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Amorphization and Molecular Dissociation of Snl4 at High Pressure
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Synchrotron x-ray diffraction study establishes a novel structure sequence,imtSmngh pressures
to 153 GPa. A new crystalline phase responsible for the metallization is observed above 7.2 GPa. The
pressure-amorphized Snémerging above 15 GPa crystallizes at 61 GPa into another new structure
having an apparent fcc lattice with a nearest-neighbor distance as short as 3.00 A. This provides
evidence for the occurrence of molecular dissociation. Atomic arrangement in the nonmolecular phase
and structural properties of the amorphous state are discussed. [S0031-9007(97)04593-6]

PACS numbers: 61.50.Ks, 62.50.+p, 64.70.Kb

The compression of molecular crystals can producehe presence of the Sninolecule below 25 GPa. None of
drastic changes in their bonding properties and electronithe pentatomic molecular crystals have so far manifested
structures. The insulator-metal transition in rare gas solidhemselves in an atomic crystalline form resulting from
Xe provides a clear example [1]. In diatomic molecularmolecular dissociation under pressure.
crystalI,, the gradual insulator-metal transition proceeds Those rich results then raise a number of questions on
at first [2]. Further compression forces its molecularstructural evolution of Sglat high pressure: How does
bonding to break up and to stabilize a monatomic crystathe ordered arrangement of molecules vary into the dis-
form [3]. This phenomenon, called molecular dissociationpordered one? To what extent does the amorphous Snl
was also found in Br[4]. The bonding property changes exist? If it changes, what is a resultant structure? Do
in a different way in pentatomic molecular crystals ;Snl Snl; molecules still remain or already break up in the new
[2,5] and Ge] [6]; they transform simultaneously to a structure? Furthermore, are there any structural changes
metallic and amorphous phase. in the amorphous Splas observed in the amorphous ice

At atmospheric pressure, Sndrystallizes into a cubic at high pressure [11]? Those questions motivated us to
lattice with space grouPa3 and with eight molecules perform the present synchrotron x-ray diffraction study of
packing loosely in the unit cella(= 12.273 A at room  Snl, at high pressures up to 153 GPa. In this Letter, we re-
temperature) [7]. The gradual pressure-induced metallizgport, for the first time, evidence for molecular dissociation
tion of Snl, above 7 GPa (in the revised pressure scalejn a pentatomic molecular crystal. We document a new
was first reported by Riggleman and Drickamer [2] in theircrystalline-crystalline phase transition prior to the amor-
electric resistivity measurements. The x-ray diffractionphization and a structural change in the amorphous state.
study by Fuijiiet al. [5] revealed that a halo pattern gradu-  Polycrystalline Snj of 99.9% purity, supplied by Ko-
ally developed between 10 and 20 GPa and persisted to pindo Chemical Co., was further purified by sublimation at
least 33 GPa. This observation was taken as evidence fa05°C in vacuum. Obtained crystals were ground, placed
the pressure-induced amorphization of SnBince then, in a cavity drilled in a T-301 stainless steel gasket with
metallic amorphous Sphas been studied extensively. A ruby chips, and loaded in a modified Mao-Bell-type dia-
Raman study to 25 GPa by Sugai [8] demonstrated that theond anvil cell in an argon atmosphere. Five separate runs
(Snly), dimmer formed in the amorphous state. From theirwere carried out at room temperature. A mixture of normal
Mossbauer study, Pasternak and Taylor [9] suggested th@entane and isopentane supersaturated with\8as$ used
formation of randomly oriented poly-tin-tetraiodide con- as a pressure medium in one run up to 9.3 GPa. This run
ducting chains. An x-ray-absorption fine structure (XAFS)was dedicated to the precise determination of atomic posi-
study by Wang and Ingalls [10] led them to propose ations in thePa3 phase. No pressure medium was loaded
model structure consisting of distorted $nholecules in the other four runs, in one of which powdered gold as a
linked with smaller tetrahedral units of iodine atoms. Al- pressure standard in a megabar pressure range was added to
though those three models are different, all studies indicatdhe sample. We employed the ruby fluorescence technique
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for pressure calibration below 70 GPa. Above 70 GPaThe average intramolecular |-l distance also changes a
the pressure was determined from the lattice constant dittle from 4.33 + 0.03 A at 1 atm t04.32 + 0.01 A at
gold with the aid of the equation of state given by An-6.6 GPa. The covalent bonded $molecule is rigid and
dersoret al. [12]. Synchrotron x-ray diffraction measure- does not deform in CP-I. On the other hand, the inter-
ments were carried out at BL6B and BL18C of the Photormolecular I-1 distances ranging from 4.198 to 4.516 A at
Factory at KEK. Wavelength was tuned with a Si(111)1 atm decrease dramatically but monotonically with in-
double-crystal monochromator to 0.6888 A in three runsgcreasing pressure and are in the range of 3.664 to 3.898 A
to 0.5166 A in one run, and to 0.6199 A in the other. Toat 6.6 GPa. This large contraction can be understood as a
achieve high angular resolution and reliable intensity colresult of the weakness of the van der Waals bonding be-
lection over a wide dynamic range, an imaging plate detween molecules. Consequently, below 6.6 GPa we find
tector was used. The details of the present high pressure indication of either distortion of the molecule nor sym-
diffractometry has been described elsewhere [13]. metry breaking of CP-l, and hence no precursor of the
Previous studies suggested that th@3 cubic struc-  structural disordering.
ture (crystal phase | designated as CP-I) directly trans- To our surprise, several new, sharp diffraction peaks ap-
formed to the amorphous state. If this is the case, onpeared at 7.2 GPa prior to the amorphization. Figures 1(c)
may expect anomalous atomic movements in CP-1 as thend 1(d) show, respectively, diffraction patterns measured
structural disordering develops with increasing pressureat 8.3 and 9.3 GPa, where the new crystalline phase, desig-
Figures 1(a) and 1(b) show typical diffraction patternsnated as CP-II, coexists with CP-I. When the pressure was
for CP-1. Although the pressure transmitting fluid solidi- reduced from 9.3 GPa, the reverse transition took place at
fied at 6.2 GPa, diffraction peaks remained very sharp &.4 GPa, indicating that the CP-I-CP-Il phase transition
6.6 GPa. As seen in Fig. 1(b), the result of the Rietvelds of first order. According to the previous results [2,5],
refinement [14] is fairly good. Sets of five independentthe drastic decrease in electric resistivity begins at 7 GPa.
positional parameters were obtained at several pressurghis strongly suggests that the structural change from
below 6.6 GPa. Calculating bond lengths from them, weCP-I to CP-Il is the insulator-metal phase transition. Since
observed that the average Sn-l distance decreased orngyevious studies [8—10] indicate the presence of the Snl
slightly from 2.65 + 0.02 A at 1 atm t02.63 + 0.04 A molecule below 25 GPa, CP-ll is expected to be a metallic
at 6.6 GPa, being consistent with the XAFS result [10].molecular crystalline phase.
Figure 2 shows some selected diffraction patterns mea-
sured above 10 GPa. The CP-1-CP-II transition was ob-
' ‘ ' ' ' served between 7.6 and 9.7 GPa under a nonhydrostatic
(d) 9.3 GPa condition. Diffraction peaks in Figs. 2(a) and 2(b) were
’ slightly broadened by nonhydrostaticity of the pressure
and by overlapping of the CP-I and CP-II reflections.
We observed that much broader scattering appeared above
(c)83GPa | 15 GPa a2 ~ 14°, suggesting formation of an “x-ray
amorphous” phase. The progress of the disordering is so
e QW gradual that the strongest reflection of CP-II still remained
: to at least 21 GPa [Fig. 2(c)]. Diffraction patterns typical
(b) 6.6 GPa of those in amorphous materials were observed between
24 and 55 GPa [Figs. 2(d) and 2(e)].
5000 I i At 61 GPa, the amorphous state transformed into a crys-

talline phase CP-Illl showing a simple diffraction pattern
[Fig. 2(f)]. As indexed in this figure, observed reflec-

1
" constant of4.248 + 0.002 A. The nearest-neighbor dis-
8 J tance is calculated to %003 + 0.001 A. A particularly
& (a) 0.6 GPa . . ) . .
° o interesting fact is that this value is the same as that of
3 gg 8 3.00 = 0.02 A measured inJ having the monatomic, fcc
0 V. 1, 12 - Ay structure at 64 GPa [15]. Further compression of,Snl
5 10 15 20 25 30 35 demonstrated that CP-Ill was stable to 153 GPa and its
2 6 (degrees) P-V relation curve coincided with that reported for the
_ _ o ~ fec iodine [16] with precision better thakV /V ~ 0.025.
FIG. 1. Sequence of x-ray dlffraqt[on patterns with InCI'e.aSII'\gThose facts immediate|y suggest an idea of the phase sepa-
pressure showing a phase transition at 7.2 GPa. Indices QLion of Snj into pure iodine and pure tin. Tin has the

major reflections from thePa3 structure are given in (a) and
the Rietveld refinement plot for the same structure at 6.6 GPQCC structure over a pressure range of 45-120 GPa [17].

is shown in (b). Two phases coexist in (c) and (d) and majorf @king account of the stoichiometry of Snive estimate
new peaks are denoted by arrows. that the intensity of the 110 reflection of the bcc t|nﬂé
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the tin atom is crucial to test those models and clarify the

_ (f) 63 GPa atomic arrangement in CP-IIl. In any case, the realization
800 s g -] of the fcc lattice with the nearest-neighbor distance as
§ i short as 3.00 A provides evidence for the occurrence of
Y | molecular dissociation in Spl
(e) 55 GPa The pressure was then decreased from 63 GPa in one

run and from 153 GPa in another. In both cases, the
broadening of crystalline peaks began at 40 GPa and the

2 halo pattern reappeared at 30 GPa. As seen in Fig. 3,

g 100 (d) 24 GPa ] the amorphous state remained down to 1.8 GPa. At
g 0.4 GPa, it crystallizes into the original molecular-
s 0 crystalline structure even after the molecular dissociation.
c Careful examination of the measured diffraction patterns

g 200 (c)21GPa 4 shows that there is a discontinuous change in halo

L peak position between 3.6 and 1.8 GPa. This anomaly

Z o is consistent with the Raman observation that twp

200 (b) 15 GPa breathing modes merge into a single peak at 2 GPa

’ on decreasing pressure [8]. Those facts suggest the

occurrence of structural change associated with the dimer

0 to monomer transformation in the amorphous state. The

400 L (a) 11 GPa | pressure-induced amorphous-amorphous transformation

has also been observed in ice [11] and GETB].
Reproducing the low-pressure amorphous state at
2.3 GPa on decompression from 27 GPa in the other run,
5 10 15 20 25 30 35 we compressed it again up to 36 GPa. No crystallization
26 (deg) was observed throughout this second cycle. What we
measured are two discrete jumps of the halo peak position
FIG. 2. Selected x-ray diffraction patterns measured uporyt 5.8 and 13 GPa, as seen in Fig. 4. Thus, we can distin-

compression. Crystalline phase Il coexists with crystallineguish three amorphous states (AS); AS-IPaK 6 GPa
phase | in (a), becomes dominant in (b), and is partially ’ ’

disordered in (c). The amorphous state, (d) and (e), transformg‘s'” at6-13 GPa, and AS-lll & > 13 GPa. .NOte the
at 61 GPa to crystalline phase Il showing reflections that carforrespondence between those transformation pressures
be indexed with the fcc lattice (f). in the amorphous state and the pressures where the
crystalline phases undergo phase transitions. It is clear
times that of the 111 reflection of the fcc iodine. Suchthat the stability of AS-1 is strongly correlated with CP-I
a strong reflection should be detected feasibly with thend AS-II with CP-IIl. Similar behavior is also known
present instrumental capability; nevertheless, we observad GeQ, [18], in which the coordination number of the
no extra reflections from the sample above 61 GPa inthre€e atom in the amorphous and the crystalline phases
different runs. This fact eliminates the possibility of the
presence of the bcc tin in Snl Furthermore, this gives
negative evidence for the formation of any crystalline
phases of Salwhich may be produced when molecular
dissociation Snl— Snb + |, occurs.

There are three structure models that can account for
the observed diffraction pattern in Fig. 2(f). The first
is a partially disordered structure, in which four iodine
atoms form a regular fcc unit cell, while a tin atom

O Ll T L] 1 ]

/\\“ﬂw\(‘a‘)‘i‘aﬁei\j
f\‘w_wi\‘\%-

(c)1.8GPa -

600

400

randomly occupies one of the tetrahedral interstitial sites.
This model, however, seems unlikely in terms of the
compression behavior because this structure has a density
of 13.5 g/cm® at 61 GPa much higher than that of the fcc
iodine,10.9 g/cm?, and is expected to be less compressible
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than the fcc iodine. The second model is a fully disordered 29 (deg)
structure; both tin and iodine atoms are randomly placed . ) ] .
at the fcc lattice sites. The third is a phase separation int!C: 3- Seguence of x-ray diffraction patterns with decreasing

. pressure. The high-pressure amorphous stag,afd @),
the fcc b and amorphous tin or Spl We were not able transforms to the low-pressure amorphous stafe (The

to dlStIﬂgUISh those model structures in the present X'raMriginm mo|ecu|ar-crysta”ine phase reappears at 04 Gj?’a (
diffraction study. Observation of the local structure arouncdcoexistent with the remnants of the amorphous phase.
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