PHYSICAL REVIEW B 68, 052101 (2003

Molecular and lattice dynamical study on modulated structures in quartz
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It is shown that atomistic simulations using the Tsuneyuki potential for silicay)Si@rectly reproduce the
major experimentally observed properties of the incommensuyhdte) phases in quartz, such as the phase
sequence, the direction of the modulation, the coupling of the soft optic with the TA modes, the dispersion
surface anisotropy, the stress dependence of the transition temperature, etc. The obtained phase diagram is
topologically equivalent to those predicted from general INC phase theories. At high temperature, our results
give a short period modulation wittr=b/3 as predicted by the new model for the origin of INC phase in quartz
[Aslanyanet al, J. Phys.; Condens. Matt&b, 4565(1998; 10, 4577(1998].
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Introduction. Silica (SiG,) is an important material in nalzdirection in the observed modulated structure because it
many application fields and the crystal form of $j@uartz, is not expected from Eq1).° To solve this and other prob-
has been widely used as an insulating material as well as ilems, a new model was proposed by Aslangaal.®” which
piezoelectric and optical devices. The- 8 phase transition claims that the observed satellite katb/30 is not the fun-
from a trigonal 3 to a hexagonal Pstructure aif ;=846 K damental modulation but the third harmonics of a much
has been studied for more than a century. Therefore the dishorter fundamental modulation brought on by the freezing
covery of the incommensurate pha#sdC phaseg in the late  of the lowest TA branch ned=h/3.

1970’s was a surprise, and has awakened fresh interest in the In this respect, it is important to investigate what kind of
investigation on quartdsee Refs. 1 and)2Compared to modulation is expected in quartz from a microscopic point of
other crystals, the INC phase in quartz has the followingview. Fortunately, in the case of silica (SiQ an exception-
peculiarities: (i) The INC modulation wavelength is very ally reliable interatomic potential has been given by
long (more than 30 times the unit cell lengtand is the  Tsuneyukiet alX° This potential was obtained from the first-
longest one among tens of the crystals which are known tgrinciple calculations for a SiQcluster, and its validity has
have INC phaseéii) It appears at high temperature betweenalready been tested in a number of lattice dynamics and mo-
B and a phases and only in a very narrow temperature indecular dynamics studié§=’ It has successfully reproduced
terval, T.=846 K<T<T;=847.4 K on cooling(and nar- homogeneous stable structures of various polymorphs of
rower on heating crystalline silical®~!? a negative Poisson ratid;* an «

From the phenomenological theory based on the Landay g transition'**°a thermal expansion of quartz*® and
free energy expansion, Aslanyan and Levariygowed that  the boson peak of amorphous silidaRecently, we have
the origin of the INC phase is the linear coupling betweenshown a numerical method convenient for simulation of
the gradient of the order parameter of tae B transition modulated phasé§.However, as far as we know, no other

and the transverse acoustic phonon TA{C numerical studies using realistic potentials have been per-
formed on the possibilities of modulated phases and their
7 an physical properties.
X(UXX_ uyy)—ZWuxy, @) Simulation detailsIn this paper, we perform the lattice,

relaxational, and molecular dynami¢sD, RD, and MD
where 7, is the lowest optic phonon which represents thestudies. LD gives the vibration modes of an infinite lattice,
rotation of SiQ tetrahedra around the twofold axis in tke and enables us to analyze the phonon dispersion relations
—y plane. Because of this coupling, the softening of theand eigenvectors, but it does not account for the anharmo-
optic mode pushes down the TA{E phonon branch which nicity. MD includes the anharmonicity but it can treat only a
freezes at aertain point k on % line before the optic soft very small volume of the crystal. We use the RD metfiad
mode freezes at thE point. In x-ray and neutron diffraction find the phase diagram at 0 K, and investigate the stability of
experiment$;” satellite peaks were observed close to khe the found equilibrium phases at finite temperatures by MD.
point on, lines atk~b/30 (b is the reciprocal lattice vector Combination of these three methods enabled us to carry out
and on cooling their intensity start increasing at ab®ut a comprehensive study.
=847.4 K. This interpretation has been widely accepted as In RD, we use a computational cell of up t0X22x1
the origin of the INC structure in quartz. However, it was unit cells in order to find various modulations with period up
pointed out that there exist not a few experimental factso 12 unit cells. One unit cell in the direction is enough
which remain unexplained and also not compatible with thebecause the INC modulation wave vector of quartz is known
current modef~8 One of the crucial disagreements is theto be in the KxKy) plane? In MD and LD studies we focus
existence of the acoustic displacemeptalong the hexago- on short-periodic modulated structures, so that it is enough to
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FIG. 2. Dispersion curves close to the transition point fréro

C 000l \ 1 the INC phase withk~b/3 (LD). Near theI' point, the lowest
0.041- o . branch is TA(G,), and it anticrosses TA(§) at aboutk=1.4

r ] X107 ?b. Due to the interaction of the soft optic mode and the

0.08] acoustic modes, the lowest branch;Tieezes ak~b/3.

0.031 .

Foord Ty line 1 is crossed below point As(,<0.058) then the optic
0.02f ] soft mode vanishes at tHepoint andg to « transition takes

L 0.06] N place. On crossing between points A and B (0058,
0.01F o A N\ <0.090), the TA frequency vanishes at a point on tBe

i 00000 ng line betweenl” and M points, and modulated phases with 0

P P R B R AP <k<b/2 appear. Above point Be(,,>0.090), the TA fre-

0 0.01 0.2 € 0238 0.04 005  0.06 quency vanishes at the M poirk£€ b/2). Points of the tran-
X ¥y sition from B8 to modulated phases with differektre shown
é'n Fig. 1 by arrows.

" A RD study shows that crossing line 1 from the right
results in a second-order phase transition. The new stable
phase has a modulation wave vector equal to the wave vector
of the TA, freezing point found by LD, i.e., the results of RD
take 6X6X4 unit cells in MD and up to &3X1 unit cells and LD are in excellent agreement.
in LD. In all cases the periodic boundary conditions are used. The inset in Fig. 1 shows the stability regions of the
In MD, the Parrinello-Rahman scheffiés employed using modulated phases found by RD. Note that all possible phases
the external stresses as parameters. compatible with the computational cell size 22X 1 are

The phase diagram at zero temperatusepresented in  present. For the abscissa in the inset wease- sfx, where
Fig. 1 in strain space,,(=¢,,) ande,,. The lattice param- ¢# is the abscissa of line 1, which is the envelope for the
eters can be calculated a=ag(1l+sy,) and c=co(1  stability regions of various INC phases. A remarkable fact is
+&,,), wherea,=5.00582 A andc,=5.53840 A are the that the phase diagram of the modulated phases presented in
equilibrium lattice parameters of-quartz 40 K used in Ref.  the inset of Fig. 1 is topologically equivalent to the theoreti-
16. The phase diagram obtained in the present sthily 1)  cally found phase diagrams of, e.g., the discrete frustrafed
was found to be very rich. The authors of Ref. 14 reported DIFFOUR) modef! and the elastically hinged molecule
that the critical unit cell volume at which@to « transition ~ (EHM) model?? Therefore, general properties of the modu-
takes place a®&/#=135.33 K. However, this value was lated phases, such as, e.g., “devil’s staircase” behavior, etc.,
found for uniform straine,,=e,,=¢,, at about 0.04open  can be understood from those theoretical studies. Points A
circle in Fig. 3. The dashed line in Fig. 1 is the line of and B are the Lifshitz points. Close to line 1, the boundaries
constant volume/=V#, while the solid lines 1 and 2 were of stability regions of the modulated phases are the square
obtained byindependenvariations ofe,, ande,,. parabolas tangent to line 1 and, in the vicinity of point A,

By RD and LD methods, we found thg@tquartz is stable lines 1 and 2 split quadratically. This means that the stability
in the region to the right of line 1 ana quartz in the region region becomes significantly narrower for smaker
to the left of line 2. Lines 1 and 2 merge together at point A. Some features of dispersion cunaggl their dynamics on
In the gap between these lines, bathand 8 phases are approaching phase transition are illustrated in Fig. 2, where
unstable. the results of LD for the straing,,=0.077 and g,

In the LD simulation, we observed that the frequency of=0.019634(solid line), &,,=0.01965 (dashegl and &,y
the lowest acoustic branch (TA vanishes on approaching =0.0197 (dotted are shown. These points are inside the
lines 1 or 2 fromB or « stability regions, respectivelfFig.  stability region of 8 phase, close to line (see Fig. 1, and
2 shows the former cagevanishing always occurs on tfle  the lowest branch is about to freeze at the poin&ofine
line in agreement with the experimental observatibhst with k~b/3. This branch is very low along the whateline

FIG. 1. Phase diagram at 0 K. In the gap between lines 1 and
both  and 8 phases are unstab{eD). The open circle indicates
the a— B transition under uniform straifRef. 14 Inset: the topol-
ogy of the modulated/INC phase diagram close to the lifRD).
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We found that, with a decreasedn, ande,,, any modu-
lated phase eventually transforms into thephase(first-
order lock-in transition With an increase of strains, the
phase transforms into a modulated phass, jfis above point
A (first-order transitioh and then into g3 phase(second-
order transition The change in strains means a change in the
unit cell volume, so that it corresponds to the change in
temperaturé? Thus, the obtained phase transformations re-
produce the phase transformations observed experimentally
on cooling and heatind?

A finite temperature MD calculationn the «— 8 transi-

) 15k, Szt tion has been done by Tsuneyusi al® using a constant
0.016 ¢  0.02 0.004 ¢ 0.008 pressure and a constant temperature method, and they ob-
tained an abrupt change in the expansion coefficient at

FIG. 3. Comparison of energies of stable phabewith energy ~ =850-900 K. In the present study, a constantsotropic
of the 8 phased; for differente,, (RD). stress and a constant energy calculation was used. First, we

o _ o . rebuild the phase diagram shown in Fig. 1 into the diagram
(be_low 0.15 THz, and is hlghly anisotropic W|_th|n the Bril- i stress spacet® K and then, by slow heating af phase
louin zone. The left part of Fig. 2 shows the dispersion of thefOr different external stressas,,= o, and o,,, we found

low frequency branches near thepoint. Note that the low- o+ the temperature of transition phase is
est TA branch is TA(G,), whose eigenvector is primarily the

acoustic displacement,. This agrees with a number of elas- _ _
tic stiffness measuremeRtswhich show that the lowest T=840-2000,~ 1100, @
branch near thd" point is not TA(Gg) but TA(Css) for  \yhere stresses are in GPa and temperature is in K. In this
temperatures above 770 K. , . ._paper, applying a positive stress corresponds to volume ex-

As one can see in Fig. 2, on approaching the stability limityansjon, The stress dependence agrees reasonably well with
of the 8 phase, the optic soft mode frequency decreases anghe experimentally found relationi T/ 9o, ~2(dT/dc,,)
due to the interaction given in E@l), the TA(Gg) branch  _ _ g 14+ 0.02 K/MPa>2*
bends downward and as a result it anticrosses the JA(C  pjscussionWe now discuss the influence of temperature
branch at abouk=0.014. Although, just after the crossing, o, the stability of various modulated phases. Calculations at
the acoustic eigenvector of TA's almost equal to that of 1_g by Smirnov and co-worket$°show that thes to
TA(Cgg) (i.e., only in thex—y plane, for largerk, LD transformation in quartz is due to a change in the shape of
showed that the center of gravity of a unit cell graduallyhe effective potential from single well to double well, and
acquires the displacement afu,|*~k®. Just after the tran-  the height of the potential barrier between the wells gradu-
sition into the three-periodic modulated_ phaﬁlie, e.d. ally increases on going deeper into thephase.
(8xx ,827=(0.0196,0.077), very close to line 1 in Figl, 1 “oyr results suggest qualitatively the same mechanism for
RD gives a static modulation pattern with the acoustic naturne transformation fromg to a modulated structure. At a
of (Juy/?,|uy|?|u,|?)=(0.24,0.74,0.02)ul?, that resembles finite temperature, the stabte or modulated phase can ap-
the profile of the acoustic eigenvector of TBAranch inthg3  pear only when the height of the potential barrier between
phase ak~b/3. Thez component of the pattern increasesthe wells is greater than thermal energy. The barrier height
rapidly after the transition: on going deeper inside the moduean be estimated for different modulated phases by the en-
lated phase area the components in the above relation bergy ® — &, (see Fig. 3and compared withgT,, which is
come of the same order of magnitude. The existence,of 1.7 kcal/mol for the transition temperatufg~850 K. One
component agrees with the observed satellite pattéfithe  can see from Fig. 3 that the energy barrier at point C de-
interaction given by Eq(l) is the sole origin of INC struc- creases rapidly with a decrease of the modulation wave vec-
ture, the freezing of the branch TA{§ would not give the tor. For b/2, b/3, andb/6 it comprises 0.65, 0.3, and 0.07
acoustic displacement, . kcal/mol, respectively. Fdt=b/12 (not shown in Fig. B the

The energies of different phasese compared in Figs. height of the potential barrier is 0.01 kcal/mol, i.e., two or-
3(a)—3(d) as functions ofe,y for &,,=0.04, 0.064, 0.077, ders of magnitude smaller thdgT.. On increase of tem-
and 0.1, respectively. The energy differenke-®;, where perature, the possible interval of stability of a modulated
® 4 is the energy ofg phase, is presented. (a), ¢, is below  phase will become narrower or it can disappear completely
point A in Fig. 1, andB to « second-order phase transition resulting in the direct transition betweegh and a phases.
takes place. Infb)—(d), upon a decrease af,,, transitions Therefore, the smaller is the modulation wavevedtothe
from B to modulated phases with wave vectbrs, b/3, and  lower is the temperature at which this modulation is swept
b/2, respectively, take place. The energy lines of the moduby the thermal fluctuations. In other words, it is highly im-
lated phases and the phase intersect at point C. The  probable to observe phases with a small modulation
phase is stable to the left from this point. Note that the regiorwavevector at high temperatures.
of the stable modulated phase is wider for the larger modu- To illustrate this, in Fig. 4 we show the temperature de-
lation wave vector. pendence of lattice parameteobtained by MD simulation
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FIG. 4. Temperature dependence of lattice parameterthe ~ & Small misfit vectoy its third harmonics withk=3(b/3
vicinity of the phase transitioiMD). Stress is chosen so that the T «)=3x<b will be observed as a long period modulation.
«— (3 transition takes place at about room temperature. In conclusion we correctly reproduced many experimen-

tally observed properties of INC phases: phase sequence,

: . . modulation direction, dispersion anisotropy, coupling of the
e aio3) P Por s S1E5 St opic wih e TA modes,siress dependence o o tan
temperaturémuch lower than real .~ 850 K). and the tran- smpn temper_ature, etc. The obtamed phase Q|agram IS topo-
sition to a stable G-modulated phase with=b/3 is ob- l0dically equivalent to the theoretically predicted oRk#
served both on cooling and heating, with the stability intervat™t Nigh temperature, our results have shown that the wave
about 40 K. However, even at this temperature, and for an?/eCtor of the stable modulation would ke-b/3, and that a
other set of 6y, 0,,) giving T,~300 K, we could not find '0ng period such a&~b/30 is highly improbable for the
stable modulated phases with a modulation wave vectofindamental modulation in quartz since the transition tem-
smaller thark= b/3. perature is too high to make a long period modulation stable.

As mentioned above, another important result of theThe observed satellites &tb/30 would be the third har-
present study is the existence of the acoustic displacement monics of the fundamental modulation, as suggested by the
in the modulated phase witt=b/3. In the new modeithe  new model for the origin of the INC pha8é:?®
appearance af, is attributed to the higher order interactions  This research was supported by a Grant-in-Aid for Scien-
betweenyn and the TA(G,) branch such as tific Research.
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