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This work presents a comprehensive study on pressure-induced amorphization (Bt&)dnyptite
(LIAISIO 4) and on the equilibrium states of so-formed amorphous phase at elevated temperatures. Our
results revealed that at 300 LiAISiO 4 underwent progressive amorphization at pressures above 4.5
GPa and became completely amorphous above 17.0 GPa. After release of pfe&stil8iO 4, that was
partially amorphized at 7.5, 14.0, and 16.0 GPa reverted back to its original crystalline state. When
subjected to a complete loss of long-range structural order, the system was recovered as an amorphous
state and did not retain the so-called structural memory. Upon heating at high pressures, the partially or
completely amorphoug-LiAISiO 4 transformed into various crystalline phases at temperatures above
973 K: between 6.9 and 10.7 GPa it was decomposed into a mixture of k@s&nd LIAIO,; at 15.3
GPa the two phases recombined to form a new phase with a spinel structure; and at 22 GPa the spinel
phase of LiAISIQ was decomposed into its constituent oxides. The observed transformations are all of
a reconstructive type and also involve profound changes in atomic coordination environments. A large
activation energy barrier associated with coordination changes and a hindrance of atomic mobility at
kinetically low temperatures are the primary factors that trigger the PIA.

Introduction sarily mutually exclusive, have been suggested as the driving
) o ) ) forces for such solid-state amorphization. These include
Pressure-induced amorphization (PIA), i.e., formation of «thermodynamic melting” after a crystalline solid is com-
an amorphous phase within a solid state by application of pressed beyond its extrapolated or metastable melting
pressure, has been found to be a phenomenon of widespreagrye12 mechanical instability when particular combinations
occurrence among condensed matter, such as ice, silicatesyf the elastic constants violate one of the Born stability
phosphates, tungstates, hydroxides, and pure eleiénits.  conditions? and kinetic hindrance of phase transformations
is now widely believed that the pressure-induced amorphoustg 54 thermodynamically stable high-pressure pA&&ed few
state is a universal property of condensed métt€he more structural factors such as polyhedral packirand
disordering process in PIA is distinct from thermally induced jhcreases in the atomic coordinatiomave also been con-
disorder such as melting and is of fundamental interest for gijered to contribute to PIA. To date, however, the final
understanding orderdisorder phenomena in condensed eqyilibrium state and/or structures of high-pressure phases
matter and computational physics, including solid-state many systems undergoing PIA at 300 K remain unknown
amorphization and stability of crystdlsThe underlying or speculative.
mechanisms, however, remain one of the most fascinating Among materials that have been found to undergo PIA, a
open questions. Several possibilities, which are not neces-re|atively small family of framework tungstates, molybdates,
and phosphates, composed of corner-sharing tetrahedra and

» To whom correspondence should be addressed. octahedra and with negative thermal expansibt;'*has
: IIS%SIaC\/l:PgoSSt;taebaﬁtloerrys'ity. attracted special attention. This is in part due to recent
§ State University of New York. computer simulations that suggested a possible connection
 The University of Chicago. between PIA and negative thermal expansfifurthermore
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these materials become amorphous at pressures that are 1800 ' ' ' '
considerably lower than those observed in other crystalline Run 10
solids exhibiting the PIA phenomenon. Similar to Zs@, 1600 | T ]
f-eucryptite f-LIAISIO 4), which also possesses a framework |
structure (though solely composed of tetrahedra) and is a 1400 1 Run 4 (I
stuffed derivative ofi-quartz, exhibits unusual behaviors at ‘\
elevated temperatures, with a negative linear expansion along |
thec axis and a near-zero volumetric thermal expansion over s 2% [ L]
a wide temperature range of 300400 K187 These E RL&” \\
characteristics makg-LiAISiO 4 especially useful for syn- g 1000 .
thesizing composite materials with very low thermal expan- g |
sion. To further investigate such a connection and to extend & go | \\ i
our understanding of the underlying mechanisms for PIA, = |
we have in this work studie@-LiAISIiO 4 up to pressures of 600 | ]
24 GPa with a particular aim to elucidate the relationship \\
between PIA and equilibrium phase transformations taking \
place at elevated temperatures. 400 1 Runs | ]

— — m—n
Experimental Methods 200 . Run7Run8 . Run9
0 5 10 15 20 25

The starting3-eucryptite sample was synthesized froraQ®;,
Al,O3, and SiQ-nH,O powders with molar ratios of 1:1:2. The . o .
oxide mixture was first sintered at 1373 K for 15 h and, after Figure 1. Simplified pressuretemperature paths for the experiments

oo . . ! reported in this study. Solid circles and the connected lines dénofe
regrinding, resintered at 1573 K for 24 h. The obtained sample paths for the in-situ X-ray diffraction experiments. Solids squares and dashed
was phase-pure and homogeneous, as indicated by transmissiofines refer to the paths for quench experiments. The circle and square
electron microscopy, electron microscope analysis, and synchrotronsymbols with the run numbers next to them indicate the maximum pressure
X-ray/neutron diffractior’-1° Ten experimental runs were per- and temperature conditions reached in the experiments. Aforigpaths
f R i . I h hni in the X-ray diffraction experiments, diffraction patterns were collected
o.rmed using in-situ X-ray diffraction as well as quench tec NIQUES, during compression at 300 K, subsequent heating after reaching the desired
with experimental pressurgemperature B—T) paths shown in pressures, and cooling to room temperature. In quench experiments (except
Figure 1. X-ray diffraction experiments were performed using a for run 10), after staying at the target pressures for 1B min the samples
DIA-type2° and a “T-cup” large-volume apparatiisAn eneray- were quenched and recovered to ambient conditions for synchrotron X-ray
dispe)rlsive diffraction rr?ethog was emplg)?ed using sync%)rlotron diffraction. The experimental results of run 1 have already been published
in ref 24.

radiation from the superconducting wiggler magnet at beamline
x17B2 of the National Synchrotron Light Source, Brookhaven
National Laboratory (BNL), and from the bending magnet at
beamline 13-BM-D, Advanced Photon Source of Argonne National
Laboratory. The incident X-ray beam was collimated to dimensions
of 100 x 200um, and diffracted X-rays were collected by a solid-
state Ge detector at fixedh2angles. The cell assemblies used in

Pressure, GPa

synchrotron X-ray diffraction at NSLS of BNL. For all the
measurements at room temperature, a quasi-hydrostatic condition
is expected as solid materials were used as pressure transmitting
medium.

In both DIA and T-cup experiments, NaCl was used as an internal

the DIA experiments were similar to those described by Weidner
et al?° Briefly, a mixture of amorphous boron and epoxy resin was

pressure standard. Pressures were calculated from Decker’s equation
of state for NaCP using lattice parameters determined from X-ray

used as pressure-transmitting medium, and amorphous carbon Wagllffractlon profiles ‘at each experimental condition. In these

used as furnace material. The powdered samples-lGRAISIO 4
and NaCl were packed into a cylindrical container of boron nitride,
1 mm diameter and 2 mm length. In the “T-cup” experiments, the

boron—epoxy octahedron was used as pressure-transmitting me-
dium, and rhenium foils were used as heating material. The quench

measurements the uncertainties in pressure are mainly due to
statistical variation in the positions of diffraction lines and are less
than 0.2 GPa in the pressure range of this study. Temperature was
measured by a W/Re(25%W/Re(3%) thermocouple that was
positioned at the center of the furnace and was in direct contact

experiments were conducted at the high-pressure laboratory of StonyWlth the sample and NaCl layers. X-ray diffraction patterns were

Brook using a USSA-2000 press and 14/8, 10/5, and 8/3 cell
assemblied? and the recovered samples were examined by

(16) Schulz, HJ. Am. Ceram. Sod 972 57, 313.

(17) Xu, H.; Heaney, P. J.; Yates, D. M.; Von Dreele, R. B.; Bourke, M.
A. J. Mater. Res1999 14, 3138.

(18) Xu, H.; Heaney, P. J.; Navrotsky, A.; Torpor, L.; LiuAm. Mineral.
1999 84, 1360.

(19) Xu, H.; Heaney, P. J.; Bon, H. Phys. Chem. Minerl999 26, 633.

(20) Weidner, D. J.; Vaughan, M. T.; Ko, J.; Wang, Y.; Liu, X.; Yeganeh-
haeri, A.; Pacalo, R. E.; Zhao, Y. Iiigh-Pressure Research:
Application to Earth and Planetary Scien¢&yono, Y., Manghnani,
M. H., Eds.; American Geophysical Union: Washington, D.C., 1992;
pp 13-17.

(21) Vaughan, M. T.; Weidner, D. J.; Wang, Y.; Chen, J.; Koleda, C. C;
Gettiing, I. C.Rev. High-Pressure Sci. Techndl998 7, 1520.

(22) Liebermann, R. C.; Wang, Y. High-Pressure Research: Application
to Earth and Planetary ScienceSyono, Y., Manghnani, M. H., Eds.;
American Geophysical Union: Washington, D.C., 1992; p 19.

obtained for both sample and NaCl in close proximity to the
thermocouple junction; errors in temperature measurements were
estimated to be less than 10 K. In quench experiments, the pressures
were determined by previous calibrations for 14/8, 10/5, and 8/3
cell assemblie®?> No correction was applied for the effect of
pressure on the thermocouple electromotive force (emf).

Results and Discussion

As observed in our previous studys-eucryptite under-
went a phase transformationdeeucryptite between 1.0 and
1.5 GPa during room-temperature compression. The experi-

(23) Decker, D. L.J. Appl. Phys1971, 42, 3239.
(24) Zhang, J.; Celestian, A.; Parise, J. B.; Xu, H.; Heaney, RANd.
Mineral. 2002 87, 566.
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' correlated to the materials incompressibifi$ySince 3-Li-
AISiO, has a relatively small bulk modulus of 74 GPdhe
deviatoric stress built up during compression is expected to
exceed the yield strength GfLIAISIO 4 at a certain relatively
low pressure, as observed or expected in other weak mate-
m (e) P=13.5 GPa rials. Above this pressure, the strain-induced broadening
MW would no longer increase with increasing pressure. Therefore,
some broadening in the diffraction peaks®LiAISIO, is

not likely to be strain-induced and, based on previous
suggestiori® can be viewed as indirect evidence for occur-
rence of elastic shear instability under static compression.
From this point of view, the mechanical instability or shear
instability mode! may be, at least partly, responsible for the
observed pressure-induced amorphizationgiiAlSiO 4.
Obviously, this interpretation requires direct experimental
confirmations of a phonon softening or of a decrease in
elastic constants in the vicinity of PIA.

Molecular dynamics simulations and previous observations
of high-pressure and high-strain-rate induced amorphiza-
tion?>31 have shown that collapse of crystal structure can

Figurr]e 3;ﬁSe|§ected XI-(raybdiffranqn pattem? undser CgmpreSSign _afd300d take place along specific crystallographic orientations. In the
K. The diffraction peaks observed in pattern f at 18.1 GPa can be indexe . .
as follows: (1) NaCl (200), (2) Re (002), and (3) Re (101). where Nacl CaS€ Of f-LIAISIO,, the fact that a remnant of some

and Re were used as pressure standard and heating material, respectivelyiffraction peaks persists in a large pressure range (Figure
in EXpﬁﬂn}ental runb5- Indatfli;ﬁgfgrg EEXperllzment gll)ns4).hcog_1flf)|9te 2) may indeed signify a likelihood of successive disordering
amorphization was observed at 17. a (see Figure 6a). Such a differenc . . . :
in pressure is partly due to the large pressure increments exercised ineO]c _Suplattlces_ before l‘!ltlmately !eadmg to complete amor
experimental run 5. phization. This scenario is possible because the framework

) ) ) structure of3-LiAISiO,, a stuffed derivative off-quartz
mental results obtained from two different runs at higher (space grougP6,22 or P6,22), is highly anisotropié?-19

pressures (runs 4 and 5) are summarized in Figure 2. It cangpecifically, paired helical chains of [SiDand [AIO]

be seen that at 4.5 GPa all crystalline diffraction peaks beganiatrahedra spiral in the same sense arountb66,) screw

to broaden and lose their intensities, and with further ;¢ parallel tec (Figure 3). The two helical chains are
increasing pressure the diffraction patterns were gradually symmetrically related to each other by the 2-fold rotation
replaced by a broad diffraction background characteristic of \yithin the 6-fold screw axes. and the intertwined chains

an amorphous material. In a large pressure range of 4.5 ,5qyce open channels aloai which the charge-balancing
16.5 GPa, however, a remnant of some crystalline peaks wag  resides. Moreover, the [Sip and [AlO,] tetrahedra

retained (Figure 2), indicating only partial amorphization gjiernate within (001) layers, and concomitantly Li is ordered
under these pressure conditions. The most prominent changeg;itnin two distinct channels, as reflected by the doubled
occurred at a pressure of 17.08.1 GPa, where the sample  qjggicities along botia and ¢ axes relative tg3-quartz.

lost all of its long-range ordering, as revealed by the Tne stryctural anisotropy @-LiAISIO 4 results in its strong
disappearance of all diffraction lines fLIAISIO (e.g., anisotropy in physical properties such as ionic conductivity,
Figure 2f). Evidently, at this pressure the sample had becomeerma expansion, and compressibility. In particular, linear
completely amorphous. Note that the observatans of this jsothermal compressibility) measurements indicate that
work onS-LiAISiO 4 are similar to those on ZryDs,* in the B-LIAISIO 4 is largely incompressible along tioeaxis (B =
sense that amorphization in both compounds are preceded_(lllai_ 1) x 10-13 cn#/dyn), whereas much more flexible
by a phase transformation under room-temperature COmprespara|lel to the (001) plangd{ = +(22.4+ 6) x 10713 cn?/
sion. Since nonhydrostatic conditions can strongly affect the dyn)32 Thus, it is quite possible that, under nonhydrostatic
PIA phenomenon by considerably lowering the amorphiza- |oaing, large anisotropic strains arisefrLiAISiO ., and,
tion pressure, as demonstrated in previous stilli#se g ther, they increase with increasing pressure, which would
pressures reported in this study are likely to provide lower g\ enyally lead to violation of the Born stability conditions
bounds for both the onset and complete amorphization for to crystalline solids. Structurally, the progressive amor-
B-LIAISIO 4.

The diffraction peaks in Figure 2 show continuous )

. . . . . (26) Weidner, D. J.; Wang, Y.; Vaughan, M. Geophys. Res. Lett994

broadening with increasing pressure. In particular, the 21, 753.
observed increases in the peak widths are far beyond thos&27) Fashauer, D. W.; Chatterjee, N. D.; CemicCiontrib. Mineral. Petrol.
ox > , 1998 133 186.

pected from strain-induced broadening under nonhydro (28) Hazen, R. M.. Finger, L. W.: Hemley, R. J.: Mao, H. Bolid State
static conditions, which would ultimately be determined by Commun1989 72, 507. L

the material strength and, as a first approximation, is (29) Tse, J. S; Kiug, D. DPhys. Re. Lett. 1991, 67, 3559.
(30) Ikeda, H.; et alPhys. Re. Lett. 1999 82, 2900.
(31) Chen, M.; McCauley, J. W.; Hemker, K.Science2003 299, 1563.
(25) Kingma, K. J.; Meade, C.; Hemley, R. J.; Mao, H. K.; Veblen, D. R.  (32) Hortal, M.; Villar, R.; Vieira, S.; Moya, J. 9. Am. Ceram. Sod.975
Sciencel993 259, 666. 58, 262.
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Figure 4. X-ray diffraction data (upper panel) for the eucryptite sample
recovered from room-temperature compression to 14.0 GPa (run 7). The
| 12 U] pattern collected from an in situ diffraction experiment at a similar pressure
) . ) ) (lower panel) is shown for comparison. The diffraction patterns for the
Figure 3. Structure off-eucryptite projected down the axis. Spheres  g5mpje recovered from compression experiments at 7.5 and 16.0 GPa (runs

represent Li ions; Si and Al tetrahedra are plotted in dark and light blue, g anq 8) are essentially the same as pattern b and therefore not repeated
respectively. Red lines outline the unit cell. Note that [dl@nd [SiQ]

here.
tetrahedra alternate within layers normal to thexis, while Li ions are
ordered within two distinct channels along thexis. The color variations . . .
of tetrahedra reflect the visual effects of graphic software. pressure crystalline state and the high-pressure disordered
o ) ) ] ] or amorphous state in LiAISiO This structural memory
phization may in turn involve a decrease in the SitAD)— phenomenon is often discussed in terms of the presence of

Si(Al) bond angle, distortion of Si/AlQtetrahedra, short-  pondeformable units within the original structural frame-
ening in the Si/At-O distance, and finally possible increase \york 35 While the exact mechanisms remain elusive, it has
in the Si/Al coordination. The revelation of the detailed peen suggested that these units can act as templates around
structural mechanisms, however, would need diffraction datayhich the original crystal structure can be regained upon
with higher resolution (such as single-crystal synchrotron yglease of pressure. |B-LIAISIO, the [AlO;] and [SiQ)]
XRD data) that allow determination of atomic positions as  tetrahedra are linked by a three-dimensional framework via
a function of pressure. corner sharing (Figure 3). Since the-%) bond is stronger
Previous observations have demonstrated that some mathan the A-O bond, the more rigid [Sig) tetrahedra may
terials exhibiting pressure-induced amorphization revert back ¢t as the template units. Specifically, during compression
to their original crystalline states (structure and orientation) tg g certain pressure, the weaker [A]@etrahedra become
when pressure is reduced or relea%&#* This phenomenon gradually distorted, whereas the stronger [$i@main
is usually referred to as the structural memory of a material. largely intact, resulting in a partially disordered state. Upon
In Figure 4, we show an X-ray diffraction pattern for one of re|ease of pressure, the nondeformable [Bidits direct
the LIiAISIO, samples recovered from room-temperature the transformed structure back to the ordered state through
compression to 14.0 GPa (run 7 in Figure 1). For comparison, re|axation of Al and O atoms onto the original positions.
we also present a pattern collected from an in-situ diffraction The presence of Li ions in the structural channels (Figure 3)
experiment at a similar pressure. The patterns for the may also play a significant role in the relaxation, since it is
recovered samples from 7.5 and 16.0 GPa are essentia”yenergetically favorable to expand the structure, which
the same as Figure 4b and therefore not presented here. The%'-fectivdy reduces the repulsion between Li and the alumi-
results suggest th#tLIAISIO 4, when becomes only partially  nosilicate framework. However, when the pressure exceeds
amorphous at 7.5, 14.0, and 16.0 GPa, returns to its initial 5 certain threshold (e.0P, = 17 GPa for3-LiAISiO ), even
crystalline structure. Following complete amorphization at the rigid [SiQy] tetrahedra become deformable. Further, this
24 GPa, however, the system was recovered as a disorderegrocess might involve breaking of tetrahedral Si@& bonds
phase that does not show any crystalline order, indicating ang recombination of the bonds into polyhedra with higher
that 5-LiAISIO 4 does not have structural memory when it coordination (such as octahedra), as demonstrated by previ-
becomes completely amorphous. ous studies on the amorphetsmorphous transitions that
The fact that pressure-induced amorphization is reversible jqyolve changes in coordination numi3éit is thus conceiv-

indicates a close structural relationship between the ambient-

(35) Tse, J. S.; Klug, D. D.; Ripmeester, J. A.; Desgreniers, S.; Lagarec,
(33) Rutter, M. D.; Uchida, T.; Secco, R. A.; Huang, Y.; Wang,JYPhys. K. Nature 1994 369, 724.

Chem. Solid2001, 62, 599. (36) Majerus, O.; Cormier, L.; Itie, J. P.; Galoisy, L.; Neuville, D. R.; Calas,
(34) Huang, Y.; Havenga, E. AChem. Phys. LetR001, 345, 65. G. J. Non-Cryst. Solid2004 345-346, 34.
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structure does not revert back to the original crystalline state, ' ' '
as that would require substantial structural reconstruction and
large atomic movements. Note that a similar threshold LiAlSi, O, + LiAlO,
pressure was also observed in a chemically complex system,
CaAlLSi0g.%" In this study, anorthite was observed to be
fully amorphous at pressures above 16 GPa. However, only
samples that were pressurized Fo> 22 GPa can be
recovered as amorphous phase upon decompression to
ambient conditions.

For a given material that exhibits pressure-induced amor-
phization, previous studies have shown that the so-formed
amorphous phase either reverts back to its original crystalline
state or remains to be disordered upon release of pressure.
For -LiAISiO 4, both phenomena are observed and the final,
zero-pressure state of the amorphous phase depends on the
compression history. Such characteristics maheAlSiO 4
an ideal or a model material for elucidation of the underlying
mechanisms of pressure-induced amorphization and the 20 40 60 80 100
associated structural memory. Future studies of the disordered
SFatPT us.ing “Ioca] probe” techniques, such as neutron .pairFigureS Selected X-ray diffraction patterns f8rLiAISiO 4 during heating
distribution function (PDF) and extended X-ray absorption at 12.3 CPa. In another experiment where a partially amorphous sample

fine structure (EXAFS) analyses, will allow us to gain was heated at 8.1 GPa (run 2 in Figure 1), the final equilibrium phases at
detailed insights into such phenomena. 6.9 GPa and 1073 K are exactly the same as that shown in pattern c. At
. . . . this lower pressure, unlike what has been observed in pattern b, the

It is worthwhile to mention that the scale at which B-LiAISIO 4 sample did not fully transform to an amorphous phase before

amorphization is observed is only for the long range. The it crystallized to the mixed phases.

observed amorphization #+LiAISIiO 4 should be therefore

termed X-ray amorphous, referring to the loss of long-range temperature at 12.3 GPa, no significant changes were
correlation within the crystal lattice. Since length scales observed at temperatures below 523 K (Figure 5a). At 573
giving rise to the X-ray diffraction indicate translational K, the remnant crystalline peaks quickly disappeared and
symmetry of the crystal on the order of 500000 A28 the the pattern is typical of an amorphous phase with broad
amorphization observed in this study is a result of the length background diffraction (Figure 5b), indicating thdLiAl-
scale of crystallinity reaching values less than the ap- SiOs becomes completely amorphous at these conditions.
proximate threshold scale length of 560000 A. One might Upon further heating to 1073 K, sharp diffraction peaks due
tend to interpret the broadening and intensity reduction in to an amorphous-to-crystal transition appeared (Figure 5c).
diffraction peaks (e.g., Figure 2) to be a result of formation There was no change in diffraction patterns with increasing
of nanocrystallings-LiAISiO 4 in the quasi-hydrostatic stress temperature up to 1273 K and then on slow cooling to room
field. However, the ability of the samples to revert back to temperature. The pattern for the sample recovered at ambient
their initial crystalline state after decompression (Figure 4) conditions can be indexed as a mixture of spodumene
argues against this possibility. Previous observations andLiAlSiOs and LiAIO, with a distorted rock salt structure.
theoretical calculatioff8 have also revealed that nanostruc- Similarly, a mixture of LiAISEOs and LiAIO, phases was
tured materials would preserve their crystalline ordering, even observed in a separate experiment when a partially amor-
for crystallites that are less than 5 nm in size. Therefore, a phousB-LIAISiO , was heated to 973 K at 6.9 GPa. However,

(¢) 1073 K/10.8 GPa

Intensity

(b) 573 K/12.5 GPa

(a) 298 K/12.3 GPa

Energy, keV

complete loss of crystalline ordering iA-LiAISIO, at we did not observe a transformation from a partial to
pressures above 17 GPa (e.g., Figure 2f) cannot be attributeg¢omplete amorphous phase before crystallization. A complete
to the formation of nanocrystallites. amorphization ing-LIAISIO, is therefore pressure- and

Itis generally argued that pressure-induced amorphizationtemperature-dependent. The results of this work confirm
is associated with kinetic hindrance of equilibrium-phase previous experimental results usingeucryptite as starting
transformationd®!! The final state to which amorphous materiat’ and extend the stability field for the LIAISDs +
material would ultimately evolve at elevated temperatures, LIAIO ; assembly to at least 10.7 GPa.
however, remains unknown or speculative in most systems. In another highP—T experiment (se®—T paths for run
To explore the kinetics of amorphization and search for such 4 in Figure 1), we observed a transformation from a complete
final states, the partially or completely amorphgiskiAl- amorphous phase (Figure 6a) to a new, spinel-type poly-
SiO, samples were heated at 8.1, 12.3, 17.0, and 22 GPa inmorph at 15.3 GPa and 1273 K (Figure 6b). This finding is
four different experiments (Figure 1). With increasing not surprising, and our results merely confirm previous
observations at 12 GPa and 1273 K by the authors of ref

(37) Daniel, I; Gillet, P.; McMillan, P. F.; Wolf, G.; Verhelst, M. AL 41, who yet again used-eucryptite as starting material. Both
Geophys. Redl997 102 10313.

(38) Redfern, S. A. TMineral. Mag.1996 60, 493.

(39) Palosz, B.; Grzanka, E.; Gierlotka, S.; StelI'makh, S.; Pielaszek, R.; (40) Liu, L. G.; Bassett, W. AElements, Oxides, Silicates: High-Pressure
Bismayer, U.; Neuefeind, J.; Weber, H. P.; Proffen, T.; Von Dreele, Phases with Implications for the Earth’s Interigd@xford University
R. Z. Kristallogr. 2002 217, 497. Press: New York, 1986; p 250.
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Table 1. X-ray Diffraction Data for a New High-Pressure

= Li,O Phasé
<8r (b) 15.3 GPa/1273 K dobs A dcalc. A dobs_ dcalo A hkl
LiAlSiO, o 4.6730 4.6835 —0.0105 003
Spinel 3 2.3370 2.3418 —0.0048 006
pine 1.9619 1.9646 —0.0027 104
1.8100 1.8117 —0.0017 015
2 1.3700 1.3683 —-0.0017 110
7 1.3121 1.3134 —0.0013 113
> 1.2100 1.2086 -0.0014 1010
5]
= aLattice constants for a hexagonal symmetey:= 2.737(2) A;c =

14.051(2) A:v = 91.13 (2) B. Note: The diffraction peaks listed here for

the new LpO phase are those that are well-separated from diffractions of
corundum (A}Os3) and rutile-type Si@ All these diffraction lines can be
indexed by a hexagonal symmetry with a space groufR®h, a C19
structure that has been observed in@snd CdGJ.4"*8 For comparison,

Li,O at ambient conditions possesses an anti-fluorite structure. The present
observations indicate an irreversible phase transformation f0r lhétween
these two crystal structures.

(a) 17.0 GPa/300 K

10 30 50 70 90 110 : : , ,
1800 ©) RG] @) g
Energy, keV LIS / ! a
. . . . . o-L1 1 . .
Figure 6. Selected X-ray diffraction patterns during heating at 17.0 GPa. 1600 - y / LiAlSio, / .
Pattern a corresponds to the sample before heating. All diffraction lines in o . Spinel phase
pattern b can be indexed as a spinel phase, which has previously been found 1400 | LiAlSi, O+ LIAIO, / s .
in a quench experiment at 12 GPa and 1278 K. M / e / L,0 + ALO;
: poA S0
g 1200 - / 7 / 102 .
~ e
LiZO (new phase) + b= g u /,/’.// Amorphous-to-
ALO; (corundum) + |, (b) 22 GPa g- 1000 1= (4)—./<\ // crystal transition // I
SiO, (rutile-structure) |~ 1673 K o N/ ) /
- = 800 \; Partial-to-complete / -
?3)\ amorphization
600 ( Partial amorphization under A I
compression and reversion to Q F.u lly amorphous and remain
s iinal disordered after decompression
= original state upon release of pressure N "
0 ZEro pressure
o, 400 N —
3 o< g0 N\ Eab 0 gzgg =0

0 5 10 15 20 25

Pressure, GPa

Intensity

Figure 8. Summary of the experimental results in tRe-T space for
illustration of pressure-induced amorphization (regions 1 and 2), its
dependence on temperature (boundary 3), amorphous-to-crystal transforma-
tion (boundary 4), and tentative phase equilibrium boundaries for high-
pressure transformation (boundaries? in LiAISiO4. The symbols indicate

the conditions for the following key observations: open squares for
(a) 24 GPa and 300 K progressive amorphization, open circles for complete disorder, solid circles
Amorphous phase for the onset temperatures of crystallization, and solid squares for the

‘ T ‘ ‘ observations of runs 1 and 10. A solid diamond symbol refers t&thé

10 30 50 70 90 conditions where a spinel phase of LiAlISi@as observed in the study of
Energy, keV rgi 2101 The decomposition boundary foreucryptite (line 5) is from

Figure 7. X-ray diffraction patterns showing the results of two quench
experiments for the samples recovered from (a) 22 GPa/300 K and (b) 22

GPa/1673 K. All diffraction lines in pattern b can be indexed by0L{Cs0s spinel-type LiAISIQ was decomposed into its constituent

structure), A}O3 (corundum), and Si@(rutile-type). oxides at higher pressures. This decomposition reaction
provides new information for the construction of a high-

studies demonstrate that LiAg)s and LIAIO, are recom- pressure phase diagram for LIAISiO

bined in the pressure range of12-15.3 GPa to form a The key and representative observations discussed in the

Spine| structure. The fa.Ct that the ﬁnal equi|ibl’ium phaseS preceding paragraphs are summarized in Figure 8. 1In View
are independent of starting materials used in the experimentsyf the limited experimental data points over a wide T

(i.e., f-eucryptite versusi-eucryptite) again indicates that  gpace, the exact locations of kinetic and equilibrium phase
pressure-induced amorphization is an intermediate statepoundaries are far from being accurate and are shown with
between the two thermodynamically stable states. In the gn aim to indicate a tentative phase diagram for LIALSIiO
fourth highP—T experiment conducted at 22 GPa and 1673 several conclusions, however, can be drawn on the basis of
K (run 10 in Figure 1), the recovered sample (Figure 7b) Figure 8. First, the pressures at whighLiAISiO 4, becomes
consisted of a crystalline mixture of 40 (CdCh or C19  completely amorphous decrease with increasing temperature
structure), AJO; (corundum), and SigXrutile-type), where  (see curve 3 in Figure 8). Below the pressures defined by
C19 Li,O is a new high-pressure polymorph of anti-fluorite-  thjs kinetic boundary, the partially amorphog<LiAISIO

type Li,O (see Table 1). Such observations indicate that the \would not become completely amorphous even when sub-
jected to elevated temperatures, at least within the time scale
(41) Ringwood, A. E.; Reid, A. FEarth Planet. Sci. Lett1969 5, 245. of the present experiments. Second, the temperatures for
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nucleation and growth of crystalline phase(s) from the or recombination reaction, would be kinetically precluded
amorphous phase increase with increasing pressure, d@n most systems at low temperatures. Indeed, the double
consequence that may be associated with suppressed ionisulfates such as KHS@re the only known systertfs“that
mobility at higher pressures. Finally, all the equilibrium- have exhibited pressure-induced decomposition at ambient
phase transformations at elevated temperatures in the systertemperature.
LIAISIO 4 are of a reconstructive type and characterized by |t can now be deduced the-LIAISIO, ends up in a
a complex sequence of decompositienrecombination—  gisordered state under room-temperature compression pri-
decomposmqn with increasing pressure. Suc'h opservatlonsmari|y because the parent compound is metastable at the
support previous suggestidfithat PIA could arise inmany gy nerimental conditions and because decomposition into
chemically complex systems when equilibrium decomposi- yenger daughter compounds or recombination of the daughter
tion to more Qensely packed daughter compounds is kineti- phases into a new high-pressure form is kinetically prohib-
cally constrained. o _ ited. A hindrance of atomic movement, as needed in the
Now that the final equilibrium phases and their crystal econstructive phase transformations for LiAlSids a
structures are known under a wide rang@efT conditions, primary factor that triggers pressure-induced amorphization
a brief review of the crystal chemistry of the phase y yinetically low temperatures. From this point of view,
transformations in the system LiAISj@ould be elucidating. pressure-induced amorphizationdrLiAISiO 4 and probably

Both the Li and Al atoms arke 6|'f°|d ch)&c;rdinated in the i, most other systems can be viewed as one of the classic
spodumene and distorted rock salt structdtes compared o, 5 hjes in which an intermediate or a metastable phase is

with both being 4-fold coordinated in the origin&LiAISIO 4 often involved when transformation between the two ther-

structure. Hence, from the crystal-chemical point of view, modynamically stable states is kinetically hindered. Since

]Ehe drivinlg forrclz_ehfor the breakdow; of thﬁ-_LiAIdSiO_4h h the phase diagram of LiAISiDhas not completely been
ramework at high pressures may be associated With the yoormined in this study, it is difficult to determine if

Z]ISt?b'“ty gf Tlh N t.etr"’tl::? dral coordtm.?uon zround thletleiﬂdt pressure-induced amorphization in this material can be of
atoms. Foflowing this argument, it can be speculated tha thermodynamic origin, i.e., directly connected to positions

the Tg/grage coc_)rdt|2at|on nuLnbersL_fXIrSt‘ifg.tlr_]l _and Al _atoms of phase boundaries for melting and solid-state transforma-
would increase In the amorphous L 'th Increasing tion. However, based on the results of this work, pressure-

pressure. To take th'.s argumept one step further, even thc.)ugr?nduced amorphization does not appear to be necessarily
there is no change involved in the polyhedral coordination

. . . L . connected either to such a thermodynamic origin. It must
for the Li, Al, and Si atoms in the recombination reaction be emphasized that compression studies at 300 K are not
LIAISi ,0s + LIAIO , — LIAISIO 4 spinel®! the coordination P P

number for Si changes from 4-fold in the LiAISiGpinel sufficient for a comprehensive understanding of pressure-

to 6-fold in the rutile-type Si@when LiAISiO, spinel breaks induced amorphization.
down into its constituent oxides at further high pressures. ~Since phase transformation is one of the focuses in this
The observed phase transformations in LiAlgifius involve ~ Work, we would like to end this subject with a prediction
profound changes in the atomic bonding configurations of that a mixture of LiO, Al,Os, and SiQ phases, observed at
high-pressure phases. Such changes are likely to reflect in22 GPa and 1673 K (Figure 7), will eventually recombine
the amorphous phase formed under different compressionat higher pressures to form a new phase with a calcium ferrite
conditions, which upon confirmation would provide a firm (CaFeO,) structure. Previous studfés® have shown that
support for the presumed correlation between pressure-NaAISiO; (nepheline), a stuffed derivation of tridymite, was
induced amorphization and kinetically impeded phase trans-decomposed into a mixture of NaA}Sk (Jadeite- NaAlO,
formations. The possibility that there may be a close at 7—8 GPa and 1673 K, where NaAjQlike LiAIO-,
structural relationship between the hiBR T crystalline state ~ possesses a distorted rock salt structure. At higher pressures
and the high-pressure disordered state may also explain thedf 18—19 GPa, these two compounds recombine to form a
presence of a large pressure interval where a mixture of new phase with a calcium ferrite structure. A more conclusive
amorphous and crystalline LiAlSi(phases coexists during  line of argument comes from high-pressure studies on
room-temperature compression. MgAI,O, spinel® Like LiAISIO4 spinel, this compound
Since a large activation energy barrier is expected for breaks down to its constituent oxides of MgO and@ylat
changing the atomic coordination in oxygen-based com- pressures of10 GPa, which yet again ends up in a calcium
pounds, phase transformations involving these changes arderrite structure at pressures of 286 GPa. The presence
more likely to be kinetically inhibited, even at elevated oOf a calcium ferrite structure in LIAISIQIf it can be proven,
temperature&} Another factor that contributes to the sluggish may serve as a good candidate for elucidation of the effect
kinetics arises from the fact that all the equilibrium phase of crystal chemistry on the high-pressure phase transforma-
transformations observed in LiAISiQFigure 8) are not a  tions.
polymorphic type and therefore diffusion-controlled. How-
ever, atomic diffusion, which is required for nucleation and (44) Arora, A. K.; Sakuntala, THigh-Pressure Re200Q 17, 1.

growth of crystalline daughter phase(s) in a decomposition (45) Akaogi, M.; Tanaka, A.; Kobayashi, M.; Fukushima, N.; Suzuki, T.
Phys. Earth Planet. In2002 130, 49.
(46) lIrifune, T.; Naka, H.; Sanehira, T.; Inoue, T.; Funakoshi,Fys.
(42) Arora, A. K. Solid State Commur200Q 115 665. Chem. Miner2002 29, 645.
(43) Zhang, J.; Li, B.; Utsumi, W.; Liebermann, R. Bhys. Chem. Miner. (47) Tsai, K. R.; Harris, P. MPhys. Re. 1952 86, 651.
1996 23, 1. (48) Lombardi, E.; Laurens, Phys. Re. 1966 151, 694.
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Conclusions primary factors that trigger pressure-induced amorphization
at kinetically low temperatures. The present X-ray diffraction
gdata, however, cannot provide any direct characterizations

long-range structural order can be createdihiAISIO . for the disordered state at high pressures, which warrants

under compression at 300 K. Upon release of pressure, the1‘urther studies utilizing “local probe” techniques such as PDF
zero-pressure state of the so-produced amorphous phase

. . and EXAFS. The coordination changes observed for the Li,

depends on the compression history the sample has formerly . : .
. ; Al, and Si atoms in crystalline phases, for example, may
experienced. As long as there is a trace amount of remnant

- . ._also reflect in the amorphous phase formed under different
crystallinity present at high pressures, the amorphous material ; . s
. : T compression conditions. This, if it can be proven, would
is able to revert back to its original ordered structure,

indicating a close structural relationship between the initial indicate a close structural relationship between the Rigfi

crystalline state and the high-pressure disordered state. Whery rystalline states and the high-pressure disordered state and

. o . therefore provide a firm support for the correlation between
subjected to a complete amorphization at further high ; L o .
. pressure-induced amorphization and kinetically impeded
pressures, the LiAISiQsample was recovered as a fully

disordered phase, thereby losing the so-called “structuralphase transformations.
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