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Melting of lead under high pressure studied using second-scale time-resolved x-ray diffraction
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The high pressure and high temperature phase diagram of lead has been studied up to 80 GPa and 3700 K
in a laser-heated diamond anvil cell. Melting and solid-solid phase transitions have been followed with a
second scale by in situ synchrotron time-resolved x-ray diffraction. The detection of the x-ray signal scattered
by the liquid was used as an objective criterion for melting. We evidenced that the melting phenomenon in a
diamond anvil cell has a typical lifetime that can be as low as 1 s. Unlike a previous laser-heated diamond
anvil cell study, the measured melting curve is in agreement with melting points detected using dynamic
compression and confirms the predictions of ab initio calculations. The pressure-temperature conditions of the
hep-bee phase transition have been measured, and the hcp-bee-liquid triple point has been located around

39 GPa and 2400 K.
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I. INTRODUCTION

The thermodynamic conditions and microscopic process
of melting of the elements under high pressure is of great
interest to fields spanning from fundamental physics—to de-
tect changes in chemical bonds in the solid or liquid phases
in extreme conditions'—to planetary interior’s study—to
better constrain their thermal models.? Three independent ap-
proaches have been used to study melting lines under pres-
sure: (i) the optically detected melting in laser-heated dia-
mond anvil cell (o-LHDAC), (ii) the melting induced by
shock-wave (SW) compression, and (iii) the ab initio calcu-
lations of the liquid-solid equilibrium conditions. A good
agreement was obtained between o-LHDAC, SW, and calcu-
lations for some systems such as aluminum or copper.>*
However, puzzling discrepancies between melting lines de-
termined by these approaches have been reported for several
other systems, the general trend being that o-LHDAC melt-
ing curves are lower than both shock and ab initio melting
curves. New models of melting have been proposed to ex-
plain the observed differences between static and dynamic
melting points (for tantalum,>° lead,”® iron,>® molybdenum,’
etc.): in particular, superheating-melting behaviors of
shocked solids, which deviate from equilibrium melting.!*!!
However, these models failed in explaining the difference
between iron SW and o-LHDAC melting'® (which differ by
approximately 1000 K at 200 GPa). Moreover, recent ab ini-
tio calculations confirmed the SW melting points of both
iron'? and tantalum'3? and predicted a melting line of lead
significantly higher than 0o-LHDAC measurements.'* The ac-
curacy of the o-LHDAC approach has thus been questioned;
its major drawback is the criterion used for melting, which is
based on the detection of the changes of the optical proper-
ties of the surface of the laser-heated sample.>’ This criterion
does not allow distinguishing if these changes are caused by
the melting or by structural changes in the sample,'>!¢ in the
pressure transmitting medium, or in both in case of chemical
reactions.!” X-ray diffraction has been often used to detect
melting and to study the melt structure in the case of resistive
heated diamond-anvil cell (DAC),'® or large volume
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presses,'” but these techniques reach a limited pressure-
temperature range. Recently, Shen et al.?® showed that this
diagnostic—the recording of an x-ray pattern characteristic
of a liquid sample—could be used in LHDAC. In this study,
it was pointed out that a criterion proposed before—the dis-
appearance of the signal diffracted by the solid
sample6—was not reliable. However, the difficulties of such
measurements, with the x-ray technique used, allowed Shen
et al. to measure only four melting points for iron up to
58 GPa.?® After numerous attempts to reproduce these mea-
surements with similar techniques, we reduced the x-ray dif-
fraction detection time by an order of magnitude, down to
=2 s. This time scale was chosen to be able to fully charac-
terize the rapid crystallographic changes and melting in the
laser-heated sample, which could be inferred from the obser-
vation of its shape evolution. We show in this paper that this
technique, named x-LHDAC, is a major improvement over
both 0-LDAC? and previous x-ray detection based melting
studies.®?° Lead is chosen as a test case to investigate
whether this improved criterion could resolve the static-
dynamic discrepancy on the temperature of melting, which
has been reported to reach 800 K at only 50 GPa for this
element.®

II. EXPERIMENTAL METHODS AND OBSERVATIONS

We used the laser-heating system of the ID27 beamline at
the European Synchrotron Radiation Facility.>!?> Four ex-
perimental runs have been carried out. Membrane diamond
anvil cells equipped with 200-400 um culets diamonds
were used with an automated pressure driver. The sample
assembly was formed by a lead foil (thickness =10 xm) and
a pressure medium (Ar or NaCl) which was also used as
x-ray pressure gauge. The lead foil was moved away from
the diamonds surface by placing c-BN chips (Ar loading) or
a NaCl disk (NaCl loading) on the diamonds culets to ensure
thermal insulation of the sample. The sample was heated on
both sides by two yttrium aluminum garnet lasers providing
a maximum power of 80 W. They were slightly defocused in
order to create a large heated area of =30 um in diameter.
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FIG. 1. (Color online) (a) Four monochromatic x-ray diffraction
patterns (\=0.2647 A) for a {Pb+NaCl} assembly at P=51.5 GPa
during a heating series. On the second spectrum, x-ray spots corre-
sponding to single crystals of Pb crystallized from the melt can be
seen (bcc phase); on the third and fourth spectra, the signal scat-
tered by the melt—a diffuse ring labeled Pbjj;—can also be seen.
(b) Corresponding temperature ramp. Laser power increases con-
tinuously with time. The temperature ramp exhibits a plateau during
the solid-liquid equilibrium of lead. (c) Angularly integrated x-ray
spectra. Solid x-ray diffracted spots have been hidden, except for
the dotted curve that corresponds to the third spectrum. An inset is
shown around the major diffuse ring.

The temperature was measured at the center of the hot spot
by analyzing the pyrometric signal emitted by a 2 X2 um?
area.”? The x-ray beam was focused on a 3 X 3 um? area and
was also aligned at the center of the hot spot (within
=3 um) by a direct visualization on a video camera of the
fluorescence signal created by the x-ray beam. This geometry
was continuously checked during heating. The high x-ray
flux and scattering power of lead (Z=82) allowed recording
one diffraction spectrum on a bidimensional MarCCD detec-
tor in only =1 s every few seconds. A second-scale crystal-
lographic characterization of the samples has thus been per-
formed during several heating series (gradual increase of the
laser power with a record of pyrometric and diffraction spec-
trum every =5 s) at different pressures.

In our experiments, most of the heating series led to the
melting of the sample, evidenced by a diffuse x-ray scattered
ring. Sometimes, this ring could be observed for only a few
seconds. The second-scale recording of the x-ray patterns
also allowed us to follow interesting and rapid changes of the
sample during heating. Two different examples of these
changes are presented in Figs. 1 and 2. In most of the cases,
solid lead, either not molten or unsteadily crystallized from
the melt, was observed at the same time as the liquid [single
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FIG. 2. (Color online) Similar patterns as in Fig. 1 at P
=65 GPa and with A=0.3738 A. (a) On the first spectrum, thermal
diffuse scattering by a Pb single crystal can be seen; on the second
and third spectra, an additional signal scattered by the melt and
x-ray spots of Pb crystallized from the melt (bcc phase) can also be
seen. On the angularly integrated spectra (c), the diffuse band pro-
duced by thermal diffuse scattering of the solid and of the liquid are
similar. The plateau in the temperature ramp (b) is less obvious
because of the pressure drift (from 65 to 69 GPa) during solid-
liquid equilibrium.

crystal spots appearing and disappearing on each x-ray pat-
tern, see Fig. 1(a)]. During this liquid-solid coexistence, the
sample temperature exhibited a plateau that was more or less
obvious for different heating series [Figs. 1 and 2(b)]. During
several heating series, fast crystallization of the sample was
also observed a few minutes before the liquid diffuse ring
appearance, but already on the plateau of the temperature
ramp [Figs. 1(a) and 1(b)]. We interpret this fast crystalliza-
tion as another sign of liquid-solid equilibrium, single crys-
tals growing from a liquid matrix which can be detected only
when its amount is sufficient to produce a clear scattered
signal. At temperatures much below melting, the lead sample
often recrystallized and single crystal spots, with thermal dif-
fuse scattering,”* could be evidenced [see Figs. 2(a) and
2(c)]. In these cases, the onset of melting was detected by
checking the continuity of the diffuse ring marked as “Pby;”
in Fig. 2. A chemical reaction between lead and NaCl has
been observed for some heating series when hot spots had
been generated (temperature higher than 4000 K).

III. MELTING CURVE

The temperature in the laser-heated sample was measured
using pyrometry.”3 The error bars on measured temperature
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FIG. 3. (Color online) (a) Lead phases and melting curve of lead
identified by x-ray diffraction (see Table I), compared to the melting
curve previously obtained in 0o-LHDAC (Ref. 7). (b) Comparison of
the melting curves predicted by ab initio calculations (Ref. 14) or
measured by shock compression and pyrometry (Ref. 8) and LH-
DAC (Ref. 7). The estimated solid Hugoniot curve (Ref. 32) is also
plotted, melting being achieved around 54 GPa (Ref. 7) along this
curve (end point).

(200-300 K) were estimated by comparing the results of
three methods of analysis of its thermal emission spectrum
recorded between =550 and 750 nm.2* The pressure in the
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sample was estimated using the equation of state of the pres-
sure medium. NaCl and Ar equations of state have been mea-
sured under ambient temperature”>2° and can be estimated at
high temperature using molecular dynamics®’ or a phenom-
enological model that includes shock-wave data.?® Error bars
(AP=+4 GPa) were obtained by assuming that the tempera-
ture in the pressure medium varies between 300 K and the
temperature of the sample and taking into account the uncer-
tainties on NaCl or Ar equations of state. Assuming that this
pressure is close to the pressure in the molten sample, we
obtained an estimate of the pressure in the sample higher by
less than 3 GPa than the pressure after heating. This is a
relatively small amount of thermal pressure, which can be
explained by the high temperature stress relaxation in
solids.?

The conditions at which solid, liquid, or liquid-solid equi-
librium have been evidenced are plotted in Fig. 3(a) and
listed in Table I. Our melting points are higher by =650 K at
80 GPa than the points obtained previously in o-LHDAC.”
This difference is large and is similar to the error bars in Ref.
7, which evidences the major improvement from o-LHDAC
to x-LHDAC technique. Our melting points can be fitted by
a Simon law, together with the low pressure measurements
made earlier’® (see Fig. 3):

T, =600.6(1 + P,/5.03)"4. (1)

Figure 3(b) compares the melting curves of lead obtained by
different approaches. The current melting curve is lower than
the curve obtained by energy calculations based on an inter-
atomic potential,’! but in excellent agreement with molecular
dynamics ab initio calculations of the melting of hcp phase
of lead'* and with the predictions based on the Lindemann
law.'* It has been observed that lead is molten when it is
shocked at pressures higher than 54 GPa.” The temperature
is usually not measured in shock compression experiments.
In shocked solid lead, this temperature has been estimated
using a phenomenological model (see Ref. 32). The resulting
Hugoniot curve is plotted in Fig. 3(b). Its end point, at

TABLE I. Summary of maximum temperatures reached in each heating series, with the corresponding
pressure and lead phases observed. PTM, pressure transmitting medium; Sy, hep solid, Sy, bee solid, L,
liquid. Estimated uncertainties are 200—300 K in temperature and 4 GPa in pressure.

P T P T
PTM (GPa) (K) Phase PTM (GPa) (K) Phase
Ar 9.5 1580 L NaCl 56.5 3000 Spec+L
Ar 29.6 2040 Shep NaCl 62 3100 SheetL
Ar 30.1 2240 Shep* L NaCl 47 2600 SheetL
Ar 28 2240 Shep+L NaCl 49.5 2450 Shec
Ar 34 2250 Shep NaCl 50.5 2956 SpeetL
NaCl 29 2446 L NaCl 65 3160 SpectL
NaCl 435 2497 Speet L NaCl 68 3211 St L
NaCl 51.5 2905 Speet+L NaCl 71 3363 StectL
NaCl 16 1800 L NaCl 70 3110 Shec
NaCl 29 2122 Shep+L NaCl 80 3771 SpectL
NaCl 30 2200 L
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54 GPa and 3120 K, thus corresponds to a SW melting point
estimated on the basis of this model.>> The temperature of
the liquid-solid equilibrium in shocked lead has also been
directly measured by pyrometry at a fixed wavelength during
shock release, from 54 down to 12 GPa.® The latter measure-
ments are plotted in Fig. 3(b); their large error bars are due to
the uncertainty on the thermal emissivity of the shocked
sample. It can be seen that even if the shock melting points
remain higher than the x-LHDAC melting curve, the differ-
ence between SW and static melting points is now within
experimental error bars [500 K (Ref. 8) at 54 GPa]. We thus
conclude that DAC and SW melting curves are now in agree-
ment within experimental error bars.

IV. hep-bee PHASE TRANSITION

Before this study, the sequence of the phase transitions of
lead under high pressure had been measured only under am-
bient temperature above 25 GPa.>*> The hcp and bce high
pressure phases had been observed to coexist between =72
and =200 GPa,’*3> which suggests that the hcp— bec trans-
formation was kinetically hindered. The proposed pressure
for the hcp-bee transition was above 100 GPa.* We evi-
denced that the solid crystallized from the melt was the bcc
phase from 44 GPa onward [see Figs. 1 and 2(c)], which
locates the hcp-bee-liquid triple point around 39+6 GPa and
=2400 K. In their coexistence domain, the measured vol-
umes of bcc and hep phases are identical within experimental
uncertainties, and the phase transition does not influence the
Clapeyron melting slope. The hcp-bce boundary plotted in
Fig. 4 is based on the observed temperature of the hcp-bec
transformation during several heating series; above
~60 GPa, this transformation takes place at a temperature
too low for a pyrometric measurement. The negative Clap-
eyron slope of this boundary can be explained by an entropy
stabilization of the bcc phase,®® the energies of hep and bee
phases being very close between 50 and 150 GPa at 0 K.%’
This example demonstrates the utility of laser heating to
overcome Kinetic barriers and obtain the actual thermody-
namically stable phases of compounds under high pressure.

V. CONCLUSION

In conclusion, the melting of lead in LHDAC has been
identified by an objective x-ray based criterion, with an
adapted time scale: the appearance of a diffuse x-ray scatter-
ing ring, or the fast (second scale) appearance-disappearance
of lead single crystal spots. The pressure and temperature in
the molten sample could be estimated with reduced error
bars, and the absence of chemical reactions could be
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FIG. 4. (Color online) Information of the phase diagram of lead
from the literature and from the current study [red (gray) dashed-
dotted lines]. Reference 33, fcc—hep transition, dotted line; Ref.
34, hcp— bcece transition at 300 K, dashed line; Ref. 35, hcp+bcce
coexistence at 300 K, horizontal line. The vertical blue (gray) lines
indicate the domains where hcp (dark) and bee (light) phases have
been observed during heating series in the current studies.

checked. We have measured a melting curve of lead that lies
higher than a previous laboratory o-LHDAC measurement.
x-LHDAC confirms now both SW and ab initio calculated
melting points, solving the reported discrepancy for this ele-
ment. We have also determined the stability fields of the
solid phases of Pb at high pressure, with the determination of
a hep-bece-fluid triple point at 39 GPa and 2400 K. This work
thus results in a major improvement of our knowledge of the
phase diagram of lead in the megabar range. Similar mea-
surements should now be performed on other controversial
systems, such as Ta or Fe, for which a spectacular difference
between the extrapolated x-LHDAC melting curve and the
SW data has been reported.>®? This is a necessary step be-
fore elaborating theories to explain the differences between
static and dynamic measurements.
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