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Change from sixfold to fivefold coordination of silicate polyhedra:
Insights from first-principles calculations of CaSi,Og
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Recent x-ray-diffraction observations found a triclinic phase of gasSstable under ambient conditions,
related to a monoclinic phase with the titanite structure. It differs from the titanite structure by the elongation
and loss of a Si-O bond within a Si®ctahedron, thus having Si@olyhedra. We have studied both these
phases using density-functional theory in the generalized gradients approximation, to investigate the relative
stability and chemical changes between the phases. Mulliken analysis is used to calculate covalent bond
populations and atomic charges. A series of intermediate structures are studied to approximate a prototype
transition pathway[S0163-182699)06313-4

[. INTRODUCTION dynamics simulations. At high pressures this phase was
shown to be stable with respect to quartz, using density-
Silicon coordinated by five oxygen atoms is present as dunctional theory(DFT) with the local-density approxima-
component in aluminosilicate melts at the pressures and tention. In that study, the pentahedra decomposed tguartz
peratures of the Earth’s mantle, in which it dominates theiwia intermediate fourfold coordinated polyhedra. The local
transport propertiet.® Such SiQ groups are not normally geometry of the Si© pentahedra was very similar to those
found in silicate minerals, which contain Si@etrahedra at found in CaSjOs5, suggesting that these polyhedra may be
low pressures and an increasing proportion of StOtahe-  found more generally than in only these two phases.
dra at higher pressures. The recent determination of the room In this paper, we investigate both the monoclinic and tri-
pressure structure of a phase of G&%i provided the first clinic phases of CagDs using first-principles electronic
example of a crystalline oxide phase to contain silicon coorstructure calculations, to further determine both the stability
dinated by five oxygen%.Under a hydrostatic pressure of and the electron distribution of a phase with Si@lyhedra.
between 0.17 and 0.21 GPa this phase undergoes a first-orderplane-wave basis set is used to represent the electronic
“displacive” phase transition to a monoclinic phase, duringwave functions, so no assumptions are made about the bond-
which the SiQ polyhedra become SiQoctahedra® The ing during the simulations. However, once the wave func-
monoclinic phase was stable upon return to ambient pregions are obtained, they are analyzed using atomic orbitals
sure, indicating some hysteresis in the transition. This transand the Mulliken formalism, to assign charges and covalent
formation in a crystalline structure, therefore, provides abond populations.
model system in which the energetics of the formation of
SiO; groups and the mechanism of transformation of such
groups to SiQ octahedra can be determined.
The structure of the monaoclinic, high-pressure phase of
CaSyOy is of the titanite structure type. It contains QIO Il. FIRST-PRINCIPLES CALCULATIONS
octahedra which share corners to form chains of octahedra.
These chains are cross linked by $i®trahedra which also ~ The density-functional theory is used in the generalized
share corners with the octahedra and these together formggadients approximatiofGGA) formulation of Perdew and
three-dimensional framework. The calcium atoms occupy thdVang;? using the plane-wave total-energy code CETEP.
cavities within the framework. The transformation to the tri- Norm-conserving pseudopotentials generated usingQ@he
clinic structure involves breaking one-eighth of the links be-tuning methodf represent the atomic nuclei and core elec-
tween the tetrahedra and the octahedra, leaving the Si-@ons; in the case of Ca, ten valence electrons were required
bonds intact within the tetrahedra, but producing an Si-Qo obtain satisfactory behavior. Pseudopotentials enforce no
distance within the former octahedra that is too 1623 A) assumptions about the coordination of an atom, so four-,
to be considered bondéfi The triclinic, low-pressure phase five- and sixfold coordinated silicon atoms should all be
therefore contains chains of alternating gi@ctahedra and treated equally. The Ca pseudopotential was generated with
SiOs pentahedra, partially cross linked by Si@trahedrd. reference to a G4 ion'® but those for Si and O use the
There has also been a theoretical predicion ofs3¥n-  neutral atom fors and p states, with standard ionized and
tahedra in a phase of silica (Sig' formed froma quartz  excited reference states fdrcomponents. The silicon and
under the application of nonhydrostatic stress in moleculabxygen pseudopotentials are those used in recent studies of
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MgO (Ref. 17 and magnesium silicate perovskftin which  pleteness of a localized basis set was expressed in terms of
they are described fully. the “spilling parameter”S, measuring how much of the

A basis set of plane waves with kinetic energy less tharplane-wave wave functions cannot be expressed using the
1000 eV was used, giving convergence of the total energy ttocalized orbitals.
within 0.01 eV per atom, and a Pulay str€ssn the unit cell The Mulliken charges and bond populations may be cal-
of 4 meV/AS or 0.6 GPa. The Pulay correction to the stressculated using Mulliken analysi$?*using the overlaps of the
was estimated from fitting the total energies at five energypseudo-orbitals. This has been demonstrated for zincblende
cutoffs from 980 to 1020 eV, and has an uncertainty of 0.2emiconductoré® other simple bulk systenté,and a TiGQ
GPa. However, the effect of this uncertainty is likely to begrain boundar$ in which a fivefold coordination was found
much less than systematic overestimation of the volume dusimilar to that discussed here. In this paper we demonstrate
to use of the GGA. Both of these uncertainties are thereforéhat the bond populations calculated using this method agree
comparable to the experimental transition pressure, so the$avorably with widely used empirical bond valence values.
calculations may not be used to bouRd more tightly. Im- The exact choice of orbitals has a significant effect on the
proving the accuracy of the simulations in an attempt to betvalues obtained, particularly on the absolute values of the
ter the experimental observations would require unfeasibleharge$"??but should have a much smaller effect on differ-
amounts of computer time. ences between corresponding charges in different phases.

A unit cell containing four formula units was used for all Using onlys andp orbitals of Ca, Si, and O gave a spilling
calculations apart from the monoclinic structural optimiza-parametetS=0.016. Including thel orbitals for Si reduced&
tion, since this allows direct comparison between the twao 0.010, and changed the absolute values of Mulliken
phases. Fouk points in the full Brillouin zone were used, charges and bond populations, but the resulting values gave
from the 2x 2x 2 Monkhorst-Pack séf Increasing the sam- much better agreement with empirically determined bond va-
pling to 4x4 X 2 changed the energy by less than 1 meV peilence values, as described below. This larger basis set was
atom. used in all subsequent calculations. It gave positive bond

In order to determine whether there is an energy barrier tgopulations from some Si to eight rather than six O, but the
the transition between monoclinic and triclinic phases at zer@dditional two interactions had very low valués01 com-
pressure, the transition pathway is required. In principle thipared to between 0.6 and 1.1 for Si-O within polyhedia
may be deduced as a path of minimum energy in the 3Nhis was taken as an indication of the uncertainty of the
+ 6 dimensional space formed by all coordinates, this is immethod. However, inspection of the differences in charges or
practical from first principles. A simple path is thus assumedbond populations between the two phases gave very similar
but may be tested to see whether it is close to the lowestalues with or without inclusion of the S orbitals. Cad
energy route. Nine intermediate structures were generated lybitals were not considered; the pseudopotential used for Ca
linear interpolation between the monoclinic and triclinic endtreatsp andd orbitals with the same potential and very little
points, of both the unit-cell vectors and the fractional posi-d character is expected.
tions, to give a prototype series of configurations to act as a
transformation pathway. Il RESULTS
A. Structure and stability

The calculated equilibrium structures are shown in Tables
I, 1l, and Ill. The decrease in volume from the triclinic to
The bond strengths between Si-O pairs were previouslynonoclinic phase, at zero pressure, was found to be 3.7%,
deduced from the x-ray data by interpolation and extrapolacompared to the experimental value of 2.9%. Volumes of
tion of empirical datd. Here we analyze the electronic both phases were up to 3% larger than experimental values:
charge density calculated from first principles to obtain bondhe GGA is known to often overestimate the volufidhe
populations, using the method of Segetflal®*?in which  |attice parameters of the monoclinic phase are not uniformly
wave functions with a plane-wave basis set are projectethrger than found experimentallg is 2% smaller and is
onto a set of atomic orbitals. We outline here the steps in3.5% larger, reflecting the anisotropy within the structure.
volved, since they are well described by the original authorsBond lengths were generally within 1% of experimental val-
In pseudopotential calculations, pseudo-orbitals of the vayes (averagel calc! | exp=0.9989, standard deviation 0.0067
lence electrons are generated during the production of thfyr all except the broken iS..O distance in the triclinic
corresponding pseudopotential. These may be considered pRase(7.6% too long. However, nonbonded interations are
a localized basis set, so that wave functions may be exnot expected to be so accurately determined.
pressed as a linear combination of atomic orbitals. Outside The triclinic phase was found to be more stable at zero
the core region, the pseudo-orbitals replicate the true atomigressure and temperature, consistent with experimental ob-
orbitals, having a decaying magnitude, and are only trunservations, by 0.14 eV per formula unit.
cated where their magnitude is negligilfleaving decayed to
the order of 10%9. They are not truncated by the use of a
periodic supercell, because they are represented in reciprocal
space using Bloch functions. The projection of wave func- Interactions between Si and O generally show strong posi-
tions represented in terms of a plane-wave basis set to tve bond populations, as would be expected for bonds with
representation with localized orbitals has been developed argignificant covalent character. Their values are shown in
successfully applied elsewhereln that work, the incom- Tables | and Ill. The greatest change between the monoclinic

Mulliken analysis

B. Bonding
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TABLE I. Structural parameters of monoclinic phase compared TABLE Ill. Bond lengths and populations in triclinic Ca8i5
with x-ray diffraction data of Angeét al. (Ref. 9 and bond popu- compared with bond lengths in the monoclinic phase.
lations from Mulliken analysis for Si-O within polyhedra.

Triclinic Monoclinic
Expt. Calc. Expt. Calc. Population  Expt. Calc.
aA) 6.543 6.415 2.0%) Tetrahedron
b (A) 8.392 8.459 {-0.8%) :
c (A 6.342 6.568 ¢ 3.5%) S!-O-oct 1.614 1.604 1.08 1.629 1.621
B (°) 113.2 113.4 S!-O-[5] 1.639 1.637 0.90 1.629 1.621
Volume (A%) 320.1 3271 (+2.2% S!-O-oct 1.636 1.628 1.01 1.631 1.627
Si-O{5] 1.631 1.623 0.98 1.631 1.627
Tetrahedra Population o
Bridging tetrahedron
Si-O-oct 1.629 1.621 1.05 -
Si-O-oct 1.631 1.627 0.98 S?-O-oct 1.626 1.619 0.99 1.631 1.627
Si-O-oct 1.640 1.630 0.92 1.631 1.627
Octahedra Population S?-O-oct 1.639 1.630 0.96 1.629 1.621
Si-O- 1.588 1.582 1.24 1.629 1.621
Si-O-oct 1.709 1.710 0.89
Si-O-tet 1.825 1.823 0.61 Octahedra
Si-O-tet 1.862 1.889 0.58 i
Si-O{5] 1.740 1.750 0.80 1.709 1.710
Si-O-tet 1.791 1.774 0.65 1.825 1.823
Si-O-tet 1.845 1.861 0.61 1.862 1.889
and the triclinic structures is the large reduction in the bond
population in the Si-O bond that was presumed broken oRsi_o 5] 1.756 1.771 0.78 1709 1.710
transformation of the Sipoctahedra to the Sipentahedra  gj_o_tet 1.855 1.877 0.57 1.825 1.823
(see Fig. 1 In the latter, it is only 10% of the value of the gj_q_tet 1.787 1.775 0.68 1862 1.889
bonded interaction within either the octahedra of the mono-
clinic phase, or the remaining Si-O bonds in the triclinic Pentahedra
phase. The population in the broken bond is only a few times
larger than that of the two extra positive Si-O bonding inter-Si-O-oct 1.670 1.662 0.97 1.709 1.710
actions in the octahedra, which were considered as showingj-O-oct 1.681 1.681 0.96 1.709 1.710
the level of noise. By contrast, other bonds can be seen tgj-O-tet 1.697 1.676 0.79 1.862 1.889
increase in strength at the transition, such as that on the othef.o-tet 1.782 1.776 0.68 1.825 1.823
side of the “bridging” tetrahedron to a full octahedron. Si-O-tet 1.825 1.834 0.60 1825 1.823
The changes in bond population are similar to those found;; o 2.831 3.048 0.05 1.862 1.889

in a TiOs structure found in a grain boundary in rutffein
which an alternation of the bond order is found along Ti-O
bonds near the five-coordinated Ti. In C&3§, a similar . . . .
effect may be observed in the bond population on progresing ([5]-O-bridge. This r/sduces the impact on the total
sion around the ring shown in Fig. 2. The large populationtond population of the &i"". Around the “dangling” oxy-
decrease in the “lost” $V-O bond(denoted5]...O-tetin  9€N, the loss of one bond is partially co\;‘n_pensat_ed by popu-
Fig. 2) is accompanied by increases in the other bonds to dtion increase in the other bond, to the'Sh the ring (tet-
from this Si, especially to the diametrically opposite oxygeno--[5])- This in turn affects the total bond population of the

([5]-O-tet and, to a lesser extent, in the other bond in theSi " but the next SY-O bond(tet-O{5]) remains relatively
constant; the ${-O bonds outside the rin¢to octahedra

decrease in population. Charge transfer is thus observed
around this ring, and the net effects on the Mulliken charges

TABLE Il. Cell parameters of triclinic phase compared with
x-ray-diffraction dataRef. 9 and equivalents in a doubled cell of

the monoclinic phase. are described in the next section.
The Si-O bond populations are compared in Fig. 3 to
Triclinic Monoclinic those calculated obtained with a widely used empirical
Expt. Calc. Expt. Calc. scheme relating observed bond lengths to bond strengths
through an exponential dec&y?® Although the absolute
a (A) 9.206 9.215 9.317 9.383  value of the bond population in Mulliken analysis is strongly
b (A) 7.550 7.623 7.358 7.388  dependent on the exact set of atomic orbitals chidsenan
c (R) 9.288 9.393 9.317 9.383 be seen that including the $iorbitals gives values which
a (°) 80.41 81.55 77.2 775 are closely clustered around the empirical values over the
B (°) 125.6 125.4 126.5 126.4  range of bond lengths for which the empirical relationship
y (°) 135.6 134.9 137.3 137.0 was derived. The empirical relationship is therefore within
Volume (A3) 3299 3395 320.1 327.1 the mutual uncertainties of measurements and calculations,

verified by this simulation. Note that inclusion of the sixth
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FIG. 1. Structures ofa) monoclinic and(b) triclinic CaS,0s,
showing that a sixth oxygen has moved out of aSitahedron to

leave five-coordinated silicon.

Si-O distance from the SiQgroup results in a slower decay
of the exponential relationship, with an exponent of 2.14

compared to 2.70.

No positive bond populations were found between any C
and O, but small negative values were found, indicatin
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FIG. 3. Variation of bond valence(population against
bondlength for the Mulliken calculations in monoclinic and triclinic
phases and the empirical formula of Brese and O'K&Bfef. 28.

weak antibonding character. Purely Coulomb attraction is
not, of course, included in these bond populations, but will
also be present. The strength of the antibonding between the
dangling oxygen and the two nearest Ca is comparable to the
level of the “lost” Si-O bond in the triclinic phase. In the

Fnonoclinic phase there is a Ca-O antibond with population
9_0.046e

, but in the triclinic phase this becomes
—0.06]e| and another Ca-O has populatierD.048e|. All
other bond populations between this oxygen and other Ca
ions are weaker thar0.01€|.

C. Mulliken charges

The Mulliken charges associated with all atoms are also
calculated. The absolute value of each charge is again
strongly dependent on the basis orbitals used, but charge
transfer during the transition may be reliably studied, as
shown in Fig. 4. The charges on the oxygen atoms which
lose a bond change by 0.22e|, while the charges on all
other oxygens change by less than (ed5The charge in-
crease on the silicon atoms is spread over not only the
VSi (0.05e|) but also the Si in the adjoining tetrahedra
(0.07€e|) and octahedra (0.08). The Si in the bridging
tetrahedron gains 0.0f electrons, and so decreases in
charge.

The variation between charges on nonequivalent Si and O
is greater in the triclinic phase than in the monoclinic phase
(standard deviation 0.049 compared to 0.033 for Si, and
0.070 compared to 0.035 for)Owhich is contrary to the
expectation that more stable phases have more uniform
charge distribution&?

IV. TRANSITION PATHWAY BETWEEN PHASES

selected Si-O bonds around the “lost” bond, and the structure frag- _ _ _
ment considered as a ring containing two tetrahedra and twofold, The calculated energies of these phases are shown in Fig.
fivefold, or sixfold coordinated silicons. 5. The energy curve suggests that there is an energy barrier
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FIG. 5. Total energies of the monoclinic and triclinic endpoints,
for cells containing 32 atoms, and the nine interpolated intermediate
structures.

V. CONCLUSIONS

Our calculations show that fivefold coordinated silicon
can exist stably in Cag8Ds, although experimentally it has
only been observed as a quench product.

The mechanism of transformation from Si® SiG; is a
first-order jump, as shown experimentally in the hyseresis in
the transition behavior as a function of pressure, as might be
expected for a transformation involving bond breaking. We
find no evidence for intermediate structural states between
the two phases studied here, and a small energy béupen
0.02 eV per formula unjtbetween Si@and SiQ, at least in
CaSj0Os.

We therefore conclude that it is likely that there is a small
energy barrier in diffusional processes in silicate melts at
high pressures in which diffusion and flow proceed by inter-
conversion of Si@ and SiQ groups. Furthermore, these re-
%blts show that a locally stabi¥Si state may reasonably be
expected in the transformation bfSi structures to’'Si sili-

. . acsates, which are important geophysically when considering
0, -

Giis phase, indicating the Iack of a pathiay of monotont. ("6 behavior of the Earths mante. However, changes in
cally decrea,sing energy from the latter structure to the riPressure were not mves‘glgated, and further nvestigations
clinic phase. The monoclinic phase was stable undeWOUI(.j.be needed to confirm the actual path via WhICh t_he
P ' P fransition occurs. The study of further phases containing

structural relaxation even in a unit cell commensurate Withs. .
N L L i roups should also cast further light onto such mecha-
the triclinic phase, which in itself indicates that the mono'nis%nsg P 9

clinic phase occupies a local minimum in configuation space,
and is therefore metastable at zero pressure. This is consis-
tent with the hysteresis observed experimentally: on decom-
pression some experiments retain the monoclifiigh-
pressurg phase even at ambient pressure, which must
therefore be metastable.

This investigation does not address the pressure depen- _
dence of the transition beyond the effect of the volume dif- '€ authors thank Matthew Segall for the Mulliken analy-

ference between the phases. Further calculations at a rangestﬁ; code and helpful advice. M.C.W. thanks the NERC for

pressures could be performed, but the errors in the calculated!PPOrt. The calculations were performed on the Hitachi
volumes suggest that they would only demonstrate qualita5R2201 parallel and S3600 vector machines at the High Per-

tive effects of pressure rather than promising an improvedormance Computing Facility at the University of Cam-
quantitative description. bridge.

FIG. 4. Charge in the triclinic phase relative to that in the mono-
clinic phase, calculated using Mulliken analysis.

of 0.02 eV per formula unit (1.9 kJ mot) for the transition

from the monoclinic to triclinic phase, but of course this
represents an upper bound to the effective energy barrier
T=0 K. However, relaxation of the structure having 70%
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