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Three different pathways have been analyzed, by periodic DFT-GGA-LCAOQO calculations, for the rocksalt-
(B1) to CsCl-type B2) phase transformation of calcium oxide at the equilibrium pressure of 64.7 GPa. The
monoclinicP2; /m mechanism shows a lower enthalpy bar(@n3 e\j with respect to the other oneE@m
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.
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The atomic-scale mechanisms of structural phase transfer a number of alkali halide@NaCl, KCI, RbCl, NaBj and
tions are a challenging issue of solid-state science, as thealkaline-earth oxide$CaO, SrO, Ba@ The transition pres-
understanding may give access to the kinetics of such prosuresp, are, for instance, 27 GPa for NaCl and 60 GPa for
cesses. However, experimental investigations by direc€aO (cf. Refs. 5 and § Three main mechanisms have been
probes are difficult, because nonequilibrium states are usyroposed for thé81 to B2 transition of NaCl and other ha-
ally involved. This holds particularly for reconstructive lides. The first two are the classical Buergand Watanabe,
transformations, where primary chemical bonds are brokeffokonami, and Morimot¢WTM)’ pathways, based dR3m
and the space-group symmetries of the two solid phases araombohedral and® mmnorthorhombic intermediate states,
unrelated- In such cases, quantum-mechanical calculationsespectively, and they were suggested on the basis of x-ray
of least free energy pathways in the appropriate configuradiffraction results on the relative crystallographic orientation
tional space can be a powerful tool to address the problenaf the low-([B1) and high-B2) pressure phases. Theoretical
For pressure-dependent phase transitiong=a K, the rel-  calculations were performed on the first Bramd on botl?.
evant free energy function is enthalpl=E+pV, to be ob-  The third mechanism was recently proposed by Stokes and
tained from the quantum-mechanical ground-state total enHatctf on group-theoretical grounds, and relies upon a
ergy E. Lattice periodicity is assumed to be preserved during®2:/m monoclinic intermediate state. This pathway was
the transition, and activation enthalpy barriers can be comshown to be related to an unstable phonon ofRBen struc-
puted and compared for different mechanisms, in order tdure at theF point in the first Brillouin zoné.
detect the one most favored energetically. The first aim of this work was to compute accurate en-

Although, in principle, a brute force method could be em-thalpy profiles vs the transformation coordinates at the tran-
ployed in the most general reaction coordinate space, nesition pressure, for each of the three main pathwaR8m
glecting any symmetry information, in practice a particular Buergey, Pmmn(Watanabeet al) and P2, /m [Stokes and
subspace is usually chosen, characterized by a symmetiyatch (SH)], in the cases of NaCl and CaO, in order to
which is a common subgroup of both space groups of the engefinitely assess the corresponding activation enthalpy val-
phases. This choice can be made by guesses, as in the cages and then find the most favored mechanism. The second
of theB3 toB1 (SiC and Zn$(Ref. 2 andB4 toB1 (GaN  aim was to analyze the new monoclinic mechanism in detail,
(Ref. 3 transitions, or by a full group-theoretical analysis so as to enlighten the chemical bonding evolution underlying
(cf. the B1/B2 transition of NaCL" In any case, the trans- jt. Unexpectedly, clear evidences of an intermediate meta-
formation pathway can be of two kinds. In type I, the processstable phase were obtained for the latter pathway, which also
is driven by a pure lattice distortion, which can be taken ashowed the lowest enthalpy barrier. Here the first most inter-
order parameter, so that all atoms occupy the same sites bgsting results, concerning CaO, are reported.
fore and after the transition; the site symmetries, however, |n Table I, each transition path is characterized vertically
are expected to change. The fractional atomic coordinates ipy a set of three transformation matrices: the first two ex-
the low-symmetry reference frame are the same for both engress the unit-cell vectors of tH81 andB2 structures as
phases, but they may change in the intermediate states. |jhear combinations of those of the intermediate state, and
type Il, on the other hand, a net atomic motion within thethe third one relates directly thB2 to theB1 lattice; the
unit cell occurs along the transformation, in addition to thecoefficients are given as columns of the matrices. Then the
lattice distortion, so that the fractional coordinates of somestomic fractional coordinates of Ca and O referred to the unit
atoms are different in th_e two end phases. This is_ Fhe case ?:fell of the intermediate state are reported. In R8mM case,
both mechanisms considered for 8 toB1 transition” 4 coordinates are fixed by symmetry throughout the trans-

The phase transformation from the NaCl-typen{3m  formation; inP2,/m, x andz can be relaxed in the interme-
space groupZ=4 formula units per unit cellB1 phas¢to  diate states, but they take on the same fixed valgizen in
the denser CsCl-type structurBini3m, Z=1, B2 phasg¢is  parentheses in Tablg in theB1 andB2 end phases. There-

a typical reconstructive process, and occurs at high pressufere, according to the above classification both transforma-
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TABLE I. For each of the three pathways between @& B (deg)

(Fm3m) and B2 (Pm3m) structures of CaO, the transformation 55 60 65 70 75 8 8 90

matrices relating the unit cells of both end phases to that of the AL X U

intermediate statélS), and those of the end phases to each other, 02
are given vertically. The atomic fractional coordinates in the IS unit
cell are also includedy, anda;, are the cubic cell edges of tiil

andB2 phases, respectively. 015 |
R3m (Z=1) P2,/m (Z=2) PmMmn(Z=2) 3
I
R3m—Fm3m P2, /m—Fm3m Pmmn-Fm3m < 0
(-1 1 1 0 O 1 (1 0 0] L
1 -1 1 1 -1 0 01 -1 005 |
1 1 -1 1 1 -1 0 1 1] I
R3m— Pm3m P21/mHPm§m Pmmn-Pm3m |
100 i o fo 3
0 1 0
o 130 o -
- 0 0 1 01 0 FIG. 1. Enthalpy of the intermediate states of CaO vs the nor-
= = = = = — malized transformation coordinagge calculated along three differ-
lfm3m—>Pm3m Fmm—Pm3m Fm3m—Pm3m ent pathways of th81 (§=0) toB2 (¢£=1) phase transition at the
o 1 1 o 1 1 i 0 1 equilibrium pressure of 64.7 GPa. The monocligicangle (upper
1o 1 19 1 11 1 horizontal axi$ refers to theP2, /m curve only.
2 2 2 2 4 2 4
3 3 O 3 30 -3 3 3 local density approximation for simulating transition
pressure$ An all-electron basis set, based on (&) and 18
Ca:0,0,0 x; (2), 1, 2,(0) 1170350 (O) atomic orbitals, “was emplqyeq. The radial factors
0:1 11 %, (3. Lozl L2 gyi3g) are expressed as linear combinations of Gaussian-type
B1 phase 24l 4 22k2 4 dsn2ia functions of the electron-nucleus distance, according to
B P 1z - B 8(s)6511(p)3(d)G and 86)411(sp)1(d)G contractions
a=a a=aq \/; a=a for calcium and oxygen, respectively. Coefficients and expo-
a=60° b=c=a,/\2 b=c=a,/\2 nents of the Gaussian functions were taken from Ref. 12. The
B=54.74° =3 tolerance for neglect of integrals was set to 30 a
B2 phase Monkhorst grid of 88X 8 in the first Brillouin zone was
a=aq a=b=a;\2 a=b=a,2 used, and the SCF convergence threshold was set 1§ 10
a=90° c=a, c=a, hartree. For each structural configuration, the enthilpyas
B=90° z=1 minimized at constant pressure with respect to all structural
Order parameter parameters not fixed by space-group symmetry, using a
o B 7 conjugate-gradients routing(LoptCG, courtesy of C.

Zicovich-Wilson based on numerical gradients.

By parabolic fitting of eightH values computed in the
tion mechanisms belong to type I. On the other hand, for theange 0—80 GPa for each of tBd andB2 phases of CaO,
Pmmnmechanism the coordinate of one of the two atoms the following curve was obtained:AH(p)=Hg>(p)
is a free parameter in the intermediate states, varying be=Hg;(p) =0.94456-0.0163¢+2.768x 10 °p2, with p/
tween different end values that correspond toBlieandB2 GPa andH/eV. A predictedp, equilibrium pressure of 64.7
structures. In this case the mechanism is thus of type I[IGPa is given by the conditioaH(p)=0. This value com-
Accordingly, a unit-cell angled for thombohedraR3m and ~ Pares favorably with the experimental result of 60 GfFar
8 for monoclinicP2; /m) was chosen as transformation co- €ach of the three pathways presented above, the quantity
ordinate(order parametgrof the first two mechanisms and AH=H—Hpg,; was calculated at constant equilibrium pres-
the z(Ca) atomic fractional coordinate for tifemmnpath- ~ Sure (64.7 Gl?al as a function of the transformation coordi-
way (Table ). nate. We define a normalized general transformation coordi-

The total energy of each configuration was obtainedlby nateé, which, for instance, in th&®3m case is equal to(
initio calculations employing localized basis functions —ag;)/(ag,— @p;), and similarly for the other paths; then
(atomic orbitals, and a DFT-GGA-PBE Hamiltonian ¢(B1)=0 and&(B2)=1 in all cases. Thus we are able to
[cRYSTAL98 code(Ref. 10]. The generalized gradient ap- report the enthalpy profiles obtained for the three pathways
proximation, implemented in this case through the Perdewen the same scale asH (¢) in Fig. 1. As a first remark, the
Burke-Ernzerhof schemé, provides a nonlocal exchange- Buerger mechanism can be definitely ruled out with respect
correlation potential which usually works better than that ofto the other two, because of its much higher enthalpy barrier
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FIG. 2. Unit-cell edgedleft axis) and volume(right axig of
CaO along thd>2, /m path of theB1 to B2 transition vs the mono- FIG. 3. Symmetry-unconstrained atomic fractional coordinates
clinic B8 angle taken as transformation coordinatgat64.7 GPa. (triangles, left axiy and some Ca-O interatomic distandescles

and squares, right ajiof the P2, /m intermediate states plotted

of 0.215 eV compared to 0.143 eWTM) and 0.130 eV  against theB1 to B2 transformation coordinatémonoclinic 8
(SH). This result is important, as until recently the enthalpicangle.
preference between tHeR3m and Pmmn pathways for the
NaCl case was debatddf. e.g., Refs. 4 and)9As second the final 8 range. A similar behavior is shown by the unit-
point, theP2; /m mechanism appears to be slightly favoredcell edges, and also by theandz atomic fractional coordi-
over thePmmnone, with an activation enthalpy lower by nates of Ca and @QFig. 3). Such results can be explained by
0.013 eV. At sufficiently high temperature, the hierarchy ofan atomistic analysis of th®2,/m mechanism, also with
free energy barriers of the latter two pathways might be afreference to the Buerger pathwBRam.
fected by the entropic term with its phonon contributions, but  In Fig. 4 (left) the B1 structure of CaO in the monoclinic
this should certainly not concern tiR3m mechanism, in reference frame is shown, including the outline of the primi-
view of its much larger enthalpic term. In future work, cal- tive cubic cell (rhombohedron withe=60°). In the R3m
culations of enthalpy profiles for all three pathways will be B1/B2 mechanism, the rhombohedron is squeezed along its
extended also to pressures higher and lower fhan threefold axis with an increase of the six equal Ca-O bond

Indeed, the most striking feature appearing in Fig. 1 is thdengths, and a decrease of the two equal nonbonded Ca-O
unusual shape of th&H curve for the monoclinic pathway. distances, till all eight contacts have the same length. Thus,
In particular, a broad intermediate minimum appearg3at the coordination numbetCN) of Ca (and O evolves con-
=71° (with AH=0.093 eV), indicating the presence of a tinuously from 6 to 8 according to the462 scheme. In the
well-defined metastable phase along the transformation pati®2,/m mechanism, on the other hand, the rhombohedron is
whose structure is characterized ay4.327,b=3.428, c compressed along the long diagonal of one of its faces. The
=2.799 A, x(Ca)=0.2359,z(Ca)=0.8824,x(0)=0.7547,  symmetry lowering transforms thet® Ca-O distances into
z(0)=0.6228. The formation of the metastable phase can bé+2+2, if the atomic fractional coordinates do not relax
detected, too, by looking at the monoclinic lattice constantsrom their original values, but into 22+1+1+1+1,
plotted vs the order paramet@r (Fig. 2). A sharp jump at when relaxation occur&f. Fig. 3 for 3=64°). In particular,
aroundB=65° is shown particularly by the unit-cell volume, in the last case the long Ca-O7 and Ca-O8 contacts may take
corresponding to the onset of the enthalpy well in Fig. 1.different lengths, and this opens the way to structural states
Then a flat region follows, concluded by a smoother jump inwith CN=7 intermediate between @() and 8 B2). This

FIG. 4. (Color onling Crystal structure of the CaO monoclinic metastable state @tty 1.0° (middle), similar to the TII structure, along
the P2, /m pathway connecting thB1 (left) andB2 (right) phases. Oxygen atoms are numbered.
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is what indeed happens for all intermediate states ygith tion [001/20-1/01Q) with the constrain that cq@=c/2a,
between 66° and 80(Fig. 4, middlg, where the Ca-0O6 and and z=—x/2 for the monoclinic atomic coordinates. The
Ca-07 bonds range from 2.33 to 2.41 A and from 2.56 toP2:/m intermediate state of CaO closest to the TlI structure
2.32 A, respectively, thus attaining a more or less distorteccurs ag3=71°, corresponding to the minimum of the en-
sevenfold first coordination sphere for both Ca andr.  thalpy wellin Fig. 1. Therefore, the metastable phase of CaO
3). On the other hand, themmnmechanism behaves in this Ca7 Pe interpreted as a slightly distorted monaclinic version

' ' . . of the Tl structure-type. Indeed, it is interesting to remark
respect as the Buerger one, because its scheme of f|rst

. . . 1at AgCl was found experimentally to undergo at high pres-
neighbors chemical bonds ist2+2+2, so that two sym- g e 5 series of phase transitions from B structure to a

metrical bonds lengthen and two shorten in the continuous,-”_type orthorhombic phase, a KOH-type monoclinic phase,
passage from CN 6 to 8, with no possibility of attaining aand eventually to th&2 structure'* Also for NaBr and Nal,
sevenfold intermediate coordination. We conclude therefor@ high-pressure transformation from tBd. to the Tll-like
that the particular stability of this structure based on CNphase was recently reported from x-ray diffraction restilts.
=7 is the main reason favoring tl2, /m mechanism with  In the case of CaO, the TlI-like phase does not show a ther-
respect to the other two. modynamic stability range of its own: we computed the en-

A closer examination of the sevenfold coordinate interme-thalpy of TlI-like CmcmCaO vs pressure, and found that it
diate structure revealed its similarity to that of the stablemay be lower than either thB2 (p<50 GPa) orB1 (p
phases of alkali hydroxides, like KOH and RbQhiono- >80 GPa) phases, but it is never smaller than both of them
clinic P2,/m), and to the orthorhombi€mcmstructure of  at the same pressure. Thus, the distorted TlI-like phase ap-
the yellow form of TII® In particular, the latter onea(  pears only metastably along the transformation path of CaO
=4.57,b=12.92,c=5.24 A; Tl: 0, 0.11, 1/4; 1: 0, 0.37, 1J4 from B1 to B2. Further work is planned to investigate its
can be obtained from thB2,/m lattice by the transforma- role in theB1 to B2 transitions of other systems.
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