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The crystal structure of elemental Sn was investigated by synchrotron X-ray diffraction at ultra high

pressures up to ∼ 230 GPa creating in diamond anvil cells. Above 70GPa, a pure bcc structure of Sn was

observed, which is stable up to 160 GPa, until an occurrence of the hcp phase was revealed. At the onset of

the bcc-hcp transition at pressure of about 160 GPa, the drop of the unit cell volume is about 1%. A mixture

of the bcc-hcp states was observed at least up to 230 GPa, and it seems that this state could exist even up to

higher pressures. The fractions of the bcc and hcp phases were evaluated in the pressure range of the phase

coexistence 160–230 GPa. The difference between static and dynamic compression and its effect on the V –P

phase diagram of Sn are discussed.
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Introduction. The search for high-temperature su-

perconductivity is one of the major challenges in con-

densed matter physics and solid-state chemistry. The

poly-hydrides of metals, including Sn, are promising

candidates for superconductors, which can be obtained

at very high pressures of the megabar range. Structural

studies of Sn-hydrides using X-ray diffraction (XRD) are

impossible without careful investigations of the struc-

ture of pure tin as a reference. Moreover, the 119Sn

Mössbauer isotope was recently used as a sensor of mag-

netic field in the search for superconductivity in H2S

compressed to 150 GPa [1]. Therefore, the scientific com-

munity addresses the investigation of the tin structure

in the multi-megabar pressure region as a very impor-

tant fundamental problem.

There is a lot of literature related to theoretical

and experimental studies of phase transitions and high-

pressure structural modifications of elemental Sn [2–14].

The crystal structure of white tin β-Sn (space group

I41/amd) at 9.8 GPa and ambient temperature was

shown to transform to body-centered tetragonal struc-

ture bct I4/mmm [15]. The pressure dependence of the

1)e-mail: lyubutinig@mail.ru

corresponding optical-phonon modes of metallic β-Sn

has been studied up to 9.6 GPa by Raman spectroscopy

[16]. Desgreniers et al. [2] showed by X-ray study of tin

up to 120 GPa that at 45 GPa a body-centered tetrago-

nal (bct) structure transforms into a body-centered cu-

bic (bcc, Im− 3m) structure.

Salamat et al. [3] studied the structure of tin by

angle-dispersive synchrotron X-ray diffraction up to

138 GPa under quasi-hydrostatic conditions at room

temperature. Their data confirm the occurrence of a

first-order phase transition at 10.8 GPa between β-Sn

and a higher pressure phase, which is the body-centered-

tetragonal polymorph (bct). Above 32 GPa, this phase

exhibits a distortion into the body-centered orthorhom-

bic (bco, Immm) modification. Beyond 70 GPa, the

structure undergoes another phase transition and be-

comes body-centered cubic (bcc). In the pressure range

of 40–70 GPa, the coexistence of the bcc and bco struc-

tures was observed [3]. Salamat et al. [4] reported the

first experimental observation of the hexagonal close-

packed (hcp, P63/mmc) phase that evolved from the bcc

structure at 157 GPa and both phases coexisted up to

194 GPa (see also Fig. 1). Such a martensitic transition

is not new for high pressure behavior and was reported

JETP Letters 1



2 A. G. Gavriliuk, I. A. Troyan, A. G. Ivanova et al.

Fig. 1. (Color online) The unit cells of bcc and hcp struc-

tures of Sn. These two structures coexist in the pressure

range 160–230 GPa. Both structures have the same num-

ber of atoms per unit cell

for many materials, including pure iron. Usually, sim-

ilar transitions are related to a strong modification of

electronic properties making the pure tin additionally

attractive as an object of solid state research.

In our study, the crystal structure of Sn was investi-

gated by synchrotron XRD technique at high pressures

up to a maximal value of ∼ 230 GPa creating in diamond

anvil cells and using different high pressure transmit-

ting media. We revealed the onset of a phase transition

from Sn-bcc to Sn-hcp structure at a pressure of about

160 GPa similar to the results obtained previously [4].

Both phases coexist in the broad pressure range of 160–

230 GPa despite the softest pressure media used in this

work.

Experiments. The tin foil samples enriched with

the 119Sn Mössbauer isotope up to 95 % was used in

our study. Synchrotron XRD studies of structural prop-

erties were performed at high pressures in the diamond

anvil cell (DAC) in different pressure media (He, H2, sili-

con oil PES-5, NaCl) at room temperature. Experiments

were performed at beam-line ID27 of ESRF (Grenoble,

France) [17] and at beam-line P02.2 of PETRA III at

DESY [18].

Five runs of the XRD measurements were per-

formed. At maximal pressures we used DAC design sim-

ilar to [19]. The tin foil samples were placed into the

volume of the hole in the gasket of the DAC cham-

ber. The gasket materials in different runs were Re or

ceramic made of the X-ray amorphous composite mix-

ture of CaF2 with epoxy. The beveled shape of diamond

anvils with typical diameter of flat culets from 40µm to

70µm was used in different runs. The typical diameter

of the gasket hole varied from 15µm to 25µm. The sam-

ple was prepared from a metal 119Sn foil by squeezing it

to a thickness of ∼ 2–3µm. The pressure was measured

using the diamond Raman scale [20] and in some runs

it was obtained from the X-ray diffraction of NaCl (B2

phase) [21] and of Au [21]. The typical images of sample

chambers are shown in Fig. 2.

Fig. 2. (Color online) The typical images of experimen-

tal mounts: (a) – The gasket material is CaF2 ceramic;

H2 or He was used as pressure medium; culet diameter

is ∼ 50µm; bevel diameter is ∼300µm. (b) – The gasket

material is Re; silicon oil PES-5 or NaCl was used as a

pressure transmitting medium; cullet diameter is ∼ 45µm;

bevel diameter is ∼ 240µm. The images were obtained

using transmitting and reflected light setting, simultane-

ously. In the gasket holes, chips of tin foil surrounded by

transparent pressure media can be clearly seen

At the ESRF facilities, the XRD patterns were

recorded using monochromatic X-ray radiation (λ =

= 0.3738 Å, spot size of 3µm) with a MarCCD detector

at working distance of 192 mm. At PETRA-III we used

wavelengths λ = 0.2907 Å and λ = 0.2945 Å in different
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runs. The spot size at the sample was 2 × 2.2µm. A

two-dimensional area (flat panel) Perkin Elmer (XRD

1621) detector was set at a distance of 462.92 or at

491 mm from the sample, depending on a run. Diffrac-

tion data were integrated using DIOPTAS program [22].

The diffraction patterns were fitted by the Le Bail

method using program JANA2006 [23].

Results and discussion. The high-pressure evolu-

tions of synchrotron XRD patterns of tin in helium and

in hydrogen media are shown in Fig. 3. As expected, the

Fig. 3. (Color online) The evolution of room-temperature

XRD patterns of tin at compression up to ∼177GPa.

(a) – Helium is the pressure medium. The Sn-bcc reflex

indexes are indicated. Inset shows the Sn-hcp 101 reflec-

tion at 177 GPa in an enlarged scale. (b) – Hydrogen is

the pressure medium. Inset shows the Sn-hcp 101 reflec-

tion at 162.5 GPa in an enlarged scale. Red curves show

XRD patterns before the onset of the bcc-hcp phase tran-

sition

diffraction peaks shift to higher angles with increasing

pressure. The measurements were analysed in the angle

range of 2Θ ≤ 28◦. Unit cell parameters were deter-

mined from Le Bail fitting by JANA2006 [23].

In the measurements with He pressure medium we

observed a very weak peak to the right of the 110 reflec-

tion of Sn-bcc (inset in Fig. 3a), which can indicate the

appearance of the hcp phase at the maximal pressure in

this run to 177 GPa.

Hydrogen and helium are considered the softest pres-

sure media known today; therefore, these results are the

most reliable from the point of view of quasi-hydrostatic

conditions. However, the complexity of the experiment

and geometry of compression can have its influence. We

estimated that the onset of the bcc-hcp transition in Sn,

observed at the most hydrostatic conditions of helium,

starts at ∼ 177 ± 5GPa (inset in Fig. 3a). The error of

±5GPa in the accuracy of pressure determination was

evaluated from the accuracy of a diamond Raman scale

in our experiment.

In Fig. 3b and Fig. 4a, the evolutions of XRD pat-

terns of Sn in CaF2 gasket material are shown in the

presence of hydrogen. Here, it is possible that a small

amount of H2 was present around the sample and in-

side the gasket material near the hole. Initially, H2 was

filled inside the gasket hole together with Sn chips, but

with increasing pressure, the hydrogen medium disap-

peared almost completely. We suppose that hydrogen

was partly blown out and partly absorbed by tin, but

only in the amount insufficient to synthesize a stoichio-

metric tin hydride. In this case hydrogen atoms proba-

bly form irregular interstitial defects.

In such a complex environment, we observed the on-

set of the bcc-hcp transition which was detected by ap-

pearance of Sn-hcp 101 reflection at ∼ 162 GPa (inset in

Fig. 3b) and at ∼ 158 GPa (Fig. 4a).

The evolution of XRD patterns of Sn in NaCl pres-

sure medium is shown in Fig. 4b. The onset of the bcc-

hcp phase transition was observed between 156 and

163 GPa.

In the DAC cell with the PES-5 pressure media,

the XRD measurements at pressures up to 197 GPa

were performed on the ESRF facilities with a wave-

length of 0.3738 Å, whereas the measurements at above

200 GPa were made on PETRA-III with a wavelength of

0.29045 Å. To reconcile and compare the results of these

measurements, the evolution of diffraction patterns of

Sn is given in Fig. 4c as a function of the backscattering

vector Q. In this case, the onset of the bcc-hcp transition

was observed between 148 and 169 GPa. The estimated

values of pressures of the bcc-hcp transition of Sn in var-

ious transmitting media are in agreement with data of

Ref. [4].

The full set of our experimental XRD data was care-

fully analysed and we calculated phase composition and

V –P equation of state (EOS) of Sn at room tempera-
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Fig. 4. (Color online) The evolution of room-temperature

XRD patterns of tin upon compression in various pressure

media: (a) – in NaCl up to 175 GPa, (b) – in a CaF2 gas-

ket environment with possibly a small amount of hydrogen

(H2) up to ∼ 225 GPa, (c) – in PES-5 up to 229 GPa. Peak

positions for reflections of hcp and bcc structure are indi-

cated. Red curves show XRD patterns before the onset of

the bcc-hcp phase transition. Orange triangles and cycles

indicate Re and Au reflections, respectively

ture in the pressure region of 76–230 GPa. At pressures

higher than the onset of the bcc-hcp transition we ob-

served and documented the clear evidence of coexistence

of the bcc and the hcp phases. The measured V –P re-

lations of Sn for the bcc and the hcp phases are shown

in Fig. 5. The unit cell volumes obtained experimentally

Fig. 5. (Color online) The room temperature EOS of Sn for

the volume of the bcc and hcp phases at pressure increase

from 76 to 230 GPa calculated from the set of XRD mea-

surements with various pressure transmitting media. The

symbols are the experimental points. The lines show the

fits using a modified 2nd order Birch–Murnaghan equation

of state. At pressures higher than the onset of the bcc-hcp

transition the bcc and the hcp phases coexist

fit well to the modified Birch–Murnaghan EOS:
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where Pn is the evaluated pressure of the transition

into the current high-pressure phase, Vn is the unit

cell volume at pressure Pn, Bn is the bulk modulus,

and B′

n is the pressure derivative of Bn. For the Sn-

bcc phase, the obtained parameters are: P76 = 76GPa,

V76 = 33.46 ± 0.08 Å3, B76 = 347 ± 13GPa, B′

76 =

= 3.8 ± 0.2. For the Sn-hcp phase, the obtained pa-

rameters are: P158 = 158GPa, V158 = 27.77 ± 0.09 Å3,

B158 = 631±15GPa, B′

158 = 4 (fixed value). The differ-

ence in the cell volumes between the bcc and hcp phases

at ∼ 168 GPa is about 1.0 %.

The content (fraction) of the hcp phase obtained

from the quantitative Rietveld analysis increases with

increasing pressure. The behavior of the content of the
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hcp phase observed at pressure increase in silicon oil

PES-5 and in CaF2 pressure media is shown in Fig. 6.

In the PES-5 medium, the hcp fraction grows approxi-

Fig. 6. (Color online) The increase of the hcp phase content

upon compression in silicon oil (PES-5) pressure medium

and in CaF2 gasket environment. In the CaF2 gasket en-

vironment possibly was a small amount of hydrogen (see

text for details). In the CaF2 gasket environment a small

amount of hydrogen can possibly be present (see text for

details). Solid lines are guides for the eye

mately with the same rate as it was observed in the Ne

pressure medium [4]. We found that in silicon oil the

hcp fraction grows up to 90 % at 229 GPa. In the CaF2

gasket environment (with possible presence of a small

amount of hydrogen), the content of the hcp phase grows

much weaker than in the other pressure media (e.g. see

Fig. 6). We evaluated that in this case the fraction of

the hcp phase increases only to 30 % at 225 GPa.

The relatively small difference in the unit cell vol-

ume of the bcc and the hcp phases together with our

observation of compression behavior in different “solid”

pressure media indicates that the bcc-hcp transition may

be strongly sensitive to the degree of hydrostaticity and

to the influence of undesirable stresses, i.e. microstrains.

The obtained results are important for a comprehen-

sive understanding of Sn as a complex electronic system

characterized by multiple phase transitions induced by

high pressure.

Summary. The crystal structure of elemental Sn

was investigated at ultra pressures up to ∼ 230 GPa

at room temperature. We started the measurements at

∼ 70 GPa and found pure bcc phase of Sn above 70 GPa

in complete agreement with results observed previously

[2, 3, 5]. Upon further compression, the onset of tran-

sition into the hcp phase at ∼ 160 GPa was observed.

This is the first experimental acknowledgement up to

date of the appearance of the hcp phase previously ob-

served in [4]. Thus, our results confirm principal differ-

ence between static [4] and dynamic [14] compression

on the phase diagram of Sn. At static compression, the

bcc phase lost stability and transforms into a compli-

cate mixture of bcc and hcp phases at pressures about

160 GPa, whereas at dynamic compression [14], the bcc

phase is stable up to 1.2 TPa and there is no evidence

of the hcp phase. In our experiments, the mixed of the

bcc-hcp states was observed at least up to 230 GPa, and

it looks like this state could exist even up to higher pres-

sures.

In addition to the first observation of the hcp phase

[4] in the pressure range of 157–194 GPa, we established

that the range of pressures of the coexistence of the bcc-

hcp phases increases up to ∼ 230 GPa. The influence of

pressure and pressure medium on the hcp-phase content

was also revealed and documented.

It was evaluated that in the silicon oil pressure

medium, the hcp fraction grows up to 90 % at 229 GPa,

whereas in CaF2 medium with a possible small amount

of hydrogen it only grows to 30 % at 225 GPa. The lower

content of the hcp-phase in the later case may be the

result of the influence of small amount of hydrogen pen-

etrating to the Sn sample. Our observations show that

at high pressure the sample is broken into grains, whose

size decreases with increasing pressure. Most probably,

the nucleation of a new phase occurs within the grain

boundaries. The fraction of intergrain boundaries in-

creases with pressure, thus increasing the volume of

the Sn-hcp phase. Hydrogen penetrates most easily and

deeper into the volume of metal along grain boundaries,

and thus Sn-hydrides can be created. These interesting

effects should be investigated in further studies.
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