hg(+, 
Ref. I ) ,  and Cs(@). 

tonically from -3R near the melting point to 2R in the 
neighborhood of the critical point, which agrees with the 
qualitative picture that translational oscillation modes are 
gradually lost as one moves away from the melting point.47 
An estimate based on the free-electron model of the contri- 
bution of the electron heat capacity to the conductivity lies 
slightly outside the error bars on the values of C ,  we have 
obtained at the lowest temperatures studied. We regard this 
as an indication of the deficiencies of the model under these 
conditions. 

6. CONCLUSIONS 

We summarize the basic conclusions drawn from this 
study. 

1. High-accuracy measurements of the equation of state 
and speed of sound in cesium have enabled us to obtain im- 
proved values of the critical parameters and to compile de- 
tailed tables of the thermodynamic properties of this metal 
over the whole temperature range in which it is found in the 
liquid phase. 

2. We have revealed ways in which the phase diagram of 
cesium differs from those of simple nonconducting liquids: 

FIG. 8. Cesium specific heat at constant volume as a 
function (a)  of temperature and (b) of pressure: 1- 
on the saturation curve; 2-for P= 20 MPa; 3-for 
P = 30 MPa; 4--for P = 40 MPa; 5-for P = 60 MPa. 
The temperature and pressure at the critical point are 
indicated by arrows. Broken lines indicate the portions 
constructed by estimating the second derivatives of the 
EOS. 
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the critical region of cesium is two orders of magnitude 
smaller than that of dielectrics, and the breakdown of the 
law of rectilinear diameters in metal systems has been con- 
firmed. 

3. The cesium specific heat at constant volume has been 
shown to decrease monotonically from - 3R near the melt- 
ing point to z 2 R  at the critical point, exhibiting no mini- 
mum up to 1700 K. 

I am deeplygrateful to N. B. Vargaftik, D. I. Arnol'd, S. 
P. Naurzakov, E. B. Gel'man, and E. V. Grodzinksii for 
support and assistance in the course of this work, and to V. 
G. Vaks for valuable comments. 
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