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Ab initio predicted metastable TlI-like phase in theB1 to B2 high-pressure transition of CaO

Michele Catti*
Dipartimento di Scienza dei Materiali, Universita` di Milano Bicocca, via Cozzi 53, 20125 Milano, Italy

~Received 2 July 2003; published 5 September 2003!

Three different pathways have been analyzed, by periodic DFT-GGA-LCAO calculations, for the rocksalt-
(B1) to CsCl-type (B2) phase transformation of calcium oxide at the equilibrium pressure of 64.7 GPa. The

monoclinicP21 /m mechanism shows a lower enthalpy barrier~0.13 eV! with respect to the other ones (R3̄m
and Pmmn), and a secondary minimum in its enthalpy profile gives evidence of a metastable intermediate
phase with TlI-like structure and coordination number 7 for both Ca and O. The changes of chemical bonding
along the transition path are analyzed.

DOI: 10.1103/PhysRevB.68.100101 PACS number~s!: 61.50.Ah, 61.50.Ks, 62.50.1p, 64.70.Kb
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The atomic-scale mechanisms of structural phase tra
tions are a challenging issue of solid-state science, as
understanding may give access to the kinetics of such
cesses. However, experimental investigations by di
probes are difficult, because nonequilibrium states are u
ally involved. This holds particularly for reconstructiv
transformations, where primary chemical bonds are bro
and the space-group symmetries of the two solid phases
unrelated.1 In such cases, quantum-mechanical calculati
of least free energy pathways in the appropriate configu
tional space can be a powerful tool to address the probl
For pressure-dependent phase transitions atT50 K, the rel-
evant free energy function is enthalpyH5E1pV, to be ob-
tained from the quantum-mechanical ground-state total
ergyE. Lattice periodicity is assumed to be preserved dur
the transition, and activation enthalpy barriers can be co
puted and compared for different mechanisms, in orde
detect the one most favored energetically.

Although, in principle, a brute force method could be e
ployed in the most general reaction coordinate space,
glecting any symmetry information, in practice a particu
subspace is usually chosen, characterized by a symm
which is a common subgroup of both space groups of the
phases. This choice can be made by guesses, as in the
of theB3 to B1 ~SiC and ZnS! ~Ref. 2! andB4 to B1 ~GaN!
~Ref. 3! transitions, or by a full group-theoretical analys
~cf. the B1/B2 transition of NaCl!.4 In any case, the trans
formation pathway can be of two kinds. In type I, the proce
is driven by a pure lattice distortion, which can be taken
order parameter, so that all atoms occupy the same sites
fore and after the transition; the site symmetries, howe
are expected to change. The fractional atomic coordinate
the low-symmetry reference frame are the same for both
phases, but they may change in the intermediate state
type II, on the other hand, a net atomic motion within t
unit cell occurs along the transformation, in addition to t
lattice distortion, so that the fractional coordinates of so
atoms are different in the two end phases. This is the cas
both mechanisms considered for theB3 to B1 transition.2

The phase transformation from the NaCl-type (Fm3̄m
space group,Z54 formula units per unit cell,B1 phase! to
the denser CsCl-type structure (Pm3̄m, Z51, B2 phase! is
a typical reconstructive process, and occurs at high pres
0163-1829/2003/68~10!/100101~4!/$20.00 68 1001
si-
eir
o-
ct
u-

n
re
s

a-
.

n-
g
-

to

-
e-
r
try
d
ses

s
s
be-
r,
in
d
In

e
of

re

for a number of alkali halides~NaCl, KCl, RbCl, NaBr! and
alkaline-earth oxides~CaO, SrO, BaO!. The transition pres-
surespt are, for instance, 27 GPa for NaCl and 60 GPa
CaO ~cf. Refs. 5 and 6!. Three main mechanisms have be
proposed for theB1 to B2 transition of NaCl and other ha
lides. The first two are the classical Buerger1 and Watanabe,
Tokonami, and Morimoto~WTM!7 pathways, based onR3̄m
rhombohedral andPmmnorthorhombic intermediate state
respectively, and they were suggested on the basis of x
diffraction results on the relative crystallographic orientati
of the low-(B1) and high-(B2) pressure phases. Theoretic
calculations were performed on the first one8 and on both.9

The third mechanism was recently proposed by Stokes
Hatch4 on group-theoretical grounds, and relies upon
P21 /m monoclinic intermediate state. This pathway w
shown to be related to an unstable phonon of theR3̄m struc-
ture at theF point in the first Brillouin zone.4

The first aim of this work was to compute accurate e
thalpy profiles vs the transformation coordinates at the tr
sition pressurept for each of the three main pathwaysR3̄m
~Buerger!, Pmmn~Watanabeet al.! andP21 /m @Stokes and
Hatch ~SH!#, in the cases of NaCl and CaO, in order
definitely assess the corresponding activation enthalpy
ues and then find the most favored mechanism. The sec
aim was to analyze the new monoclinic mechanism in det
so as to enlighten the chemical bonding evolution underly
it. Unexpectedly, clear evidences of an intermediate me
stable phase were obtained for the latter pathway, which
showed the lowest enthalpy barrier. Here the first most in
esting results, concerning CaO, are reported.

In Table I, each transition path is characterized vertica
by a set of three transformation matrices: the first two
press the unit-cell vectors of theB1 and B2 structures as
linear combinations of those of the intermediate state,
the third one relates directly theB2 to the B1 lattice; the
coefficients are given as columns of the matrices. Then
atomic fractional coordinates of Ca and O referred to the u
cell of the intermediate state are reported. In theR3̄m case,
all coordinates are fixed by symmetry throughout the tra
formation; inP21 /m, x andz can be relaxed in the interme
diate states, but they take on the same fixed values~given in
parentheses in Table I! in theB1 andB2 end phases. There
fore, according to the above classification both transform
©2003 The American Physical Society01-1
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tion mechanisms belong to type I. On the other hand, for
Pmmnmechanism thez coordinate of one of the two atom
is a free parameter in the intermediate states, varying
tween different end values that correspond to theB1 andB2
structures. In this case the mechanism is thus of type
Accordingly, a unit-cell angle (a for rhombohedralR3̄m and
b for monoclinicP21 /m) was chosen as transformation c
ordinate~order parameter! of the first two mechanisms an
the z(Ca) atomic fractional coordinate for thePmmnpath-
way ~Table I!.

The total energy of each configuration was obtained byab
initio calculations employing localized basis functio
~atomic orbitals!, and a DFT-GGA-PBE Hamiltonian
@CRYSTAL98 code~Ref. 10!#. The generalized gradient ap
proximation, implemented in this case through the Perd
Burke-Ernzerhof scheme,11 provides a nonlocal exchange
correlation potential which usually works better than that

TABLE I. For each of the three pathways between theB1

(Fm3̄m) and B2 (Pm3̄m) structures of CaO, the transformatio
matrices relating the unit cells of both end phases to that of
intermediate state~IS!, and those of the end phases to each oth
are given vertically. The atomic fractional coordinates in the IS u
cell are also included.aI andaII are the cubic cell edges of theB1
andB2 phases, respectively.

R3̄m (Z51) P21 /m (Z52) Pmmn(Z52)

R3̄m→Fm3̄m P21 /m→Fm3̄m Pmmn→Fm3̄m

F21 1 1

1 21 1

1 1 21
G F0 0 1

1 21 0

1 1 21
G F1 0 0

0 1 21

0 1 1
G

R3̄m→Pm3̄m P21 /m→Pm3̄m Pmmn→Pm3̄m

F1 0 0

0 1 0

0 0 1
G F 1

2
1
2 0

2
1
2

1
2 0

0 0 1
G F 1

2 0 1
2

1
2 0 2

1
2

0 1 0
G

Fm3̄m→Pm3̄m Fm3̄m→Pm3̄m Fm3̄m→Pm3̄m

F0 1
2

1
2

1
2 0 1

2

1
2

1
2 0

G F0 1
2

1
2

1
2 0 1

2

1
2

1
2 0

G F 1
2 0 1

2

1
4

1
2 2

1
4

2
1
4

1
2

1
4

G
Ca: 0, 0, 0 x1 ( 1

4 ), 1
4 , z1(0) 1

4 , 1
4 , z ( 1

4 → 1
2 )

O: 1
2 , 1

2 , 1
2 x2 ( 3

4 ), 1
4 , z2( 1

2 ) 1
4 , 3

4 , z1
1
2 ( 3

4 →1)
B1 phase
a5aI /A2 a5aIA 3

2
a5aI

a560° b5c5aI /A2 b5c5aI /A2
b554.74° z5

1
4

B2 phase
a5aII a5b5aIIA2 a5b5aIIA2
a590° c5aII c5aII

b590° z5
1
2

Order parameter
a b z
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local density approximation for simulating transitio
pressures.2 An all-electron basis set, based on 22~Ca! and 18
~O! atomic orbitals, was employed. The radial facto
are expressed as linear combinations of Gaussian-
functions of the electron-nucleus distance, according
8(s)6511(sp)3(d)G and 8(s)411(sp)1(d)G contractions
for calcium and oxygen, respectively. Coefficients and ex
nents of the Gaussian functions were taken from Ref. 12.
tolerance for neglect of integrals was set to 1028, a
Monkhorst grid of 83838 in the first Brillouin zone was
used, and the SCF convergence threshold was set to 128

hartree. For each structural configuration, the enthalpyH was
minimized at constant pressure with respect to all structu
parameters not fixed by space-group symmetry, usin
conjugate-gradients routine~LoptCG, courtesy of C.
Zicovich-Wilson! based on numerical gradients.

By parabolic fitting of eightH values computed in the
range 0–80 GPa for each of theB1 andB2 phases of CaO
the following curve was obtained:DHt(p)5HB2(p)
2HB1(p)50.9445620.01636p12.76831025p2, with p/
GPa andH/eV. A predictedpt equilibrium pressure of 64.7
GPa is given by the conditionDHt(p)50. This value com-
pares favorably with the experimental result of 60 GPa.6 For
each of the three pathways presented above, the qua
DH5H2HB1 was calculated at constant equilibrium pre
sure~64.7 GPa! as a function of the transformation coord
nate. We define a normalized general transformation coo
natej, which, for instance, in theR3̄m case is equal to (a
2aB1)/(aB22aB1), and similarly for the other paths; the
j(B1)50 andj(B2)51 in all cases. Thus we are able
report the enthalpy profiles obtained for the three pathw
on the same scale asDH(j) in Fig. 1. As a first remark, the
Buerger mechanism can be definitely ruled out with resp
to the other two, because of its much higher enthalpy bar

e
r,
it

FIG. 1. Enthalpy of the intermediate states of CaO vs the n
malized transformation coordinatej, calculated along three differ
ent pathways of theB1 (j50) to B2 (j51) phase transition at the
equilibrium pressure of 64.7 GPa. The monoclinicb angle~upper
horizontal axis! refers to theP21 /m curve only.
1-2



ic

ed
y
o
a
u

l-
be

th
.
t
a
a

b
nt

,
1
i

t-

y

c
i-

its
nd
a-O
us,

n is
The

x

take
tes

tes

d

RAPID COMMUNICATIONS

AB INITIO PREDICTED METASTABLE TlI-LIKE . . . PHYSICAL REVIEW B 68, 100101~R! ~2003!
of 0.215 eV compared to 0.143 eV~WTM! and 0.130 eV
~SH!. This result is important, as until recently the enthalp
preference between theR3̄m and Pmmn pathways for the
NaCl case was debated~cf. e.g., Refs. 4 and 9!. As second
point, theP21 /m mechanism appears to be slightly favor
over thePmmn one, with an activation enthalpy lower b
0.013 eV. At sufficiently high temperature, the hierarchy
free energy barriers of the latter two pathways might be
fected by the entropic term with its phonon contributions, b
this should certainly not concern theR3̄m mechanism, in
view of its much larger enthalpic term. In future work, ca
culations of enthalpy profiles for all three pathways will
extended also to pressures higher and lower thanpt .

Indeed, the most striking feature appearing in Fig. 1 is
unusual shape of theDH curve for the monoclinic pathway
In particular, a broad intermediate minimum appears ab
571° ~with DH50.093 eV), indicating the presence of
well-defined metastable phase along the transformation p
whose structure is characterized bya54.327, b53.428, c
52.799 Å, x(Ca)50.2359,z(Ca)50.8824,x(O)50.7547,
z(O)50.6228. The formation of the metastable phase can
detected, too, by looking at the monoclinic lattice consta
plotted vs the order parameterb ~Fig. 2!. A sharp jump at
aroundb565° is shown particularly by the unit-cell volume
corresponding to the onset of the enthalpy well in Fig.
Then a flat region follows, concluded by a smoother jump

FIG. 2. Unit-cell edges~left axis! and volume~right axis! of
CaO along theP21 /m path of theB1 to B2 transition vs the mono-
clinic b angle taken as transformation coordinate atp564.7 GPa.
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the final b range. A similar behavior is shown by the uni
cell edges, and also by thex andz atomic fractional coordi-
nates of Ca and O~Fig. 3!. Such results can be explained b
an atomistic analysis of theP21 /m mechanism, also with
reference to the Buerger pathwayR3̄m.

In Fig. 4 ~left! theB1 structure of CaO in the monoclini
reference frame is shown, including the outline of the prim
tive cubic cell ~rhombohedron witha560°). In theR3̄m
B1/B2 mechanism, the rhombohedron is squeezed along
threefold axis with an increase of the six equal Ca-O bo
lengths, and a decrease of the two equal nonbonded C
distances, till all eight contacts have the same length. Th
the coordination number~CN! of Ca ~and O! evolves con-
tinuously from 6 to 8 according to the 612 scheme. In the
P21 /m mechanism, on the other hand, the rhombohedro
compressed along the long diagonal of one of its faces.
symmetry lowering transforms the 612 Ca-O distances into
41212, if the atomic fractional coordinates do not rela
from their original values, but into 21211111111,
when relaxation occurs~cf. Fig. 3 forb>64°). In particular,
in the last case the long Ca-O7 and Ca-O8 contacts may
different lengths, and this opens the way to structural sta
with CN57 intermediate between 6 (B1) and 8 (B2). This

FIG. 3. Symmetry-unconstrained atomic fractional coordina
~triangles, left axis!, and some Ca-O interatomic distances~circles
and squares, right axis! of the P21 /m intermediate states plotte
against theB1 to B2 transformation coordinate~monoclinic b
angle!.
FIG. 4. ~Color online! Crystal structure of the CaO monoclinic metastable state withb571.0° ~middle!, similar to the TlI structure, along
the P21 /m pathway connecting theB1 ~left! andB2 ~right! phases. Oxygen atoms are numbered.
1-3
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is what indeed happens for all intermediate states withb
between 66° and 80°~Fig. 4, middle!, where the Ca-O6 and
Ca-O7 bonds range from 2.33 to 2.41 Å and from 2.56
2.32 Å, respectively, thus attaining a more or less distor
sevenfold first coordination sphere for both Ca and O~Fig.
3!. On the other hand, thePmmnmechanism behaves in th
respect as the Buerger one, because its scheme of
neighbors chemical bonds is 2121212, so that two sym-
metrical bonds lengthen and two shorten in the continu
passage from CN 6 to 8, with no possibility of attaining
sevenfold intermediate coordination. We conclude theref
that the particular stability of this structure based on C
57 is the main reason favoring theP21 /m mechanism with
respect to the other two.

A closer examination of the sevenfold coordinate interm
diate structure revealed its similarity to that of the sta
phases of alkali hydroxides, like KOH and RbOH~mono-
clinic P21 /m), and to the orthorhombicCmcmstructure of
the yellow form of TlI.13 In particular, the latter one (a
54.57,b512.92,c55.24 Å; Tl: 0, 0.11, 1/4; I: 0, 0.37, 1/4!
can be obtained from theP21 /m lattice by the transforma
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