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Anisotropic thermal expansion in the silicate B8-eucryptite: A neutron diffraction and density
functional study
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The highly anisotropic thermal expansion in the hexagonal siliga®icryptite[ 8-LiAISiO,4] has been
investigated using neutron diffraction measureméfts temperatures from 20 to 873)Kand density func-
tional calculations. The agreement between theory and experiment is very good, and the main features of the
expansion can be explained by anomalies in the phonon spectrum. THenawimum of the lattice constant
perpendicular to the hexagonal axis can be attributed to an additional “chemical invar” mechanism arising
from the double-well energy surface of the Li ions that is also evident in the order-disorder transition in the
material.[S0163-18208)04134-4

. INTRODUCTION a lithium-stuffed derivative of high quartz3¢Si0,),? com-
prising parallel double helices of Si@nd AlO, tetrahedra.

Thermal expansion is a basic property of any materialThe alternation of layers containing Si and Al atoms results
anddifferencedn thermal-expansion coefficients are impor-in a doubling of thec axis of g-quartz. There are one-
tant in many fields. Examples are the weathering of rocksgdimensional channels along this axis that are occupied by
the stability of alloys under heat treatment, and the use oki™ ions, which compensate the charge imbalance of the
glazes in ceramics. Thermal expansion determines the ultSi** and AP* ions and show both one-dimensional superi-
mate usefulness of many ceramics, and large opticadnic conductivity and an order-disorder transition near 755
instruments—such as telescope mirrors—provide examplel.® Below this temperature, the Liions form a superstruc-
where low thermal expansion over a range of temperatures #lré occupying sites in the Si and Al planes in the ratio’3:1.
essential The hexagonal aluminosilicateG-eucryptite ~ While it is plausible that the thermal expansiongreucryp-
(LiAISIO,) (Ref. 2 has remarkable thermal-expansion prop-
erties, with coefficients that are extremely anisotropic
(@y~8.6x10° deg'!; a@.~—18.4x10°° deg!) and
almost independent of temperature in the range 300—-1400
K.2 The relationshipr.~ — 2a, suggests that polycrystalline
or glassy phases should have a low “average” volume ther-
mal expansion in this temperature range. PolycrystalBne
eucryptite is, in fact, a major component of modern ceramic
stove tops:?

This material is also a subject of continuing interest to
earth scientists, due to its structural similarity fequartz.
Quartz is the most common oxide in the earth’s crust, and
studies ofB-eucryptite shed light on the structural behavior
of B-quartz, which cannot be quenched below 573 °C and is
difficult to investigate. Furthermore, many minerals in nature
experience impurity-induced phase transitions in which dop-
ants mimic the effects of changing temperature. The substi-
tution of LiAl for Si in quartz is a classic example of such a
transition, and studies gB-eucryptite should help clarify the
role that dopants play in the-B8 phase transition in quartz.

Thermal expansion has been studied in many simple crys-
tals. An example is Si, with two atoms in the unit cell, where
anomalies in the Gmeisen parameters for zone-boundary
transverse-acoustic phonons contribute to the negésee
tropic) thermal expansion at loW.* The situation is much FIG. 1. “Average” structure ofB-LiAISiO, and the phonon
more complicated inB-eucryptite, whosdaverage high-T  eigenvectors for a typical bending mode. The circle shows the site
structure with space group6,22 is shown in Fig. 1. Thisis of a “second” local minimum in the energy surface.
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tite is highly anisotropi@, our understanding of this TABLE |. Lattice constants obtained from neutron diffraction
material—experimental and theoretical—is far from com-data. The estimated standard deviations of the last digits are given

plete. in brackets.
We describe here neutron-diffraction determinations of

the lattice constants for temperatures between 20 and 873 K (K) a (A) c(A)
as well as Calculatlpns of the expansion coefficients. The 10.4894(3) 11.2227(4)
measu_rements prowgie data on the low-temperature therm%0 10.48833) 11.2167(4)
behavior ofB-eucryptite(from 20 to 300 K. Moreover, our 10.48844) 11.2032(5)
unit-cell parameter data are based on whole-pattern fitting o ' '

. ) . 98 10.494Q1) 11.1921(1)
powder diffraction and are more accurate than earlier worl 10.51843) 11.1544(4)
based on a least-squares analysis of a comparatively sma 10'541 4 11.1081 4
number of diffraction lines. The calculations uses a densit -54174) : “)

10.55392) 11.0821(2)

functional (DF) method that is free of adjustable parameters.
The negative thermal expansion is shown to be related to
both the existence of phonons with negative @igen pa- umeV andc/a ratio (relaxing all internal degrees of free-
rameters and the unusual behavior of the Li atoms describedbm) leads to a hexagonal structure with lattice constants
above. (relative to the experimental valyesa=0.98,,, C
=1.00c,- As the temperature is increased, there is a pro-
Il. NEUTRON DIEFRACTION MEASUREMENTS gressive disordering of the Li distribution, with a phase tran-
sition to a smaller unit cefl. The “average” structure of
B-eucryptite was synthesized from ,d0;, Al,Os, B-eucryptite at high temperatures has three formula (gits
and SiQ-nH,O powders in the molar ratio 1:1:2. The mix- atomg in the unit cell, with all Li atoms in the Si layers. For
ture was sintered in a Deltech vertical-tube furnace athis structure, we finda=1.01a,,, C=1.00Ccy,. As ex-
1100 °C for 15 h and, after grinding, resintered at 1300 °cPected, the lowk structure is more compact than the high-
for 24 h. X-ray diffraction showed that the final material Structure. -~ o
consisted only ofg-eucryptite. Low- and high-temperature  1he Li" ions in the lowT structure can occupy sites with
time-of-flight (TOF) neutron-diffraction experiments were tetr_ahedral Ooxygen coordination in both the Al and Si planes.
carried out at the Manuel Lujan, Jr. Neutron Scattering CenSIng the lattice constants found for the 3:1 supercell struc-
ter (MLNSC) at the Los Alamos National Laboratory. The ture, we have op_t|m|zed the 2:2 and .4.0 structures allowing
data at 20, 100, and 200 K were collected on the high inten‘:"” internal coordinates to relax. Relative to the energy of the

sity powder diffractometefHIPD), and those at 298, 543, 3:1 structure, the 2:2 form lies 1.5 me70 K) a_md the 4:0
748, and 873 K with the neutron powder di1‘fractometerSUperceII 55 me\(600 K) per unit cell of the highF struc-

(NPD). The HIPD data were collected in four detector banksture(three Li atomghigher. These results are consistent with

cenered at-90° 29 and = 151° 2, and the NPD data n | © 31 SHLCUIE (U B ow erperanes e n ha
two banks centered at 90° 26. Data from two banks were 9

analyzed simultaneously at each temperature. ten‘l]'%ir%t;rrﬁe(;sﬁgtv'\g.en the different energy minima for Li
Rietveld refinement was performed using the general gy

structure analysis systémwith starting atomic parameters structures is crucial for discussing the ionic conductivity of

' -eucryptite, which is 3—4 orders of magnitude greater along
from Ref. 7. The parameters were refined as follows. Aftert?;e hexagonal axis than in theb plane We have studied

converging scale factor and three background terms, spec iers for diffusion i s f Li
men displacement and lattice parameters were added and g € energy barriers or diffusion in ttmdlrect|on of one (L
timized. Between 3 and 12 background terms were added f Fig. 2 and thfee Li atc,),ms per cell (4), respectively. W.e.
each histogram, and the peak profiles fitted by refining iso! ave used the “average” structure and allowed the positions

tropic and anisotropic broadening parameters in a TOF pro(-)f all other atoms to relax fully. Figure 2 shows that the

file function? In the final cycle, atomic positions and tem- barrier for correlated Li motion~_€0.3 eV per Li atom is .
perature factors of Li, Si, Al, and O were refined usingrnuch less than the energy required for unc_orrglated hopp|_ng
37-54 variational parameters, leadingRg, values ranging 8;8'8\/65\/)' dThhe egpenmer:ctal thelrm_al ahct|vz:)t|on energy 1s d
from ~6% (low-T datg to ~13% (high-T data. The lattice -79 eV, and the degree of correfation has been estimate

constants for all temperatures are given in Table I. The volirom diffuse neutron-scattering measurements to be:39

6 . .
ume expansion coefficient is small and negative for thes8OMS. To see whether the calculated barrierg. 2) is con-

sistent with the latter finding, we have performed a Monte

temperatures. . . : .
P Carlo calculation at 1000 K for this barrier. The half width of
the resulting structure factor distribution (0.06/Z) corre-
1. DENSITY FUNCTIONAL CALCULATIONS sponds to a Li correlation length of 17 atoms, in good
A. Structures agreement with the neutron-scattering data of Ref. 6.
The DF calculations were performed with the local- B. Thermal expansion

density approximation for the exchange-correlation energy, a
plane-wave basis with a kinetic energy cutoff of 70 Ry, and
nonlocal pseudopotentials to represent the electron-ion The thermal expansion of an anisotropic crystal with elas-
interactions® The low-T structure has twelve formula units tic deformationu;, temperatureT, and volumeV can be
(84 atoms in the unit cell. Optimization with respect to vol- determined from the free enerdy

1. Formalism
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FIG. 3. Dependence of phonon spectrum on volwhéipper
curve and c/a ratio (lower curve. Full curve: 5% expansion;
dashed curve: 5% contraction. We use a broadening of 201cm
for each mode.

FIG. 2. Energy barrier for Li diffusion inB-eucryptite. Li
(squaregs energy change on moving one Li atom along thaxis;
Li; (circles: energy change on moving all three Li atoms. A dis-

placement of 0.5 in units af/3 is half the distance to the next Li 1. ] )
atom. where ng(w)=[exptw/kgT)—1] " is the Bose-Einstein

function. The frequencies;(q)—the jth branch of the pho-
1 non spectrum with wave vectagr—are determined from the
F(u;,T)=E(0,0)+ —VE Bjjuiu;+F*(u;,T), eigenvalues of the dynamical matri® ¢ w?1)C=0, where
277 DaB=(l/\/MaMB)QZE/QRa&RB and | is the unit matrix.
The phonon contribution to thermal expansion can then be

wr?]ereBI?(t(r)],O) :S tt?e grr%u“d—nstate t?;;' ientirg’{'";th? \:ol' found by calculating all phonon frequencies and their deriva-
Ume, 5;; the elastic compliances, a s the lemperature-  4ves with respect t&/ andc/a:!

dependent part. In the absence of stresses, the eqU|I|b
rium values of u; can be determined frondF/Ju;=0,

yielding the thermal-expansion coefficientg;=du;/dT don _ 2 c* ¢9Da3C

=3,(B~1);;0S/du;, where the entropp= —JF*/JT. i 2wnep " aup PV
For a uniaxial crystal such ag-eucryptite, we define

independent volume and tetragonal deformatiods; 2. Phonon spectrum

=dinV and du;=din(c/a). Within the quasiharmonic ap- Density functional calculations of the phonon spectrum
proximation, where the vibrations are assumed to be har- ty P P

monic but with deformation-dependent frequencies, the and'® numerically demanding, and calculations of thermal ex-
isotropic thermal expansion can then be writteH as pansion have been limited to date to relatively simple sys-
tems with one or two atoms in the unit cell. Here we have a

1 complex, uniaxial structuréeven the simpler high- struc-
= — ture has 21 atoms in the unit celand we require numeri-
(1) = 3pp,,l(B2* Bid 71~ (But B 2], D cally accurate values of the phonon frequendiesl their
derivatives with respect to th@nisotropig¢ distortions. The
1 high-T structure has 60 optic modes and 3 acoustic modes at
a(T)= 3BB,, aaa [(B2x=2B1p) y1+(2B11—B1)) vl the I' point, and the dispersion of the phonon branches
should be small. This is in contrast to the situation in silicon,
for example, where the contribution of zone-boundary
phonons is importarftWe have calculated the phonon spec-
tra for the highT and lowT structures of3-eucryptite, with
3 and 12 formula units, respectively. Our finding that the
phonon spectra are very similar supports our assumption that
phonon dispersion is weak in this material.
The phonon spectra calculated assuming no dispersion
(i.e.,g=0) are shown in Fig. 3 for the high-structure and
for changes in the/a ratio and volumeV of =5%. There
are prominent peaks in the phonon density of states near 400,
y(M==3 &wn(q) ‘mB[“’n(Q)] 600—800, and 1000 cht. The c/a Grineisen parameters
! an U aT (,) for modes around 400 cmt (“bending” Si-O and

The bulk modulusB and the compliance8;;, which
are related byB=B;— 2/822, can be calculated from
the energy surface af=0. The result¥ agree well
with  the  experimental  valués (shown in
brackety: B=1.21(1.03) Mbar, B;;=1.22(1.04) Mbar,
B,,=0.38(0.35) Mbar, B;,=—0.02(—0.07) Mbar. The
temperature dependence arises from thénéigen param-
etersy,(i=1,2):
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1056 < ' ' ' in the range 200-1200 cm, all modes contribute to ther-
' ) mal expansion.
/, 4 1120 C. A “chemical invar” effect?
u
1054 0 The precision of the present measurements allows us to

—_ identify unambiguously the presence of a minimumaiT)

L a S 1118 (Fig. 4). The calculations based on the phonon mechanism
© Y < do not show this feature, and it is interesting to speculate on
10.52 o o its origin. We have noted the existence of a two-level system

involving the motion of the Li atoms, and calculations on the
-—a . C——11.12 » .,
average” structure show that both the and a axes are
~1% shorter for the higher-energy minimum at the Al plane
10.50 [ (Fig. 2). There is an obvious analogy to the invar effect in
N 11.08 Fe;Ni alloys, where a less stable nonmagnetic state is more
--------- . compact than the magnetic ground stasnd increasing the
L 1 1 temperature and the population of the higher-energy state
0 250 500 750 1000

leads to contraction.
Temperature (K) This mechanism is related to the order-disorder phase
transition in the Li subsystem iB-eucryptite, and it could
FIG. 4. Temperature dependence of lattice constan@eft  |ead to a negative contribution to the thermal expansion. To
;cale, experi.ment: circlegndc (right scale, experimgnt: squajes astimate its order of magnitude, we have studied a simple
n ﬁ-eugrylptg_e. D?fShfd fctl;]rv?f\;v plhontl)P meha¢Emtha|°”i{ le"{wo-IeveI model used previously in the invar casef we
curves: including effects of the “two-level” system. The theoretical :
lattice constantg ar=0 are set equal to theyexperimental values. "’.‘d"pt the contracted values of .the lattice constants men-
tioned above and an energy difference between the two
structures of 500 K, we can estimate the correction arising
Al-O modes, eigenvectors of a typical phonon are shown iffrom this mechanism. The result, shown as the full curves in
Fig. 1) are strongly negative, as are some of the modegig. 4, is in improved agreement with experiment. While
around 800 cm', while phonons near 1000 ¢M  these results show that the existence of a “chemical invar”
(“stretching” Si-O and Al-O modeghave normalpositive  mechanism  in  g-eucryptite is  plausible,  other
Gruneisen parameters. Apart from the lowest frequencyontributions—such as those from the:0 phonons—must
phonons in Fig. 3, the volume Qreisen parameters are pe estimated before firm conclusions can be drawn. We are

positive, i.e., the frequencies are higher for the compressegltending the present calculations to include these effects.
structure. The nontrivial cancellation of the contributions to

thermal expansion of phonons up to 800 ¢mand around

1000 Cmﬁl results in a small average volume eXpanSion. IV. DISCUSSION AND CONCLUDING REMARKS
Since|B11y,|>|B,2y1| and all combinations of elastic con-

stants in the brackets of E(l) are positive «, anda. have B-eucryptite is a unique material. It has a uniaxial crys-
opposite signs. The calculated temperature dependence Qfjine structure closely related to that gfquartz and is a
the lattice constants and ¢ agree remarkably well with .4 gimensional” superionic conductor with an order-

experiment (Fig. 4, dashed cur\)?eas 92 the high-  gisorder phase transition. Its polycrystalline, glass ceramic
temperature values ofa,(9.46<10°° deg™”) and ac  form has a smal(and negative thermal-expansion coeffi-
(—17.7<10°° deg ). cient over a large temperature range. We have presented here
Itis interesting to compare the situation with that in silica, neutron-diffraction data for the thermal expansion of a poly-
where there is a network of neutral Si@trahedra and the crystalline sample for 20 KT<873 K, and we are per-
negative thermal expansion is related to the low-frequencyorming x-ray-diffraction studies of the same sample at the
phonons that are responsible for theg phase transition. same temperatures to refine the structure further.
For p-quartz there are such rigid unit modeéor q at high The density functional calculations described here provide
symmetry points in the Brillouin zon€BZ), in the (001)  a remarkably good description of the energy surfaces and
plane, and along thgD01] directions'® One mode at th&  related properties of an interesting material with a complex
point is a soft mode of the displacive transition, and it has astructure. The agreement between theory and experiment for
frequency of only~30 cm* even for T~1200 K. The the thermal expansion is particularly encouraging, since such
presence of low-frequency phonons and the distribution otalculations must incorporate both the quantum nature of the
weight over the BZ dominate the expression #g; due to  phonons and an accurate estimate of their frequencies. The
the approximate 1/ dependence and the large thermal fac-quasiharmonic approximation we have used is not appropri-
tor gng/dT. The corresponding modes Breucryptite have ate at very high temperatures, but there is no sign that it does
much higher frequencies~200 cm 1), due to the large not hold in the temperature range of the present measure-
electrostatic potentials arising from the effective multilayersments ong-eucryptite. The identification of the origin of the
of Al and Si-Li. Sincedng/dT changes only by a factor of unusual behavior of this material should stimulate the search
3-5 for temperatures between 300 and 1400 K and phonorier other materials with similar properties.



PRB 58 ANISOTROPIC THERMAL EXPANSION IN THE ... 6223

ACKNOWLEDGMENTS the NSF(EAR9706143, P.J.h. and the 1996 and 1997
. ICDD Crystallography Scholarshigél.X.) and was carried
We thank R. von Dreele and M. Bourke for kindly col- ¢ in part at the Los Alamos Neutron Science Center
lecting the neutron diffraction data, P. Ballone, U. Fothering-( ANSCE). The Los Alamos National Laboratory is sup-
ham, V. Heine, M. Katsnelson, P. Nielaba, and C. Rickwardported by the U.S. Department of Energy. The calculations
for helpful discussions, and G. K. White for comments onwere performed on Cray T3E computers in the Forschungs-
the original manuscript. The work was supported by thezentrum Jlich with grants of CPU time from the Forschungs-
MaTech Program of the BMBF, Bonfd©3N8008EO, A.L), zentrum and the German Supercomputer CefiitiRZ).

1see, for examplel.ow Thermal Expansion Glass Ceramiesi- R. B. von Dreele, J. D. Jorgensen, and C. G. Windsor, J. Appl.
ited by H. Bach, Schott Series on Glass and Glass Ceramics Crystallogr.15, 581(1982.
(Springer, Berlin, 1995 10N, Troullier and J. M. Martins, Phys. Rev. &3, 1993 (1991).
’See, for example, D. C. Palmer, Bilica. Physical Behavior, The calculations were performed with themp program version
Geochemistry, and Materials Applicatignedited by P. J. 3.0, J. Hutteret al, MPI fir Festkaperforschung and IBM Re-

Heaney, C. T. Prewitt, and G. V. Gibbs, Reviews in Mineralogy, search 1990-97.
Vol. 29 (Mineralogical Society of America, Washington, D.C., 11g Gyineisen and E. Goens, Z. PhyQ, 141(1924. See also V.

s 1996, p- 83. _ I. Nizhankovskii et al, Pis'ma zh. Hsp. Teor. Fiz.59, 693

W. W. Pillars and D. R. Peacor, Am. Minerd8, 681 (1973. (1994 [JETP Lett59, 733(1994]. For an extensive review, see
Earlier measurements produced very similar results: F. H. Gil- T. H. K. Barron, J. G. Collins, and G. K. White, Adv. Phy29
lery and E. A. Bush, J. Am. Ceram. Sot2, 175 (1959(8.21, 609 ('19'80 T ’ o o ’
—17.6; T. V. Tien and F. A. Hummeljbid. 47, 582 (1964 12The elastic compliances and stiffnesses for a hexagonal close-

(8.11, —16.9. (a,, a. in units of 10°® deg 1) 2
“See, for example, S. Biernacki and M. Scheffler, Phys. Rev. Lett. palcked- crystal2 are  related byB_ll_ 9(01%+ C12+2C13
+3C33); Bop=5(C1atC1o—4C13+2C39); Bo=§(—Cn—Cp2

63, 290(1989; C. H. Xu, C. Z. Wang, C. T. Chan, and K. M.

Ho, Phys. Rev. B13, 5024(1991), and references therein. 13 +Cist (_:_33)' -~ ]

°D. M. Follstaedt and P. Richards, Phys. Rev. L&, 1571 S. Haussbl, W. Nagel, and H. Bom, Z. Kristallogr. 169 299
(1976. (1984).

6\. Press, B. Renker, H. Schulz, and H.iBa, Phys. Rev. @1, See also A. Debernardi and M. Cardona, Phys. Re54,8.1 305
1250(1980. (1996.

"H. Guth and G. Heger, iiast lon Transport in Solids, Electrodes See, for example, A. P. Giddy, M. T. Dove, G. S. Pawley, and V.
and Electrolytesedited by P. Vashishta, J. N. Mundy, and G. K.~ Heine, Acta Crystallogr., Sect. A: Found. Crystallog@, 697
Shenoy(Elsevier, North-Holland, 1979p. 499. (1993.

8A. C. Larson and R. B. von Dreel&eneral Structure Analysis °M. Vallade, B. Berge, and G. Dolino, J. Phys2,11481(1992.
System (GSAS)(Los Alamos National Laboratory Report ’See, for example, R. J. Weiss, Proc. Phys. Soc. Log#&R81
LAUR 86-748, 1994, p. 179. (1963.



