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The pressure dependence of the melting temperatures of Li, Na, and K were measured to
32 kbar with accuracies in pressure and temperature of +0.4% and +0.25°C, respectively.
The measurements were made in a piston cylinder apparatus with a fluid-pressure medium.
The adiabatic pressure derivatives of temperature (37 /0P); were measured to 32 kbar and
400°C by a pressure pulse method. The logarithm of (37 /3P); decreases linearly with
“volume. The changes of (37 /9P), at the liquid-solid transitions fall within the data scatter.
The Gruneisen parameter was calculated from y=(B,;/T)(dT /3P);, where By is the adia-
batic bulk modulus. For all three alkali metals, y decreases with compression in both the
solid and the liquid states, and at constant volume y decreases with temperature.

INTRODUCTION

The accurate measurement of thermodynamic
properties of liquid metals at high pressure is of
great importance for understanding liquid struc-
tures. Pressure derivatives such as adiabats and
slopes of melting curves are suitable for testing
theoretical models for fluids and can be applied to
geophysical convection models. In the reduction of
shock-wave data to isothermal data, the knowledge
of the pressure dependence of the Griineisen param-
eters is very useful.

Previous estimates of the melting point at high
pressure in pressure chambers with a solid-pressure
medium have limited accuracy due to several fac-
tors: (1) The thermal expansion and the volume
change upon melting alter the pressure on the sam-
ple, (2) the danger of leakage of the molten sample
requires the thermocouple to be located outside the
sample capsule, (3) plastic deformation in the ther-
mocouple wires. These factors can lead to errors in
the temperature by several degrees and therefore can
lead to large errors in the estimate of the slopes of
the melting curves, a fundamental quantity in the
derivation of systematics in the melting behavior.

In the case of the alkali metals, Stishov and co-
workers"? have measured the pressure dependence
of melting using a piezometer inside a hydrostatic
pressure medium to 14, 22, and 12 kbar for Li, Na,
and K, respectively. In the present study the pres-
sure range was extended to 32 kbar using a piston-
cylinder apparatus with a hydrostatic pressure medi-
um with in situ measurements of pressure and tem-
perature.

The melting temperatures and the adiabatic pres-
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sure derivative of temperature, (37 /dP),, as a func-
tion of pressure and temperature were measured in
the same pressure cells. Solid and liquid Li, Na, and
K were studied. Recently, Boehler® described the
systematic decrease of (37 /dP), with volume for
several materials. He found that (3T /dP), de-
creases with compression with a power

n=—0In(dT /3P);/d1np (1)

with surprising consistency. Such a functional
dependence of the adiabat allows long extrapolations
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FIG. 1. High-pressure fluid cell.
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FIG. 2. Melting of lithium vs pressure.

in pressure and temperature. This empirical law
was tested over a large compression range in the
liquid and solid states in the present study on the al-
kali metals.

From the (37 /3P); measurements and compres-
sion measurements at high temperatures, the impor-
tant Griineisen parameter can be calculated from
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FIG. 3. Melting of sodium vs pressure.
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FIG. 4. Melting of potassium vs pressure.

y=(B,/T)dT /dP); , 2)

where B; is the adiabatic bulk modulus. The
behavior of y at high compression is discussed.

APPARATUS

The measurements were made in an end-loaded
piston-cylinder apparatus with an inner diameter of
19 mm and a length of 100 mm. The high-pressure
cell is shown in Fig. 1. A 1:1 mixture of pentane
and isopentane was used as the hydrostatic pressure
medium. The top pressure seal consists of a conical
plug with a steel wedge ring and rubber gasket.
Sheathed wires soldered into steel cones were used
for the electrical feedthrough. This seal assembly is
very reliable and there is no evidence of leakage or
failure in any of the experiments. The bottom seal
is a modified Bridgman seal with low and almost
constant friction of about 0.7 kbar. The sample is
located in a thin-walled stainless-steel capsule with a
movable lid. No chemical reaction of the steel and
the alkali metals was observed. The capsule is sur-
rounded by a wire-wound heater and thermally insu-
lating glass ceramic.

PRESSURE AND TEMPERATURE
MEASUREMENT

The resistance of a manganin wire inside the pres-
sure chamber was recorded as a function of applied
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pressure for a compression-decompression cycle.
From this the gauge factor is determined and the
pressure changes can be measured. The details of
this procedure are described by Boehler et al.*

For the measurement of the temperature and AT,
we used sheathed Chromel-Alumel thermocouples
with a wire diameter of 0.1 mm and a stainless-steel
sheath diameter of 0.5 mm. The stainless-steel
sheath prevented chemical contamination and plas-
tic deformation of the thermocouple wires.

MELTING

The melting temperature as a function of pressure
was measured with one thermocouple which was lo-
cated approximately in the geometric center of the
sample. Melting and freezing could be easily ob-
served by monitoring the temperature during melt-
ing and freezing on a strip chart recorder. The ther-
mocouple voltage and the resistance of the manga-
nin gauge were recorded simultaneously at the tem-
perature rests during melting or freezing. The
reproducibility of the measurement was within
0.5°C. Melting points and freezing points fell
within this precision. The pressure correction of
Chromel-Alumel thermocouples in the pressure and
temperature range of this study is very close to zero
and the uncertainty in the melting-point measure-
ments is therefore less than £0.25°C. The uncer-
tainty in pressure is £0.4%, which is based on the
uncertainty in the estimate of the dilation of the
pressure chamber.

(8T /0P ); MEASUREMENT

The adiabat measurement used the same ap-
paratus as was used for the melting experiments.
The measurement of the adiabats, (37 /dP),, is
essentially the measurement of a temperature change
in a sample during a rapid incremental change in
pressure. This is achieved by opening a valve con-
necting the piston ram with a secondary high-
pressure reservoir for a very short time. The time
period of a typical pressure change is less than one-
tenth of a second, so heat loss during the pressure
pulse can be neglected. The measurement is there-
fore very close to adiabatic. Pressure changes of a
few tenths of a kilobar are sufficient to generate
voltage signals from the thermocouple of several
tens of microvolts. For the alkali metals, the values
of (3T /9P), are several degrees per kilobar. During
adiabatic compression, the voltage change of the
thermocouple and the resistance change of the man-
ganin wire are recorded simultaneously on a strip
chart recorder. The accuracy in (07 /0P), is about
+1%.

TABLE 1. Melting temperature T,, of Li, Na, and K
at high pressures. 1-atm handbook values in brackets.

T,, (°C)
P (kbar) Li Na K

0 180.0 (180.5) 97.8 (97.5) 63.7 (63.3)
5 194.8 136.5 128
10 205.9 167.5 167
15 215.2 192.5 195
20 223.0 214.0 214
25 229.3 232.5 229
30 234.8 249.0

SAMPLES

All samples were of a purity of at least 99.5%.
Sodium with a purity of >99.5% was purchased
from Baker Chemical Co., 99.9%-pure lithium from
Mackay Inc., and 99.5%-pure potassium from
Research Organic/Inorganic Chemical Corp. The
samples were cut and filled in the stainless-steel cap-
sule under mineral oil.

(oT/0P s (°C/kbar)

) 20 30
P (kbar)

FIG. 5. Adiabats of lithium as a function of pressure
and temperature.
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TABLE II. Values of (3T /0P);=aT /c,p of Li, Na, and K at 1 atm.

T a ¢ p (8T /dP)
(K) (10~* deg™1)® (1073 kbarcm®deg~'g~!)® (g/cm?) (deg/kbar)
Li 298 1.58 35.7 0.534 2.44
473 1.96 43.6 0.507 4.19
673 2.06 42.1 0.495 6.66
Na 298 2.08 12.3 0.970 5.21
473 2.63 13.4 0.903 10.3
673 2.78 12.8 0.856 17.1
K 298 2.46 7.56 0.860 11.3
473 3.00 7.90 0.795 22.6
673 3.18 7.64 0.748 37.5

2Reference 8.
bReference 9.
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RESULTS

The melting and freezing temperatures were mea-
sured during a compression-decompression cycle.
Hence drift in the thermocouple output and possible
contamination of the samples can be checked. No
differences larger than 0.5°C between the melting
temperature taken at increasing pressure and those
taken at decreasing pressure were observed. For ac-
curate pressure estimates the pressure coefficient of
the manganin gauge resistance was obtained from
the compression-decompression cycle along the
melting curves. The results are shown in Figs. 2—4
and compared with previous measurements. -Perfect
agreement with the measurements by Stishov and
co-workersh? is observed, whereas older measure-
ments using nonhydrostatic pressure cells show
strong deviation from our measured values.>® The
values given in Table I are taken from the smoothed
curves in the Figs. 2—4. The melting points mea-
sured at 1 atm show good agreement with handbook
values.

The results of the (37 /0P); measurements are
shown in the Figs. 5—7 as a function of pressure and
temperature. Our results for Na and K at room
temperature are essentially identical to those mea-
sured by Ramakrishnan and Kennedy.” Each data
point represents one pressure pulse and AT /AP is
taken as (87 /dP),;. The nature of the high-pressure
seal and the friction makes the measurement of
(8T /dP); below 1 kbar impossible. The (3T /dP);
curves were therefore extrapolated to 1-atm values
calculated from

ar
oP

_aTl
s CPP
where a is the thermal-expansion coefficient, cp is
the specific heat at constant pressure, and p is the

density. Results and data sources are given in Table
II. The uncertainty in «a is probably on the order of

) 3)

In (3T/aP)

07 0.6
V/V,
FIG. 8. Volume dependence of In(dT/dP);. The
points are taken from the smoothed curves in Figs. 5—7.
V/V, was set equal to 1 at 1 atm for all temperatures.

several percent, but our curves and the calculated 1-
atm intercepts are in good agreement considering
the steepness of the curves at low pressure and high
temperature. At 25°C all three alkali metals are in
the solid phase and at 400°C they are in the liquid
phase. The dashed lines on the 200°C curves
represent the liquid-solid phase transitions. Changes
of (3T /0P); at the transition larger than the data
scatter were not observed for any of the three alkali
metals. Table III lists the values of (37 /dP), taken

TABLE III. Values of (37 /dP); in deg/kbar taken from smoothed curves.

P Li Na K
(kbar) \T" (°C) 25 200 400 25 200 400 25 200 400
0* 2.44 4.20 7.2 5.40 10.3 17.1 11.3 22.6 375
2 2.27 3.62 6.10 4.60 7.45 13.5 8.4 15.0 27.0
5 1.95 3.05 4.85 3.70 5.90 10.2 6.1 9.7 16.0
10 1.68 2.47 4.17 2.90 4.55 73 4.2 5.9 8.1
15 1.49 2.17 3.63 2.44 3.75 5.6 32 4.3 5.6
20 1.33 1.95 3.20 2.08 3.20 4.5 2.55 3.4 4.5
25 1.19 1.75 2.81 1.82 2.83 3.7 2.1 2.9 3.8
30 1.06 1.58 2.48 1.63 2.52 32 1.8 2.5 33

#See Table II.
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TABLE IV. Bulk moduli and their isothermal pressure and temperature derivatives of Li,

Na, and K.
By? dB,/dT® dBjg /dT®
(kbar) (10~2 kbardeg™} By° (10~3 deg™)
Li 112.746 —11.2¢ 3.58+0.1 1.0°
Na 62.1+3 —4.3£0.5 3.86+0.05 1.2+0.3
K 30.9+1 —2.540.5 3.83+0.02 1.340.3

2Average values from Bridgman (Ref. 11), Vaidya et al. (Ref. 12), and Grover et al. (Ref. 13).
*From B yerage at room temperature and B at 200°C by Makarenko et al. (Ref. 2).

°Extrapolation of Bridgman’s data (Ref. 10).

from the graphically smoothed curves in Figs. 5—7.

It has been shown in a previous study® that the
adiabats of materials with high compressibility de-
crease as a function of density with a power

n=—3aIn(dT/dP);/31np , (1')

where n is only moderately temperature dependent.
The quality of the fit of the experimental data to
such a functional dependence of (37 /9P), can be
checked for the alkali metals, where large decreases
of (8T /dP), over a large compression range are
found. The only compression data at high tempera-
ture for Li are available from Bridgman!® to 95°C
and for Na and K from Makarenko et al.? to 200°C.
For the present study the pressure-volume data was
fit to a first-order Birch equation of the form

P=3Bo[(Vo/ V)= (Vo/V)"]
X[14+5(By—4)(Vo/VP3-1)] , 4)

where B is the isothermal bulk modulus at 1 atm
and By is its pressure derivative. From this, the
temperature dependence of B, and B, was calculat-
ed. The results are shown in Table IV.

The compression as a function of pressure and
temperature was calculated from Eq. (4). Values for
B, and B at 400°C were obtained from a linear ex-
trapolation of By and Bg in T.

For Li, Na, and K, a least-squares fit to a straight
line of the experimental data to

In(dT /3P ), p =In(dT /3P)s p _g-+m (V/V,) s

yields significantly better fits than using Eq. (1).
The results are shown in Table V.

In Fig. 8 the logarithm of (87 /dP), of Li, Na,
and K is plotted versus the compression calculated
from Eq. (4). V/V, was set equal to 1 at 1 atm for
all temperatures. The volume changes at the
liquid-solid transition for Na and K at 200°C were
taken from Makarenko et al.> The quality of the fit
is represented by the standard deviations of the slope
in Table V.

The Griineisen parameter y was calculated from

y=(B,/T)(dT /dP),

Adiabatic bulk modulus data, B;=—V (3P /3V),
however, are not available for the alkali metals at
high temperatures. Therefore, a correction for the
isothermal bulk modulus has to be applied using

B,=B;+TCyV*/V , (6)

where C) is the specific heat at constant volume,
and V is the molar volume. ¥ can then be calculated
from Egs. (6) and (2):

y=Br(dT /3P),/T +Cy(dT /AP)*/V . (1)

Equation (7) is solved for y using By values as
shown in Table IV and by assuming constant
Dulong-Petit values for Cy. Cj is most probably
not constant at high temperatures, especially for the
liquid, but the above assumption is reasonable when
Cy is used as a correction term for the calculation of
7. The results are shown in Table VI and Fig. 9 as a
function of pressure and temperature and in Fig. 10

TABLE V. Volume dependence of the adiabat (37 /dP), of Li, Na and K. The data in
Table III were least-squares-fitted to In(37 /0P )5 p=In(3T /OP)s p_o+m(V /Vy).

(3T /3P),po

(deg/kbar) m
T (°C) 25 200 400 25 200 400
Li 2.44 4.14 6.90 4.76+0.07 6.10+0.27 4.51+0.14
Na 5.26 8.84 17.02 4.78+0.09 4.72+0.06 5.57+0.06
K 11.3 23.1 41.8 5.11+£0.04 5.94+0.05 6.25+0.21
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FIG. 9. Griineisen parameter of sodium and potassium as a function of temperature along isobars. The solid lines are

for sodium and the dashed lines for potassium.

as a function of compression along isotherms. The
uncertainty in ¥ is due to the uncertainty in the bulk
modulus and is about 10%.

DISCUSSION

The use of hydrostatic pressure cells with internal
pressure gauges and thermocouples located directly
in the sample yields the melting temperature as a
function of pressure with high accuracy. For Na
and Li, strong deviations from the results of older
measurements using nonhydrostatic pressure cells
are observed. The agreement of the present mea-
surements with those of Stishov and co-workers is
excellent and their pressure range is more than dou-
bled with no considerable increase in uncertainties in
pressure and temperature. The pressure apparatus
used in this study is capable of working to 40 kbar
but the approximately 32-kbar yield strength of the
steel parts used for the high-pressure seals and the
steel liner (see Fig. 1) preclude a routine measure-
ments over 32 kbar.

The liquid-solid transition does not change the
value of the adiabat or the slope of the adiabat-
pressure curves. In contrast, (37 /3P); exhibits
large changes through the phase changes of KBr,
RbCI, Ce, and Bi."* Very small structural changes
from the solid to the liquid phase also exhibited as
small volume changes of 1—2 % at the transition
could explain the very small shift in (37 /0P), at
the transition.

One of the objectives of this study was to examine

the nature of the behavior of the adiabat with
volume. Previously a simple relationship of
(8T /0P); with volume was observed [Eq. (1)].
Based on (37 /0P); measurements on olivine and
magnesium oxide, this relationship was applied to
calculate the adiabatic gradient in the deep mantle
of the earth. This yielded good agreement with
theoretical results.®> Because Li, Na, and K have
such high compressibilities, such a functional depen-
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FIG. 10. Grineisen parameter as a function of
compression along isotherms. The temperatures are in
degrees centigrade. The jumps at 200°C represent the
liquid-solid transitions.
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TABLE VI. Pressure and temperature dependence of the Grineisen parameter of Li, Na, and K. Values marked with

an asterisk are in the liquid state.

Li Na K
P (kbar)\T (°C) 25 200 400 25 200 400 25 200 400
0 0.98 0.89* 1.21 1.05 1.19* 1.27 1.25 1.30%
5 0.90 0.75* 1.05 0.90 0.97* 1.02 0.89 0.98*
10 0.85 0.70 1.00 0.87 0.90* 0.92 0.75 0.69*
15 0.84 0.69 0.98 0.85 0.85* 0.86 0.72 0.62*
20 0.82 0.69 0.96 0.90* 0.80* 0.81 0.71* 0.61*
25 0.80 0.68 0.94 0.89* 0.77* 0.76 0.68* 0.61*
30 0.76 0.67 0.94 0.88* 0.78* 0.73 0.68* 0.61*

dence can be examined for compressions up to 40%.
It is evident from Fig. 8 that a simple relationship
such as Eq. (5) is a good representation of the
behavior of (37 /dP),. Equation (5) yielded signifi-
cantly better fits than Eq. (1). The advantage of
such a method of fitting (37 /9P); data is obvious.
The linear relation between between In(d7 /dP), and
volume allows the extrapolation to higher pressures
and the consistency in the slopes can be used to ex-
trapolate to higher temperatures. A comparison
with theoretical predictions for the adiabat at high
pressures and high temperatures might be useful. It
is interesting to note that the bulk modulus of met-
als shows a similar functional dependence of the
volume'® as the adiabat.

The present study is the first experimental esti-
mate of the Griineisen parameter y at high pressures
and high temperatures for solid and liquid alkali
metals. The volume dependence of y as shown in
Fig. 10 shows a significant deviation from the often
assumed power-law equation

y=rV/Vo) . (8)

A fit of the calculated y values to Eq. (8) yields
values of g close to 1, and therefore a very close to
linear y-volume dependence. The highest uncertain-
ty in the calculation of ¥ is in the large uncertainty
in the bulk modulus. The lack of accurate values of
the adiabatic bulk modulus B, from ultrasonic mea-
surements at high pressures and high temperatures
requires the use of isothermal bulk modulus data.
These are obtained by fitting isothermal compres-
sion measurements to a Birch equation, which is de-
rived from the theory of finite strain. The Birch
equation is believed to be one of the best equations
of state for alkali metals.”> From this, a reasonable

uncertainty in the bulk modulus at a compression of
40% is about +10%, which leads to the same uncer-
tainty in 7, and the uncertainty in the zero-pressure
bulk modulus, as shown in Table IV, is due to the
variation of the compression data from different
sources.

In summary, several properties of the pressure
dependence of ¥ have been observed: (1) y decreases
with pressure for both solid and liquid Li, Na, and
K. This is in contrast to some organic fluids, and
for mercury and water, where a strong increase of y
with compression is observed'®; (2) y increases at the
liquid-solid transition by 7% for Na and by 4% for
K. No compression data through the liquid-solid
transition for Li were found; (3) the y-volume curves
show strong curvature with ¥ becoming less volume
dependent at high compression; (4) at constant pres-
sure, Y decreases with temperature except for Na
and K at 1 atm, where y increases between 200 and
400°C (see Fig. 9). The slopes of the y curves vary
between 3 10~* and 6 10~* deg™!; (5) at constant
volume, y decreases with temperature (see Fig. 10);
(6) the initial slopes of the y-volume curves vary be-
tween 2 and 3.5. At high compression y tends to ap-
proach asymptotic values of about 0.6—0.7.
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