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The high-pressure–high-temperature behavior of tin has been measured with x-ray diffraction and laser-heated
diamond anvil cells up to 225 GPa at 300 K and to 110 GPa and ∼4000 K. Temperature has been measured
using conventional point pyrometry as well as a four-color mapping pyrometer. The stability fields of Sn liquid
and solid phases (β-Sn, bct γ -Sn, bcc-Sn, hcp-Sn) have been constrained. The high-pressure hcp-Sn phase has
been observed but at higher pressure than under hydrostatic compression. The bcc-bct transition conditions are
measured, up to a bcc-bct-liquid triple point at 18.9 GPa/1410 K. A lower bound for bcc-Sn melting line is
proposed (Simon equation): Tm = 581((P − 2.86)/6.44 + 1)0.71 (P in GPa, Tm in Kelvin).
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I. INTRODUCTION

Tin has an intermediate position between semiconducting
(Si, Ge) and metallic (Pb) elements of the group 14. Pb has
a relatively simple phase diagram [1], while semiconducting
elements experience several phase transitions in pressure and
temperature [2,3]. As an intermediate, Sn presents unusual
bonding changes as a function of pressure and temperature.
At ambient conditions, Sn is stable in its metallic β-Sn phase
(space group: I41/amd). However, upon cooling below 286 K,
Sn undergoes a phase transition to brittle α-Sn with a diamond
structure [4] and a 27% volume expansion, a phenomenon
known as a “tin pest.” The compression behavior of Sn is
well known below 20 GPa [5–8] and room temperature com-
pression has been performed to 230 GPa [5,9–11], evidencing
multiple phase changes.

Above 10.8 GPa, Sn transforms into a body-centered
tetragonal structure (bct) γ -Sn (space group: I4/mmm) with
an initial c/a ratio of ∼0.91. Upon further compression,
Salamat et al. [10] have evidenced a distortion from the bct
structure to an orthorhombic one (bco, space group: Immm)
with a small deviation between a and b (a = 0.996 × b) at
around 32 GPa. The bco phase then transforms sluggishly into
a body-centered cubic (bcc) phase (space group: Im3̄m) with
a coexistence range of 30 GPa (from 40 to 70 GPa). The bcc-
phase of tin remains stable up to ∼150 GPa, where a bcc to
hcp (hexagonal close packed, space group: P63/mmc) phase
transition begins. Hcp-Sn was observed by static compression
at 300 K [9,11]. One theoretical study predicts a return to the
bcc phase above 1.3 TPa, and a bell shaped domain of stability
for the hcp phase [12]. This could explain why this structure
was not observed during ramp compression on tin, where the
P − T path are close to an isentrope [13].

Upon heating, the exact phase diagram of tin (melting
curve and solid phases stability) remains debated [5,14,15]. A

review has been performed recently by Deffrennes et al. [15].
The melting curve was studied by shock compression up to
50 GPa [16,17] and with laser-heated diamond anvil cell using
an optical detection of melting up to 68 GPa [18] and with a
x-ray diffraction diagnostic up to 72 GPa [19,20]. Above this
pressure, no x-ray diffraction experiments were carried out.
Briggs et al. performed thermal analysis (increase in the laser
power and observation of a plateau in temperature when the
sample melted) up to 105 GPa to measure the extension of the
melting curve beyond 72 GPa. The measured melting curve
forms a plateau around 2700 K between 72 and 105 GPa [20].

We report here in situ measurements with x-ray diffrac-
tion (XRD) of laser-heated tin in diamond anvil cells, up to
110 GPa at 4000 K. Additionally, we have collected data at
room temperature up to 20 GPa under hydrostatic compres-
sion, and up to ∼230 GPa under nonhydrostatic compression.
The stability of solid phases of tin is discussed, and new data
are provided to constrain the melting curve of tin in the Mbar
range.

II. EXPERIMENTAL PROCEDURES

A. Sample preparation

Two types of samples were used during our experi-
ments: laminated tin foil (99.95% purity, Goodfellow) of 5
µm starting thickness and tin powder grains (99.8% purity,
Alfa Aesar). The experimental conditions for each run are
described in Table I.

For laser-heating runs (Sn33-Sn48), the starting samples
were discs with diameters varying from 10 to ∼70 µm, cut
with a femtosecond laser coming either from the laminated
foil or from powder grain crushed to form a ∼2 µm thick
platelet. All samples were loaded in a diamond-anvil cell
(DAC) equipped with diamond culet size varying from 300
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TABLE I. Experimental details. * mean that the starting sample was a grain powder crushed to form a disk. PP: point pyrometry; 4C: four
color pyrometry (see text). Pressure transmitting medium (PTM) was also used as pressure marker in all runs except Sn30.

Anvil culet PTM/ P range T range
Run (µm) Sample P marker Pyrometer (GPa) (K) Beamline

Sn30 500 2 grains He/Au / 0–13 300–425 PSICHE
Sn33 300 one grain* KCl/KCl PP 0–45 300–2200 PSICHE
Sn34 70 × 300 one grain* KCl/KCl / 50–230 300 PSICHE
Sn35 300 one grain* KCl/KCl / 0–20 300 PSICHE
Sn37 70 × 300 foil KI/KI PP 5–65 300–2800 PSICHE
Sn39 100 × 300 foil MgO/MgO PP 27–115 300–2200 PSICHE
Sn42 150 × 350 foil KI/KI PP/4C 50–95 300–3000 PSICHE
Sn43 150 × 350 foil KI/KI PP/4C 90–110 300–4500 PSICHE
Sn46 100 × 300 foil KI/KI PP/4C 60–95 300–4200 PSICHE
Sn47 300 foil KI/KI PP 20–70 300–3500 ID27
Sn48 200 × 300 foil KI/KI PP 25–75 300–3300 ID27

to 70 µm in order to cover the 0–230 GPa pressure range,
and a rhenium gasket. Each sample was loaded in the gasket
hole between two platelets of a pressure transmitting medium
(PTM), that also acted as a thermal insulator between the dia-
monds and the sample, and as pressure gauge. During pressure
increase, the sample discs diameter increased, indicating a
plastic strain enabled by the softness of tin. Sample thickness
was thus less than 5 µm for all studied samples.

The high reflectivity of high-pressure Sn in the infrared
range [21] renders laser-heating challenging for this metal,
and we had to optimize the sample assembly design. First,
to increase sample thermal insulation, KI was used as PTM in
most runs because it has a smaller thermal conductivity than
other alkali halides [22]. Second, an insulating Al2O3 treat-
ment was used on several anvils. Third, Sn sample surfaces
were depolished either with femtosecond laser patterning or
by mechanical scratching of the surface, in order to decrease
the reflection of heating laser, similarly to what has been
previously done for another metal with a high reflectivity
[23]. Our experience is that femtosecond laser patterning does
not affect the bulk of the sample [24]. No chemical reaction
could be detected from XRD spectra of samples with such
surface treatment. The de-polishing survived after compres-
sion to high pressure as seen on samples pictures presented
in Ref. [25]. To finish, for the highest pressure runs, cavities
of 6 µm depth were drilled on the diamond anvil surface in
order to increase the thickness of the pressure chamber and
subsequent thermal insulation.

One experiment (run Sn30) was dedicated to the study of
the β − Sn ↔ bct-Sn transition under hydrostatic compres-
sion. The starting samples were two Sn powder grains, placed
in the center of the experimental chamber with one Au powder
grain to measure the pressure inside the chamber. They were
loaded in helium to achieve hydrostatic pressurizing condi-
tions [26,27] (see Ref. [25]).

B. XRD and laser-heating setups

Experiments were carried out at the PSICHE beamline of
the SOLEIL synchrotron (France) and at the ID27 beamline of
the European Synchrotron Radiation Facility (ESRF, France).
Angular dispersive x-ray diffraction (XRD) data were

collected using an incident x-ray beam (wavelength =
0.3738 Å) of 8 × 12 µm2 full width at half maximum
(FWHM) spot on CdTe 2M PILATUS detector (PSICHE) and
an incident x-ray beam of 0.8 × 0.8 µm2 FWHM spot on
an EIGER detector (ID27), both calibrated using a reference
CeO2 sample. The sample to detector distance was about
∼370 mm in both cases.

Pressure at 300 K was determined using the equations of
state (EOS) of KCl [28], MgO [29], KI [22], and Au [30].
Since these gauges derived from ruby calibration [29], uncer-
tainties in pressure is close to the uncertainty of ruby pressure
scale: ±2.5 % at 150 GPa [31]. For KI, the pressure at high
temperature was determined by adding a thermal pressure
term to the EOS at 300 K:

P(V, T ) = P(V, 300K ) + αKT (T − 300), (1)

where the pressure P is in GPa, α the volumetric thermal
expansion coefficient in K−1 and KT the bulk modulus in GPa.
Here we make the approximation that αKT is constant with
both V and T in the scanned domain, based on Ref. [28]. For
KI, we use αKT = 0.002 GPa K−1, in agreement with the val-
ues reported previously for KCl and KBr [28]; this represents
a small thermal pressure of 2 GPa for a 1000 K temperature
increase. The temperature of the PTM is assumed to be the
average between the Sn-KI interface temperature measured
with pyrometry and 300 K; the uncertainty in pressure due
to the uncertainty in temperature is a few GPa.

Two ytterbium fiber lasers from the IPG Photonics com-
pany (λ = 1070 nm), which have a power stability of 1%,
were focused on the sample from both sides. Once lasers were
aligned, the laser power was increased steadily. The alignment
between the x-ray beam and the heating spot was checked
before and after each heating run with the PTM fluorescence
induced by the x-ray beam. The fluorescence needs to be co-
incident with the image of pinhole used to collect the thermal
emission for temperature measurements through the optical
chain.

During a ramp, XRD data were collected continuously with
5 s exposure time (PSICHE) and 1 s exposure time (ID27)
resulting in up to hundreds of XRD patterns collected during
one ramp. The bidimensional images were integrated using
DIOPTAS software [32].

104116-2



HIGH-PRESSURE–HIGH-TEMPERATURE PHASE DIAGRAM … PHYSICAL REVIEW B 109, 104116 (2024)

C. Temperature measurement

At PSICHE and ID27, temperatures were determined with
both Planck and Wien fits on thermal emission data collected
between 400–950 nm using reflective objectives (called “point
pyrometry,” PP, here) and a pinhole entrance to a spectrometer.
The analyzed zone has a ∼3 µm diameter on the sample. The
PP was performed upstream (side of incoming x rays) and
downstream sides on PSICHE, and upstream side on ID27.
Temperatures determined this way are expected to be reliable
within ±100 to ± 200 K for temperatures up to 4000 K, when
collected thermal emission follows a Planck behavior [33].

At PSICHE, a new device (called “four color pyrometer”
or “4C pyrometer” here) has been developed to map the tem-
peratures over the sample, on upstream side. It is described
in Ref. [34]. This device has been inspired by setups installed
in laboratories [35,36]. A set of four images of the sample
is recorded, each obtained in a narrow spectral range in the
visible to near infrared with an individual optical path. This
method is achromatic as each wavelength image is focused
independently. Then, a region of interest is defined and the
four images are correlated spatially in this region so that
all emission maxima coincide; the output signal is a set of
four intensity maps with typical size of 100 × 100 pixels,
normalized by the reference spectrum of a calibrated lamp.
Here, one pixel corresponds to 0.5 microns on the sample.
For each pixel, the four normalized intensities are fitted with
a Wien law. This produces a temperature map in the region of
interest.

The number of point/4C pyrometry spectra was similar to
the number of XRD data during a ramp.

III. ROOM TEMPERATURE COMPRESSION

A. EOS

Room temperature compression of tin was measured up to
223 GPa. Typical XRD patterns of the different phases are
available in Ref. [25]. The P − V points are plotted in Fig. 1
along with previous fit EOS reported in the literature [10,11]
and tabulated data are provided in Ref. [25]. As expected, Sn
undergoes several phase transformations that we monitored
during pressure increase and decrease. Comparing our data
with both non hydrostatic [11] and quasihydrostatic [9,10]
conditions represents an opportunity to evaluate the effect
of non hydrostatic compression on the sequence of phases
measured on loading, and pressure-volume points.

Figure 1 shows the good agreement between P-V points
collected under non hydrostatic (this work and Ref. [11]) and
quasihydrotatic data (this work and Refs. [9,10]) below 100
GPa; which may be due to tin softness. We thus confirm the
EOS parameters from Ref. [10] for β-Sn, bct-Sn, and bcc-Sn.

Data deviate between each other above 100 GPa, mostly
in the hcp phase with a difference reaching �V /V = 1.6%
at 220 GPa. This corresponds to a pressure difference of
13 GPa. Salamat et al. [9] measurements reached 194 GPa,
the pressure at which hcp Sn is just appearing in our ex-
periments; a part of the discrepancy between our measured
volumes may come from the extrapolation of their EOS at
higher pressure. We suggest to use the following parameters
for a Birch-Murnaghan EOS of hcp-Sn: Vp = 13.8 Å3/at, Kp

FIG. 1. Sn room temperature EoS. Pressure-volume points have
been collected under nonhydrostatic compression above 15 GPa.
The EOS from Refs. [9,10] (quasihydrostatic - black) and Ref. [11]
(nonhydrostatic - red) are plotted as dashed lines. (Botton) Difference
in percents between current and [9–11] EOS volumes. S11, S13, and
G17 correspond to Refs. [9], [10], and [11], respectively.

= 652 GPa, and K ′
p = 5.1 at 157 GPa; which is also in better

agreement with Gavriliuk et al. data [11].
In a recent study, Bao et al. [37] predicted a new phase of

tin under pressure with ab initio and DFT calculations. Phase
(1) crystallises in space group P21/m, (2) is stable between
6.1 and 21.5 GPa, and (3) its transition with the β phase is
accompanied by a volume drop of 2.4 %. This phase was not
observed during our experiments.

B. β ↔ bct phase transition

Three compression-decompression cycles were performed
during run Sn30 at 300 K and 425 K to measure β ↔ bct
transitions conditions under hydrostatic compression [26].

Different single crystals of β-Sn had a starting state that
could be distinguished from their XRD peaks: elongated by
±2◦ or by ±0.1◦ along the azimuthal direction (see inset of
the Fig. 2). This elongation is related to dislocations density,
and we call the crystals with large/small spread plastically
strained/unstrained. For each crystal, the transitions proceed
within one pressure step (which were of 0.4 GPa maximum),
so that no coexistence domain could be detected as dis-
played in Fig. 2. Values of transition pressure are reported in
Table II. Depending on the temperature and on the starting
state, the pressure for the β − Sn ↔ bct-Sn transitions dif-
fers: it is necessary to overshoot/undershoot the pressure for
the direct/reverse transition for plastically unstrained crystals,
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FIG. 2. Sn β-bct transition. Relative amount of bct-Sn mea-
sured during run Sn30. Dashed arrows identify compression-
decompression cycles. (Inset) Diffraction spots for β-Sn at
4 GPa/300 K during run Sn30. Strained/unstrained crystals are
shown with red/black arrows. For clarity, the data at 425 K have
been shifted by 70%.

compared to plastically strained crystals. In Salamat et al.
[10], a 5 GPa coexistence domain was reported under hy-
drostatic compression, which could originate from mixing of
grains with different microstructures in the starting samples.
The volume discontinuity of ∼ − 1.9% agrees with literature
[10,38].

C. bct ↔ bcc phase transition

A bct to bco transition has been previously observed at
32 GPa [10]. However, due to the similarity between the two
phases (c/a = 0.934 and a = b for bct-Sn, while c/a = 0.937
and a/b = 0.996 for bco-Sn), we were not able to discrimi-
nate these two phases: diffraction peaks collected under non
hydrostatic compression can be either indexed with bco or

TABLE II. Pressures for the β − Sn ↔ bct-Sn transitions during
run Sn30 under hydrostatic conditions, with starting state (strained or
unstrained). ± indicate maximum coexistence domains. Data from
Refs. [10] (static hydrostatic loading) and [38] (shock loading) are
included for comparison. TW: this work.

T (K) Crystal Pβ→γ (GPa) Pγ→β (GPa) Ref.

300 unstrained 11.5 ± 0.1 8.3 ± 0.1 TW
strained 10.7 ± 0.2 8.8 ± 0.1 TW
unknown 13.2 ± 2.4 [10]

425 unstrained 8.7 ± 0.1 3.9 ± 0.2 TW
strained 8.3 ± 0.1 6.1 ± 0.2 TW

∼ 370 unknown 8.9 ± 0.5 7.1 ± 0.5 [38]

bct. Consequently, we decided to interpret all XRD data with
bct-Sn when possible.

Figure 3 shows integrated XRD patterns evidencing the
appearance/disappearance of bcc-Sn/bct-Sn on pressure in-
crease. The relative amount of bcc-Sn, estimated using the
intensity ratio between (110)bct and (110)bcc peaks, is also
plotted. A pure bct-Sn phase is observed up to 36.6 ± 1.3 GPa.
Around this pressure, the transition to a bcc structure be-
gins. A domain of coexistence between the two phases is
observed up to 57.1 ± 0.3 GPa (see Fig 3). Under quasi-
hydrostatic compression, the transition begins/finishes at
41.2 GPa/70 GPa [10]. Non hydrostatic stresses thus reduce
the pressure of the bct → bcc transition. Upon decompres-
sion, the reverse bcc to bct transition takes place from 31 GPa
down to 16 GPa, evidencing a large hysteresis. From our
data, taking the average of direct and reverse transitions, we
estimate that the equilibrium pressure for bcc-bct transition in
Sn is 34 ± 9 GPa.

D. bcc ↔ hcp phase transition

In run Sn34, the diffraction peaks of hcp-Sn appear around
205 GPa, and a mixture of hcp-Sn and bcc-Sn is observed

FIG. 3. Sn bct-bcc transition at 300 K. (a) XRD patterns for run Sn39. Red squares: bct-Sn, blue stars: bcc-Sn and gray disks: KI.
(b) Relative amount of bcc-Sn measured for compression and decompression, estimated using the intensity ratio between (110)bct and (110)bcc

peaks. Dashed arrows identify compression-decompression cycles.
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FIG. 4. Sn bcc-hcp transition at 300 K. (a) X-ray diffraction patterns collected during compression (↑)/decompression (↓) during run
Sn34. Blue stars: bcc-Sn, green diamonds: hcp-Sn, gray circles: KCl and purple hexagons: Re. (b) Evolution of the fraction of hcp-Sn. For
clarity, fraction of hcp-Sn was multiplied by 2 on the graph. Data from Refs. [9,11] are also plotted; pressure transmitting medium are indicated
in the legend.

up to the maximum pressure reached, 225 GPa. The fraction
of hcp-Sn estimated from the ratio between (101̄0)hcp and
(110)bcc diffraction peaks intensities is plotted in Fig. 4(b) and
x-ray diffraction patterns in Fig. 4(a). The bcc to hcp transi-
tion proceeds with a volume collapse of 1.5%, twice higher
than measured in Ref. [9], and in agreement with Ref. [11].
Extrapolating the steady evolution measured, we estimate the
pressure of 50% transformation: ∼240 GPa. During decom-
pression, the decrease of XRD signal of hcp-Sn starts at 160 ±
5 GPa with a 50% transformation at ∼135 GPa [see Fig. 4(b)].
Our estimate of bcc-hcp equilibrium pressure at 300 K is thus
(135 + 240)/2 = 188 GPa ± (−135 + 240)/2 = 53 GPa.

Our study thus confirms the synthesis of hcp-Sn under
high pressure at 300 K, but at higher pressure than previously
reported [see Fig. 4(b)] [9,11]. Comparison between bcc-Sn
volumes (Fig. 1) shows that the difference cannot be attributed
to different pressure calibrations. DFT calculations predict
that hcp and bcc phases a have similar energy (± 5 meV) in a
large pressure range (from 100 to 200 GPa) [9,39]; with such a
small difference, nonhydrostatic pressurization could shift the
equilibrium pressure. The starting shape and microstructure
(thin foil versus powder grains in Ref. [9]) may also have play
a role in the transformation onset. Hcp-Sn was not observed
by dynamic laser ramp compression experiments [13]: among
other factors, high nonhydrostatic compression may have in-
hibited the transition in these experiments.

IV. HIGH-PRESSURE–HIGH-TEMPERATURE
PHASE DIAGRAM

XRD data collected up to 110 GPa and 4000 K allow mea-
suring solid phases stability domains as well as the melting
curve of tin.

A. Point and 4C pyrometry

The precision of measured phase diagram depends in a
large part on the accuracy of temperature measurements.

On ID27, the temperature was measured by a fit of thermal
emission recorded on a 3 × 3 µm spot, on the upstream side

of the sample. A typical Wien fit is reported in Ref. [25].
The fit quality is good (0.2% residual) but one should keep in
mind that temperature gradients can exist within the sample
thickness.

On PSICHE, the temperature could be measured on the two
sides of the sample, and laser power adapted in order to limit
this gradient. 4C pyrometry measurements were carried out
upstream.

Figures 5(a) and 5(b) present a comparison between py-
rometry data collected upstream by the PP and 4C pyrometer,
for one heating ramp. 4C temperatures measured on the loca-
tion of the x-ray spot as well as the maximum temperatures are
plotted. At the beginning of the heating ramp, the temperature
is maximum on x-ray spot as the lasers had just been aligned
on this location. 4C and pyrometer temperatures agree well
within less than 100 K. Wien graphs plotted in Fig. 5(b) show
that Wien functions are almost identical for PP and 4C at
09:45:38, and follow a linear trend as expected. With time,
4C x-ray and 4C maximum temperature progressively diverge,
indicating that the heating spot deviates from x-ray spot. The
temperature measured with the pyrometer also differs from 4C
temperatures, reaching values up to ∼2000 K higher. Wien
functions plotted in Fig. 5(b) show which signal is suitable:
the 4C Wien function remains linear in the scanned wave-
length range. We explain this by the truly achromatic character
of the optical chain used for 4C pyrometer. On the other hand,
the emission spectrum recorded by the PP pyrometer does not
follow a linear behavior. A linear fit in the 1.3 × 106–1.6
× 106 m−1 domain overestimates temperature compared to
4C, and reducing the fitting domain only reduces this over-
estimate. A parasitic signal was probably collected due to
aberrations, producing this apparent nongraybody behavior.
As a matter of fact, after 09:49:00 4C pyrometer shows that
thermal emission became very high, with a maximum temper-
ature out of the pyrometry pinhole. 4C temperatures measured
on X-ray spot location have thus been used, when available
(see Table I).

Figure 5(c) shows the evolution of the hot spot for an-
other heating ramp on the same sample: the hot spot expands
and becomes double, which is likely due to a progressive
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(a) (b) (c)

FIG. 5. Comparison between 4C point pyrometry and pyrometry data. (a) temperatures measured with point pyrometry and 4C pyrometry
on the location of the x-ray spot for one heating ramp in run Sn34 at ∼106 GPa. Maximum temperature is also plotted. (b) comparison between
Wien fits for two different times during this ramp. (c) Temperature maps calculated by 4C pyrometer for another heating ramp. They show
the progressive deviation of the maximum temperature from the x-ray location, indicated by the purple arrows and disk. The disk size is the
approximate x-ray spot size on the sample.

misalignment of upstream and downstream lasers during the
ramp. 4C pyrometery is useful to detect such unwanted situa-
tions, in real time, and to correct them by realigning the lasers.

B. bct ↔ bcc transition boundaries

The stability of the bct phase has been investigated un-
der high temperature using laser heating experiments in the
300–1500 K and 20–60 GPa domain. Such temperatures are
difficult to measure with pyrometry due to the low ther-
mal emission signal. Below 1000 K, the temperatures were
estimated from laser intensities and temperatures measured
during the same ramp above 1000 K. Together with data
reported in Ref. [15], the current data set enables to propose
phase boundaries for the bct to bcc transition.

Integrated XRD patterns collected during a laser heating
ramp at ∼38 GPa are shown in Fig. 6(a). The (P,T) loca-
tion of these spectra are indicated with black arrows on the
phase diagram in the region of interest in Fig. 6(b). A bct →
bcc (highest T) → bcc + bct → bct sequence is observed by
heating → cooling of the sample. The bcc-phase is the only
phase observed between 1300 K and melting. In a few runs,
traces of metastable bcc-Sn could be observed after quench
to 300 K, which disappeared on pressure change. This differs
from the observation of the bct phase up to the melting point
at 46 GPa in Ref. [20].

While heating and cooling cycles evidence an hysteresis
for the bcc-bct transformation, as under ambient temperature
and under isothermal compression at 600 K [15], it is im-
possible to disentangle this from the effect of unavoidable
temperature gradients within the sample. We thus propose two

FIG. 6. Sn bcc-bct transition at HT. (a) Evolution of XRD patterns on T increase (↑)/decrease (↓) at ∼38 GPa. Red squares: bct-Sn, blue
stars: bcc-Sn and gray circles: KCl. (b) PT chart in the 0–60 GPa/300–1500 K range. Combined data from our experiments (laser heating) and
from Ref. [15] (resistive heating). The two gray lines correspond to Eqs (2) and (3). Black arrows identify XRD patterns plotted in (a).
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FIG. 7. Sn melting evidenced with x-ray diffraction. Stack of integrated XRD patterns collected during a laser heating ramp at (a) ∼41 GPa
in run Sn37 and (b) ∼46 GPa in run Sn48.

boundaries based on our observations which are represented
on a PT chart in Fig. 6(b). They separate PT conditions where:
only a bct phase and a mixture of bct and bcc is observed
(Eq. 2); only a bcc phase and a mixture of bct and bcc is
observed [Eq. (3) - P in GPa, T in K)]:

T = −1.07P2 + 1.21P + 1771; (2)

T = −0.43P2 + 4.81P + 1472. (3)

These boundaries cross the melting line at 18.9 GPa and
1410 K, close to liquid-bct-bcc triple point suggested by
Deffrennes et al. [15] (20.4 GPa and 1566 K).

C. Melting of bcc-Sn

The first appearance of liquid scattering in the integrated
XRD patterns is considered as the indicator of melting in
diamond anvil cell samples [40–44]. Such signal, recorded
mostly around (110) XRD peak of bcc-Sn, is presented
in Fig. 7 for two heating ramps. Contrary to other metals
[41–43], for which the liquid scattering x-ray signal can be
recorded during a few minutes under continuous laser heating,
we were able to evidence it during less than 10 s, despite
numerous attempts. For this reason, only seven melting points
could be unambiguously measured, and most of them at
ESRF, where XRD collection time was shorter than at Soleil
(1 s versus 5 s). For these points, the melting temperature is
estimated as: Tmelt = (Tfirst liquid + Tlast solid )/2, where Tfirst liquid

and Tlast solid are the lowest temperature of detection of a liquid
diffuse signal, and the highest temperature of detection of a
solid sample alone, respectively. Here, Tlast solid and Tfirst liquid

typically differ by 300 K, which results in an error of ±150 K
in the temperature of melting. These points are listed in
Ref. [25]. The melting curve is thus constrained by (i) melting
points at Tmelt evidenced by appearance of diffuse signal;
(ii) observation of the XRD signal of solid and unreacted
bcc-Sn under high pressure/high temperature, which provides
a lower bound for the melting curve.

Temperature runaways resulting in a damage of the sample
were often observed after melting. There are two possible
explanations for this behavior: a chemical reaction above

melting point, or a change in optical properties of the sam-
ple at melting, resulting in an increased efficiency of laser
heating. Below ∼70 GPa, we did not detect any evidence of
chemical reaction on the quenched sample XRD spectrum.
The second interpretation is thus more likely, and in line with
the observation of an increase of reflectivity after β → bct
transition, followed by a decrease after melting during shock
compression [45].

D. Chemical reaction with PTM

In runs Sn42, Sn43, and Sn46, reaching ∼3000 K above
70 GPa resulted in a temperature runaway and in the formation
of a new phase as evidenced on the XRD pattern of quenched
sample (Fig. 8).

A fine (1×1 µm mesh) XRD mapping of the quenched
sample on ID27 allowed finding the reacted zones and iden-
tifying the reaction product structure, even if this phase
remained minor in the sample. The new phase has a face cen-
tered cubic (fcc) structure with a cell parameter a = 4.178 Å
at 70 GPa. Its structure and cell parameter coincide with
SnI4 [46]. SnI4 and pure I2 EOSs are close, so that the exact
stoechiometry of the product of reaction remains uncertain.

Between 70 GPa and 110 GPa, we observed a chemical
reaction between Sn and KI only above Sn melting. Above
110 GPa, the reaction took place from the solid state in Sn.
This is why no data collected above this pressure are presented
in this report. Below we discuss only data points for which no
evidence of a chemical reaction could be detected.

Briggs et al. performed melting experiments using KBr as
PTM [20]. SnBr4 also forms under high pressure [47] and
without XRD diagnostic, which was not performed above
70 GPa in Ref. [20], a reaction between Sn and KBr cannot
be ruled out.

E. Cross-check of measured temperatures with Sn EOS

To further check the validity of temperature measurements,
we calculate Vexpected, the expected volume of bcc-Sn at the
pressure estimated using PTM XRD and EOS, and pyrometry
temperature, and compare it with measured volume (Fig. 9).
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FIG. 8. Reaction between Sn and PTM during run Sn46. (a) XRD signal before and after laser heating at ∼90 GPa, showing the appearance
of new XRD spots indicated in yellow. (b) Integrated XRD pattern showing SnI4 (lattice parameter a = 4.099 Å), Sn and KI after chemical
reaction at 90 GPa.

Vexpected is computed using Eq. (1), using P(V, 300 K) of bcc-
Sn from Ref. [10] and αKT Sn = 0.005 GPa.K−1, obtained
by an analysis of Deffrennes et al. measurements [15]. Three
examples are shown in Fig. 9.

In Fig. 9(a), a good correlation is found between the ex-
pected and measured volume below ∼2300 K. Then a sudden
temperature jump is recorded; a faint XRD signal of a solid
phase is still observed, which probably arises from cold zones
scanned with the wings of the x-ray beam. For this ramp,
temperature measurements are thus validated up to 2300 K.
Expected and measured volumes agree in Fig. 9(b), and all
measurements are validated up to the observation of the dif-
fuse signal of molten Sn at 2715 K. In Fig. 9(c), the agreement
is correct up to the highest temperature reached, ∼4200 K,
where solid Sn is still observed. The differences between
measured and expected volumes are all within 0.1 Å3/at,
which can be explained either by a systematic error in the
equation of state of bcc-Sn, by uncertainties in temperature
measurement and/or temperature variations of 300 K to 400 K
(in the pressure range of 60–110 GPa). This order of mag-
nitude corresponds to temperature differences within sample
thickness or radius in the x-ray spot, estimated with finite
elements modeling [48].

F. Phases of Sn under high PT

Figure 10 shows in a PT chart the phases of Sn measured
for 10 different samples, for which 3 to 10 heating ramps
validated by volume cross-check had been performed. For
clarity, P/T errors bars were represented only for melting
points corresponding to Tmelting represented in pink. For those
melting points, a conservative estimate is ±300 K, the sum of
maximum pyrometry fitting error bars (±150 K) and ±150 K
in the detection of melting (see Sec. IV C). Uncertainties in
pressure are ± 3 GPa around 30 and 5 GPa at 110 GPa; they
include the propagation of error bars in temperature of the
PTM.

The melting points agree with earlier measurements
[18,20] below 70 GPa. However, above 70 GPa, solid bcc-Sn
is observed at temperatures above reported melting points
measured by thermal analysis [20]. This could possibly been
explained by a reaction between Sn and KBr PTM that would
have biased this diagnostic. This reaction could have remained
undetected as no XRD has been performed above 72 GPa in
Ref. [20].

With the current data (melting points up to 65 GPa and
solid points up to 110 GPa), we propose a lower bound for the
melting curve under the form of a Simon equation (P in GPa,

FIG. 9. Cross-calibration of our data during three heating ramps: (a) at ∼65 GPa, run Sn46. Temperature below 3000 K are validated. (b) at
∼55 GPa, run Sn47. A good agreement between calculated and experimental volume is observed. The black arrow shows time/temperature
where diffuse scattering indicative of melting was observed. (c) At ∼100 GPa, run Sn43. This ramp is represented in Fig. 5.
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Tm in K):

Tm = 581

(
P − 2.86

6.44
+ 1

)0.71

. (4)

Recently, Rehn et al. estimated the melting curve of bcc-
Sn using ab initio molecular dynamics calculations with Z
method [49]. They obtained a curve which agrees well with
Eq. (4) as represented in Fig. 10.

V. CONCLUSION

The solid phases of tin have been investigated up to
225 GPa at room temperature. Pressures of both direct (on
pressure increase) and reverse (on pressure decrease) tran-
sitions have been measured for β-bct, bct-bcc, and bcc-hcp
transformations. All transitions exhibit a large hysteresis,
the pressure difference between direct and reverse transi-
tions being 2–4 GPa for β-bct, ∼20 GPa for bct-bcc, and
∼100 GPa for bcc-hcp. We observe that β-bct transitions
conditions under hydrostatic compression are also strongly
affected by the starting sample state (one grain plastically
strained/unstrained), suggesting that plastic strain plays a
role in the new phase nucleation. Similarly, the bcc-bct
transition is favored by nonhydrostatic compression, but
bcc-hcp transition seems to be rather inhibited by nonhydro-
staticity. These observations illustrate the complex role of

pressurization conditions and microstructure in solid-solid
phase transformations under static compression, and show the
need to measure both (direct and reverse) transformations to
constraint the equilibrium pressure.

High-pressure and high-temperature phase diagram of Sn
has also been measured using x-ray diffraction in laser-heated
diamond anvil cells up to 110 GPa and 4000 K. The stability
field of the bcc phase is directly measured by the recording of
its XRD signal in a dense (P,T) grid: it is wider than previously
thought [20], with a higher melting curve above 70 GPa, and
a lower bct → bcc transition temperature in the 30–50 GPa
domain.

Tin and the alkali halide KI pressure medium start to react
above 70 GPa in the liquid phase, producing likely SnI4; the
reaction is favored by further pressure increase and prevented
high-temperature measurements above 110 GPa.
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