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Melting of Dense Sodium
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High-pressure high-temperature synchrotron diffraction measurements reveal a maximum on the
melting curve of Na in the bce phase at ~31 GPa and 1000 K and a steep decrease in melting temperature
in its fcc phase. The results extend the melting curve by an order of magnitude up to 130 GPa. Above
103 GPa, Na crystallizes in a sequence of phases with complex structures with unusually low melting
temperatures, reaching 300 K at 118 GPa, and an increased melting temperature is observed with further

increases in pressure.
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The alkali group elements are considered textbook ex-
amples of free-electron metals because of the single s
electron in the valence band. However, when these metals
are subjected to compression these simple systems exhibit
unexpected complexity. Recent theoretical [1,2] and ex-
perimental studies [3—6] have shown that this is the case at
sufficiently high pressures for dense Li and Na. First-
principles calculations predict that Li departs from the
free-electron behavior at high densities and its bcc and
fcc structures become unstable [1]. Indeed, x-ray diffrac-
tion studies have shown that Li undergoes a sequence of
phase transitions leading to low-symmetry instead of close
packed structures above 40 GPa [3]. The pressure-induced
complexity in Li and Na is attributed to the increased role
of the core electrons becoming more appreciable with
decreased volume [1,2]. Experimental evidence for an
increase in resistivity at high pressures and temperatures
[7] and the discovery of superconductivity [4—6] in Li
showed that the alkali metals are not as simple as they
once appeared. With the evidence of a further sequence of
phases having complex crystal structures at even higher
pressures in Li and Na [3,8] these elements are currently of
great theoretical and experimental interest.

Even though the melting temperatures of the alkali
metals are relatively low (300—450 K at ambient pressure),
their melting curves have been measured over a surpris-
ingly small pressure range, i.e., to 8.0 GPa for Li [9],
11.0 GPa for Na [10], 14.5 GPa for K [10], 14.0 GPa for
Rb [11], and 8.0 GPa for Cs [11]. Although high P-T
melting studies have been performed during recent years
for a series of elements (see Ref. [12] and references
therein), there are certain experimental difficulties that
have prevented extensive study of alkali metals. The prob-
lems include the difficulty of containing samples at very
high P-T conditions, very high reactivity of the group-I
elements, and a lack of unambiguously reliable techniques.
Even though experimental data on melting is limited,
interesting behavior has been reported for Li where the
melting curve appears to flatten, suggesting a maximum
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around 8—10 GPa [9]; the heavier alkali metals Cs and Rb
together with alkaline-earth Ba are reported to exhibit at
least two melting curve maxima [13].

Reliable calculations of the melting curves of metals are
challenging [14]; however, a thermodynamic perturbation
theory study predicted a maximum among the melting
curves of the alkali metals [15]. It is accepted that the
flattening and bending of the melting curves observed in
the heavy alkali and alkali-earth metals [11,13,16], tran-
sition metals and other polyvalent metals [17,18] is asso-
ciated with pressure-induced s-d band-crossing phe-
nomena. The proposed maxima of the light alkali metals
Li and Na do not fit into this explanation, as Li has no d
bands and Na has a 3s conducting band far below the d
band. This makes the high-pressure behavior of these two
elements an important subject of experimental and theo-
retical study.

In this Letter we report the melting curve of Na mea-
sured by x-ray diffraction techniques up to 130 GPa, the
highest static pressure at which a melting curve has been
measured by external heating techniques. We find a maxi-
mum in the melting curve of Na in its bcc phase and a steep
decrease of the melting temperature in its fcc phase. We
also find that the unusually low melting of the element
above 100 GPa is accompanied by the appearance of the
new low-symmetry solid phases, along with an increase in
the melting temperature above 125 GPa.

We used new high P-T techniques coupled with syn-
chrotron radiation, an extension of methods employed to
study melting curves of hydrogen and oxygen by the means
of optical spectroscopy [19,20]. Measurements were car-
ried out using modified high-temperature piston-cylinder
Mao-Bell diamond anvil cells equipped with double heat-
ers and thermocouples. Temperature was measured to
within =1 K and *£10 K, respectively, below and above
600 K. Additional details about the heating techniques are
provided elsewhere [21]. Experiments were done with Na
samples of stated purity of 99.95% (Alfa Aesar), loaded
under an Ar atmosphere in a glove box, together with Ta
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powder for pressure calibration. Diffraction data were
collected at beamline 16-ID-B (HPCAT) at the Advanced
Photon Source. Focused, morelochromatic beams of differ-
ent wavelengths (0.38-0.42 A) of the ~15 X 10 pm size
were used and the data were recorded during heating on a
MAR CCD as well as at room temperature on an image
plate calibrated with a Si and/or CeO, standard. Pressure
was measured using the equation of state of Na [8] and
cross-checked with Ta for which P-V-T is known [22] and/
or Re/W /Ir which were used as gasket material; for Re, W,
Ir we assumed that equation of state is independent of
temperature. We conducted 10 separate experiments with
pressures ranging from 2 to 130 GPa and temperatures
from 275 to 1100 K, the highest temperature apparently
reported for the alkali metal in a static pressure experiment.
In the pressure range from ambient to 65 GPa, we
observed the bcc phase of sodium. The melting of the
bce Na was evident by the disappearance of bec reflections
and the appearance of diffuse diffraction characteristic of
the liquid phase. The discreet steps by which the tempera-
ture was changed and the temperature hysteresis which we
observed upon melting and solidifying the sample put the
error bars of £70 K on the presented melting tempera-
tures. Figure 1 shows raw images and integrated diffraction
data collected in the solid bce and liquid phases of Na at a
pressure of 5.8 GPa. Upon heating, the powder pattern of
bce Na usually transformed into a quasisingle crystal pat-
tern ~100 degrees below actual melting, yielding 3—4
spots visible on a CCD image [Fig. 1(a)]. Reenter-
ing the solid phase from liquid by decreasing temperature
usually resulted in a decreased number of diffraction spots
visible on the image (usually 1-2). The heating/cooling
procedure usually led to a complete loss of a diffraction
pattern due to the growth of a single crystal of bcc (fcc) Na
after three heating cycles, and only diffused scattering was
observed rather than a standard diffraction pattern. Change
in pressure at 300 K resulted in the reappearance of dif-
fraction spots due to a breakage of the single crystal. In
some cases, when the melting temperature was reached, the
sample escaped with a loss of pressure and/or breakage of
the diamond(s). In that respect, the behavior of hot dense
Na resembles that of H, at high P-T conditions [19].
Diffraction patterns of the liquid at different pressures
are shown in Fig. 2(a). The pressure dependence of Q =
21r/d for the first liquid peak of the melted bcc Na was
measured up to 62 GPa. The position of the first liquid peak
shifts to higher Q, and above 30 GPa, the shift of the
diffuse diffraction peak with pressure is slower than the
shift of the 110 bce peak of Na [Fig. 2(b)]. With increasing
pressure, the melting temperature of bee Na first increases,
while above 30 GPa it shows a surprising decrease (Fig. 3).
According to the Clausius-Clapeyron equation, in the re-
gion where the melting curve has a negative slope the
liquid is denser than the underlying solid. Some of the
P-T paths followed in present study are shown by arrows.
The melting curve of bcc Na up to 70 GPa was fit with the
Kechin equation [23] giving the maximum of the melting
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FIG. 1. (a) Diffraction images from liquid and solid phases of
Na, collected at 5.8 GPa using synchrotron radiation with wave-
length A = 0.3888 A, and at 123 and 124 GPa using A =
0.4233 A. The hkl indexing for the bcc diffraction peaks of
Na is shown. The peaks of sodium at 123 GPa are marked by
“Na’’; the spots on the diffraction rings originating from tanta-
lum are marked by “Ta”. All diffraction peaks in the 124 GPa
image originate from the Na sample. (b) Diffraction patterns
from liquid and solid phases of Na at 5.8 GPa, 123 GPa, and
124 GPa, obtained from the integration of the images shown on
the left. The diffraction peaks from bcc Na, hep Re, and bee Ta
are indexed.

curve at 31 GPa and 1000 K. Note that earlier melting
maxima for alkali metals were proposed from the fitting of
the measured data with a phenomenological equation [24],
that gave a maximum at 38 GPa for Na.

On a further pressure increase above 65 GPa at room
temperature, we observed the transition from bcc to fcc
(see also Ref. [8]). The transition from the solid (fcc) phase
to liquid was recorded only by the disappearance of the
diffraction reflections from fcc on temperature increase
and their reappearance on temperature decrease. No char-
acteristic liquid diffraction was observed, probably due to
an insufficient diffraction intensity of a very thin sample.
The rapid decrease of the melting temperature of the fcc Na
on pressure increase results in the melting temperature of
345 K at 103 GPa, which is lower by ~25 K than the
ambient pressure melting point of 370.9 K of bcc Na. We
followed the solid fcc pattern at ~675 K on pressure
decrease from 80 to 70 GPa (Fig. 3). These measurements
combined with the observed melting at lower and higher
pressures indicate the existence of a triple point between
bce-fee solid phases and the liquid at ~65 GPa and 700 K.
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(a) Diffraction patterns of liquid Na with subtracted
background, obtained from different sample loadings at different
pressures immediately after melting. The data for liquid Na at
ambient pressure are from Ref. [41] and the diffraction pattern of
ambient pressure bcc Na is given for comparison. The peaks
marked with “Re” are from gasket material; the peak marked
"Ta" is from tantalum. (b) pressure dependence of Q of the first
diffraction peak of liquid Na (solid symbols) and the 110
diffraction peak of bcc Na (open symbols). The solid lines
show the equation of state taken from [8], and the dashed line
is a guide to the eye.

Between 103 and 119 GPa at room temperature, Na is
reported to form a complex cubic structure with 16 atoms
in the unit cell [8], identical to that reported for Li at
40 GPa and 200 K [3]. The disappearance of the diffraction
reflections and the appearance of the diffuse diffraction
peak [see Fig. 2(a)] at pressure of around 118 GPa and
300 K upon decompression, show that sodium is liquid at
room temperature (Fig. 3). Above 119 GPa at 300 K, we
observed a sequence of phases with complex diffraction
patterns (Fig. 1), indicative of formation of complex crystal
structures possibly related to those recently found in the
heavier alkali metals [25-27]. A melting temperature as
low as 315 K has been measured at 120 GPa, identified by
the loss of the reflections from crystalline Na on tempera-
ture increase and their reappearance on temperature de-
crease. Single crystals of the new phases were grown upon
cooling, resulting in tens of diffraction spots appearing (see
Fig. 1). Upon a further increase in pressure above 125 GPa,
we observed an increase in melting temperature (Fig. 3).
The resulting phase relation for Na is similar to that
reported for Rb [11], Cs [28], and Ba [29]. It appears that
for alkali metals the bce-fce phase sequence is followed by
the transition to the more complex phases which introduces
new melting curve behavior.

Although negative melting curves have been reported in
some elements and molecular solids, the broad nonmono-
tonic decrease over a wide pressure range from 35 to above
100 GPa is unique. It is interesting to compare the melting
curve of Na with those of He [30] and H, [19] which have
relatively low melting temperatures (inset in Fig. 3).
Hydrogen is of interest because it is expected to dissociate
into an atomic simple alkali-like metal at sufficiently high

Pressure (GPa)

FIG. 3. The melting curve of Na to 130 GPa. The filled
symbols are from the present work with different symbols
corresponding to the melting of different Na phases. The open
squares are from Ref. [10]. The solid line gives the melting curve
of bcc Na obtained using the Kechin equation between ambient
pressure and 65 GPa; above 65 GPa the solid line is a guide for
the eye only (see text). Dashed lines show tentative phase
boundaries. The phase relations in the vicinity of the fcc-bee-
liquid triple point are notional. Arrows show various P-T paths
followed in the experiments (small pressure shifts on heating are
not shown). The inset shows the melting curve of Na (present
work) in comparison with the melting curves of H, (Ref. [19])
and He (Ref. [30]) and K (Ref. [10]).

pressures (see Ref. [31] and references therein) possibly
having a melting maximum above 100 GPa [19,32] and
liquid ground state with unique properties [33].

From the appearance of the melting curve of Na (Fig. 3)
different liquid structural and electronic states are expected
on the opposite sides of the melting curve maximum. In the
region where the melting curve has a negative slope, the
molar volume of the liquid is expected to be less than that
of the solid. Indeed, different liquids have been reported in
molecular systems such as phosphorous [34] where the
difference was attributed to the configuration of molecules
making up the liquids. For Na a nonmonotonic change in
the number of nearest neighbors and interatomic distances
in the first coordination sphere is expected. The structure of
liquid metals at atmospheric pressure has been described
by a hard-sphere-like model which holds under small
compression [(V/V,)'/? > 0.8] [35]. Nevertheless, it was
found that for Rb and Cs the deviation from the uniform-
compression model happens at (V/V,)'/? <0.85 [36].
Indeed, very recent studies on the liquid Cs [37] have
shown abrupt changes in coordination number and densi-
fication. These changes happen in Cs at pressures that
correspond to the pressures where the new complex phases
in Na appear.

The high-pressure complexity of the crystal structure
and melting curve behavior in the heavier alkali metals
has been attributed to the effects of s to d transitions in the
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electronic structures [16,18,38]. However, this cannot ap-
ply to the lighter alkali metals such as Li and Na where an
s-p orbital mixing has been shown for the high-pressure
structures [3,39]. The stability of the complex crystal
structures in Li, Na, Cs, and Rb [3,25,26] has recently
been analyzed within a Hume-Rothery model [40]. It
appears that the structural distortions from bcc give rise
to new diffraction planes forming a Brillouin zone bound-
ary close to the Fermi surface [40]; interaction between the
Brillouin zone boundary and the Fermi surface can then
open a pseudogap and reduce the overall band-structure
(electronic) energy. This band-structure factor may thus be
responsible for the complex behavior of the melting curve
of Na.

In conclusion, we have documented unusually low melt-
ing temperatures of highly compressed Na. The measure-
ments reveal a sharp decline in the melting temperatures
above 30 GPa, arising from major changes in the electronic
structure and configurational state of liquid on compres-
sion. This first measurement of the negative melting curve
in megabar pressure range has implications for the high
P-T behavior of other putatively simple elemental systems.
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