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Structural phase transitions in £330, and SpSiO, are investigated by molecular dynamics
simulations. The simulations are based on the potentials calculated from the Gordon—Kim modified
electron gas formalism extended to molecular ions. We successfully reproduced the trapsition
—a),—a andB—a — a,— @ in CaSiO,, and the transitiofB— «' in S,SiO,. We find that they|

phase of Cs5i0, is an ax3bXc superstructure of they;, phase, while thex/, phase has a
B-K,SO, structure, and thex phase of Cg5iO, has a disordered structure with space group
P6;/mmc © 2002 American Institute of Physic§DOI: 10.1063/1.1446043

I. INTRODUCTION third, higher-temperature transition to a hexagonal phase
form with b parallel to the hexagonal axis°
There are at least five phasgsy, «|, «/,, and « of In this paper we study the phase transitions inpSia,

Ca&Si0O, at ambient pressure. The transitions between thesand S§SiO, by molecular dynamics simulations, using po-

five phases have been extensively studied becaugti@gds  tentials calculated from the Gordon—Kim modified electron

one of the most important constituents of portland cemengas formalisnt! extended to molecular iort8.0ur method

clinker! However, some questions still remain about itsstarts from quantum-chemistry calculations of the whole

polymorphism and the nature of its phase transformation§iO, molecular ion to obtain the optimized structure and the

occurring with increasing temperature. electron charge distribution, then, describes the covalent in-
The sequence of phase transformations generally adtamolecular interactions using Taylor expansion of the mo-

cepted is shown in Fig. 1. The phase has an orthorhombic lecular ion’s energy, and calculates the ionic intermolecular

olivine-type structure and is thermodynamically stable atinteractions using the Gordon—Kim electron gas model.

room temperaturéThe 8 phase is a metastable monoclinic

phase under ambient conditions and is obtained from the

high temperaturer, phase on coolind.The orthorhombic II. INTER- AND INTRAMOLECULAR POTENTIALS

a| phase is generally considered to be a superstructure of tHeND STATIC RELAXATION

orthorhombicey; phase, but two different possibilities have

been proposed. First the/ phase involves a doubling t®  jter. and intramolecular interaction potentials has been
and ¢ parameters of ther/, phase’ The second possibility given elsewher& Here we outline the main steps.
consists of a tripling thé parameter of the;, phase’® The As a first approximation, we assume that the intramo-
ay; phase is thought to be 8-K,SiO, structure, while the  |ecylar interactions of the Sidon in crystals are the same as
structure of thew phase is still uncertain and is suggested tothose of isolated SiQion. We first performed a quantum-
have either trigondlor hexagonal symmetfy. chemistry structural optimization for the isolated $i@n

At room temperature, $8i0, has a monoclinic struc- ysingcaussiangacommercial packag€, which searches for
ture, theB phas€’ isostructural with thed phase of Cg5i0;.  the atomic configuration that gives the lowest self-consistent
It transforms to a high temperatueg; phase via the incom- Hartree—Fock energy. Berny algoritfitn and standard
mensurately modulated, phase'® 8363 o] 77X o/, The  6-31G™ basis set for Si and O atoms were used in abe
intervening incommensuraie phase has been observed in initio Hartree—Fock calculation. At the optimized configura-
electron-diffraction experiments by the appearance of twaion, the force constants were computed by determining the
sets of satellite Bragg reflections with wave vect@s second derivatives of the energy with respect to distortions
=0.30%* andqg,=0.396™*, whereq, is a second harmonic from this optimized structure. With these second derivatives,
of q..1° The ], phase has been determined to have @ harmonic expansion of the energy of the isolated,$®
B-K,S0, structure’ It was also suggested that there is acan be constructed in terms of its bond lengths, bond angles,

A full description of the procedure for obtaining both

0021-9606/2002/116(9)/3864/6/$19.00 3864 © 2002 American Institute of Physics
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the long-range Coulomb interactions and to simulate phase
transitions using the full Mulliken charges of Si and D180
and —1.295 and the full ionic charge of+-2 for the cation
ions. However, this produced transition temperatirgthat
were twice the observed values and lattice constants that
were 5% too small. Reducing the cation charge-tb.6 and
decreasing the O charge t61.095 enabled us to fif. for
transitions while producing the lattice parameters within 1%
and dihedral angles. This harmonic expansion was used t6f experiment. This suggests a degree of covalency. How-
describe the intramolecular interactions, i.e., the Si—-O angver, since the charge transfer is a small fraction of the total
O-0 interactions within the same Sj@n. outer shell chargé0.4 out of 8 for the Ca ionwe assumed
The numerical short-range pair potentials between differthe Gordon—Kim potentials were unchanged.
ent SiQ ions, and between alkaline-earth ions and Sids Using the intramolecular and intermolecular ionic inter-
were calculated according to the Gordon—Kim electron gagction potentials obtained above, we performed static relax-
model! The charge densities of silicon and oxygen atomsation calculations for the and 8 phases of C#5i0, and the
were extracted from the charge density of the whole isolate® phase of SiSiO, with space group symmetry constraints.
SiO;, ion obtained in the self-consistent Hartree—Fock calcuThese relaxations gave the crystal structures that are at ex-
lation for the optimized structure of Sj@n. This extraction  tremes of the theoretical potential-energy surface, where the
was made in the spirit of Mulliken population analy§iShe  forces on the ions and the stresses are zero. The minimiza-
tabulated charge densities of Cavere used? while those  tion was for an infinite lattice, obtained by applying periodic
for Sr'? were calculated with the software of Liberman conditions, and followed a Newton—Raphson algorithm. The
et all’ The numerical short-range potentials were then fittedstandard technique of the Ewald stfrwas used for the cal-
to the analytic formU(r)=e 'S ,C,r™"r <r<r,,  culation of the lattice energy and forces, etc.
with r =2 atomic unit(a.u), r;=12 a.u.N=8. To complete The parameters for the relaxed structures of ¢rend 3
the fit, a core functionJ(r)=A+ B/r®, r<r., and a tail phases of C&i0, and theg phase of SiSiQ,, along with
function U(r)=De*Br2, r=r,, were attached by requiring the room temperature experimental vafieSare given in
that the potential and its first derivative be continuous at théfable |. From this table, one can see that our relaxed struc-
points of attachment. tures are in good agreement with experiment. Overall com-
The long-range Coulomb interactions were calculatedparison of relaxed structures and experimental structures pro-
using fractional charges of the Si and O atoms: specificallyyides a sensitive test of the validity of the theoretical
1.180 for Si and—1.095 for O. The ionic charge for the potential-energy surfaces. The good agreement of our re-
alkaline-earth ions ist1.6. We first attempted to calculate laxed structures with the experimental structures indicates

FIG. 1. Sequence of phase transformation inS0Q,; after Remy(Ref. 1.

TABLE |. Theoretical relaxed structural parameters o586, and SgSiO, with crystal structure symmetry

constraints. Experimental valuéRefs. 2, 3, 9 are given in parentheses.

Crystal/Space group

y-CaSiO,/Pcmn

B-Ca,Si0, /P2, /n

B-SK,Si0, /P2, /n

a(A)
b (A)
c (A

B

x/a of Ca(1)/Sr(1)
y/b of Ca(1)/Sn(1)
z/c of Ca1)/Sn(1)
x/a of Ca2)/Sr(2)
y/b of Ca2)/Sn2)
z/c of Ca(2)/Sn2)
x/a of Si

y/b of Si

z/c of Si

x/a of O(1)

y/b of O(1)

z/c of O(1)

x/a of O(2)

y/b of O(2)

z/c of O (2)

x/a of O(3)

y/b of O(3)

z/c of O(3)

x/a of O(4)

y/b of O(4)

z/c of O(4)

4.9922(5.097)
6.8037(6.782
11.2893(11.372

—0.0127(—0.011)

0.2806(0.280
0.4336(0.427

0.09590.099
—0.2384(—0.262

0.0932(0.086
0.3025(0.302

—0.0386(—0.042
0.3053(0.292
0.0554(0.059
0.1618(0.163

5.4957(5.502
6.7710(6.749
9.2371(9.297
94.17°(94.599
0.2750(0.2739
1.3390(1.3429
0.5750(0.5694
0.2817(0.27989
1.0010(0.9976
0.3002(0.2981
0.2321(0.2324
0.7737(0.7819
0.5816(0.5817
0.2861(0.2864
1.0059(1.0135
0.5613(0.5599
0.0170(0.0202
0.7452(0.7492
0.6934(0.6919
0.4851(0.4859
0.6595(0.6682
0.6375(0.6381
0.1529(0.1559
0.6684(0.6710
0.4254(0.4264

5.6398(5.663
7.0487(7.084
9.5890(9.767)
93.39°(92.679
0.2705(0.2619
0.3375(0.3425
0.5795(0.5779
0.2774(0.2699
0.0039(0.0007
0.3026(0.3023
0.2384(0.2427
—0.2286(—0.2219
0.5815(0.5813
0.2864(0.280
—0.0030(0.009
0.5693(0.579)
0.0196(0.023
—0.2660(—0.274
0.6824(0.675
0.4822(0.488
—0.3353(—0.321
0.6409(0.642
0.1755(0.199)
—0.3234(—0.32)
0.4272(0.43)
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FIG. 2. Lattice constants of the unit cell as a function of temperature for theFIG 3. Angle between lattice vectoasandc as a function of temperature

MD run. (a) CaSiO,, starting from phasey; (b) CaSiO,, starting from for the MD run. (@) C
3Si0,, starting from phase; (b) Ca,SiO,, starting
phaseg; (c) Sr,SiO,. Solid up triangles: heating up; hollow down triangles: from phaseg; (c) SK,SiO,. Solid up triangles: heating up; hollow down

cooling down. triangles: cooling down.

that our potentials provide a good representation of the inter-

actions in the alkaline-earth silicates under investigation. then to thea phase at 1851 K. The phase is supposed to
appear between thgand «/, phases, but it is skipped in our

simulation because of the drastic reconstruction in the tran-
sition. On cooling from they/, phase, it first transforms into
the o] phase at 1283 K, and then into the metastgbfhase

Our molecular dynamics simulations started from superat 826 K. This phase transition sequence is exactly the same
cells of the relaxed theoretical structures. The supercells witas that observed experimentally. In the transitiafise, and
336 ions for CaSiO, and S§SiO, were formed by doubling «/ -8 the lattice constants change continuously on cooling,
the unit cells of they or 8 phase in th@ andc directions and  but the angle between tteeandc axes jumps to 92.3° from
tripling in the b direction. They were large enough to allow 90° at theq|-B transition[Fig. 3@)]. Although the lattice
all possible phase transitions to occur. The simulations folconstant of the a; phase is tripledsee below, the param-
low a constant- (zero) pressure algorithif® Three- eters of the simplest unit-cell are reported in Fig. 2 for the
dimensional periodic boundary conditions were employed tesake of graphical continuity.
provide an infinite-size lattice. To make the simulations as  Starting from the supercell of th8 phase we observed
realistic as possible, no restriction was applibdsides the the same sequence of phase transformations as in experiment
periodic boundary conditigrto the supercells, i.e., all of the on heating. Specifically, th8 phase first transforms into the
ion positions and all of the lattice vectors were allowed toa, phase at 954 K, then, to the, phase at 1580 K, finally
change during the simulations. Again, the long-range Couto the a phase at 1950 K. On cooling the sequence of the
lomb interaction energies were calculated by the standarghase transition is reversed. The lattice constants and the
technique of the Ewald sufi At each temperature the aver- angle between tha andc axes as a function of temperature
age of the ion positions, energy, etc., were taken over 10 pare presented in Fig.(B) and Fig. 3b), respectively. The
using a 1 fsmolecular dynamics time step.

IIl. MOLECULAR DYNAMIC SIMULATIONS
OF THE PHASE TRANSITIONS

A. Phase transition in Ca ,SiO,

The y phase is the most stable structure o,&l®, at A - A ,(a) &Q(b)
room temperature. We first heated up the supercell ofythe A e % - %7 ﬁ% =
phase to high temperature and then cooled it down. Figures al® AVA N a = @ o @
2(a) and 3a) show the lattice constants of the unit cell and °A °v VA °v ! N
the angle betweea andc axes as a function of temperature =P P
on both heating and cooling. Clearly, at least two phase tran- b ¢ b ¢
sitions take place on heating according to the abrupt changes 4 o 4 () Q o d o(d)
of lattice constants at the transitions. In order to monitor how b,,,.ﬂ bﬁo,ﬂ p ° Q& ° Q
the structure transforms, we present projections of average .,.,4 b...,.q b. ° @b ° @D
structures at different temperatures in Figs. 4 and 5. In the A Beceod Boeod [P b Q} 4
plot the lines connect the oxygen atoms with the nearest oo o E‘" ° b- D
oxygen atoms to form tetrahedra and the ovals centered b S b =

about the atoms represent “thermal ellipsoids” which indi- FIG. 4. Profect  the atom " long thaxis in th
P rojections o € atomic positions along meaxis In the average
cate the root-mean-squatems) deviations of atoms from structure of CsSiO, obtained from heating up the phase (a) Phasey

their average positions. We find that in our simulation $he 5 1000 K, (b) phasey at 1390 K, (c) phasea/, at 1600 K. (d) phasea at
phase transforms directly to the/, phase at 1432 K, and 1870 K.
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1000 K, (b) phasey at 1390 K, (c) phasea|, at 1600 K, (d) phasea at
1870 K.

Y.

projections of average structures obtained from heating up

the B phase are shown in Figs. 6 and 7. b
From the discontinuous changes of lattice constants or b

angles between lattice vectors, we conclude that the transiG. 6. Projections of the atomic positions along thaxis in the average

tions y-a},, B-a| , anda|,-a are first order, while transition  structure of CgSi0, obtained from heating up the phage(a) Phases at
a’ll_'aﬁ is second order. 850 K, (b) phasea, at 1050 K,(c) phasea;; at 1630 K.

Y
A
Y,
- YAYA

1¥i
Y
A

B. Phase transition in Sr ,SiO4 ol N
Sr,SiO,.“" Iinets et al. suggested that the phase transitions

a-ay, and B-y were reconstructive, whiley/;-a/ and /-8
were displacive?

The a phase appears at 1698 K in experiment. Its struc-
ture is still uncertain because it is not easy to access. Two
models are proposed in the literature. In one model,dhe
phase has the space gro®;mc in which all the SiQ

The B phase is the most stable for,SiO,. Starting from
the B phase, the phase transition sequence p&ify, ob-
served in our simulation is the same as that fo,pbSIg,
starting from theB phase. The3 phase first transforms into
the @/ phase at 425 K, then, to the/, phase at 790 K. The
ay, phase does not transform to thephase at high tempera-
ture. On cooling from they}, phase the sequence of phase
transitions is reversed. The lattice constants and the angle
between thea and c axes as a function of temperature are
shown in Figs. &) and 3c¢), respectively. The projections of
the average structures at different temperatures are similar to

R AR IR A
vhph.

those in Figs. 6 and 7.

IV. DISCUSSION

Barbier et al. studied the cation arrays and the orienta-
tional relations between phases, 3, and y polymorphs of

CaSi0O,. They suggested that the phase transformation

mechanism foiB-y is displacive, while the phase'/g rela-
tion is a small topological distortioff. Hyde et al. investi-
gated the transition between thé phase and thg phase of

| ~Bply
W.Ag Ve

yhpd

A4

by * ¥ wa

A |- dephey

csing "a

C a

(o)

FIG. 7. Projections of the atomic positions along thaxis in the average
structure of CgSiO, obtained from heating up the phage(a) Phaseg at
850 K, (b) phasea, at 1050 K,(c) phasea;; at 1630 K.
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tetrahedra have one apex pointing in the same direftionjust below the transition. Large ovals around the atoms indi-
while in the other model, the space groupPi8m1l and the cate that the SiQtetrahedra are in rotation. In this process,
SiO, tetrahedra alternately have two opposite orientations.some Ca—O bonds are broken and new Ca-O bonds are
II'inets et al. obtained thex phase of Cs5i0, at room tem-  formed. We think the phase transition is likely reconstruc-
perature by replacing 40%—45% of the Ca by Ba. The retive.
fined crystal structure of this mixed crystal has space group We did not obtain thg3-y phase transformation in our
P6;mc.? simulation. However, we can get the orientation relationships

One can see from Figs(d) and Fd) that the phasex ~ between them from the orientation relationships between the
has a disordered structure. The $i@trahedra not only 7yande(,, B, ande/, phases. This can be summarized to the
make librations at their equilibrium position about the ortho-following  manner:  (100)I(100),,  (010),l(010),,
rhombicb axis, which is parallel to the hexagorahxis, but L (001),l(001),. Gazzoniet al. studied the crystallographic
also jump =120° to their equivalent sites. Also, the SiO relations and the transition mechanism betweenglamd y
tetrahedra make large rotation about the orthorhoraliiod  phases in detaf?
c axes. This means that the-CaSiO, structure is in dy- With respect to the phase transition in,SIO,, an in-
namical equilibrium, i.e., the tetrahedra do not have a fixecommensurate phase was found in experiment betwees the
position but oscillate with large amplitudes. This kind of dis- and a’ phases? In our simulation theg and «’ phases are
ordered phase is isostructural to the high temperature phaggostructural to the and ay; phases of C#iO,, respec-
of K,SO,.2* Hence, we believe that the phase of Cs6i0,  tively. Because we cannot simulate the incommensurate
has the same space grouB;/mmc as that of high- phase due to the periodic boundary conditions, we believe
temperature phase of,BO,, It can also be seen from Figs. that thea| phase we obtained in our simulation, which is a
4(c) and Hc) that the @}, phase is isostructural to the tripled superstructure of the' phase, is a lock-in from the
B-K,S0O,. Thus the phase transition mechanism between th#1commensurate phase. Hyee al. argued that theax 3b
|, phase and the phase in Cg5i0; is similar to the high- X ¢ superstructure of G&iO, also probably corresponds to a
temperature phase transition in2$04.24 Specifically, the modulated structure, with a periodicity close (father than
phase transition is first-order and order—disorder type tha@xactly 3xb.2!Ifitis right, the phasey, of CaSiO; in our
involves the displacements of the Ca and Siéhs and ori- Simulation will be a lock-in as well.
entational disorders of the SjQons.

The structure ofx, phase is generally believed to be a V. CONCLUSION
superstructure of they, phase, but the exact nature of the gy ysing the potentials calculated from the Gordon—Kim
superstructure has not yet been established. Ba&nasre-  mogified electron gas formalism extended to molecular ions,
ported a 22X b 2c superstructure from x-ray powder ddta, we successfully reproduced the polymorphic transitions in
whereas Saaldelet a!.observed amx 3b>§c superstructure  ca,Si0, and SgSiO,. We find that thew/, phase of Cz8i0,
by means of high-temperature single-crystal  x-rayand thea’ phase of SiSiO, have theg-K,S0, structure. The
diffraction> Remy et al. found they could index their x-ray a| phase of C#5i0, is anax3bxc superstructure of the

powder diffraction data using both superstructures aBove.aL| phase. Thex phase of Cz8i0, is an orientationally dis-
From the projections of the average structures ofdh@nd  5rqered structure with space groB;/mmc

ay, phases shown in Figs(®, 6(c) and 7b), 7(c), we find

that the transitionu;-« is due to tilting of the SiQtetra-  AcKNOWLEDGMENTS
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