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We have presented the molecular-dynan{id®) results for the temperature dependence of the adiabatic
elastic constant€;; of @ and B quartz, using a statistical fluctuation formula. It is noteworthy that the
calculatedC;; values are in a good agreement with the experimental values in the entire temperature range of
300-1100 K, including the-8 phase-transition region. We have confirmed that the net increase o€htgk
in the B phase can be attributed to the internal relaxations, which arise from the cooperative motions of
corner-linked SiQ tetrahedra. Our MD simulations have revealed the existence of dynamical disor@er in
quartz at high temperatures, and its influence on the macroscopic elastic properties, in contrast to the ordered
B-quartz structure model.
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[. INTRODUCTION performed lattice-dynamical calculations using the pairwise

potential by Tsuneyukit al* Their model provides good

Quartz, which is one of the low-pressure polymorphs ofresults on the elastic properties @fquartz, but fails to pre-
SiO,, has received much attention in diverse fields due to itglict the data of3 quartz. They assumed an ideal hexagonal
technological and geophysical importance. The low-Structure ofg quartz in the calculation, and concluded that
temperaturm form of quartz undergoes a structural phasethis structure is not Compatible with the measured elaStiCity.
transition to the high-temperatugform at 847 K with mi- ~ Compared with the lattice-dynamics method, molecular-
nor changes in the silicon and oxygen sites. Despite the nunflynamics(MD) simulations are expected to treat large fluc-

ber of experimental and theoretical studies of &h@ struc- tuations in the atomic motions inherent in the critical phe-
tural phase transition and related phenomena in quartz, i omena. To our knowledge, a systematic explanation has not

microscopic nature has not yet been completely clarified., een available on the elastic propernes@o@yartz.obs_erved
above the transition temperature. The main objective of the

The a-4 transition induces the marked changes in varioug resent paper is to provide results of the MD simulations that

phys'c"’?' and thermodynamic properties, in p_art|cula_r, elast an be used to evaluate quantitatively the high-temperature
properties. The exact nature of the changes in elastic propeg

. ith has b h bi y lasticity of quartz, and to investigate the nature of dynami-
ties with temperature has been the subject of long Controvelsy yisorder present in the phase and its influence on the

sies on the microscopic mechanisms of the transition and thg;ierqscopic mechanism for the elastic-constant behavior as-
microscopic nature oB-quartz structure. sociated with thex-8 phase transition.
Numerous ultrasonic and Brillouin scattering experiments

have been conducted to measure elastic properties of quartz
crystal near the phase transition betweeand 8 phases.In
order to explain the temperature dependence of the elastic It is well known thata quartz with trigonal symmetry
constant based on the experimental values, the Landau-fretsansforms into the hexagongl phase via a displacive tran-
energy expansion method is often employed and is expectegition at 847 K. The structure ef quartz is described by the
to provide a valid description of the macroscopic behaviorspace groug3,21 (or the enantiomorphic one3,21), and
over many hundred degrees away from the transition pointhat of 8 quartzP6,22 (or P6,22). Botha and g quartz
(see, for example, Ref.)2The description of the transition have three Si@groups in hexagonal unit cells with almost
dependent properties can be correlated by an order parametee same dimensions, consisting of corner-sharing, $0
introduced according to the Landau theory of phase transirahedra placed in right or left helix around the crystallo-
tion with symmetry change; however, the phenomenologicagiraphicc axis. Thea and B phases differ only slightly in the
approach does not make any mention of the microscopicelative orientations of the SiQunits.
mechanism for the transition. One of the important symmetry-dependent properties is
On the other hand, atomistic simulations have been cartwinning. In thea phase, there exist two potential minima
ried out to clarify the microscopic nature of quartz related toa; and «, called the Dauphinéwins. It is known that twin-
the - transition. Smirnov and Mirgorodskyave recently ning is produced in ther phase either during crystal growth

II. NATURE OF HIGH-TEMPERATURE PHASE
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or under the action of external field®cal stresses, thermal cluster calculations of potential-energy surfaces usingthe
shock, etg. The crystal structures af; and«, are specified initio method. The interatomic potential is expressed as
by the atomic coordinatesSi(u,0,0),0,y,z)] and[Si(1
_ _y i_ i i ZaZpe c
1.1,10,0),O(x,x y,,3 1z)]i respgctlvely. The saddle poigt U(r o) = aZb +aabexp(—babfab)—%b, )
[Si(3,0,0),0(’,x'/12,5)] lies midway betweernw; and «,. ab lab
This twinning is closely related to the-g3 transition because
of the experimental fact that the Dauphitveinning disap-
pears in theB phase. In particular, the Dauphiminning,
corresponding to the orientation of ti@X axis (which be-
comes polar in thex phase, changes the sign of the piezo-
electric constantd,; (d,,,) and the elastic constarnt,,
(Cxxy2 but does not affect the other componehts.

In connection with this Dauphinevinning, there is still a )
discussion on the nature of the high-temperat@r@hase SIO,. . - .
despite a long history of investigations. YoGrexamined the The numbers of atoms in the pe_rlqdlc hexagonal simula-
structure with x-ray diffraction and concluded thatquartz tion boxes are 576 .and 4608, contqlmng S4(<4x4) gnd
was a normal ordered structure. Wright and Lehnfainn 512(=8%x8x%8) unit cells, respectively. Here, the simula-

their neutron-diffraction studies, however, favor a disordered'?réS?én this papehr_lvve[]e basically c;a‘:ggg out with the s(;j/stem y
model, in which atoms are distributed over two positions® atoms, while the system o atoms was adopte

corresponding to the Dauphirtinning. The static-lattice- to StUdY in detail the phase—tra_nsition region. The Coulomb
energy calculatiorispresented a picture of the potential- interactions are calculated using the Ewald method. The

energy curves along the;-3-a, path close to the transition. !ong-range corrections in the ca}lculated stfbse taken .
As the unit-cell volume exceeds the critical value, thelNto account to reduce the errors introduced by the truncation

double-well potential structure transforms smoothly into a°f the interactions at the cutoff radius, for the non-

broad single-well one. Here, they considered the ideapoulombic interactions in Eq1). Since the potential surface
B-quartz structure obtained by’ experiments of quartz is sensitive to the volume chantfethis correction
If we assume the actual crystal structure is of a dynami-PC affects the transition temperature, especially in the small

cally averaged character, the question is whethethe at-  SYStem. In the 576-atom system, (= about 10.0 A), the

oms in the@ phase vibrate around the idealized positions Ortransition temperature shifts from ca. 700 to 825 K due to the

(i) the atoms are disordered between two positions correS0rection c=—0.55 GPa). However, in the 4608-atom

sponding to the Dauphingvinning, and vibrate to and fro SyStem (.= about 17.5 A), the transition temperature is
between the two minima. Tsuneyukt al* investigated the observgd to be ca. 900 K, irrespective of the adoption of this
microscopic nature of the anharmonicity in thquartz ~ correction fc=—0.09 GPa).

structure, and they pointed out that whetheguartz has a

dynamical average structure or a disordered structure, of B. Calculation of elastic constants

anda, domains, it depends on the time and length scales as The adiabatic elastic constants at various temperatures
a function of temperature. We verify this view by observingere calculated within the constant-volume and constant-
the macroscopic elastic properties and other dynamical propsnergy ensemble. The fluctuation formula for the internal

2

whereu(r ,p) is the interaction energy between atorash),

lap IS the interatomic separation, and,( z,, aap, bap.

Cap) are parameters fitted to Hartree-Fock calculations for a
H,SiO, molecule and experimental data for crystalline silica
(such as structural and elastic propeitid3espite its sim-
plicity, their force-field parameters are reasonably successful
in describing the structural and dynamical properties of

erties using the MD simulations. stress tensdf was used to obtain a complete set of elastic
constants over a wide temperature range. The elastic con-
Il. COMPUTATIONAL METHOD stants under conditions of zero stress at a finite temperature

are expressed by
A. Molecular-dynamics simulations of @ and B quartz

The equilibrium MD simulations of quartz have been per- _ Vo 2NkgT

formed starting from the low-temperatusephase at 300 K Cij =~ o7 OPiiPua) ¥ Vo (01 Gjc+ Sk 3j)

to the high-temperaturgg phase continuf?usly across the

transiton  point. The  Noskloove and the - o

Parrinello-Rahmahisobaric-isothermal thermostat is applied - Vo bZa F(Fab)XabiXabXaoRXavi | - @

to realize the structures of the reference states at 300—1400

K under zero external stress. In constructing the initial conHere, P;; denotes the internal stress tensay, the vector

figurations ofa quartz, atoms are placed on the experimenjoining a andb of lengthr ,,, V, the volume containing the

tally determined positiongésee Ref. Y. The temperature of N particles, and=r ?(u”—r ~1u’), where the pair poten-

the system is continuously raised up to the desired value atté@l is denoted byu(r). The fluctuation of a product & and

rate of 25 K/ps, after which the system is equilibrated overB is defined by §(AB)=(AB),—(A)a{B)ay, Where the

80 ps. The integration time step in all the MD simulations isbracket represents the ensemble-average value. In order to

2 fs. check the validity of statistical sampling, the averages are
We have employed the effective pairwise potential by varnseparately taken every 80 ps during a 1.28-ns run for each

Beest, Kramer, and van Sant€r(BKS) derived from the temperature.

av
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TABLE |. Adiabatic elastic constant§in GPa of « and B 160 = T . T . T . T
quartz. ~aphase pphase -
140 | - N '_00.9 J
a quartz(300 K) B quartz(900 K) 120 *
Present study Exgt.  Present study Expt. = 100
© = -
o
Cuy 93.0 86.7 123.4 118.4 S | “ipos@sy
Cas 108.4 107.2 111.4 107.0 £ 80F 1
Cus 50.3 57.9 33.4 35.8 % ol i
Ces 40.7 39.8 47.7 49.7 §
Ci, 10.0 7.0 27.3 19.0 g 40 -
Cis 17.9 11.9 40.6 32.0 o 2
Cia 15.9 17.9 -0.2
0} q
%Reference 14.
bReference 15. 20 | i
. _ . . _40 1 1 L [ L 1 1 1
The right-hand side of. Eq2) conS|sts.of three separate 100300500 700 900 1100 1300 1500
terms; the stress-fluctuation term, the kinetic term, and the
Born term. In this formula, a significant contribution to the Temperature (K)

total elastic Co_nstants comes from both the Born t_erm and the FIG. 1. Evolution with temperature of the adiabatic elastic con-
_Stress-flugtuatlon t_erm. The Born te_rm IS d(_ascrlbed by thetants of quartz. The symmetry of the trigomaform leads to six
mteratpmlc poFentlaI and the atomic coqrdmates, and th‘ﬁqdependent component§;, (open circld, Cys (solid circle, Cay
static limit of this term represents the elastic constants at zer@jig triangle, C,, (open squade Ci5 (solid squark and Cy,
temperature for the primitive Bravais lattice with no internal (open diamong Here, Cq (open triangle coincides with Cq;
strain. When there is more than one atom present in the c,,)/2. The ultrasonic and Brillouin scattering experimental data
primitive unit cell, internal strains occur within the cell, and (small symbols are from Ref. 1.

thus give rise to a relaxation contribution to the elastic con-

stants. Using the fluctuation formula, the effect of internal

strain relaxation is described by the stress-fluctuation temcLonstant(?M tend; to be zerq as th? temperature approaches
through the MD simulations. To calculate the elastic con-n€ ransition point and vanishes in tifephase. This fact
stants, in particular, for the SiOphases, the MD method demon_strates clearly tha_\t the symmetry of the crystgl system
with the fluctuation formula has an advantage over the hardétermined by the atomic coordinates alters from trigonal to
monic lattice-dynamics method, in which the results contaif€xagonal across the transition point in the similar hexagonal
the anharmonic and finite-temperature effects in an exadgttices.

manner(see, for example, Ref. 13 In Fig. 2, we show contributions to the total elastic con-
stants of quartz from two terms in E@), i.e., the Born term
IV. RESULTS AND DISCUSSION and the stress—fluc'guation term, as a function of'temperature.
_ _ The constant kinetic terms are ignored here, since they are
A. Temperature evolution of elastic constants orders of magnitude smaller. We can see a marked difference

The adiabatic elastic stiffness constar@;( we use the between the two terms in their temperature evolutioCof
Voigt compressed notation to denote the fourth-rank tensorsandCss; the Born terms decrease steadily in thgphase as
of quartz were calculated using the MD method, while thethe temperature approaches the transition point, and become
dynamical structures above the transition are directly takemlmost constant in thg phase. On the other hand, the stress-
into account in the simulations. The obtain€g values are fluctuation terms exhibit a sudden drop and a sharp rise after
given in Table I. We confirm that the absolute values of thethe transition, and grow steadily in thiephase. We find that
Cij's are well described by the BKS potential, even in thethe contributions to th&;;’s in the fluctuation formula are
high-temperature region above the transition point. Figure dominated by the Born term in the phase and by the stress
shows the temperature dependence ofG})és of quartz us-  fluctuation term in the8 phase. This demonstrates that the
ing this potential. The experiment@l;; values from 300 to internal strain relaxation of atoms within the cell, which is
1100 K are also shown in Fig.(@ata from Ref. 1 In Fig. 1,  evaluated from the stress-fluctuation term, plays an impor-
the Cq1, Cs3, C4p, andC,; exhibit a sharp dip in the tem- tant role in the macroscopic elasticity of quartz in the high-
perature region of 800—825 K, which clearly indicates thetemperature region. From the MD results concerning the ra-
occurrence of the phase transition, and they rapidly recovedial distribution function and the angle distribution function,
with temperature in th@ phase region. On the contrafy,,  we confirm that the rigid SiQ tetrahedral units are main-
andCgg change little over the transition point. It is notewor- tained through the transition. Despite the large stiffness of
thy that the temperature dependence of the calcul@tgd  tetrahedral units, the flexible framework structures readily
are also found to agree very closely with experiment, in theundergo volumetric deformation through cooperative ,SiO
entire temperature range of 300—1100 K. Besides, the elastiotations, due to the weak potentials between,Si€rahe-
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300 500 700 900 1100 1300 1500 FIG. 3. The RDF of quartz for Si-Si distan¢gashed lines The
Temperature (K) RDF’s of the time-averaged structuréslid line) are normalized

by a factor of 20, for the sake of appearance. The RDF of the ideal
FIG. 2. The Born-term(@) and stress-fluctuation-teriib) con-  g-quartz structurgExpt) is derived from the experimental data
tributions to the adiabatic elastic constants of quartz as a function gkom Ref. 13.
temperature.

and (3) emerge. They approach each other close tahe
dra. We suggest here that intrinsic changes in the stress flugansition, and eventually merge together in tAephase.
tuations be attributed to these cooperative motions of cornerfhis fact clearly shows that the phase transforms into the
linked SiQ, tetrahedra. higher-symmetry onéFig. 4). Also, the peaks for the time-
averaged structure of the phase agree well with those of
the experiment concerning the ordered model ofghguartz
structure®’ According to the symmetrical consideration, one

To obtain information about the organization and dynam-
ics of neighboring SiQ tetrahedra, the radial distribution
functions (RDF) for Si-Si distances in quartz are shown in
Fig. 3, at various temperaturédashed lines The RDF’s for
the time-averaged structurdever 20 p$ are also shown
(solid line), which indicate the average Si-Si distances evalu-
ated from the center of motions of silicon atoms.

In Fig. 3, we observe that the phase continuously
evolves into theB phase close to the transition. The peaks,
which indicate medium-range order beyond the nearest-
neighbor silicon atoms, become much broader as the tem-
perature increases. This'indicates that Sti€rahedral pqsi- FIG. 4. Framework structure af quartz(a) and idealg quartz
tions are less ordered i quartz due to the dynamical () viewed down the commof001] direction. The oxygen and
motions of SiQ units. In particular, while the first-nearest gjjicon atoms are represented by the large and small spheres, respec-
Si-Si distance(peak 1 is not significantly affected by the tively. In the low-symmetrye phase, the Si-Si distance,’ s
transition, the second- and third-nearest of®sind 3 ex-  shorter than 3, and the structure exhibits trigonal symmetry. On
hibit distinctive evolution. As the temperature increases, thehe other hand, the ide@-quartz structure has the Sj@etrahedra
peaks 2 and 3 split separately, and thus two subpeaKs (2 aligned to form rings of perfect sixfold symmetry, so thae=2".

B. Structural changes across the transition
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Double peaks observed at 800 K are due to the fictitious phase
fluctuation between two potential minimeg, and a,, owing to the
énlte size effect of the system.

Temperature (K)

FIG. 5. Temperature dependence of the difference between th
Born terms, evaluated from the time-averagediered structures o o )
and_instantaneous(disorderedl structures, respectively sc¢  tions. When the equilibrium positions of atoms in the actual
:cﬁ(aVLCﬁor ) B-quartz structure coincide with the ideéime-averaged

lattice points, theSCﬁ value is expected to exhibit a uniform
can distinguish thex and 8 phases from the shape of the evolution with temperature. However, the differences, in par-
merged peaksgdouble or single ongslt is noteworthy that ticular, for theC;; andC,, components increase significantly
(not the single¢ the double peaks clearly remain at 825—900above the transition point a¢850 K. As a result, the calcu-
K, which is higher than the transition point estimated fromlated elastic constants based on the ig@ajuartz structure
the discontinuous jump of;; values(at ca. 800-825 K It~ are considerably overestimated, compared with the measured
indicates that, in the 576-atom systemphases ¢, or a») values.
can survive even temporaripver several tens of picosec-  We suggest that the actual sites of atomgBiguartz be
onds just above the transition temperatu(@he «; and «, dynamically disordered and the framework of gitetrahe-
phases cannot be distinguished from the RDF’s because tltisa show a rotation at the corner-linked points at each in-
relative Si-Si distances are equivalent between thdmis  stant, due to the effect of the internal strain relaxation. We
fact is related to the dynamical motions of Si@trahedra have confirmed in the present MD picture that the ideal
along thea;-8-a, path, in the close vicinity of the transition B-phase geometry is not compatible with the elastic proper-

point. ties observed above transition temperature, and the local
structure of 8 quartz is distinct from the ordered structure
C. Elastic properties based on the ideaj3-quartz structure with the atoms vibrating isotropically about their mezate-

alized positions.
In order to examine the dynamical effects of atoms on the

elastic properties, the temperature dependence of the Born- L o ,
term contribution is compared with that for the ideal D. Dauphine twinning and phase-mixing behavior
B-quartz geometry obtained from the time-averaged struc- The finite elastic constanit,, is characteristic ofr quartz
tures, as shown in Fig. 3 for the RDF’s. The original Bornin the trigonal system in contrast @;,=0 for 8 quartz with
term CIB‘Q[”, which is averaged over the instantaneous valuesiexagonal symmetry. Also, in relation to the Dauphtwe-
CIB(k',”S) and the static Born term, which is evaluated from thening, the twinned part is given by an operation of rotation
statlc calculation for the time-averaged structures, are reprexlong thec axis, so that the value @, in the twinned part
sented as is that with a sign reversed; C4. Following the Landau
theory, one can introduce an order parameténat is zero in
the B phase, and takes two opposite values in éhphase,
corresponding to the Dauphin&inning. Several quantities,
©) such a<LC,,, are known to change ag The behavior oCy,
in association with the phase transition should give the infor-
By _ mation on the microscopic nature of the heterogeneity in the
Ciji E f((rap))(Xabi)(Xabj){Xabk{Xab)- (4)  g-quartz structure.
Figure 6 shows the histograms ©f; -/, whose average
Here, it is apparent thaftBO"‘ and Cﬁ(a") coincide at zero corresponds to the Born-term contrlbutlon to the elastic con-
temperature. stantCq,, over the 50000 time step calculation at various
Figure 5 shows the temperature evolution of the differ-temperatures. In ther phase €850 K), the CE{") value
ence 5CB CB("’“’) CB°m, evaluated from the MD simula- remains finite, and the center of the d|str|but|on approaches

Born BInS
Cijki =(C |](kl )>— 2 f(r ab)XabiXabjXabiXabi | »

(ins)
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FIG. 7. Temperature evolution of the variance of the distribution
((ACEMN2y " for the 576-atom(open square and 4608-atom
systemg(solid circle.

FIG. 9. Time autocorrelation functions &&2(" at various
temperatures.

zero as the temperature increases. After the transition, thef U, 's obtained for the 576- and 4608-atom systems. We
CBn9 value begins to fluctuate around zek€f{")=0).  can see that); changes from 1.0 to 3.0 in both systems
Here, the heterogeneity in th@quartz phase shows up as a across the phase transition. The intermediate region between
broad and non-bell-shaped distribution, especially in théhe two bounds indicates the existence of heterogeneous
close vicinity of the transition point. Figure 7 shows the tem-structures produced by the Dauphitginning and phase
perature evolution of the variance of the distribution mixing. Although the distribution o€,, approaches clearly
((ACE(MN2) " where the fluctuation is denoted C2("  and abruptly to t_he Gaussian in the 4608-atom system, fche
=Cﬁ’('”s)—(cﬁ('“s)). The prominent spread is observed atheterogeneous disordered structure survives even in the high-

around the transition point, and it indicates that the presenc€mperature region in the 576-atom system due to the limi-
of the critical fluctuations, which is associated with the dy-tation in size. It suggests that the 4608-atom system would
namics along ther,-B-a, path, makes the phase unstable inP€ able to sufficiently hold the domain walls, whereas the
the vicinity of the transition point, and thus triggers the struc-276-atom system would not be large enough to capture fluc-
tural phase transition. tuations in this transition-temperature region. Thus, the do-
To examine the microscopic nature of the anharmonicityMain size ofa; anda, phase mixing is of the order of unit

in the B-quartz structure, we define the non-Gaussian paranfells at the most<576-atom systeipand the length scales
B(ins) of these domains become smaller with increasing tempera-

eter of C1; ', which is expressed by 9
ture. Also, locally, the structure ¢ quartz looks similar to
UL:<(C?‘(llns))4>/<(C?‘(lms))2>2. (5) th_at of thea ph.ase on t_he scale of th_e umt—cel! size, albeit
. with the dynamic switching between different orientations of

The parametet, is equal to 3.0 if the distribution a(">  the polar directions¢; and«,). The larger system sharply
is Gaussian and its mean exhibits zdfor the 8 phasg,  approaches a more homogeneous structure with temperature,
which indicates that the;; anda, phase-mixing behavior is  Since the system can hold a lot of small domains, to give a
homogeneous and randostatistically independeptwhile ~ Structure that is averaged over all domains and, therefore, has
U, is equal to 1.0 if its mean exhibits nonzero valter the ~ the appearance of the high-symmetry structure. Eventually,

a; o a, phase. Figure 8 shows the temperature dependencéhe domain walls vanish in the higher-temperature region,
and the homogeneoy3 phase is realized as a dynamically

averaged structure.

In order to follow up a dynamical picture of th&-quartz
structure, time autocorrelation functiosCF) of C5{") are
calculated at various temperaturgsg. 9. We clearly ob-
serve that while the phase maintains a high degree of corre-
lation before the transitiofat 750 K), the correlation sharply
decays to zero across the transition, within several picosec-
onds at 850-900 K. Also, the ACF’s decay progressively
more rapidly at higher temperatures. The correlation time

1 1 1 1 1 1 1 (obtained from the time integral of AGRt 1000-1400 K is
300 500 700 900 1100 1300 1500 found to be of the order of 132 s. It indicates that there is
some correlation in time between the phasgsand «,,
apart even temporarilyover 10 *~10"12s), in the high-

FIG. 8. Temperature evolution of the non-Gaussian parameter demperature phase. Note that the above process is much
CBIn9  for the 576-atom(open squaneand 4608-atom systems Slower than the initial rapid decay of the order of 10s,
(solid circle. which is associated with local dynamics due to the atomic

Non-Gaussian parameter

Temperature (K)
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vibrations within SiQ tetrahedra, i.e., stretching of the Si-O stants above the transition, i.e., a saturated growth after a
bonds; antisymmetric or symmetric Si-O stretch modes cordiscontinuous increase, is well described by the stress-
respond to 33—36 THz or 21-24 THz, respectiV8ljlore-  fluctuation-term contribution to the elastic constants, which
over, the effect of these high-frequency atomic vibrations tcarises from the internal relaxations as a consequence of the
the phase-mixing dynamics is negligible, even at 1400 Kcooperative motions of corner-linked SiQetrahedra. Our
Thus, we confirm that the dynamical phase-mixing behaviosimulations reveal the effect on elastic properties of dynami-
in the B phase is dominated by the intertetrahedral SiO cal organization of neighboring SiQetrahedra and the local
vibrations; torsional SiQ modes, and intratetrahedral bend- heterogeneity in thgg phase. We show that the phase is

ing modes lie between ca. 3.0 and 16.5 PfZhis fact realized as a dynamically averaged structure, which depends
coincides with the existence of low-energy rigid-unit-modeon the time and length scales of the disordered structure with
motions in quartztypically of the order of 1 THz or le3s smallw domains, as a function of temperature. To this end,
which are natural candidates as soft modes for displaciveur simulations provide a different microscopic insight into

instabilities (see, for example, Ref. 17 the intimate relation between the macroscopic elastic behav-
ior and the nature of dynamical disorder present in the high-
V. CONCLUSIONS temperature phase of quartz.
In conclusion, our MD approach based on the BKS pair- ACKNOWLEDGMENTS

wise potential permits a coherent description of the marked
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