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Structure of pressure-induced amorphous form of Snl, at high pressure
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The structure of pressure-induced amorphous form of Snl, has been studied by synchrotron x-ray diffraction
measurements using diamond-anvil cell. The structure factor, the reduced radial distribution function, and the
density were obtained between 25 and 55 GPa. Comparison of measured structure factor with that calculated
for a randomly oriented dimerized molecules model shows no similarity between them. Experimentally ob-
tained radial distribution function provides clear evidence for the absence of both distances between tin and
iodine atoms and between iodine atoms within the Snl, tetrahedral molecule. Characteristic features of the
structure factor for amorphous Snl, show a marked resemblance to those for elemental metallic glasses which
are successfully reproduced by a model of dense random packing of equal-sized spheres. Indeed, various
quantities such as positions of peaks in measured structure factors and in experimental radial distribution
functions, the coordination number are in precise agreement with those derived from the dense random-packing
model. We conclude that the structure of the high-pressure amorphous form of Snl, is the relatively rigid

packing of tetrahedra composed of iodine and substitutional tin atoms.
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I. INTRODUCTION

Since the discovery of the high-density amorphous ice by
Mishima et al.,' pressure-induced amorphization has been
observed in various systems.””'? In particular, the finding of
polymorphism in the tetrahedral glassy and liquid forms such
as H,0, Si, and P has attracted extensive experimental and
theoretical interest.!'~!” Tin tetraiodide Snl, is also inferred
to show amorphous polymorphism under pressure from the
fact that the position of the first peak of an amorphous form
exhibits pressure hysteresis accompanied by discontinuous
jumps.'® Such structural variation seems likely to be a tran-
sition from high-density to low-density amorphous Snl, (de-
noted as HDA and LDA, respectively). Although there have
been a variety of experimental studies on Snl; under
pressure,'327 the structure of pressure-induced amorphous
forms of Snl, is still controversial.

The tetrahedral Snl, molecule has the tin atom at the cen-
ter and covalently bonded four iodine atoms at the corners.
The molecules are weakly bonded by van der Waals force

and ordered into a cubic lattice with space group Pa3 with
eight molecules in a unit cell at 1 atm and room temperature
[denoted as crystalline phase I (CP-I)]. The metallic, high-
pressure amorphous form of Snl, is induced by the applica-
tion of pressure to CP-T at ~10 GPa (Ref. 20) and recrys-
tallizes to a nonmolecular crystalline phase III (CP-III) at 61
GPa.'® The structure of CP-III is suggested to be analogous
to a substitutional binary alloy in which the tin and iodine
atoms are randomly distributed on the fcc lattice sites.?®
When CP-III is decompressed, the high-pressure amorphous
form reappears below 30 GPa with a large pressure hyster-
esis. A change to the low-pressure amorphous form occurs at
1 GPa and the original crystalline phase CP-I recovers at 0.4
GPa. Thus the structure of the high-pressure amorphous Snly
is quite interesting in that it is formed in the intermediate
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state between the molecular and the nonmolecular crystalline
structures.

Previous experimental studies proposed different structure
models for the high-pressure amorphous Snl: (1) random
distribution of dimerized Snl; molecules from Raman-
scattering study,?' (2) polymerization of randomly oriented
molecules from Mossbauer spectroscopy,”?> (3) random
network of deformed tetrahedral units from x-ray absorp-
tion fine structure spectroscopy (denoted as XAFS)
measurement,* and (4) nonmolecular disordered structure
from our previous x-ray diffraction measurement.”® In this
paper, we show that the amorphization in Snl, is accompa-
nied by molecular dissociation and that the structure of its
high-pressure amorphous form exhibits remarkable similari-
ties with metallic glasses such as Ni and Fe.

The primary purpose of the present study is to experimen-
tally show the microscopic structure of high-pressure amor-
phous Snl, and its evolution with pressure. We performed
synchrotron x-ray diffraction measurements under high pres-
sure using a diamond-anvil cell (DAC) and an imaging plate
as a detector. Such structural information is crucial to under-
stand not only the HDA-LDA transition but also various
novel phenomena observed in amorphous Snl, such as mo-
lecular dissociation, metallization, and superconductivity.
For instance, the superconducting transition first occurs at 35
GPa at T=1.32 K in the amorphous form.?> The transition
temperature increases to 1.96 K at 64 GPa with increasing
pressure and then begins to decrease in the crystalline phase
I11. Part of the present work has been published elsewhere.?’

II. EXPERIMENT

Polycrystalline Snl, of 99.9% purity purchased from Ko-
jundo Chem. Co. was ground into a fine powder. A powder
sample was placed into a hole 120 um diameter drilled in
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FIG. 1. Diffraction patterns of Snl, in high-pressure amorphous
form at 55 GPa and in crystalline phase III at 65 GPa.

the rhenium gasket of 50 wum thick and loaded into the
modified Mao-Bell-type DAC with 0.3 mm culet anvils. A
few ruby chips 5-10 um diameter were put in the hole
together with the sample to determine the pressure by the
ruby fluorescence method.”® No pressure-transmitting me-
dium was used. The pressure variation over the sample irra-
diated by x rays was measured as less than 1.0 GPa at 65
GPa. The recovered sample has a thickness of 14 um after
compression to 65 GPa. All the sample preparation was
made in an argon atmosphere to avoid the reaction of the
sample with water in air.

Synchrotron x-ray diffraction measurements were carried
out at beamline BLO4B2 in SPring-8. Three different runs
were conducted above 25 GPa. To cover a wide range of
wave number, 0, we used high-energy x rays tuned to 61.53
keV (wavelength N=0.2015 A) with the single-bounce
monochromator Si (220) crystal. The incident beam was col-
limated to 40X 40 um?. An imaging plate was used as a
detector. The acquisition time for each diffraction pattern
was either 50 or 100 min and four or two patterns were
collected and summed at each pressure to obtain good count-
ing statistics. The intensity of the incident x rays was moni-
tored with an ionization chamber. Diffraction patterns were
measured at 54 and 63 GPa in the first run, at 35, 45, 55, and
65 GPa in the second run, at 25, 30, and 68 GPa in the third
run on compression, and at 25 GPa on decompression in the
second run. The measured diffraction patterns were contami-
nated by peaks diffracted by x rays with A/2. This contami-
nation was estimated to be less than 7% in relative intensity
from the measurements of an x-ray standard material of
CeO,. In the present analysis, only the first peak due to \/2
located below 0=1.5 A~! was removed.

It is particularly important in the intensity analysis to es-
timate the background intensity. This arises from the inco-
herent Compton scattering, the thermal diffuse scattering,
and the fluorescent scattering from both sample and dia-
mond. The air scattering and the stray x rays around the
diffractometer are also included. Figure 1 shows the spectra
of both the amorphous state at 55 GPa and crystalline phase
IIT at 65 GPa. The background intensity was estimated from
the measured spectrum of crystalline phase III using a curve-
fitting program.

Conversion of the raw data to spectra in electron units
was carried out as follows. First the observed intensity was
normalized to the intensity of the incident x rays. Then, the
polarization factor and the absorption due to the sample and
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the diamond were corrected. The absorption coefficient of
the sample was calculated using both the thickness of the
recovered gasket after compression and the interpolated den-
sity between crystalline phases CP-I and CP-III. After sub-
tracting the background intensity estimated from the spec-
trum of CP-III, the coherent scattering intensity of the
sample in electron units, I"(Q), was obtained by applying
the normalization factor calculated by the Krogh-Moe-
Norman method.?° Finally, we obtained the Faber-Ziman

structure factor S(Q),3!

£2(0) - (£(0) - ()
se= e ’

where (f(Q))? and (f*(Q)) are, respectively, the square of the
average of the atomic-scattering factors and the average of
the squared atomic-scattering factors for Snl,. The reduced
radial distribution function G(r) is calculated by sin trans-
form of S(Q),

(1)

Qmax

G(r) =4mrp(r) - pol = %J Q- {8(Q) - 1}sin(Qr)dQ,

0
(2)

where r is the atomic distance, p(r) and p, are the atomic
number density function and the average atomic number
density, respectively. The maximum value of the integral
range of Q, Q. Was set at 12 A~! in this study. No win-
dow function was used.

Equation (2) can be reduced to the following expression
in a region 0<r<ry;, where rg;, is the shortest atomic
distance in the amorphous structure,

G(r)=—4mp,-r. (3)

This equation predicts monotonous decrease in G(r) with
increasing r. However, the experimentally obtained G(r) of-
ten exhibits unphysical oscillation in the range of 0<r
< Fmin- TWO major factors causing this oscillation are the es-
timation error of the normalization factor by Krogh-Moe-
Norman method and the termination error in the Fourier
transform. Kaplow et al.*? showed how to remove the un-
physical oscillation in G(r) and to estimate the atomic num-
ber density p, using the data below r;,.>> They reported that
the accuracy of p, estimated by their method was better than
6%. Adopting their optimization procedure, we improved
measured G(r) and obtained p, using Eq. (3) under high
pressure. In this procedure, we chose r,,;, at the shorter edge
of the peak of the nearest-neighbor distance, for example,
roin=2.34 A at 25 GPa.

III. RESULTS

Figure 2 shows the pressure evolution of the structure
factor S(Q) measured on compression in this study. A com-
parison of S(Q) at 54 GPa with that at 55 GPa obtained in
different runs demonstrates that the reproducibility of the
data is quite good over entire Q values measured. The most
dominant features of the measured S(Q) are the intense and
sharp first peak and the splitting of the second peak. As the
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FIG. 2. Structure factor S(Q) for amorphous Snl, measured with
increasing pressure.

pressure is increased, all peaks shift to larger Q values and
the amplitude of oscillation above ~5 A~! gradually devel-
ops. These indicate an increase in order of atomic spacing in
the amorphous form with increasing density.

Figure 3 shows the reduced radial distribution function

G(r)

0 : :é 10 15
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FIG. 3. Reduced radial distribution function G(r) calculated by
sin-transform of S(Q) in Fig. 2. Two broken lines denote the in-
tramolecular bond distances of rg,;=2.65 A and r;=4.33 A.
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G(r) obtained by sin-transform of S(Q) in Fig. 2. Two bro-
ken lines at 2.65 and 4.33 A denote, respectively, the Sn-I
and the I-I atomic distances within the tetrahedral Snl, mol-
ecule. Apparently the maxima of the first and the second
peaks in the measured G(r) do not agree with those intramo-
lecular atomic distances, indicating the absence of the tetra-
hedral molecules in high-pressure amorphous Snl,. The
strong oscillation above r~7 A is associated with the in-
creased intermediate-range order in the amorphous form. As
the pressure is increased, all peaks in G(r) appear to become
higher in magnitude and narrower in width. This can be at-
tributed to the development of orders resulting from densifi-
cation of the amorphous form. It is noted in Fig. 3 that a new
order emerges and grows at r~3.9 A with increasing pres-
sure.

Principal structural parameters of amorphous Snl, ob-
tained in this study are listed in Table I. Figure 4 illustrates
the pressure variation in the atomic distances in amorphous
Snl, and in the crystalline structures of CP-I and CP-III de-
termined from x-ray diffraction measurements,'®?® and the
distance measured below 22 GPa by XAFS spectroscopy.’*
The intramolecular I-I distance at r~4.33 A vanishes
abruptly at ~9 GPa, indicating breakdown of the tetrahedral
molecules while the slightly elongated Sn-I bond appears
and survives to 22 GPa. The most interesting observation in
Fig. 4 is the pressure variation in the distance between inter-
molecular iodine atoms. The first and the second shortest I-1
distances in the crystalline phase I become undistinguishable
above ~10 GPa. On further compression, the I-I and the
Sn-I distances merge and make the first shell above 25 GPa.
As seen in Fig. 3, the first peak in the measured G(r) at 25
GPa shows no sign of splitting. This distance monotonically
decreases down to r~3.02 A at 55 GPa and turns out to be
the nearest-neighbor distance in the crystalline phase III
without observable discontinuity.

The density of amorphous Snly, p,,, can be obtained from
the estimated average number density po(A=); p,(g cm™)
=po X 10**(mg,+4m;)/ SN, where mg, and m; are the atomic
weight of the tin and the iodine atoms, respectively, Ny is
Avogadro number. In Fig. 5, p,, is plotted together with the
density of the crystalline phases I and III as a function of
pressure. As seen in this figure, the amorphous form has
reasonable values at pressures between the crystalline
phases. A discontinuous increase in density by ~4% is ac-
companied by the recrystallization at 61 GPa. The data ap-
pear to show relatively large deviation during compression in
the pressure range of 25-35 GPa. The amorphous structure in
this pressure range is expected to be still in a transient state
where heavily deformed molecules coexist with denser
random-packing arrangement. Such a complex structure will
have the distribution of atomic distances much broader than
the relatively uniform amorphous structure. This makes it
somewhat difficult to choose a proper value of r,;, used to
optimize G(r) and may causes the deviation.

IV. DISCUSSION

The measured G(r)’s in the present study show that the
tetrahedral Snl, molecules no longer exist in the high-
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TABLE 1. Positions of peaks in S(Q) and in G(r) and the average number density obtained in the

amorphous form of Snly.

P 0 0 03 r ) r3 Oyry Po
/GPa /A /A /A3

25 2.39 391 4.66 3.29 5.56 6.78 7.86 0.0416
30 2.42 3.99 4.74 3.23 5.49 6.49 7.81 0.0427
35 2.45 4.02 4.80 3.14 5.36 6.65 7.69 0.0429
45 2.50 4.16 4.93 3.07 5.23 6.15 7.67 0.0462
54 2.53 4.25 4.98 3.02 5.13 5.98 7.64 0.0485
55 2.55 4.27 5.03 3.02 5.16 6.07 7.70 0.0490

pressure amorphous form above 25 GPa. To confirm this
result, we calculated the structure factor of an amorphous
model involving the Snl; molecule as a structural unit and
compared it with the experimentally obtained S(Q). Among
three molecular models so far proposed, we chose a dimer
model suggested from Raman spectroscopy.?! The configu-
ration in this model is that two tetrahedral molecules form a
dimer in the way that their basal planes face to each other
and that the dimers are randomly oriented in the amorphous
structure. For the calculation of the structure factor we ex-
ploited the procedure developed by Misawa**3 for tetrahe-
dral molecular liquids.

In our treatment, the dimer is characterized by the dis-
tance R, between tin atoms forming a pair. The hard-sphere
model by Percus-Yevik was applied to calculate the structure
factor for the packing of uncorrelated dimers. Two param-
eters used in their model, the effective diameter of the hard
sphere o and the packing fraction 7 were estimated to be,
respectively, 5.14 A from a volume of the Snl, molecule at
1 atm and 0.59 from the average number density estimated at
25 GPa.

Figure 6 illustrates the experimental S(Q) at 25 GPa and
the calculated S(Q)s for some different sizes of dimers with
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FIG. 4. Atomic spacing in the amorphous form and in the crys-
talline phases of Snl, with increasing pressure; the nearest-neighbor
spacing in the amorphous form (closed squares), the spacing mea-
sured by XAFS (Ref. 24) (open circles), the first and the second
atomic distances in CP-III (crosses), the intramolecular Sn-I dis-
tance (closed circles), the intramolecular I-I distance (closed tri-
angles), and the intermolecular I-I distance (open triangles) in CP-I.

R.=4.0,3.0, and 2.0 A together with the measured S(Q) for
liquid Snl, at 1 atm.’® As immediately noted in Fig. 6, only
S(Q) for the amorphous form is different since all of others
have a common feature of oscillation above Q~5 A~ due
to the intramolecular interference term. Furthermore, the
sharp first peak for the amorphous form cannot be observed
in others. Those facts indicate that the tetrahedral Snl, mol-
ecules are completely dissociated in the amorphous structure
above 25 GPa.

Another possible structure model for high-pressure amor-
phous form is an intermediate structure resulting from an
incomplete transformation to a crystalline phase and consist-
ing of disordered, very small crystals of the crystalline phase.
In the case of Snl,, such a crystalline phase could be the
crystalline phase III, CP-III. The structure of CP-III is sug-
gested to be analogous to a substitutional binary alloy in
which tin and iodine atoms are distributed randomly on the
face-centered cubic-lattice sites.?® Figure 7 illustrates a com-
parison of the measured G(r) at 55 GPa with the atomic
distances in CP-III with the lattice constant a=4.248 A at 61
GPa.'® Strong ordering in the amorphous structure can be
found at r~3.0, 5.2, 6.0, and 7.7 A and weak ordering at
3.9 A, but not at r=4.248 A. This distance in CP-III arises
from local octahedral configuration inherent in the fcc struc-
ture and, hence, its absence is incompatible with the micro-
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FIG. 5. Density p,, of the amorphous form (closed and open
squares) and crystalline phases CP-I (closed triangles) and CP-IIT
(closed and open circles) in Snl,. Closed and open symbols denote
the density measured on compression and on decompression,
respectively.
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FIG. 6. Comparison of the structure factor S(Q) for amorphous
Snl, at 25 GPa with that measured in molecular liquid Snl, at 1
atm, calculated S(Q) for the dimerized molecules model with vari-
ous R, (see text), and experimental one for metallic glass of Ni
(Ref. 39). The horizontal scale for S(Q) of Ni glass is changed so as
to coincide the position of its first peak with that of the amorphous
form.

crystalline picture. Moreover, the calculation of S(Q) for the
microcrystalline fcc lattice by Cargill*”-*® demonstrated that
all peaks became equally broad and the third peak was stron-
ger in magnitude than the second peak. These features are
totally different from those of measured S(Q) for amorphous
Snl,. Thus, we ruled out the possibility that the high-pressure
amorphous form of Snl, consists of crystallites of the crys-
talline phase III. It is noteworthy in Fig. 3 that the subsidiary
peak at r~3.9 A becomes more distinct with approaching
toward the recrystallization pressure of 61 GPa. Although a
change in the spacing with pressure is not clearly observed,
the formation of the new second-nearest-neighbor bonding

5 ; . . .
P=55 GPa
=
o 0
[ S O I R
0 2 4 6 8 10
r(A)

FIG. 7. Comparison the atomic spacing of the amorphous form
at 55 GPa (solid line) with that of the crystalline phase III with a
=4.248 A at 61 GPa (bar). Arrow represents the second-nearest-
neighbor distance in CP-III.
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FIG. 8. Positions of the second and third peaks scaled by the
first peak in (a) S(Q) and (b) G(r). Broken lines indicate the values
derived from the dense random packing of hard-sphere model; (a)
0,/0,=1.73 and Q3/0Q,=2.00, (b) ry/r;=1.73 and r3/r;=1.99.

could be a precursor of the transformation to the crystalline
phase III.

We finally found marked similarities in structure factor
between high-pressure amorphous Snl, and elemental metal-
lic glasses of Ni and Fe,* as shown in Fig. 6. Common basic
features are the sharp main peak and the splitting of the
second peak. They have been well reproduced by the dense
random packing of hard-spheres (DRPHS) model,3%40-42
though the observation that the second peak is higher in
magnitude than the third peak is better demonstrated by ei-
ther the dense random packing of compressible soft-spheres
model (DRPSS)**** or the relaxed Bernal model® than the
DPRHS model. To see the capability of these models to de-
scribe the structure of amorphous Snl;, we examined the
positions of peaks in the structure factor scaled by the wave
number of the first peak Q;. The structure factor for the
DRPHS model has the second peak at 0,/ Q;~ 1.73 and the
third peak at Q3/Q;~2.00.%42 The present data plotted in
Fig. 8(a) show that amorphous Snl, takes the values of
0,/Q; and Q3/Q; very close to those specific values of the
DRPHS model even at low pressures and both peaks ap-
proach to these values with increasing pressure. We also ex-
amined the positions of peaks scaled by the shortest spacing
rq in the corresponding radial distribution function. Calcula-
tion of G(r) for a dense random packing of several thousands
hard spheres by Finney*' demonstrated that the second and
third peaks have maxima at r,/r;~1.73 and r3/r;~1.99,
respectively. The present results plotted in Fig. 8(b) are in
good agreement with the Finney’s results. These facts sug-
gest that the structure of high-pressure amorphous Snl, can
be approximated by the assemblage derived from random
packing of equal-sized spheres. Since the atomic number of
iodine differs only by two from that of tin and amorphous
Snl, is in a metallic state above 12 GPa,>® we may presume
these atoms to be not much different in size at high pres-
sures.

The coordination number n was estimated from the area
of the first peak using relations (4) and (5),
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n= 2f 47’ p(r)dr, (4)
0

47’ p(r) = rG(r) + 47 py, (5)

where r,,,, is the maximum of the first peak in the 47°p(r)
curve. In this calculation, Snl, was assumed to be a one-
component system because of little difference in atomic scat-
tering factor between tin and iodine. The evaluation yielded
almost constant coordination number of n~ 10 between 35
and 55 GPa. This value lies within a range of 7-12 derived
from various DRPHS and DRPSS models. An anomalously
large value of 13 was estimated at 25 GPa. This seems to be
attributed to double counting of the area of the peak corre-
sponding to the elongated Sn-I distance which is located at
r~2.6 A in the lower side of the first peak in G(r) and,
hence, this result may be discarded. It is well known that in
the assemblage based on the dense random-packing model
Bernal’s polygons consisting of tetrahedra or slightly de-
formed tetrahedra are irregularly and continuously
arranged.** We believe that the high-pressure amorphous
form of Snl, has a similar structure, in which the most basic
structural unit is a tetrahedron composed of four iodine and
substitutional tin atoms but not the pentaatomic tetrahedral
Snl, molecule.

It is of interest to compare structural properties of high-
pressure amorphous Snl, with other amorphous systems, in
particular, showing polyamorphism under pressure. Price et
al.*® has suggested that Q,r, and Q,d,, where d, is the mean
atomic spacing d?zpow/ 6, are useful quantities to observe
similarities in intermediate range order between different
types of disordered systems. Using a similar plot of Qyr; and
dy/ry, for tetrahedral low-density, high-density, and very
high-density glass and liquid forms of H,O, Ge, and Si, Ben-
more et al.'? has shown that there is a general trend with
increasing density that progressively approaches the well-
known Ehrenfest limit for a dense random packing of hard
spheres, Q,r;=5m/2~7.85.4 As seen in Table I, the first
peak in the high-pressure amorphous form of Snl, agrees
with this limit. If Snl, is the system following the general
trend described above, it could be expected that the transfor-
mation to the low-density amorphous form might occur at
lower pressure. Figure 9 shows our preliminary data of S(Q)
and G(r) measured at 1.1 GPa after decompression of the
high-pressure amorphous form. The nearest- and the next-
nearest-neighbor distances determined from G(r) precisely
agree with the Sn-I and the I-I intramolecular distances, re-
spectively. The values of Qyr; and d,/r; were 4.96 and 1.61,
respectively. Those observations suggest the molecular char-
acter of the low-pressure amorphous form and the occurrence
of drastic modification of the amorphous structure involving
the change in electronic configurations. The details of pres-
sure evolution of the amorphous structure will be discussed
elsewhere.
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FIG. 9. (a) Structure factor and (b) reduced radial distribution
function for the molecular amorphous at 1.1 GPa. Two broken lines
shown in (b) denote the intramolecular bond distances of rg, g
=2.65 A and r;;=4.33 A.

V. SUMMARY

We performed the synchrotron-radiation x-ray diffraction
measurement for the structural analysis of the pressure-
induced amorphous form of Snl, up to 60 GPa at room tem-
perature. The structure factor S(Q), the reduced radial distri-
bution function G(r) and the density are obtained at 25, 30,
35, 45, 54, and 55 GPa. The experimentally obtained G(r)
has provided the direct evidence for the absence of the tet-
rahedral Snl; molecules in the amorphous form. Character-
istic features of measured S(Q) and G(r) are in quantitative
agreement with those derived from the dense random pack-
ing of hard-spheres model.
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