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Structural study of a Ag3.4In3.7Sb76.4Te16.5 quadruple compound utilized for phase-change
optical disks
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The behavior of a quadruple compound, Ag3.4In3.7Sb76.4Te16.5, is investigated at various temperatures using
the large Debye-Sherrer camera installed in BL02B2 at SPring-8, to elucidate its crystal structure. The low-
temperature phase of this crystal has anA7 structure with atoms of Ag, In, Sb, or Te randomly occupying the

6(c) site in theR3̄m space group. The crystal lattice thermally expands almost linearly with increasing
temperature between 81 K and around 850 K. The crystal structure shows little change between 81 K and
around 600 K however, above 600 K, marked changes with increased temperature are observed with respect to
the thermal vibration of atoms, interatomic distances and bond angles. TheA7 structure transforms at approxi-
mately 780 K to a rhombohedral structure that includes only one atom in each unit cell. This change of
structure is thought to be a second-order phase transition. The compound Ag3.4In3.7Sb76.4Te16.5 can maintain its
crystalline phase up to approximately 850 K, but at higher temperatures it changes into an amorphous phase.

DOI: 10.1103/PhysRevB.64.184116 PACS number~s!: 61.10.Nz
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I. INTRODUCTION

A thin film of AgInSbTe-based compounds is used as
memory layer in phase-change type optical disk media.
cording can be achieved by irradiating a laser beam on
thin film of this compound to cause reversible phase chan
between the amorphous and crystalline phases, and by
cally detecting the changed state, for example as diffe
reflectivity. The crystal structure of a photorecording ma
rial has a strong influence on its optical characteristics, cy
characteristics and record-erase characteristics.1 Thus, iden-
tifying a compound’s crystal structure is a prerequisite
improving its performance as a recording medium. Very lit
research, however, has been carried out on the crystal s
ture of this material. The primary reason for this is that t
diffraction lines obtained by means of conventional x-r
diffractometers used in laboratories show a significant ov
lapping of the peaks as shown in Fig. 1, impeding cl
identification of the crystal structure. In order to solve t
angular resolution problem, powder diffraction data we
collected by using a large-diameter Debye-Scherrer cam
and well-monochromated synchrotron radiation. The Deb
Scherrer camera allows the simultaneous collection of m
tiple diffraction lines. In contrast to the line spectrum gen
ated by an x-ray tube, the synchrotron radiation spectrum
smooth over a large range of energies. This makes it poss
to choose the wavelength best suited to the experime
problem in question. Moreover, synchrotron radiation fac
ties generate intense x-rays, making it possible to col
precise x-ray-diffraction data within a reasonably short tim
In this paper, we describe and discuss the results of cry
lographical research on an AgInSbTe-based compound
ried out using a Debye-Scherrer camera and synchrotron
diation.

II. EXPERIMENT

A thin film of Ag3.4In3.7Sb76.4Te16.5 with a thickness of
approximately 5000 Å was formed by sputtering on a gl
0163-1829/2001/64~18!/184116~7!/$20.00 64 1841
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disk 120 mm in diameter. The film was crystallized by mea
of laser irradiation and was then scraped off with a spatula
create a powder. To prepare the experimental specimen
x-ray diffraction, the powder was then packed into a qua
capillary tube with an internal diameter of 0.2 mm. Bo
ends of the capillary were open to the air. The diffracti
experiments were carried out using the large-diame
Debye-Scherrer camera with an imaging plate on
BL02B2 beam line at the Japan Synchrotron Radiation
search Institute~SPring-8!.2,3 A precollimator mirror and a
double-crystal spectrometer were used to ensure that th
cident beam used for the diffraction experiments was
tremely monochromatic and parallel. The camera radius
278 mm and the pixel area of the imaging plate was 1
mm2, corresponding to an angular resolution of appro
mately 0.02°. To enable a precise structure analysis, i
important for each diffraction peak to be comprised of su
cient data points. Measurements at a low temperature~81 K!
and at room temperature~300 K! were made using a singl
40-min exposure followed by a second exposure after sh
ing the 2u axis by 0.01°. The combination of the two me
surements is equivalent to data with a step width of 0.01°
order to confirm the radiation beam energy used, diffract
pattern of powdered CeO2 (a55.4111 Å) was taken unde
the same condition. Experiments at low and high tempera
were carried out while blowing nitrogen gas set at the spe
fied temperatures onto the capillary tube. The hig
temperature experiments were carried out by collecting
fraction data with an angular resolution of 0.02° whi
exposing the specimen for 5 min at temperatures rising
50 K increments from 373 to 873 K. The composition of t
specimen was determined using inductively coupled plas
atomic emission spectrometry. The Rietveld method4 was
used to determine the precise structure, andRIETAN ~Ref. 5!
was used as the analytical program. Data in the range
angles between 6.0° and 26.5° were used for the analys
©2001 The American Physical Society16-1
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III. RESULTS

The composition of the compound wa
Ag3.4In3.7Sb76.4Te16.5 and the wavelength of the irradiate
beam was 0.4234 Å, short enough to make no absorp
correction. As seen in Fig. 1, the diffraction pattern obtain
shows substantially better peak separation than in the la
ratory, and a good signal-to-noise ratio up to the neighb
hood of 2u530°. This corresponds to the data collected
the range of 2u5140° by CuKa radiation.

The result of a search-match analysis revealed the diff
tion pattern to be almost identical to that of As, Sb, or
crystal with anA7 structure.6 The A7 structure is shown in
Fig. 2. The atoms are in 6(c) with z50.233– 0.237~Ref. 7!
of R3̄m.8 Therefore, the assumption was made for the co
pound of Ag3.4In3.7Sb76.4Te16.5 that its space group isR3̄m
and Ag, In, Sb, and Te randomly occupy the 6(c) site. The
results of the Rietveld analyses for 81 and 300 K are sho
in Fig. 1 and Table I. Anisotropic temperature factors we

FIG. 1. X-ray-diffraction pattern of a Ag3.4In3.7Sb76.4Te16.5 qua-
druple compound taken at room temperature using a conventi
powder diffractometer with a curved graphite counter monoch
mator and a rotating Cu anode~upper figure!. Observed~1! and
calculated~gray line! synchrotron diffraction patterns are shown f
Ag3.4In3.7Sb76.4Te16.5 at room temperature~300 K!. A difference
curve ~observed2calculated! appears at the bottom~lower figure!.
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applied. As seen in Fig. 1, the observed and the calcula
patterns show good agreement with each other.

Changes in diffraction lines with increasing temperatu
are shown in Fig. 3. The single-phaseA7 structure continues
up to 600 K, but peaks for Sb2O3 ~Fd3m, a511.152 Å at
26 °C! ~Ref. 9! appear at 623 K along with those indicatin
al
-

FIG. 2. A7-type crystal structure is shown schematically in p
spective. The unit cell is shown by means of the hexagonal latt
Open circles show atomic positions. Interatomic bonds, illustra
with thick black and gray lines, show the two kinds of basic ce
distorted in the direction parallel to the threefold rotation-invers
axis. Atoms labeledA, B, andC exist on the same axis. The blac
and gray lines represent the shorter (r s) and longer (r l) bonds,
respectively.

TABLE I. Refined structural parameters fo
Ag3.4In3.7Sb76.4Te16.5 at several typical temperatures. The spa

groupR3̄m is applied to all. The standard deviations are shown
parentheses.Re meansRwp expected.

Temp ~K! 81 300 723 823

a ~Å! 4.3470~2! 4.3553~3! 4.3696~3! 4.3747~2!

c ~Å! 11.2415~8! 11.2760~8! 11.5759~11! 5.8087~4!

site 6(c) 6(c) 6(c) 3(a)
x 0 0 0 0
y 0 0 0 0
z 0.2354~4! 0.2357~5! 0.2449~11! 0
U11 (Å 2) 0.007~3! 0.015~35! 0.034~3! 0.040~5!

U22 (Å 2) U11 U11 U11 U11

U33 (Å 2) 0.022~5! 0.035~5! 0.092~6! 0.070~8!

U12 (Å 2) U11/2 U11/2 U11/2 U11/2
U23 (Å 2) 0 0 0 0
U13 (Å 2) 0 0 0 0
Rwp (%) 6.77 5.11 6.40 7.08
Re (%) 0.94 1.08 2.52 2.54
Rp (%) 4.99 3.56 4.14 4.97
RI (%) 0.66 0.53 2.51 2.01
RF (%) 0.41 0.34 1.46 1.16
6-2
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STRUCTURAL STUDY OF A . . . PHYSICAL REVIEW B64 184116
anA7 structure. It is presumed that Sb is selectively oxidiz
at this point. While coexisting with theA7 structure, the
proportion of Sb2O3 increases with rising temperature. Th
amount of generated Sb2O3 was analyzed using the Rietve
method ~Table II!. The A7 structure continues to exist i

FIG. 3. X-ray-diffraction patterns of Ag3.4In3.7Sb76.4Te16.5 are
shown in order of temperature at intervals of 50 K. Vertical lin
indicate positions of strong peaks for Sn2O3. The arrow in the figure
identifies the halo peak for the amorphous phase. The lower fig
is magnified between 7.2° and 8.0° in 2u.
18411
d

crystalline form at least up to 823 K; however, all the pea
indicating theA7 structure disappear at 873 K and a ha
pattern appears instead, indicating probable transition to
amorphous phase. Rietveld analyses were made of all
high-temperature measurements using the data for 6
26.5° with a step width of 0.02°. In addition, at temperatu
higher than 623 K, the analyses were made in the two-ph
system of Ag3.4In3.7Sb76.4Te16.5 and Sb2O3. The composition
of Ag3.4In3.7Sb76.4Te16.5 was assumed to remain unchang
regardless of the amount of Sb2O3. The Rietveld result for
723 K is shown in Table I. FinalR factors for Sb2O3 are
RI52.35% andRF51.66%. Changes with temperature
the lattice constants, in the unit-cell volume, and in t
atomic coordinate~z! are shown in Figs. 4, 5, and 6, respe
tively. The errors that are statistically predicted by the R
etveld method are also shown in the figures. Those for
lattice constant and the unit-cell volume, however, a
smaller than the marks,j, s, andd.

Based on the changes with temperature of thea- and
c-axis lengths and of the unit-cell volume shown in Figs
and 5, coefficients of linear expansion in thea andc axes and
of cubical expansion were calculated. They were appro
mately 0.8631025, 5.4031025, and 9.1631025/K, respec-
tively. On the other hand, the coefficient of linear expans
of Sb is known to be 0.8031025 ~perpendicular to thec
axis! and 1.7231025 ~parallel to the c axis!.10

Ag3.4In3.7Sb76.4Te16.5 showed a particularly large value fo
the coefficient of linear expansion parallel to thec axis com-
pared with Sb. The calculated density of this quadruple co
pound was 6.56 g/cm3 ~300 K!. On the other hand, that of S
is 6.69 g/cm3 ~293 K!.10

IV. DISCUSSIONS

The compound Ag3.4In3.7Sb76.4Te16.5 has anA7 structure
in the low-temperature phase. Its crystal structure sho
little change up to 600 K, but above this temperature
atomic position changes significantly with increasing te
perature. At around 780 K, a phase transition into anot
crystal structure occurs. Further details are discussed be

A. Structure of the low-temperature phase

Although Ag3.4In3.7Sb76.4Te16.5 is a quadruple compound
our results revealed that all atoms can randomly occupy e
of the atomic positions in theA7 structure, at least at 81 K
and above. This structure can be regarded as a disord
version of theA7 type. Further issues that need to be exa
ined are whether this disordered structure exists as a su
cooled state and whether an ordered structure exists
shown in Fig. 2, theA7 structure comprises two kinds o
hexahedrons linked to form a geometric unit. One is co
pressed along the threefold rotation-inversion axis and
other is expanded. The whole crystal can be obtained
repetitions of the parallel translations of a set of these ce
If these cells were the same sized and shaped rhomboh
or cubes, which actually occurs when the atomic positionz is
1
4, each atom in the crystal would have six nearest neighb
at equal distances. But in theA7 structure, there are thre

re
6-3
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TABLE II. The amounts of Sb2O3, which is formed above approximately 600 K, are listed in
order of measurement temperature. In addition, the intensities of some superlattice reflections and
~110! fundamental reflection are tabulated. The unit of intensity is arbitrary. 2u angles of each
reflection at 300 and 733 K are shown in the lower part of the Table.

T ~K! Sb2O3 ~wt. %! I obs
S (003) I obs

S (101) I obs
S (015) I obs

S (113) I obs
F (110)

81 — 3350 1048 5055 3506 35 194
300 — 3483 1029 4754 3185 34 187
373 — 3451 1071 4785 3284 35 100
423 — 3830 1204 5082 3484 34 883
473 — 3846 1187 5018 3424 35 145
523 — 3291 1008 4495 3031 33 924
573 — 3550 1168 4508 3184 36 128
623 1.2 2105 690 2565 1734 34 529
673 1.2 2131 703 2607 1766 34 367
723 6.0 742 246 855 583 33 053
773 10.8 27 9 28 20 32 121
823 13.1 0 0 0 0 29 943

T ~K! 2u ~003! 2u ~101! 2u ~015! 2u ~113! 2u ~110!

300 6.46° 6.79° 12.56° 12.90° 11.16°
773 6.28° 6.74° 12.29° 12.77° 11.11°
s
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shorter interatomic distances (r s) and three longer distance
(r l) between the central atom and its six neighbors. T
r s /r l of As, Sb, and Bi approach 1 in that order. In Table
we show the crystallographic data relevant to As, Sb,
Bi,11 and Ag3.4In3.7Sb76.4Te16.5. The r s bond is thought to be
covalent.11 At room temperature, their bond angles a
slightly greater than 90°. Ag3.4In3.7Sb76.4Te16.5 has both its
r s /r l and bond angle between those of Sb and Bi at ro
temperature.

B. Temperature dependency of the structure

As shown in Fig. 6,z in 6(c) remains at 0.235–0.236 u
to around 600 K, but rapidly increases as the tempera
continues to rise, reaching almost1

4 near 780 K. The change

FIG. 4. Temperature dependence of thea and c axes of
Ag3.4In3.7Sb76.4Te16.5. Filled squares and open circles represena
andc, respectively.
18411
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in the r s /r l ratio and the bond angle as a function of tem
perature are shown in Fig. 7. In connection with thez shift,
r s /r l maintains approximately 0.88 up to around 600 K b
rapidly increases above the temperature, closely approac
1 near 780 K. On the other hand, the bond angle shifts fr
94.0°–95.0° to 86.8°~at 823 K!. Extrapolating from the
changes inr s /r l with temperature at temperatures above 7
K, r s /r l is likely to become larger than 1. However,r s /r l is
still 1 at 823 K.

Figure 8 shows the temperature factor analyzed on
assumption that the thermal vibration of the atoms is iso
pic. The factor changes in an approximately exponen
function with linearly increasing temperature, and partic
larly rapidly from around 600 K. At this temperature, Sb2O3
starts to form, with its volume rapidly increasing with tem

FIG. 5. Temperature dependence of the unit cell volume
Ag3.4In3.7Sb76.4Te16.5.
6-4
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STRUCTURAL STUDY OF A . . . PHYSICAL REVIEW B64 184116
perature. At 823 K, just before transforming into an am
phous state, mean atomic displacement due to thermal v
tion is approximately 0.28 Å, around 10% of the close
interatomic distance. Here, we usedB058s2p2 for the re-
lationship between the isotropic temperature factorB0 and
the mean atomic displacements.

We assumed the composition of theA7 structure re-
mained unchanged as Ag3.4In3.7Sb76.4Te16.5 regardless of the
amount of Sb2O3 generated. However, for example at 773
it is presumed that around 10.8 wt% of Sb2O3 is formed, as
shown in Table II. When the Sb in Ag3.4In3.7Sb76.4Te16.5 is
selectively oxidized, the composition of the quadruple ph
is presumed to change to Ag3.8In4.1Sb73.7Te18.4. A Rietveld
analysis was made of the two-phase system
Ag3.8In4.1Sb73.7Te18.4 and Sb2O3 using the diffraction data
taken at 773 K. The crystallographic data obtained, howe
are almost same as the results of the analysis made in
two-phase system of Ag3.4In3.7Sb76.4Te16.5 and Sb2O3.

C. Structure of the high-temperature phase

As already mentioned, whenz51/4 in theA7 structure,
each of the two hexahedrons in Fig. 2 forms a single co
pletely congruent rhombohedron, which means the wh
crystal can be obtained by iterative parallel translations
the rhombohedron. This polyhedron thus becomes a unit
in which only one atom exists, and in the hexagonal notat
the length of thec axis becomes half of theA7 structure.

FIG. 6. Temperature dependence ofz in the 6(c) site of
Ag3.4In3.7Sb76.4Te16.5. The error ofz at 823 K is 0.098. However, in
practice,z is fixed at 1/4 by the phase change, which makes
error 0.
18411
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This structure can be approximately described with a

space group ofR3, R3̄, R32, R3m, andR3̄m. As discussed
in Sec. IV D, however, this structural transformation is pr
dicted to be the second order phase transition. Therefore,
logical to presume that the space group in the high temp
ture phase isR32 or R3m, which is the subgroup of the

symmetry ofR3̄m.12 We discuss the validity of this assump
tion below.

We refined the structural parameters of the hig
temperature phase at 823 K with anisotropic temperature

tors in the space groupR3̄m using the Rietveld method. Th
results are shown in Table I. Then using theFo estimated and
Fc determined by the analysis, we carried out a differen
synthesis in the space groupR3m. The difference Fourier
map is shown in Fig. 9. No center of symmetry exists at
center of the map. We refined the structural parameters o
low-temperature phase at 723 K in a similar fashion, a
carried out a difference synthesis. As can be seen in
figure, a center of symmetry clearly exists at the center of
map. Also, in the difference Fourier maps made with t
space groupR32, the low-temperature phase, but not t
high-temperature phase, shows a center of symmetry. Th
fore, the space group of the high-temperature phase is
sidered to beR32 or R3m. In short, no center of symmetr
exists in the electron density distribution in the crystal in t
high-temperature phase. To determine the correct sp
group, R32 or R3m, further detailed analysis will be re
quired.

e

FIG. 7. Temperature dependence ofr s /r l and bond angle. Filled
squares and open circles representr s /r l and bond angles, respec
tively.
TABLE III. Crystallographic data for As, Sb, Bi, and Ag3.4In3.7Sb76.4Te16.5, having anA7 structure
at room temperature.

a c rs r l r s /r l Bond angle

As 3.760 Å 10.548 Å 2.506 Å 3.137 Å 0.80 97.2°
Sb 4.308 Å 11.274 Å 2.902 Å 3.362 Å 0.86 95.8°
Bi 4.546 Å 11.862 Å 3.110 Å 3.480 Å 0.89 93.9°

Ag3.4In3.7Sb76.4Te16.5 4.355 Å 11.276 Å 2.955 Å 3.343 Å 0.88 94.9°
6-5
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D. Phase-transition properties

When atoms are only at 0, 0,z in 6(c) of R3̄m, its struc-
ture factorF(hkl) can be written as

F~hkl!5 f cos~2p lz!H 11expF2p i S 2

3
h1

1

3
k1

1

3
l D G

1expF2p i S 1

3
h1

2

3
k1

2

3
l D G J , ~1!

wheref is the atomic scattering factor. Regarding the term
cos(2plz), it is understood that all ofF(hkl) with an odd-
numberedl is 0, whenz is 1

4 ~or 3
4!. Equation~1! indicates

thathkl with an even-numberedl can be considered to be th
fundamental reflection andhkl with an oddl to be the super-
lattice reflection. Notably, theF of the hk0 fundamental re-
flection is constant regardless ofz. As shown in Fig. 10, the
peak of the 015 superlattice reflection gradually diminish
with increased temperature, with its intensity falling to ze
at around 780 K. In Table II we show the observed intensi
of some superlattice reflectionsI obs

S (003), I obs
S (101),

I obs
S (015), and I obs

S (113); and the fundamental reflectio
I obs

F (110) vs measurement temperatures. All the intensitie
the superlattice reflections are 0 at temperatures above
K. Therefore, it is concluded that the length of thec
axis of the unit cell can be shortened by half, and thatz is
locked at1

4.
As already mentioned, the crystal structure, i.e.r s /r l ,

bond angle, etc., changes continuously with temperat
Thus this structure transformation is presumed to be
second-order phase transition. From many experiments
various substances investigating this type of phase transi
it is known that when approaching the critical temperat
Tc , physical properties generally change asuT2Tcub.13 The
exponentb is usually termed the critical index. Fig. 1
shows 1/42z vs temperature. The curve in this figure w
made using the least-squares method over the temper
range of 523–773 K. 1/42z varies in close proportionally to

FIG. 8. The isotropic temperature factors are shown as funct
of temperature.
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FIG. 9. Difference Fourier maps in thec plane (z50) of the
hexagonal unit cell. The contours are drawn at 0.05e Å 23. Negative
regions are represented by dashed lines.

FIG. 10. X-ray-diffraction patterns of Ag3.4In3.7Sb76.4Te16.5 from
2u510° – 13° are shown in order of temperature at intervals of
K. Peak positions shift toward the low angle side with increas
temperature owing to the thermal expansion of the lattice. The~015!
peak gradually diminishes with increased temperature, but the
tensity of the~110! peak remains virtually unchanged.
6-6
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STRUCTURAL STUDY OF A . . . PHYSICAL REVIEW B64 184116
(Tc2T)b. Tc is 77465 K, andb is 0.4360.10. Similarly, it
has been confirmed thatI obs

S /I obs
F s are proportional to (Tc

2T)b as well.
When a crystal structure changes as the result of a sec

order phase transition, in most cases the high-tempera
phase shows a higher symmetry than the low-tempera
phase. It is known, however, that sometimes the opposit
the case. Potassium sodium tartrate, NaK~C4H4O6!•4H2O,
has two second-order phase transition points at218 and
24 °C. Between these two transition temperatures, this cry
has a monoclinic structure. Outside this range, it forms
orthorhombic structure. At218 °C, the symmetry falls with
increased temperature.14

FIG. 11. 1/42z is shown as a function of temperature. The so
line was obtained by fitting (T2Tc)

b to 1/42z using the least
squares method in the range from 523 to 773 K.
,
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V. CONCLUSIONS

By using well-monochromated and -paralleled synch
tron radiation and a large Debye-Scherrer camera, diffrac
patterns with good peak separation and a good signa
noise ratio were obtained. Rietveld analyses were then
ried out successfully. The compound of Ag3.4In3.7Sb76.4Te16.5
has anA7 structure with its four constituent atoms random
occupying the 6(c) sites ofR3̄m. The crystal lattice ther-
mally expands almost linearly with temperature between
and 823 K. The linear coefficient of expansion along t
c-axis direction is substantially larger than that of Sb. T
crystal structure shows little change between 81 K a
around 600 K. At temperatures above 600 K, though, wh
maintaining itsA7 structure, the thermal vibration of atom
the volume, ther s /r l ratio, the bond angle, etc. change mar
edly with temperature. Oxidation also becomes marked o
600 K. As the temperature increases, the crystal is tra
formed into a rhombohedral structure containing one atom
each unit cell; in hexagonal notation, three atoms are c
tained in a unit cell. This structure transformation is pr
sumed to be a second-order phase transition that takes p
at around 780 K. The highest temperature at which the co
pound of Ag3.4In3.7Sb76.4Te16.5 can maintain its crystalline
state is around 850 K. At temperatures higher than 850 K
degenerates into an amorphous state.
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