Melting of Normal Hydrogen Under High

Pressures Between 20 and 300 Kelvins

Abstract. The melting curve of normal hydrogen has been determined up to 52
kilobars between 20 and 300 Kelvins. The results are in excellent agreement with the
modified Simon equation proposed for hydrogen below 19 kilobars, but not with the
existing theoretical predictions. The results also provide an independent check on the
validity of the ruby high-pressure scale at low temperature.

In 1926, Bernal proposed that all mat-
ter subjected to high enough pressure
should be metallic. The search for such a
universal ultimate transformation of an
insulator to a metal has become one of
the most interesting problems in high-
pressure science. Being the simplest ele-
ment in the periodic table, molecular
hydrogen is particularly attractive for the
study. In addition, the attainment of a
metallic phase of hydrogen () can be of
important technological and astrophysi-
cal significance. Several calculations (2)
have been made on the critical pressure
of hydrogen above which the metallic
phase is stabilized. The critical pressure
is defined as the intersection pressure of
the Gibbs’ energy versus pressure
curves of the molecular and metallic
phases of hydrogen. It is, therefore, sen-
sitive to the equations of state of both
solid phases. The uncertainty in the
equations of state at high pressure has
been suggested as responsible for the
large variation of the calculated critical
pressure (3) from 0.25 to 20 Mbar. Since
metallic hydrogen is probably similar to
an alkaline metal whose equation of state
is obtainable, the uncertainty is consid-
ered to arise mainly from the equation of
state of the molecular phase, for which
reliable experimental data above 25 kbar
(static) do not exist. Using a newly de-
veloped cryogenic high-pressure press,
we have determined the melting curve of
normal hydrogen up to 52 kbar and 300
K. The results will provide an effective
although indirect check on the intermo-
lecular potential of hydrogen at high
pressure, from which the equation of
state is constructed and the thermody-
namic properties are derived.

A beryllium-copper cryogenic press
with a diamond anvil high-pressure cell
(4) was constructed for this study. We
could vary the pressure at low tempera-
ture by adjusting a pair of screws outside
the cryostat. We were able to make in
situ optical measurements, including di-
rect visual observations, by mounting
the objective of a specially designed tele-
microscope on the top of the pressure
cell. The telemicroscope serves as a con-
duit for both in and out optical signals.
The sample chamber is a hole (200 pwm in
diameter) in a type 301 stainless steel
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gasket 250 wm thick confined between
two diamond anvils housed inside the
high-pressure cell. The sample tempera-
ture was controlled by a Manganin heat-
er wrapped around the exterior wall of
the cell. The press assembly is situated
inside a liquid-helium cryostat. The pres-
sure was determined by a ruby manome-
ter (5) located within the sample cham-
ber (with a resolution of = 0.3 kbar) and
the temperature by a chromel-alumel
thermocouple situated next to the sam-
ple (with a resolution of = 0.1 K). We
loaded normal hydrogen at low tempera-
ture into the sample chamber by con-
densing 99.999 percent high-purity hy-
drogen gas at ~16 K. We then sealed the
sample in the chamber by raising the
lower piece of the diamond anvil set
against the top piece.

The wavelength (A) of the ruby R,
fluorescence line was measured between
4.2 and 300 K. At 1 atm pressure, A
remains constant up to ~77 K and in-
creases rapidly with further increase in
temperature. The temperature-induced
shift, A\, of N\ between 77 and 300 K can
be described by the expression (6)

To/T
VAN = o«(T/Tp)’ fo [x3e* — 1)ldx
based on a two-phase Raman process,
with the electron-phonon parameter
o = —408 cm™! and the Debye tempera-
ture Tp = 725 K. The slightly different
values of o and Tp from those reported
earlier may be attributed to the different
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Fig. 1. The temperature dependence of pres-
sure inside the sample chamber near T, and
the temperature dependence of the intensity
of the R, line for a constant A maximized
away from T,,.
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ruby crystals used. The pressure coeffi-
cient of A has been measured between
4.2 and 358 K up to 12 kbar (7) and has
been found to be the same as that at 300
K up to ~1.7 Mbar (4). We therefore
determined the pressure experienced by
the hydrogen sample in the present in-
vestigation by using the temperature-
independent pressure coefficient of A,
0.036 nm/kbar (¢), and taking the tem-
perature-induced shift of A into consider-
ation.

Usually, at a liquid-solid phase transi-
tion, enhanced diffused light scattering
occurs because of the presence of a
mixed phase region when the tempera-
ture excursion rate in traversing the tran-
sition is high, and a pressure shift inside
the sample chamber occurs as a result of
the volume difference between the two
phases. One can thus determine the
melting point of hydrogen as the tem-
perature varies by three methods: meth-
od 1, by visually observing the intensity
of the transmitted light through the sam-
ple; method 2, by measuring the pressure
inside the sample chamber; or method 3,
by continuously monitoring the intensity
of the R; line, maximized at a fixed A,
away from the transition. The liquid-
solid phase transition then manifests it-
self as a sudden drop in the transmitted
light intensity (only at the transition), a
sharp rise (drop) in pressure on warming
(cooling), and a drastic drop in the inten-
sity of the R; line. Typical results ob-
tained by methods 2 and 3 are displayed
in Fig. 1.

Although all three methods were used
in determining the melting temperature
(T, method 1 was used only on cooling
when a high cooling rate of our cryogenic
press was achievable and method 3 only
below 150 K when the temperature-in-
duced shift in A is small. The uncertainty
in T, determined by method 1 can be
rather large depending on the cooling
rate, but that by other methods is small
(= 0.5 K). The observed temperature
hysteresis during melting, upon warming
and cooling, was less than 3 K. The
pressure in the liquid phase immediately
above T, was taken as the melting pres-
sure (P) and should be hydrostatic, A
plot of T, versus P, for two hydrogen
samples is shown in Fig. 2. The uncer-
tainties in Ty, (= 0.5 K) and P, (= 0.6
kbar) are smaller than those represented
by the size of the data points. All data
points were determined by more than
one method, with method 2 being the
primary method of detection, and were
reproduced in several experiments. Al-
though a pressure exceeding 150 kbar
was easily obtained at low temperature
(for example, < 77 K), leakage developed
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Fig. 2. A plot of P, versus
T,, for normal hydrogen: A,
present work; x, from (8); @,
from (9); and the solid curve-
modified Simon equation
from (8).
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in the sample chamber after repeated
temperature and pressure cyclings above
300 K.

The melting curve of normal hydrogen
was determined up to 19 kbar by Lieben-
berg et al. (8), using a piston-cylinder
apparatus such that the absolute pres-
sure could be measured. A modified Si-
mon melting equation (where P, has the
dimension Kilobars)

= —0.2442 + 7.858 x 10731174

was proposed as a least-squares fit to
their data. The same equation describes
our results well and is shown as a solid
curve in Fig. 2; results obtained by Lie-
benberg et al. are shown for comparison.
The surprisingly good agreement be-
tween the modified Simon equation pro-
posed by Liebenberg et al. and our re-
sults suggests that the ruby pressure
scale is an absolute scale, at least below
175 K. Mao and Bell (9) reported a P, of
57 kbar at 298 K, in contrast to the 53
kbar from this investigation. It should be
noted that the intense laser beam used to
excite the ruby fluorescence can drasti-
cally enhance the local temperature of
the sample and thus can introduce a
significant error to Ty, particularly when
method 1 is used. In our experiment, the
laser power was kept as low as possible
10).

Ross (11) has calculated P, based on
an effective pair potential obtained from
analyzing the shock compression data at
high pressure and temperature. The val-
ue of Py, so calculated was 78 kbar at 250
K, in contrast to 39 kbar from our study.
The large disagreement may be attribut-
ed to the basic difference of hydrogen (1)
at low (a quantum solid) and high (a
classical solid) temperatures or to the
difference in pressure scales at high and
low pressure. Grigorev et al. (12), using
an equation of state in the Mie-Griinei-
sen form with experimentally deter-
mined parameters, showed that a value
of 41 kbar could be predicted for Py, at
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the same temperature. The disagreement
with our value is small but exceeds the
experimental uncertainty. Since the
equation of state was an empirical one,
the disagreement may be ascribed to the
difference in pressure scales.
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Uninfected Cells of Soybean Root Nodules:
Ultrastructure Suggests Key Role in Ureide Production

Abstract. In soybean root nodules, which export recently fixed nitrogen mainly as
the ureides allantoin and allantoic acid, cells uninfected by rhizobia undergo a
pronounced ultrastructural differentiation not shown by the infected cells, including
enlargement of the microbodies and proliferation of smooth endoplasmic reticulum.
Since some of the enzvmes contributing to ureide synthesis occur in these subcellular
components in root nodule preparations, the uninfected cells may participate in
ureide synthesis and thus play an essential role in the symbiosis between host and

bacterium.

In legume root nodules, the central
tissue enclosed by the cortex consists
not only of cells that become greatly
enlarged and heavily infected with rhizo-
bia but also of many smaller uninfected
cells interspersed among the infected
ones (I). We have found that in soybean
(Glycine max 1..) inoculated with effec-
tive strains of Rhizobium japonicum (2),
an ultrastructural differentiation takes
place in the uninfected cells which is
distinctly different from changes in the
infected cells. The principal changes are
a marked enlargement of the microbod-
ies and a proliferation of smooth endo-
plasmic reticulum (ER). We suggest that
the ultrastructural responses of the unin-
fected cells are related to the participa-
tion of these cells in metabolic transfor-
mations of compounds arising from re-
cently fixed N; in the nodule.
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Our observations are relevant to cur-
rent attempts to clarify the major path-
way of nitrogen metabolism in soybean
root nodules. Legumes are divisible into
various groups based on the major ni-
trogenous compounds transported from
the nodules to the shoots. For example,
pea (Pisum), vetch (Vicia), and lupine
(Lupinus) belong to a group that trans-
ports fixed nitrogen mainly as asparagine
(3). Soybean (Glycine), bean (Phaseo-
lus), and cowpea (Vigna), on the other
hand, belong to a group in which the
ureides allantoin and allantoic acid are
major products of nitrogen assimilation
in the nodules (3-5) and the principal
form of transport of the nitrogen to the
shoots (5, 6). The rationale for our as-
simption that the uninfected cells of the
soybean nodule are involved in ureide
formation depends in part on correla-
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