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High-pressure melting behavior of tin up to 105 GPa
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The melting curve of Sn initially rises steeply as a function of pressure but exhibits a decrease in slope (dT,,, /d P)
above 40 GPa to become nearly flat above 50 GPa. Previous studies have argued that a body-centered tetragonal
(bet) to cubic (bec) phase transition occurs in this range at room temperature. However, our investigations have
shown that the phase behavior is more complex in this region with orthorhombic (bco) splitting of reflections
occurring in the x-ray diffraction pattern above 32 GPa and coexisting diffraction signatures of bco and bec
structures are observed between 40 and 70 GPa. Here we have documented the simultaneous presence of bco
and bcc reflections up to the melting point, negating the possibility that their coexistence might indicate a
kinetically hindered first-order phase transformation. In this paper we have extended the observation of Sn
melting relations into the megabar (P > 100 GPa) range using the appearance of liquid diffuse scattering in
x-ray diffraction patterns and discontinuities during thermal signal processing to diagnose the occurrence of
melting. Both techniques yield consistent results that indicate the melting line maintains the same low slope
up to the highest pressure examined and does not flatten. The results below approximately 40 GPa agree well
with the melting relations produced recently using a multiphase equation of state fitted to available or assumed
data. Above this pressure the experimental melting points lie increasingly below the predicted crystal-liquid
phase boundary, but above the flat melting from past studies, indicating that the thermodynamic properties of the
body-centered “y”’-Sn structure remain to be clarified.
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I. INTRODUCTION

Tin occupies an intermediate position between semicon-
ducting (Si, Ge) and metallic (Pb) members of the group 14
elements and it therefore exhibits unusual bonding changes
and structural polymorphism as a function of pressure and
temperature. A metallic 8-Sn phase with its atoms in distorted
octahedral coordination is stable at ambient conditions but
upon cooling below 13.5°C slowly transforms into the
diamond-structured «-Sn allotrope [1]. The transition is
accompanied by a 27% volume expansion, resulting in the
phenomenon known as “tin disease.” The phase relations under
combined high P-T conditions are relatively well understood
below 20 GPa [2]. During compression at room temperature,
B-Sn transforms into a body-centered y-Sn polymorph above
10.8 GPa, initially exhibiting a tetragonal distortion (bct) from
cubic symmetry [3—5]. The initial value of the axial distortion
is approximately c/a ~ 0.91. The melting temperature rises
steadily and steeply as a function of pressure above the
B-Sn—bct-liquid triple point (Fig. 1).

Recent experiments at room temperature reveal that the
y-Sn polymorph evolves into an orthorhombic (bco) structure
at 32.5 GPa before it becomes fully cubic (bcc) with ¢/a = 1
above 70 GPa [5]. There is an unusual coexistence between
the characteristic x-ray reflections of bco and bcc structures
that is maintained at room temperature between 40-70 GPa.
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Previous studies have suggested that this might correspond
to a kinetically impeded first-order phase transition between
bet and bee polymorphs. However, our recent work involving
careful analysis of the x-ray diffraction patterns combined with
DFT calculations indicated that the observed coexistence of
the x-ray signatures results from the simultaneous presence of
nano- to mesoscale domains of orthorhombic and cubic types
of axially strained domains within a single y-Sn phase [5].
This unusual situation arises because of the lack of any barrier
against ¢/a or b/a lattice distortions relative to the zero-point
vibrational energy of a perfect infinite crystal. The bcc y-Sn
form remains stable at ambient temperature until 157 GPa
above which a hexagonal close-packed (hcp) polymorph is ob-
served to appear [6,7]. First-principles theoretical predictions
using ab initio random structure searching (AIRSS) techniques
indicate that a bcc polymorph then becomes reentrant above
1300 GPa (1.3 TPa) as a novel electride phase containing
discrete clumps of electron density localized between the
atomic cores [6].

The melting temperature (7,,,) of Sn at ambient pressure
is 505 K and the negative Clapeyron slope of the B-y
transformation results in a triple point occurring at 583 K
and 3.3 GPa (Fig. 1) [2,8]. Beyond this triple point d7,,/d P
exhibits a slight increase as required by the thermodynamic
constraints for the free energy relations between pairs of
coexisting polymorphs approaching a three-phase invariant
point. At higher pressures the melting of the y-Sn phase
was first examined using dynamic shock loading techniques.
Analysis of data along the principal Hugoniot indicates that
incipient melting begins at 50 GPa and 2300 K [9]. In the
same work, discontinuities in particle velocity observed upon

©2017 American Physical Society


https://doi.org/10.1103/PhysRevB.95.054102

R. BRIGGS et al.

3000 ® LH-DAC ‘speckle’ measurements (Schwager) B
O Sound velocity measurements (Hu) HShOdf "
ugonio
A Shock melting on release (Mabire) (Be?nard)
2500 i n
¥ Resistivity measurements (Weir)
B Ab initio (Bernard) ./ ;.‘.’_ - ®
I~ 2000 — —
<
2
o
2 1500 —
=
2 ¥-Sn
1000 — —
500 -
+——— bct———p +-bco—> bco + bec >
|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
0 10 20 30 40 50 60 70

Pressure (GPa)

FIG. 1. Current understanding of the phase diagram of Sn.
Room temperature compression experiments reveal structural trans-
formations from tetragonal (bct) to orthorhombic (bco) to cubic
body-centered (bcc) structures [5]. The slope of the melting line
decreases beyond 30 GPa to become nearly flat, d7,,/d P ~ 0, above
38 GPa (circles) [11]. This corresponds to the pressure range at which
apparent coexistence of bco and bcc structures is observed in x-ray
diffraction patterns at low temperature [5].

release from shocked states allowed the melting relation to be
traced down to 6 GPa (Fig. 1) [9]. The experimental data agreed
with the results of ab initio molecular dynamics simulations
that indicated a melting slope that slightly decreased at higher
pressures [10]. The melting curve of Sn was also studied using
static diamond anvil cell techniques (DAC) combined with
laser heating. These data, which used the onset of motion
in the “speckle” pattern created by a visible laser reflected
from the sample surface as the melting criterion, agreed well
with the previous shock loading and theoretical results [11].
Together, these studies indicate a melting line with markedly
decreasing dT,,/d P above 40 GPa such that it reaches only
~2200 K by 68 GPa (Fig. 1). Resistively heated diamond
anvil cell data, with in situ resistance measurements, have
also suggested a rise in the melting slope up to 40 GPa,
though there is a large spread in the data, especially in the
2540 GPa range, falling mainly below the other data [12].
In a first study to examine this problem we used laser-
heating (LH) DAC techniques combined with synchrotron
x-ray scattering to study the onset of melting at pressures
into the megabar range (P > 100 GPa) [13]. However, in that
previous experiment no detailed discussion was given to the
unexpected results, which led to the new experiments we report
here.

Because these melting data are typically incorporated in
databases used to predict and analyze the behavior of Sn-
based materials over a wide range of P-T conditions it is
important to extend our knowledge of the melting behavior
to higher pressure values. Our preliminary analysis of the
LH-DAC + x-ray diffraction data indicated a dramatic increase
in T,, occurring above 70 GPa, reaching 5500 + 500 K by
105 GPa [13]. However, that result raised questions concerning
the thermodynamics of the crystalline phase and its melting
properties in the high-P regime that we found difficult to
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understand. In the present study we have reexamined the
melting relations in the same high P-T range using LH-DAC
melting experiments with the onset of melting determined
by the first appearance of liquid scattering [S(Q)] in the
synchrotron x-ray diffraction patterns. We have also carried
out additional melting studies between 74-105 GPa using
discontinuities during thermal signal processing to diagnose
melting [14,15]. Our new results indicate that the melting line
continues with a shallow dT,,/d P slope, rising slightly above
the previous melting curve.

II. EXPERIMENTAL METHODS

A. In situ x-ray diffraction

Diamond anvils with 300, 200, and 150/300 um (beveled)
culets were used for LH-DAC experiments carried out at the
European Synchrotron Radiation Facility (ESRF) using Re as
the gasket material. Sn powder (99.99% Aldrich, packed under
Ar) was pressed into a thin foil < 10 um thick and loaded
into the gasket hole surrounded by NaCl or KBr (to provide
a pressure-transmitting medium, or PTM) that also acted as
thermal insulation between the sample and the diamonds.
LH-DAC experiments were carried out at beamline ID27 of
the ESRF, with an x-ray wavelength of 0.3738 A, using a
diode-pumped 40W Nd**:YAG laser (A = 1064 nm) or a
100W Yb*" doped fiber laser (A = 1070.4 nm) focused on
the sample from both sides [16,17]. The laser spot was slightly
defocused to create a heating area of ~20 pm diameter. Laser-
heating experiments and the determination of melting criteria
from x-ray diffraction measurements are further discussed in
Refs. [17-20]. Initial pressures were determined from the
room temperature equation of state of NaCl before later
being refined using the room temperature equation of state
of Sn [5]. Sample pressures were recorded before and after
laser heating and a thermal pressure correction was applied
using Pry = aKy(T,, — T3p0) for NaCl. For KBr loadings,
the thermal pressure was corrected using an experimentally
determined empirical formula as described in Lord et al. [15].

Once heating was established the laser power was increased
steadily, with thermal emission and x-ray data collected
continuously during the 7 ramp. Thermal emission data were
collected from a 2x2 um? area. Diffracted x rays were
collected from the same area with an x-ray spot size of
~3x2 pum?. The alignment of the x-ray beam with the
laser-heated spot was checked before and after each heating
run by ensuring that the fluorescence of the x-ray beam
was co-located with the pinhole used to collect the thermal
emission from the sample for temperature measurement. X-ray
patterns were obtained with 1 s exposures every few seconds
resulting in several hundred patterns accumulated during each
melting run. The first appearance of liquid scattering [S(Q)] in
the diffraction pattern was taken to indicate the onset of melting
(Fig. 2). Temperatures were determined by analyzing thermal
emission data collected between 400-950 nm using reflective
objectives using both Planck and Wien fits. Temperatures
determined in this way are expected to be reliable to within
£100 K for temperatures up to 4000 K [16].
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FIG. 2. Sequence of diffraction images taken during a tempera-
ture ramp from a typical LH-DAC ESRF run at an initial pressure
of 46 GPa and then heated, revealing the onset of melting at
T ~ 2600 K as the first appearance of a diffuse scattering ring in the
data, superimposed on the diffraction spots from crystalline regions
remaining within the sample. The contrast of data at T ~ 2600 K was
adjusted to emphasize the diffuse scattering “halo.”

B. Thermal signal processing

A further series of LH-DAC experiments were carried out
at the School of Earth Sciences, University of Bristol. The
experimental loading procedure was similar to that described
above, except that the sample consisted of high-purity Sn wire
(99.99% Aldrich) and MgO was used as the PTM and thermal
insulation [14]. One experiment was also performed using KBr
as the PTM to provide a comparison with the ESRF experi-
ments. Pressure was monitored during compression before
and after laser heating using the fluorescence of submicron
Cr:Al,O3 (ruby) grains dispersed within the sample chamber,
with thermal pressure corrections to the final pressures. Further
details of typical sample assemblies along with the laser
heating and temperature measurement system are described
in Lord et al. [14]. Samples were heated using an on-axis
double-sided geometry using two 100W diode pumped TEMy
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FIG. 3. Typical results from two LH-DAC experiments on Sn as
the incident laser power increased linearly as a function of time.
The red circles represent apertured spectroradiometry measurements
from an off-line experiment at Bristol (closed symbols from the
right-hand side of the sample, open symbols from the left-hand
side). The blue squares show temperature data from an in situ x-ray
diffraction experiment, at similar pressure, at ESRF for comparison
(top axis). The red and blue bars represent the estimate of the melting
temperature and its standard deviation.

Yb? doped fiber lasers (A = 1070 nm). The power to the lasers
was automatically increased in a linear fashion as a function
of time, with a constant offset designed to equalize the initial
temperature at the two sample surfaces. Temperature cross
sections were determined using spectroradiometry from both
sides of the sample, whereas imaging radiometry was used to
measure 2-D temperature maps on the left-hand side only [15].
The onset of melting was established from the appearance of
plateaus or other related distinctive features in the relationship
between the incident laser power and temperature recorded in
the experiments (see Fig. 3). This melting criterion has been
applied in many previous investigations to determine melting
in a wide variety of substances [20-22] and it has been directly
correlated with the appearance of liquid S(Q) during in situ
x-ray diffraction experiments in the LH-DAC [14,20].

III. RESULTS AND DISCUSSION

At pressures below 72 GPa melting points were determined
using the onset of liquid diffuse scattering observed in the
x-ray experiments as a diagnostic of the melting event. Our
data agree very well with those obtained previously using
the “speckle” method (Fig. 4), and indicate a steady rise
in melting temperature to achieve 7 ~ 24004 100 K at
P ~ 52 GPa [11]. Above this value, both our in situ x-ray
measurements and laser power-temperature measurements
indicate a decrease in the d T, /d P slope such that T,, increases
by only 500 K between 50 and 105 GPa (Fig. 4).

One possible explanation for the rapid decrease in melting
slope above P ~ 30-40 GPais that the liquid might undergo an
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FIG. 4. Melting curve of Snto P ~ 100 GPa. LH-DAC “speckle” data are shown in red triangles [11]. A Simon fit to this data (combination
of x-ray diffraction and power-temperature techniques) is depicted as the solid black line. The solid red line represents the recent multiphase
equation of state model optimized using particle swarm optimization techniques [23].

unusual structural transformation or densification mechanism
in this pressure range. However, synchrotron x-ray scattering
studies of liquid Sn up to P ~ 20 GPa show no indication of
any impending structural change and MD simulation studies
at higher P do not suggest any evidence for a polyamorphic
transition [24]. Another explanation for the rapid decrease in
the melting slope is to consider an unusual decrease in stability
of the crystalline phase within the 30—40 GPa range.

We have already presented evidence for such crystalline
instability of the y-Sn phase beginning in this pressure range
from room temperature x-ray diffraction experiments com-
bined with DFT calculations [5]. At 10.8 GPa, following room
temperature compression, the body-centered phase initially
exhibits a tetragonal (bct: ¢/a = 0.95-0.97) distortion that
evolves into an orthorhombic (bco) structure above 32.5 GPa.
The x-ray reflections are then joined by a second set of peaks
indicating the simultaneous presence of a body-centered cubic
(bee) structure above 40 GPa (Fig. 5). The bco and bcc
diffraction signatures continue to coexist up to 70 GPa beyond
which only bcc diffraction lines are detected [5].

It was initially proposed that the observed coexistence of
diffraction patterns could indicate a kinetically hindered first-
order phase transition [7,25]. However, our in situ x-ray data
obtained using LH-DAC techniques show that the coexistence
of the bco and bcc diffraction patterns are maintained all the
way up to the melting point (Fig. 5). In addition, the same set of
coexisting diffraction signatures reappears upon cooling from
the liquid state. This behavior would not be consistent with
a kinetically hindered bco-bcc transition existing within the
system. It might be argued that the apparent coexistence of bco
and bec reflections could be associated with large temperature
gradients present within the sample during the LH-DAC

experiments [26]. However, the fact that the coexistence is
maintained over a temperature range of ~2000 K argues
against that possibility and would not explain the observation
of coexistence at 300 K. Our proposal is that the bco and
bee diffraction peaks arise from nanoscale domains that
express different c¢/a and b/a axial ratios that are developed
spontaneously within the y-Sn crystallites, due to the absence
of an energetic barrier against such distortion throughout the
40-70 GPa range indicated by first-principles calculations for
the perfect crystalline model [5]. At high 7, the “coexistence”
phenomenon persists because the equilibrium must still be
maintained.

In some descriptions of the Sn phase diagram the y-Sn
polymorph is identified with the bct/bco structure whereas
the bce structure is taken to represent a second phase. In
fact, a y-bce-liquid triple point was one of the boundary
conditions used to establish the multiphase equation of state
(EOS), with particle swarm optimization (PSO), of Cox and
Christie [23]. However, our analysis indicates that no such
crystalline transition exists within the system, and we retain
the designation “y-Sn” to describe the body-centered phase
with all values of the axial distortion parameter. In support
of our argument we observe that the d7,,/d P melting slope
maintains a constant downward curvature throughout the
40 GPa region, that would not be consistent with the presence
of a y-bce-liquid triple point where the melting slope would
increase.

Previous high-pressure melting studies in the LH-DAC
have found that the results can be complicated by reactions
occurring between the samples and pressure-transmitting
medium. In the case of Ta melting, the formation of TaC was
documented in one series of experiments until the diamond
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FIG. 5. X-ray diffraction data for y-Sn in the region of the bco
011, 101, and 110 reflections and the bce 110 reflection. Diffraction
data shown were obtained at an initial pressure of 46 GPa during
laser heating experiments showing the persistence of the coexisting
bco and bec reflections up to at least 2130 K, just below the
melting temperature. The small shift of the peaks to larger d spacing
with increasing temperature occurs due to thermal expansion. After
quenching from the liquid to room temperature, the bco and bcc
reflections both remain present. There is a small broadening of the
peaks (increase of ~0.03 degrees in peak width of bee 110 and beco
011, 101 peaks) in the quenched diffraction profile. The quenched
sample is at slightly higher pressure and as a consequence the bco
peaks are closer together and the bcc peak is more pronounced at
the expense of the bco 011, 101 peak intensities. These results are
in accordance with the results presented in the room temperature
compression study of Salamat et al. [5]. The weak peaks near 7.7
degrees and apparent splitting of the NaCl 100 peak are due to single
spots (independent from sample or insulation diffraction peaks) that
are present in 2D diffraction images. These experimental artifacts
are less pronounced in the laser-heated images due to the shorter
exposure times and do not change position.

anvil surfaces were coated with an oxide layer designed to
prevent C diffusion towards the metallic sample [27]. In
studies of Pb melting, combined with in situ x-ray diffraction,
reactions between the sample and the NaCl PTM were evident
when temperatures exceeded 4000 K [25]. While no ex situ
chemical analysis could be carried out in this study, one
advantage of using the in situ x-ray diffraction technique to
diagnose melting is that it can simultaneously determine the
presence or absence of some reaction products during the high
pressure—high temperature experiments. In the present study of
Sn melting we found no evidence for carbide formation or any
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other reaction. The absence of any SnC formation is interesting
as SiC polymorphs form well-known ceramic phases, and
GeC can be produced as nanomaterials in vapor deposition
experiments. Although no binary Pb or Sn carbides have ever
been reported, ternary compounds containing these elements
have been produced that represent important semiconducting
materials [28].

In our previous preliminary study, we reported evidence
for an abrupt steepening in the melting slope at P ~ 70 GPa
that might have indicated a triple point occurring at this higher
pressure [13]. However, we have now carefully reexamined
those data in this study, and complemented the x-ray scattering
determinations of melting with thermal signal processing in
the 75-105 GPa range. Up to ~ 56 GPa, our data are in
good agreement with those of Schwager e al., beyond which
the two studies diverge by up to 400 K at 68 GPa (the
upper pressure limit of the Schwager data). This difference
is beyond the mutual uncertainties of the measurements.
Extrapolating the fit to the Schwager data to 105 GPa (the
upper pressure limit of our data) the discrepancy reaches
~600 K. The slope of the melting curve immediately after
the B-Sn—bct-liquid triple point (P ~ 3-10 GPa) reveals a
dT, /dP ~ 88 K/GPa, a higher melting slope than any other
metal [29]. Between 10 and 40 GPa, the melting slope lowers
todT,, /d P ~ 32 K/GPa, similar to the LH-DAC + “speckle”
data of Schwager et al. [11]. Above 50 GPa, our results
indicate that the value for d7,,/d P becomes more shallow
with dT,,/d P ~ 15 K/GPa.

Here we reexamine the P > 70 GPa data sets in detail.
In these experiments KBr was used to thermally insulate the
diamond anvils, since the melting temperatures of Sn in this
pressure range were beginning to approach the melting curve
of NaCl [30]. The temperature-time profiles from those exper-
iments reveal two distinct temperature plateaus, an example of
which is shown as the blue points in Fig. 6. With reference to
the experiments performed at similar pressures using MgO as
the pressure medium as well as in the in situ XRD experiments
at lower pressures, the first of the two plateaus (after the start
of the temperature ramp) clearly represents the melting of Sn.
Therefore, the second plateau likely represents the melting of
the KBr PTM. An analogous result was obtained when KBr
was used as the PTM in an off-line experiment (the red points
in Fig. 6). The two melting points for KBr are plotted in Fig. 7
with a new Simon fit including the lower pressure melting
data for KBr from Boehler et al. [31]. It is therefore likely that
the diffuse scattering originally observed in the high-pressure
data above 70 GPa came from the KBr PTM rather than
the Sn sample, given the close proximity of the d spacings of
the main reflections of both materials at those conditions. One
possible explanation as to why S(Q) was not observed from
the Sn sample at the first plateau is that liquid Sn may have a
low viscosity allowing it to continuously diffuse away from the
hot spot where it is created and recrystallize in the cooler sur-
rounding regions that are not probed by the x-ray beam [32].

Due to our concerns with interpreting the melting data
obtained in the synchrotron x-ray studies above 70 GPa,
we reinvestigated the melting temperature between 60 and
100 GPa using the appearance of plateaus as a function of laser
power as a diagnostic of the melting event [ 14]. Such data have
been calibrated against x-ray diffraction results in previous
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FIG. 6. Comparison of temperature profiles in two separate
Sn melting experiments using KBr as insulating material. Power-
temperature profiles (red points and bottom axis) for an experiment
at P = 72 GParevealing an inflexion at lower temperature (~2200 K)
followed by a plateau at high temperature. An initial plateau in the
temperature-time profile is observed also during x-ray diffraction
experiments (blue points and top axis), with no liquid scattering
observed. A second plateau in the diffraction data set is observed to
coincide with an increase in diffuse scattering near the KBr and y-Sn
dominant peaks.

melting studies [14]. The melting points determined in this
way continue the increasing trend with a shallow dT,,/d P
slope extrapolated from the lower pressure data. A similar 7},
relation was found between 40—-60 GPa using the “speckle”
method although our new data points have slightly greater
dT,,/d P slope. Our conclusion is that the melting line of bcc
Sn forms a continuous curve with no evidence for any break
in slope throughout the range between P ~ 20-100 GPa. We
have fitted the full set of melting points for the body-centered
phase of Sn with a Simon equation, taking the 8-y -liquid triple
point as a starting point. The parameters for the new Simon fit
to the tin melt curve, valid only for the y-Sn phase, are given
below:

ey

P, —33 039
Un =39 4}
1.4

T, = 583(

Our Simon fit is compared with the melting line established
from the recent multiphase EOS with PSO (Fig. 4). The
multiphase EOS line passes through the slightly lower T,
values obtained using the “speckle” method in the 20-40 GPa
region, crosses our Simon fit at P ~ 40 GPa, and then
diverges from the experimental data sets with a larger d7,, /d P
slope above that value. By 100 GPa, the melting point is
overestimated by AT ~ 500 K. We suggest that the reason for
the discrepancy lies in the assumption that a first-order phase
transition is present in the system between y - and bcc Sn that
are considered to be separate “polymorphs”, with a resulting
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FIG. 7. Melting curve of KBr with Simon fit (open circles and
dash line) [31] and melting data of Sn from this experiment (closed
circles). The blue squares represent the implied melting points of
KBr obtained during these experiments after observing a secondary
plateau in laser power-temperature profiles. A new Simon fit to the
KBr melting curve is shown in the solid line with bounded area
representing the standard error in the fit.

y-bee-liquid triple point at P ~ 40 GPa that was taken as a
bounding condition for the multiphase optimization.

In shock compression studies, abrupt changes in sound
velocity were determined at 7, 34, and 39 GPa that were
assigned to the B-Sn-bct, bet-bee, and melting transitions,
respectively [33]. The incipient melting point identified at
39 GPa (and T ~ 1550 K) was significantly lower than the
shock melting event observed by Mabire et al. (P ~ 50 GPa
and 7 ~ 2300 K) [9]. We suggest that the sound velocity
discontinuities at 34 and 39 GPa could be reinterpreted as due
to elastic property changes associated with distortion to the bco
structure at P ~ 34 GPa followed by appearance of coexisting
nanoscale bco 4+ bcc domains within the y-Sn phase at the
higher pressure. Between ~39 and ~54 GPa, there is a slight
softening of the sound velocity before a significant drop in the
calculated shear modulus and yield strength near P ~ 54 GPa,
that is likely due to melting as indicated by Mabire et al. [9].

Recent laser-driven dynamic compression experiments
combined with in sifu x-ray diffraction measurements revealed
crystalline Sn existing at up to 1.2 TPa [34]. The P-T path
could not be determined in those experiments, although it
must have been bounded by the room temperature isentrope
and a second-shock Hugoniot from an initial shock condition
at ~70 GPa [34]. At 1.2 TPa this represents a final-state
temperature lying between ~2000 and ~10 000 K. Multiple-
shock experiments suggest the temperature falls approximately
halfway between the isentrope and Hugoniot values [35]. If
the same considerations held for the dynamic compression
experiments on Sn, the temperature reached at 1.2 TPa would
be ~6000 K. Extrapolation of our Simon fit for bcc melting
to that pressure would lead to values of 7, ~ 11000 K. That
would be consistent with the absence of liquid indicated by
the diffraction experiments of Lazicki et al. [34]. However,

054102-6



HIGH-PRESSURE MELTING BEHAVIOR OF TIN UP TO ...

it is likely that a crystalline phase transition occurs in the
intervening pressure range between 100 GPa and 1.2 TPa.
Several authors have predicted theoretically and Salamat et al.
have observed experimentally a bce-hep transition occurring
at 156 GPa. That transition was not observed in the dynamic
compression study by Lazicki et al. but it could have been
obscured by kinetic effects. A second interpretation is that the
hcp phase might be limited at high temperature by entropic
effects. If the bce-hep phase transition does occur within the
system and it extends to the melting point, it would likely
result in a triple point followed by a further increase in melting
temperatures at higher pressure.

IV. CONCLUSION

In this work we have used two complementary laser-heated
diamond anvil cell techniques to study and diagnose melting
of Sn at pressures into the megabar range. The data show
that the melting temperature continues to increase with a
shallow slope above 40 GPa. This marked change in melting
slope is not consistent with any crystalline phase transition
occurring in the 40-70 GPa range but instead reflects a
decreased thermodynamic stability of the y-Sn phase as it
encounters a fundamental electronic instability and seeks a
nanoscopic domain structure to achieve a thermodynamic
ground state [5]. Subsequent experiments carried out at
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Bristol using thermal signal processing revealed lower melting
temperatures than our earlier melting data above 70 GPa [13];
these results are consistent with the extrapolated line from
the 40-60 GPa range. The power-temperature data revealed
an unusual “sawtooth” pattern that could be explained by
the low-viscosity liquid Sn diffusing rapidly away from the
laser-heated spot during the DAC experiment [32]. It was
then recognized that the liquid S(Q) signals observed in the
earlier melting data analysis correspond to melting of the KBr
material used as a pressure-transmitting and thermal insulator.
That identification provides new constraints on the melting
curve of KBr in the 70-90 GPa pressure range.
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