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Abstract The structural behavior of stuffed derivatives
of quartz within the Lij_,Al;_Si;;,O4 system
(0 £ x £1) has been studied in the temperature range 20
to 873 K using high-resolution powder synchrotron
X-ray diffraction (XRD). Rietveld analysis reveals three
distinct regimes whose boundaries are defined by an
Al/Si order-disorder transition at x = ~0.3 and a f—«
displacive transformation at x = ~0.65. Compounds
that are topologically identical to  p-quartz
(0 £ x < ~0.65) expand within the (0 0 1) plane and
contract along ¢ with increasing temperature; however,
this thermal anisotropy is significantly higher for struc-
tures within the regime 0 < x < ~0.3 than for those
with compositions ~0.3 < x < ~0.65. We attribute this
disparity to a tetrahedral tilting mechanism that occurs
only in the ordered structures (0 < x < ~0.3). The
phases with ~0.65 < x < 1 adopt the a-quartz structure
at room temperature, and they display positive thermal
expansion along both a and ¢ from 20 K to their «—f
transition temperatures. This behavior arises mainly
from a rotation of rigid Si(Al)-tetrahedra about the
(100) axes. Landau analysis provides quantitative
evidence that the charge-coupled substitution of Li+ Al
for Si in quartz dampens the o«—f transition. With in-
creasing Li+ Al content, the low-temperature modifica-

H. Xu (X))
Department of Geosciences and Princeton Materials Institute,
Princeton University, Princeton, New Jersey 08544, USA

P. J. Heaney
Department of Geosciences, The Pennsylvania State University,
University Park, Pennsylvania 16802, USA

A. Navrotsky
Department of Chemical Engineering and Materials Science,
University of California at Davis, Davis, California 95616, USA

Present address:

H. Xu, Department of Chemical Engineering and
Materials Science, University of California at Davis,
Davis, California 95616, USA

Tel.: +1-530-754-2132; Fax: +1-530-752-9307
e-mail: hxu@ucdavis.edu

tions exhibit a marked decrease in spontaneous strain;
this behavior reflects a weakening of the first-order
character of the transition. In addition, we observe a
linear decrease in the o—f critical temperature from
846 K to near 0 K as the Li+ Al content increases from
x=0tox=~0.5.
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Introduction

As one of the most compact framework structures,
quartz is not very tolerant of interstitial substitutions.
Nevertheless, small cations such as Li* and Mg®" can
occupy tunnel sites in the quartz framework, and charge
neutrality is achieved by replacing a fraction of the Si*™"
cations with cations having lower valences, such as AI> "
and B*" (Buerger 1954; Palmer 1994; Miiller 1995). This
charge-coupled substitution mechanism produces a
family of materials that Buerger (1954) classified as the
“stuffed derivatives of quartz.”

Stuffed quartz-derivative phases having the compo-
sition Li;_,Al;_,Si;+,O4 with 0 < x <1 belong to the
so-called LAS (Li,O-Al,03-Si0,) ternary system, one
of the most extensively studied and utilized groups
of glass-ceramic materials (Beall 1994; Roy 1995).
Depending on the concentrations of substitutional
Li" +AI’", these phases can crystallize in either the -
quartz (0 £ x < ~0.65) or the a-quartz (~0.65< x < 1)
structures (Xu et al. 2000). Much of the interest in this
group of materials has focused on the f-quartz deriva-
tives, because they possess near-zero coeflicients of
thermal expansion (CTE). For example, the end-mem-
ber f-eucryptite (LiAlSiO4) has long been known to
maintain a nearly constant volume from room temper-
ature to 1473 K (Schulz 1974); on heating, the volume
change produced by expansion within the (0 0 1) plane
is approximately canceled by contraction along the
c-axis (e.g., Schulz 1974; Xu et al. 1999a). As a result,



these materials are common components of high-tem-
perature glass-ceramic products used in domestic cook-
ware and in many high-precision machines such as jet
engines (Beall 1994).

The thermal behavior of end-member fS-eucryptite
has been intensively studied (e.g., Gillery and Bush 1959;
Pillars and Peacor 1973; Schulz 1974; Miiller 1995). In
our recent examination of f-eucryptite, we monitored
thermal expansion behavior from 20 to 873 K by com-
bined synchrotron X-ray and neutron diffraction
(Lichtenstein et al. 1998; Xu et al. 1999a). We found
that the near-zero thermal expansion of f-eucryptite
persists to low temperatures, and we proposed that this
isovolumetric behavior results from several interdepen-
dent processes, including tetrahedral tilting, tetrahedral
deformation, and Li positional disordering.

Despite the attention paid to end-member S-eucryp-
tite, only a few investigations have extended to interme-
diate compositions along the LiAlISiO4SiO, join.
Petzoldt (1967) argued from dilatometric measurements
that end-member f-eucryptite exhibits a negative coefli-
cient of thermal expansion over the temperature range
293 to 573 K, but the CTEs of f-quartz solid solutions
become less negative with increasing silica content up to
55 wt% SlOz (Li0135A10.858i1.1504). Petzoldt also
suggested that at higher silica concentrations, thermal
expansion coefficients are roughly equal. However, more
recent high-temperature X-ray diffraction studies indi-
cate that the CTE for the composition Lig ¢7Aly 7 Sij 3304
(=2.1 x 107%/K; Miiller et al. 1988) is more negative than
that for LiAlSiO4 (-0.4 x 107%/K; Pillars and Peacor
1973). The inconsistency of these few data illustrates the
need for a more systematic study of the thermal expansion
behavior over the entire series.

It is not surprising that stuffed derivatives of a-quartz
in the Lij_.Al;_Si;; O, system have received less
scrutiny, simply because they do not possess the low
CTEs exhibited by the f-quartz derivatives. However,
since a-quartz structures undergo phase transitions to
fp-quartz on heating, the stuffed a-quartz phases consti-
tute an ideal system for systematically investigating the
effects that charge-coupled substitutions exert on tran-
sition behavior. Because the o—f quartz transformation
is one of the most exhaustively studied displacive tran-
sitions (see review by Heaney and Veblen 1991a), this
study may provide insights into the general ways in
which impurities induce morphotropic phase transitions
(Heaney 2000).

Impurities have been found to radically modify the
behavior of phase transitions in many systems (e.g., Salje
1990; Salje et al. 1991; Redfern 1992; Carpenter 1992).
Though the specific effects of impurities are individual to
a given structure and defect mechanism, manifestations
of impurities that are shared among various minerals
would include: (1) an increase or decrease in the critical
temperature; (2) a temperature-broadening of the tran-
sition event; and (3) a decrease in the mobility of tran-
sition-induced domain boundaries. For example, several
authors have shown that the critical temperature of the
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o—f quartz transition decreases with an increased
M* +AIP" substitution for Si*" M =Li*,Na®, K™
and H") (Keith and Tuttle 1952; Smith and Steele
1984). Moreover, point defects, such as interstitial ca-
tions, appear responsible for memory effects in quartz by
pinning Dauphiné twin boundary positions (Heaney and
Veblen 1991b; Xu and Heaney 1997). However, sys-
tematic studies of the impact of impurities on displacive
transitions in silicates are relatively rare, and predicting
the crystallographic changes that impurities will impose
on framework structures remains an inexact science.

In the present investigation, five samples with the
compositions Li;_ Al;_Si;;+, 04, x=0.2, 0.33, 0.5,
0.69, and 0.9, were examined by powder synchrotron
X-ray diffraction from 20 to 873 K. Rietveld analyses
of the data have allowed high-precision determinations
of unit-cell parameters as a function of temperature.
By incorporating these results with those for end-mem-
ber f-eucryptite (Xu et al. 1999a), we present a full
structural explanation for the thermal behavior of the
LiAISiO4-SiO; system. In addition, we have quantified
the weakening of the first-order character of the o—p8
transition by measuring the critical temperatures and
spontaneous strains associated with the o—f inversions
for the stuffed derivatives of o-quartz with increasing
Li+ Al substitution for Si.

Crystallographic background

The structure of f-quartz, the high-temperature poly-
morph of quartz above 846 K consists of paired helical
chains of silica tetrahedra that produce open channels
parallel to ¢ (e.g., Heaney 1994). Within the channels,
distorted tetrahedral and octahedral cavities alternate
along ¢, and these cavities can accommodate small ca-
tions such as Li ™ and Mg®* (Schulz 1974; Palmer 1994).
Pure f-quartz displacively transforms to denser a-quartz
on cooling with a concomitant space group change from
P6,22 or P6422 to P3,21 or P3;21. However, stuffing
small cations into the channel sites can buttress the
framework from collapse and stabilize the p-quartz
structure at room temperature (Beall 1994).

The fully stuffed lithian derivative of f-quartz is
stoichiometric f-eucryptite, LiAlSiO,4. Previous struc-
ture analyses (e.g., Tscherry et al. 1972; Pillars and
Peacor 1973; Miiller 1979; Xu et al. 1999b) have re-
vealed that ff-eucryptite has doubled translational peri-
odicities along ¢ and « relative to ff-quartz (Fig. 1a).
This superstructure arises from the ordering of Al and Si
ions in alternate layers normal to ¢ with collateral or-
dering of Li within two distinct channels. However, as
silica content increases in the Li;_ Al;_,.Si; Oy series,
the superstructure is gradually lost and disappears at
x = ~0.3 (Fig. 1b) as the result of an Al/Si disordering
transition at this composition (Xu et al. 1999a).

With less than ~35 mol% substitution of Li+ Al for
Si (x = ~0.65), the Li;_Al;_Si;+ 04 compounds can-
not maintain the f-quartz structure, since Li concen-
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tration is not sufficient to hold open the expanded
framework (Petzoldt 1967; Xu et al. 2000). Rather, these
more siliceous compositions adopt the a-quartz modifi-
cation (Fig. 1c). Therefore, the Li;_,Al;_,Si;; ,O4 solid
solution series is divided into three distinct structural
regimes: (1) 0 < x < ~0.3; (2) ~0.3 < x < ~0.65; and
(3) ~0.65 < x < 1. Variations of unit-cell parameters as
a function of composition exhibit abrupt changes in
slope at the boundaries of these three regimes (Xu et al.
2000).

Experimental methods

Sample synthesis

Stuffed quartz-derivative phases with compositions
Li;_ Al_, Si; 4+ ,O4, x = 0.2,0.33, 0.5, 0.69, and 0.9, were prepared
for this study. Because these phases exhibit different regions of
thermodynamic stability and metastability, three synthesis methods
were employed: (1) high-temperature sintering for x = 0.2; (2) high-
pressure high-temperature processing for x = 0.33, 0.5, and 0.9;
and (3) glass annealing for x = 0.69. Detailed synthesis and sample
characterization procedures have been described in Xu et al.
(1999¢). As noted in Xu et al. (1999¢), the samples with x = 0.2,
0.33, and 0.69 are single phases consistent with their nominal
compositions, whereas those with x =0.5 and 0.9 contain two
intergrown phases (weight fractions: 84/16 for x = 0.5 and 64/36
for x = 0.9) with slightly different compositions.

X-ray diffraction data collection

Powder X-ray diffraction measurements were performed using two
instruments. All low-temperature experiments and most high-tem-
perature experiments were carried out with a linear position-sen-
sitive detector (PSD) at beam line X7A (Cox et al. 1988) of the
National Synchrotron Light Source (NSLS), Brookhaven National
Laboratory (BNL). The wavelengths used ranged from 0.7 to
0.8 A, as calibrated using a CeO, standard. Diffraction data were
collected for the following temperatures: 20, 100, 200, 298, 543,
748, and 873 K for all samples, and several additional tempera-
tures, 60, 150, 225, 250, and 275 K, for the Lio_3|Alo_31Si1_6904
phase only. For high-temperature experiments, the powder samples
were sealed in 0.2-mm diameter quartz-glass capillaries, and the
capillaries were mounted in a furnace consisting of a 1.25-inch
diameter wire-wound BN tube and outer water-cooled Al tube. For
low-temperature measurements, the samples were sealed in silica-
glass capillaries of 0.2-mm diameter, and the capillaries were placed
in a cryogenic displex cooled by helium in a two-stage closed-cycle
refrigerator. Sample temperatures were registered with a Chromel-
Alumel thermocouple positioned just below the center of the cap-
illary, and they were found to be stable within 1 K. In order to
minimize preferred orientation, the sample capillaries were fully
rotated during the high-T data collection and were rocked through
+ 10° during the low-T data collection. Data were collected from 7
to 55° 26 in step scan mode using steps of 0.25° with counting times
of 10 s (7-15°), 20 s (15-30°), 40 s (30-45°), and 80 s (45-55°) per
step.

To obtain additional data for Landau analysis of the
Lip31Alp 31811 6004 phase, high-temperature experiments were per-
formed with a Scintag PAD-V theta-theta diffractometer using
CuKa radiation and a scintillation detector. The temperatures
ranged from 313 to 773 K with intervals of 20 K. A thin layer of
the sample powder was mounted on a Pt resistance-strip heating
stage, and the temperatures were measured with a Pt-Ptg;Rh;3
thermocouple. Data were collected from 15 to 100° 26 in step scan
mode with steps of 0.03° and count times of 4 s per step.
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Fig. 1a— The structures for the Li;_,Al;_,Si;+ O4 phases projected
along the a-axis. a x =0 b x = 0.33 ¢ x = 0.69. Spheres represent Li
ions. Si- and Al-tetrahedra are plotted in black and white,
respectively, in the ordered structure in a. In b and ¢, Si and Al
are disordered and all tetrahedra are plotted in black. Light lines
outline the unit cell

.



Structure refinements

Rietveld refinements for the Li;_,Al;_,Si;+,O4 compounds were
performed using the general structure analysis system (GSAS)
program of Larson and Von Dreele (1994). Depending on the
composition, the starting atomic parameters in our first refinements
of the room temperature structures were taken from the following
studies: for x = 0.2, the study of f-eucryptite (space group P6,22)
by Guth and Heger (1979); for x =0.33 and 0.5, the study of
Li()_(,7Al()_(,7Si]_3304 (SpaCe group P6222) by Li (1968), and for
x =0.69 and 0.9, the study of a-quartz (space group P3,21) by Will
et al. (1988). We then used our room-temperature results for the
starting structures at the next-nearest temperatures and continued
this procedure systematically with changing temperature. Since the
stuffed a-quartz-derivative phases (x = 0.69 and 0.9) transform to
their  modifications at high temperatures, we used the structure
model of -quartz (Wright and Lehman, 1981) in the refinements of
those high-temperature structures. Likewise, the f-quartz-deriva-
tive phases in the sample with x = 0.5 undergo transitions to the
a-quartz-like polymorphs on cooling, and thus some of these low-
temperature structures were refined based on the model of a-quartz
(Will et al. 1988).

Our refinements proceeded as follows: after scale factor and
four RDF (radial distribution function, needed for modeling the
background from the glass capillary) background terms for each
histogram had converged, specimen displacement and lattice pa-
rameters were added and optimized. Between two and ten addi-
tional background terms were then added for each histogram, and
the peak profiles were fitted by refining isotropic and anisotropic
Lorentzian broadening parameters and a Gaussian particle size
coefficient in a pseudo-Voigt function (Thompson et al. 1987;
Finger et al. 1994). Upon convergence of the above parameters,
atomic positions and isotropic temperature factors for Li, Al, Si,
and O were refined (except for the analysis of conventional X-ray
data of Lig31Alg.31Si.6904). For the binary samples with x = 0.5
and 0.9, we refined the weight fractions of their two co-existing
phases with the constraint that the individual weight fractions sum
to unity.

Differential scanning calorimetry

To determine the o—f transition temperatures for the stuffed de-
rivatives of o-quartz with compositions Li;_Al;_,Sij 4Oy,
x=0.69 and 0.9, differential scanning calorimetry (DSC) was
performed using a Netzsch 404 high-temperature calorimeter.
Sample powders of ~55 mg were tightly packed in a Pt crucible,
and the data were collected over the temperature range 303-963 K
with a scan rate of 10 K min~!. Temperature was calibrated against
the known melting points of several metals by the manufacturer. In
addition, our DSC analysis of an end-member quartz sample
(Fluka-Garantie) revealed an endothermic peak arising from the
o—f quartz transition at 845.4 K, in good agreement with the
well-accepted value of 846 K (e.g., Zeyen et al. 1983), thereby
confirming the accuracy of the temperature calibration.

Results and discussion
Thermal expansion behavior
Unit-cell parameters

The temperature dependence of the lattice parameters
for the Li;_ Al;_,Si; ;+ ,O4 phases with x = 0.2, 0.33, 0.5,
0.69, and 0.9, are presented in Table 1 and Figs. 2 and 3,
together with the data for the two end members of the
series, f-eucryptite and o-quartz, for comparison. As
shown in Fig. 2a and b, the thermal behavior of the
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stuffed derivatives of ff-quartz (x = 0.2, 0.33, and 0.5) is
similar to that of f-eucryptite: with increasing temper-
ature, ¢ decreases while ¢ remains approximately un-
changed up to 298 K and increases thereafter. Likewise,
the volume thermal expansion for these compounds is
slightly negative below room temperature and near-zero
at high temperatures (Fig. 2¢). However, as silica con-
tent increases, the degree of variation in ¢ and ¢ becomes
significantly smaller. In other words, the anisotropy of
thermal expansion decreases with increasing x. This
trend is consistent with previous measurements showing
that the absolute values of axial CTEs for LiAlSiO4
( =8.6x 10 K™, o, =-184x10°K™"; Pillars
and Peacor 1973) are larger than the corresponding

values for the more siliceous Ligg7Aly 675113304
(ta=10x10°K™", o =-63x10°K™"; Miiller
et al. 1988).

As expected, the stuffed a-quartz-derivative phases
(x =0.69 and 0.9) displacively transform to fS-quartz-
like structures on heating. Consequently, variations of
lattice parameters with temperature for these phases
show sharp changes in slope at their critical tempera-
tures (Fig. 3a—c). Just as in pure quartz, with increasing
temperature the a- and c-axes for both phases expand at
an increasing rate up to the critical point, and then «
remains constant while ¢ decreases. However, the c-axis
contraction of the f form is much steeper for x = 0.69
than for x = 0.9 and pure quartz. In addition, the crit-
ical temperature shifts to lower values (e.g., 344 K for
x =0.69 in comparison with 846 K for pure quartz)
with higher Li+ Al substitution.

Since those LAS compounds that adopt the a-quartz
configuration at room temperature displacively transform
to f-quartz-like modifications with high temperature, it is
reasonable to expect that some LAS compounds that are
isostructural with f-quartz at room temperature will dis-
placively transform to w«-quartz-like modifications on
cooling. As shown in Fig. 4a and b, the secondary phase
(representing ~16 wt%) in the sample with bulk compo-
sition x = 0.5 exhibits a rapid decrease in lattice param-
eters when the temperature drops from 200 to 100 K. We
interpret this behavior as evidence for a ff-to-o quartz-like
transition for this secondary phase below room temper-
ature, as has not been previously described for com-
pounds within the Li;_,Al;_,Si; 4+ ,Oy4 system.

Structural variations

In a separate variable-temperature diffraction study of
end-member f-eucryptite (Xu et al. 1999a), we demon-
strated that thermal expansion is related to three inter-
connected processes: tetrahedral tilting; tetrahedral
deformation; and Li disordering. All of these transfor-
mation mechanisms can cause an extension of the
structure in the (0 0 1) plane and a contraction along the
c-axis with increasing temperature. Moreover, we
observed that f-eucryptite with complete cation (Al/Si
and Li) disorder is much less anisotropic in its thermal
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Table 1 Unit-cell parameters for stuffed quartz-derivative phases Li;_,Al;_,Si;+,O4 as a function of temperature (determined from

synchroton X-ray data)®

TK) a@x=0" c¢x=0" VE=0" a(x=020) c¢(x=020) V(x=020) a(x=033) ¢(x=033) V(x=0.33)
20 52453(1)  5.6145(1)  133.778(3)  5.2467(1)  5.5001(2)  131.1198)  52122(1)  5.4696(1)  128.684(3)

100 5.2451(1) 5.6120(1) 133.710(3) 5.2460(1) 5.4970(2) 131.009(8) 5.2114(1) 5.4673(1) 128.588(4)

200 52458(1)  5.6049(1)  133.569(4)  5.2460(1)  5.4906(2)  130.855(8)  5.2104(1)  5.4616(1)  128.410(4)

250 52468(1)  5.6017(1)  133.547(3)

298 52481(1)  5.5978(1)  133.525(5)  5.2472(1)  5.4825(2)  130.725(8)  5.2102(1)  5.4551(1)  128.242(4)

523 52541(1)  5.5779(1)  133.351(4)  5.2504(3)  5.4685(4)  130.551(20) 5.2158(1)  5.4475(1)  128.340(7)

636 5.2586(1) 5.5680(1) 133.341(5)

748 52634(1)  5.5568(1)  133.317(5)  5.2571(3)  5.4576(4)  130.621(18)  5.2167(1)  5.4390(2)  128.190(8)

873 5.2701(1) 5.5450(1) 133.373(5) 5.2603(3) 5.4530(4) 130.673(18)  5.2174(2) 5.43577(2)  128.144(9)

a (x=0.50)° ¢ (x=0.50)° ¥ (x=0.50° a(x=0.69) ¢ (x=0.69) ¥V (x=0.69) a(x=090)F ¢ (x=0.90)° V (x=0.90)

20 5.1647(2)  5.4658(2)  126.261(10)  5.0570(1)  5.4345(1)  120.357(3)  4.9524(2)  5.4112Q2)  114.937(11)
60 5.0585(1)  5.4353(1)  120.449(3)

100 5.1658(2)  5.4659(2)  126.318(12)  5.0600(1)  5.4352(1)  120.519(3)  4.9534(2)  5.4114(2)  114.985(9)
150 5.0640(1)  5.4362(1)  120.729(3)

200 51655(2)  54619(1)  126.2108)  5.0687(1)  5.4375(1)  120.983(3)  4.9586(2)  5.4138(1)  115.278(7)

225 50713(1)  5.4378(1)  121.113(3)

250 5.0748(1)  5.4390(1)  121.297(3)

275 5.0789(1)  5.4404(1)  121.533(3)

298 5.1651(1)  S54571(1)  126.082(7)  5.0865(1)  5.4451(1)  122.0043)  4.96722)  5.4187(1)  115.783(8)

523 5.1682(3) 5.4506(2) 126.080(14) 5.1105(1) 5.4508(2) 123.286(7) 4.9882(2) 5.4277(2) 116.958(9)

598 5.0065(4)  5.4392(3)  118.068(19)

673 5.0324(6) 5.4476(7) 119.478(36)

748 5.1687(3)  5.4437(2)  125.947(15)  5.1099(1)  5.4454(2)  123.135(7)  5.0317(4)  5.4505(5)  119.510(25)

873 5.1699(3)  5.4426(2)  125.981(13)  5.1074(2)  5.4408(2)  122.913(9)  5.0308(3)  5.4488(3)  119.424(16)

“The units: @ or ¢ in A; ¥ in A?

®From Xu et al. (1999b)
©Only results for the major phase of the biphasic mixture are listed here

Fig. 2a— Effects of temperature and composition on the unit-cell
parameters a a, b ¢, and ¢ V of the stuffed derivatives of f-quartz,
Li;_ Al _,Si; 4 ,O4. For the biphasic mixtures with x = 0.5 and 0.9,

only the data of the major phases are plotted
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Fig. 3a— Effects of temperature and composition on the unit-cell
parameters a @, b ¢, and ¢ V of the stuffed derivatives of a-quartz,
Li;_ Al _,Si; 4,04 (Data for pure o-quartz from Carpenter et al.
1998a)

The thermal behavior of the stuffed derivatives of
p-quartz with intermediate compositions (x = 0.2, 0.33
and 0.5) is controlled by the three transformation
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Fig. 4a, b Variation of the unit-cell parameters for the secondary
phase (with a weight fraction of ~16%) in the Lij sAlj 5Si; sO4 sample
as a function of temperature. a a-axis and b c-axis. The composition of
this phase is estimated as x = ~0.58 based on the variation of cell
volume V" with composition (Xu et al. 2000)
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mechanisms operative in end-member fS-eucryptite. As
described in Xu et al. (2000), compositional variations
affect the LAS derivatives of quartz in a fashion that
parallels changes in temperature. Specifically, with
increasing silica concentration, the long-range order of
Al and Si progressively diminishes between x = 0 and
x =~0.3, and the structure is fully disordered for
x 2 ~0.3. Because Al/Si order and Li positional order
are coupled, the distribution of Li ions over the tetra-
hedral channel sites also undergoes an order-disorder
transition at x = ~0.3. Thus, the degree of tetrahedral
tilting becomes smaller as x increases from 0 to 0.3, and
the magnitude of axial thermal expansion along both a
and ¢ drops sharply from x = 0 to x = 0.33 (Fig. 2a, b).
This behavior parallels the smaller thermal expansion
observed in disordered fS-eucryptite in comparison with
the ordered end-member (Xu et al. 1999a).

In addition, in S-eucryptite Li induces a shortening of
the O-O edges that are shared by the Li- and Si(Al)-
tetrahedra in order to minimize Li-Si(Al) repulsion,
distorting the framework tetrahedra (Tscherry and
Schulz 1972b; Palmer 1994; Xu et al. 1999a). Upon
heating, Li ions diffuse along the [0 0 1] channels and
pass through the octahedral sites that are unoccupied at
room temperature, causing an extension of the frame-
work in the (0 0 1) plane and a contraction along c
(Schulz 1974). Because the number of Li ions decreases
with increasing x, the effect of Li disorder on thermal
behavior becomes smaller. This may account for the
slightly lower thermal anisotropy displayed by the phase
with x = 0.5 in comparison with x = 0.33 (Fig. 2a, b),
although they both have disordered structures.

The thermal behavior of the stuffed a-quartz phases
(x =0.69 and 0.9) is similar to that of pure a-quartz,
except that the critical temperatures of their transitions
to the f polymorphs are lower (Fig. 3a—c). The dominant
mechanism responsible for the positive thermal expan-
sion in these structures is a nearly rigid rotation of Si- or
Al-tetrahedra around the (100) axes. The degree of
tetrahedral rotation can be described by the tilt angle J:
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tand = 2v/3/9(c/a)|(5 — 62)/(1 — x)] , (1)

where a and ¢ are lattice constants, and x and z are
coordinates of oxygen (Grimm and Dorner 1975). As in
pure a-quartz, with increasing temperature the tetrahe-
dral tilt angle 6 decreases approximately linearly in these
stuffed derivatives (Fig. 5a). In addition, upon heating,
the Si- or Al-tetrahedra may undergo a slight deforma-
tion involving a shortening parallel to ¢ and a length-
ening perpendicular to ¢, as in a-quartz (Grimm and
Dorner 1975; Carpenter et al. 1998a). However, the
effect of this tetrahedral deformation on the thermal
behavior is relatively small.

As temperature exceeds T., the phase with x = 0.69
exhibits a much more pronounced contraction of the
c-axis in comparison with the more siliceous composi-
tions (x = 0.9 and quartz). On the other hand, the a-axis
thermal variations are similar for all three compositions
(Fig. 3a, b). This behavior is certainly related to the
comparatively higher concentration of Li ions when
x = 0.69, since Li ions tend to diffuse along the [0 0 1]
structural channels on heating, and this process can
result in a decrease in the cell dimension along ¢, as
tetrahedral edges contract to minimize Li-(Al, Si)
repulsion.
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Effects of Li+ Al — Si substitution
on the o—f quartz transition

Critical temperature

A number of experimental studies have shown that im-
purities can change the critical temperatures of phase
transitions (e.g., Keith and Tuttle 1952; Whatmore et al.
1978; Redfern 1992). For instance, Keith and Tuttle
(1952) studied variations in the o—f quartz transition
temperature in some natural and synthetic samples, and
they attributed differences in 7, to small amounts of
impurities and to disparities in crystal growth histories.
Only recently, theoretical treatments based on a Lan-
dau-type mean field analysis have achieved significant
success in describing the effects of impurities on phase
transitions (Salje et al. 1991; Salje 1995). Salje et al.’s
study demonstrates that the rate of change in 7, in-
creases with increasing impurity content (N), and four
distinct regimes are identified in terms of the magnitude
of dT./dN. In particular, when the impurity concentra-
tion N greatly exceeds 10%* cm™, T, becomes strongly
dependent on N and varies linearly with N.

Figure 6 reveals the change in the o—f transi-
tion temperature with composition for the
Lij_, Al_, Si;+,Oy4 series. Critical temperatures for
samples with composition x = 0.69, 0.9, and 1 were
obtained using differential scanning calorimetry (Fig. 7).
As can be seen in Fig. 6, the calorimetrically determined
transition temperatures for these three compositions
vary linearly as a function of the dopant concentration,
1 — x: T, (in K) = 836.5 — 1603.2(1 — x). Although ad-
ditional data for low dopant concentrations are desir-
able, the strong linear relationship between 7, and
(1 —x) for 0 < (1 —x)<0.5 suggests that the plateau
effects described by Salje (1995) are small for this system.
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Fig. 6 Dependence of critical temperature 7. on (Li+ Al) substitution
in Li;_,Alj_, Si + (Oy4. The straight line is a least-squares fit to the data
for compositions x =0.69, 0.9, and 1. Brackets represent the
temperature range over which the secondary phase (x = ~0.58) in
the sample with x = 0.5 undergoes the o—ff quartz-like transition



Fig. 7 Differential scanning
calorimetry profiles for the
Li;_,Al,_,Si; + ,O4 phases with
x=0.69, 0.9 and 1. Arrows
indicate a—ff quartz-like transi-
tions
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Extrapolation of the 7. — x dependence to 298 K
suggests that Li;_ Al;_,Si; + (O4 will invert from an o- to
a f-quartz-like structure at room temperature when
x = ~0.66 (Fig. 6). This value is in good agreement with
the critical composition of x = ~0.65, as was indepen-
dently determined by our analysis of the relations
between composition and room-temperature lattice pa-
rameters of Li;_,Al;_Si;;+ 04 (Xu et al. 2000). Al-
though our synchrotron X-ray data (Fig. 4) do not allow
us to pinpoint with high accuracy the o—f transition
temperature and the composition for the secondary
phase in the sample with bulk composition x = 0.5, the
temperature range over which its o—f transitions must
occur is fully consistent with the observed linear rela-
tionship when the T, — x dependence is extrapolated
below 298 K (Fig. 6). Consequently, our results suggest
that the o—f critical temperature varies linearly from
846 K to near 0 K as a function of increasing dopant
concentration.

Spontaneous strain

Spontaneous strain has been used extensively to describe
lattice distortions accompanying phase transitions (Salje
1990; Carpenter et al. 1998b). Because the strain is
manifested as departures of cell dimensions from their
idealized high-symmetry values, the spontaneous strain
is measured using high-temperature dimensions extrap-
olated to the low-temperature regime (Schlenker et al.
1978; Redfern and Salje 1987). Since stuffed derivatives
of a- and f-quartz have trigonal and hexagonal
symmetries, respectively, and since their unit cells have
coincident settings, there are, in addition to the volume
strain V, = V/V, — 1, only three nonzero elements in the
strain tensor: e; = e, = afag— 1; e3 = ¢/co— 1, where a, ¢,
and V are parameters of the o modification at a given
temperature, and ay, ¢y and V) are idealized parameters
determined by extending high-temperature lattice vari-
ations into the stability field of the o polymorph (Car-
penter et al. 1998a).
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Table 2 Unit-cell parameters of the stuffed quartz-derivative phase
Lip31Alp 318116004 as a function of temperature (determined from
laboratory X-ray data)

T (K) a(A) ¢ (A) V(A%

313 5.0927(2) 5.4498(3) 122.408(10)
333 5.0992(2) 5.4520(3) 122.768(10)
353 5.1079(2) 5.4553(3) 123.265(11)
373 5.1095(2) 5.4552(3) 123.336(11)
393 5.1097(2) 5.4548(3) 123.341(11)
413 5.1102(2) 5.4541(3) 123.350(11)
433 5.1103(2) 5.4540(3) 123.349(11)
453 5.1105(2) 5.4529(3) 123.336(11)
473 5.1104(2) 5.4523(3) 123.316(11)
493 5.1107(2) 5.4518(3) 123.318(11)
513 5.1106(2) 5.4509(3) 123.294(11)
533 5.1107(2) 5.4505(3) 123.289(10)
553 5.1106(2) 5.4497(3) 123.265(10)
573 5.1105(2) 5.4490(3) 123.246(11)
593 5.1104(2) 5.4483(3) 123.226(10)
613 5.1103(2) 5.4481(3) 123.218(10)
633 5.1101(2) 5.4476(3) 123.192(10)
653 5.1099(2) 5.4468(3) 123.164(10)
673 5.1100(2) 5.4464(3) 123.161(10)
693 5.1096(2) 5.4460(3) 123.134(10)
713 5.1093(2) 5.4457(3) 123.114(10)
733 5.1093(2) 5.4447(3) 123.091(10)
753 5.1092(2) 5.4448(3) 123.088(10)
773 5.1093(2) 5.4437(3) 123.071(10)
823 5.1088(2) 5.4428(3) 123.023(10)

A comparison of the thermally induced spontaneous
strain associated with a partially stuffed derivative of
quartz (Lig31Aly31S1;.6004) with the strain of the pure
end member (SiO,) quantitatively reveals the extent to
which Li+ Al substitution can act as a proxy for tem-
perature. Extrapolations of ay, ¢y and Vy of
Lig.31Alg 315116004 from linear regressions of the data
above T, (can be described by aq (A) =5.1121 -
3.64 x 107° T, ¢, (A)—54656 282 x 107> T, and ¥,
(A3) =123.699 — 8.15x 107* T (Table 2; Fig. 8). The
calculated spontaneous strains (Fig. 9) can be fitted, to a
good approximation, by the relation e; (or e; or
V,) = A(T. — T)"?, where A is a constant and 7, is the
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the o polymorph

critical temperature of the a—f transition. Moreover, the
volume strain (V) appears to vary approximately lin-
early with the square of tilt angle (%) (Fig. 5b). As 6 can
be considered to be the order parameter (Q) of the o—f
transition (Grimm and Dorner 1975), V is close to being
proportional to Q7 as well. These relations all suggest
that the o—f transformation in Lig 31Alj 31S1; 6904 1S very
close to tricritical, as is the first-order a—ff quartz tran-
sition (Carpenter et al. 1998a). However, the magnitudes
of the spontaneous strains for the (Li+ Al)-doped phase
are much smaller than those for pure quartz; the values
of ey, €5, and V for quartz at T/T, = 0.5 are ~1.5, ~0.9,
and ~4%, respectively (Carpenter et al. 1998b), whereas
the corresponding values for the stuffed phase x = 0.69
are only ~0.87, ~0.43, and ~2.16%.

The spontaneous strain provides a precise measure of
the degree of structural deformation in a material as the
result of a phase transition. The substitution of Li+ Al
for Si diminishes the spontaneous strain in stuffed de-
rivatives of a-quartz because Li inhibits full framework
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Fig. 9a— Temperature dependence of the spontaneous strains a ey,
b e3, and ¢ V for Lig 31Aly31Si1 6904 (symbols as in Fig. 8). The curves
are fits to the data with 200 K < 7' < T, using the equation e, (or e3 or
V) = A(T.— T)', where A is a constant, and 7, is the critical
composition of the a—f transition, which was determined to be 343 K
from the DSC measurement shown in Fig. 7. The values of 4 for ey,
e3, and Vg are —0.0358, —0.0186, and —0.0873, respectively. Note that
strain data with 7' < 200 K were not included for the fitting because
of the effects of order parameter saturation (Salje et al. 1991). The
dotted lines represent linear extrapolations of the data with 7> T, into
the stability field for 7" < T,

collapse and limits the degree of deformation. Conse-
quently, the thermal energy required to effect the tran-
sition to the expanded [ modification is lower with
higher Li+ Al concentrations, and the critical tempera-
tures systematically decrease with increasing (1 — x).
Similar behavior has been observed in other framework
silicates, such as feldspar (e.g., Kroll et al. 1980;
Carpenter 1988; Redfern 1992; Zhang et al. 1996). For
example, the substitution of K for Na' in albite
dramatically decreases the critical temperature of the
C2/m—C1 transition (Kroll et al. 1980; Zhang et al.
1996), presumably because the larger K™ can more
effectively sustain the expanded C2/m structure and
stabilize it at lower temperatures.



As noted in many studies on feldspar (e.g., Carpenter
1988; Salje 1990), the effects of ionic substitutions on
displacive transitions also depend on the degree of Al/Si
order. The Al/Si order—disorder strongly interacts with
the displacive transition via strain coupling (Salje 1990;
Redfern 2000), such that a decrease in Al/Si order in
anorthite lowers the 7. of the 71-P1 transition and also
changes its character from tricritical to second-order
(Redfern 1992). Although stuffed derivatives of quartz
(Li;_ Al _Sij 4+ ,O4) with x > ~0.3 do not possess Al/Si
long-range order, the short-range Al/Si order might in-
fluence the nature of the displacive transition. This
possibility requires further investigation. Moreover,
since Li ions positionally disorder on heating, this pro-
cess probably affects the o—f transition as well. As
documented in previous transmission electron micros-
copy (TEM) studies (Heaney and Veblen 1991b; Xu and
Heaney 1997), point defects such as interstitial ions in
quartz appear to pin the positions of the Dauphiné twins
that arise from the f—o transition. In addition, higher
concentrations of interstitial Li might be expected to
stabilize the twin boundaries and thereby to increase
twin boundary densities by decreasing the mean domain
size. These relationships require investigation by detailed
TEM studies of the microstructures in the stuffed de-
rivatives of quartz at different temperatures.
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