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First-principles study of the ferroelastic phase transition in CaCl,
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First-principles density-functional calculations within the local-density approximation and the pseudopoten-
tial approach are used to study and characterize the ferroelastic phase transition in calcium chlorigle (CacCl
In accord with experiment, the energy map of Cal@s the typical features of a pseudoproper ferroelastic with
an optical instability as ultimate origin of the phase transition. This unstable optic mode is close to a pure rigid
unit mode of the framework of chlorine atoms and has a negativedisen parameter. Theb initio ground
state agrees fairly well with the experimental low-temperature structure extrapolated at O K. The calculated
energy map around the ground state is interpreted as an extrapolated Landau free energy and is successfully
used to explain some of the observed thermal properties. Higher-order anharmonic couplings between the
strain and the unstable optic mode, proposed in previous literature as important terms to explain the soft-
phonon temperature behavior, are shown to be irrelevant for this purpose. The linearized augmented plane
wave method is shown to reproduce the plane-wave results in,@étin the precision of the calculations,
and is used to analyze the relative stability of different phases in Ga@l the chemically similar compound
SrCb.
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[. INTRODUCTION a rutile-type structure, it undergoes a tetragonal-
orthorhombic transition that is well characterized as
In recent yearsab initio methods based on density- pseudoproper ferroelastié The order parameter is one di-
functional theory have been shown to have predictive powemensional and the eigenvector of the unstable optic mode is
in the field of thermal structural phase transitions. In particufully determined by symmetry arguments. This allows an in-
lar, first-principles calculations within the local-density ap- vestigation of the origin of the structural instability by con-
proximation(LDA) have been able to reproduce ferroelectricsidering only a few degrees of freedom of the structure. In
and other instabilities in perovskite oxides such as BaTiO comparison with the case of the ferroelectric perovskites,
PbTiQ,, or SrTi0;.1~° Theseab initio calculations correctly —another simplifying feature is the fact that the unstable mode
predict a low-symmetry distorted ground state and the eigenis nonpolar, so it is not necessary to include long-range di-
vector of the associated distorting mode. Moreover,dhe polar interactions in any subsequent modeling of the relevant
initio exploration of the energy around this ground state fordegrees of freedom as a local-mode effective Hamiltonian.
the relevant degrees of freedom allows, in general, a param- In this paper, the existence of an orthorhomtstightly
etrization of the obtained energy map as an effective Hamildistorted rutile structupeground state of the system is ex-
tonian. Thermal effects investigated through Monte Carlo oplored, and the total energy is parametrized as a function of
molecular-dynamics simulations restricted to this effectivethe relevant degrees of freedom. Special emphasis is put on a
Hamiltonian show a fair agreement with experiment. comparison of the resulting energy map with a temperature-
However, the field of temperature-driven ferroelasticdependent Landau potential, and the resulting experimental
phase transitions, where some spontaneous strain compondxghavior. We also investigate the importance of other sec-
can be identified with the order parametproper ferroelas- ondary degrees of freedom.
tic) or is bilinearly coupled with itpseudoproper ferroelas- The paper is organized as follows. In Sec. Il we describe
tic), represents a particular challenge for first-principles calthe computational details of the first-principles calculations.
culations. Density-functional methods are known to haven Sec. lll we present the ground state of Ca@btained
accuracy problems when reproducing elastic propertiefrom our ab initio calculations and its comparison with ex-
while in ferroelastics the elastic energy plays a fundamentgberiment. Temperature effects are discussed in detail in Sec.
role in the structural instability. IV. In Sec. V we demonstrate the importance of secondary
We report here the results of ab initio study of the degrees of freedom in the determination of the ground state
ferroelastic instability in CaGl based on the density- of the system and present the results obtained from a direct
functional theory within the LDA. A brief preliminary ac- ab initio minimization of the orthorhombic structure of
count was presented in Ref. 6. To our knowledge, this is th€aCl. The effects of external stresses exerted on Ca€d
first study of this type in a ferroelastic temperature-drivenalso considered. Most of the calculations were performed
system, and can be considered a benchmark of the capabilityith a pseudopotential method but the results were cross
of theseab initio methods to reproduce ferroelastic structuralchecked against the highly accurate all-electron linearized
instabilities. The case of CaCls particularly simple: having augmented plane wavd APW) method. The latter was
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mainly used to study the relative energies between the ex- TABLE |. Computed structural parameters and bulk modulus for
perimental CaGl structure and the denser-packed fluorite-tetragonal CaGlcompared with the experimental values extrapo-
type structure in both Caghnd SrC}. In Sec. VI we discuss lated to 0 K(Ref. 2]). The x atomic coordinate of the Cl atom at
the competition between the three different structure$00 K is given in.Iattice units. We include both PW and LAPW
(fluorite-type, rutile-type, and orthorhombic Ca@ype). Fi-  results for comparison.

nally we draw some relevant conclusions in Sec. VII.

PW Experiment Differenc€%) LAPW

IIl. DETAILS OF THE AB INITIO CALCULATIONS a(A) 6.302 6.343 1 6.242
. o c(A) 4.117 4.142 1 4.068
Part of the calculations presented in this paper were pek(ci) 0.3028 0.3040 0.4 0.3032
formed using density-functional theory within the pseudopog  (Gpa) 39 41

tential approach with plane wave®W). For these the
exchange-correlation energy was evaluated within LDA
(Refs. 9,10 using the Perdt:—zw and Z_unger parametrizdtion lll. THE FERROELASTIC GROUND STATE OF CaCl ,
of the Ceperley and Aldé? interpolation formula for a ho-
mogeneous electron gas. First-principles norm-conserving CaCl undergoes a second-order ferroelastic phase transi-
pseudopotentials for Ca and Cl were generated using théon at 491 K from a high-temperature tetragonal rutile-type
scheme proposed by Troullier and Martiig’he Ca pseudo-  structure(space groufP4,/mnmZ=2) to an orthorhombic
potential was calculated with a nonlinear core correction inone (space groupPnnmZ=2). The phase transition is,
the 3d°2%s%5%p°15 non-spin-polarized valence configura- therefore, equitranslational, with an order parameteB f
tion, with cutoff radii (in bohn r.4=1.29, r.=2.66, and Symmetry(antisymmetric for operations 4 amd,). This is
r.,=3.09. The Cl pseudopotential was calculated in then fact the symmetry of the orthorhombic spontaneous strain
3520%3p*5%3d%-50 non-spin-polarized valence configuration €= (€1~ €,)/2. The tetragonal high-temperature structure has
with cutoff radii re=1.72, r,=1.48, andrq=2.21. A also a single optical mode &4 symmetry, which according
plane-wave basis set up to a kinetic-energy cutoff of 25 Ryto spectroscopic observations strongly softens as the tem-
and a 4x 4x 5 Monkhorst-Pack shiftedk-point sampling in ~ perature is lowered and causes the structural instability.
the Brillouin zone(BZ) were considered. Both the basis setThus, the case of Caglis a textbook example of a
and k-point sampling were successfully tested to give con{pseudoproper ferroelastic transition, where the actual order
verged total energies. A modified Broyden methodas parameteiQ is the amplitude of an optical mode, while the
used for the simultaneous relaxation of the ions and the unigpontaneous strain, being of the same symmetry, is bilinearly
cell while the symmetry was preserved. Relaxation of thecoupled to it.
free atomic coordinates was considered accomplished when We started theab initio analysis by searching for the te-
atomic forces were less than 0.05 mhartree/bohr, and thigagonal rutile-type structure of minimal energy, henceforth
unit-cell relaxation stopped when the stresses were small@alled the(ab initio) parent structure. The atomic positions,
than 1 MPa. constrained within the symmetiy4,/mnm (a single free-
The full-potential LAPW method as implemented in the atomic parametgr and the ratioc/a of the tetragonal unit
WIEN97 program® was used to obtain the results presented incell were relaxed for different unit-cell volumes. For each
Sec. VI. The “muffin-tin” radius was chosen to be 2.3 bohr volume the total energy of the relaxed structure was calcu-
for all atoms involved in the present calculations. The maxi-lated and the corresponding results were fitted using the
mum number of plane waves is determined by the parametdvlurnaghan equation of stateto obtain the volume of the
RiniKmax,» Which was 8 in our calculationsR(, is the radius  P4,/mnmstructure of minimal energy. The calculated par-
of the atomic sphere arid,,,, is the largest reciprocal wave ent structure is compared in Table | with the experimental
vector used in the LAPW basis $eThis led to about 1000 high-temperature structure extrapolated at & Khe agree-
plane waves to describe the valence and semicore states. Lment between PW and experiment is remarkable considering
cal orbitals were used to treat the Cs,3 and Cl 33 semi- that LDA is known to underestimate unit-cell volumes and
core states. The density of the core electrons was computdiermal effects influence the experimental high-temperature
in the crystal potential of each iteration in the self-consistenstructure. Also shown in the table are the structural param-
cycles(thawed corg Exchange and correlation was treatedeters obtained using the LAPW method. The deviation be-
within the LDA wusing the Perdew and Wang tween PW and LAPW, both using the LDA, is most likely
parametrizatiotf of the Ceperley and Alder data. For tetrag- caused by the different treatment of the Qa-8emicore
onal and orthorhombic structures we took ax5x8 states: indirectly through the use of nonlinear core correc-
Monkhorst-Pack shifte#t-point sampling in the BZ to give tions in PW, and properly in LAPW.
converged total energies, and axi?2x 12 sampling for cu- A sketch of the structure is shown in Fig. 1. Each calcium
bic structures. Self-consistency was reached when the totghtion is surrounded by a distorted octahedron of chlorine
energy of consecutive iterations changed by less than 0.0anions of mmm symmetry. Ideal octahedral coordination
mhartree. The forces were computed according to Kohlewould require c/la=2-2=0.5858 and x=(2—2)/2
et al!® and relaxation of the free atomic coordinates was=0.2929 as compared with values of 0.6533 and 0.3028 for
completed when the atomic forces were less than 0.®ur parent structure. This typical distortion of anion octahe-
mhartree/boht® dra in rutile-type structures has been explained as a simple
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FIG. 2. Total energyper unit cel) of CaCl, as a function of the

amplitudeQ of the B;; mode. The solid line represents the double-
well fit indicated in the text.
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FIG. 1. Sketch showing the parent structure of Ga&id the
eigenvector of the unstabi,; mode viewed down the axis. The
mode is close to a rotation around thexis of the CaGl octahedra
as rigid units.

case of CaGl the “soft” behavior of this mode is so ex-
treme that it is unstable at low temperatures. Our calcula-
tions, which, in principle, explore the configuration space at
0 K, agree with this experimental fact. The tendency of the
) L . ) ) . B,4 mode to be rather soft can be qualitatively explained by
mechanism for maximizing the anion-anion distance, whichg «qasi.rigid-unit” nature. Indeed, the mode is close to a
minimizes its repulsion energgmaximum volume peeér unit hure rigid unit rotation of the column@arallel to[001]) of
cell), while keeping fixed the cation-anion distancesn-  gisiorted chiorine octahedra forming the structure. Each such
deed, the unit-cell volume of the rutile structure would be.qumn shares corners with four neighboring chdsee Fig.
maximal under these constraints fofa=0.6325 andx 1), so it can be termed a “quasi-rigid-unit mod@RUM).zg
=0.30007 in fair agreement with the values calculatel  This can be casily checked using theusH package®*! In
initio here and those experimentally observed in Gaid  t4¢t the B,, mode does not correspond exactly to a pure
other rutile structures, including rather less ionic offes. rigid-unit rotation around the axis due to the different
The stability of thisab initio rutile parent structure with |engihs of the rotation radius of the chlorine atoms in the
respect to zone-center distortions was then investigated b@ac% octahedraAb initio studies of Karkiet al32 show an
computing the normal-mode frequencies atlthgoint. Al I gquivalent situation for the pressure-induced phase transition
modes have real frequencies except the modBgfsym- i stishovite.
metry, confirming the latter’s intrinsic instabilitgsee Table Volume effects on th®,, mode frequency were also cal-
II). The frgquencies of the. stable .mpdes agree fairly welpjated. The mode has a negative @isen parameter of
with experimental frequencies; deviations of 10% are to b&qnd— 15, which is in accord with experimental values in
considered normal if it is taken into account that we aregiher rutile-type compound&:3® The resulting decrease of
comparing 0-K calculations with experimental values in age mode frequency with pressure is also a typical feature of
structure stabilized at high temperatures. Big mode has Rym's and QRUM'’s, and is the reason why in other rutile-

rather low frequencies in many other rutile-type materialsyne compounds like rutile itself or stishovite tBg, insta-
and often exhibits a strong temperature variation, but in mosg”ty can be attained at high pressures.

systems is stable at all te_mperatu%?.zlgn some compounds Figure 2 shows the total energy as a function of the
it can be destabilized via pressiéfe®® Obviously, in the amplitudeQ of the modeB,,, while maintaining the rest of
the structural parameters at their parent-structure values.
TABLE Il. Calculated frequencieggiven in cni’l) of all zone- The eigenvector of this mode(see Fig. 1 has
center phonons of tetragonal Ca@ompared with the available the form 14/8(000;000;1D;110;110;110), where the
(Raman-activeexperimental frequenciggaken from Ref. 7. displacement vectors are listed in the order

[e(Cd),e(Cd"),e(Cl"),e(CI"),&(CI"),&(CIV)] (atomic la-

bels are indicated in Fig.)1The resulting double-well en-

Experiment Difference

ep Theory (600 K (%) ergy map with a minima of 0.44 mhartree can be well fitted
Arg 229.1 203.0 12 using a minimal expansioB = Ey+ 1/2«Q?%+ 1/4aQ*, with

Azg 92.7 a mode amplitude of 1.15 bohr at the_ well minima. The
Big 31.5 17.1 searc_h for the actual ground state requires, hqwever, an ex-
Bag 261.2 246.7 6 ploration of the energy of the system as a function of l@th

E 169.8 150.0 13 and the orthorhombic strain, with which it can be bilinearly
Azu 248.7 coupled. In general_, the energy mBpQ, €) around the par-

By, 71.0,257.5 ent tetragonal configuration can be expanded in the form

E, 76.6,231.6,271.0

E=Ey+ 3xkQ%+2aQ*+ 3Coe?+ yQe+y'Q%. (1)
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0.6 TABLE Ill. Parameters of the total energy expansi@&(%, )
05 given in Eqg.(1) and Eq.(2).
?-j) 04 B14-mode
E 03 K —1.33 mhartree/bofr 1.01 mhartree/bohr
af’ zj Asg-mode
0ol 8 70.42 mhartree/bohr
Couplings
v —16.6 mhartree/bohr ' 0.80 mhartree/bofr
a 50 mhartree/bohr b —194 mhartree/bohr
000 a' —1.07 mhartree/bofir b’ 32.1 mhartree/bofr
: ! ! ! ! c’ 16.8 mhartree/bofr
= 0.00 - - :
£ 001 b | Elastic
2 Co 0.68 hartree (18 GPa) C. 6.95 hartree (184 GPa)
Z-001f . Cs 3.15 hartree (83 GPa) C,;  2.15 hartree (57 GPa)
T -0.02 | -
S .02 |
of 0.85 bohr forQ at room temperatufécan be extrapolated
0035 0'5 1'0 1'5 2'0 to 1.33 bohr at 0 K. This value is in excellent agreement with
) ‘ ) | ' the ab initio value while, on the other hand, the orthorhom-
Q(bohr) bic ab initio strain is about 30% overestimated.

FIG. 3. Upper panel: Fit of the calculated total energy for dif-
ferent strained unit cells to obtain the bare elastic const IV. TEMPERATURE EFFECTS

Lower panel: Calculated;— o, stress as a function of the ampli-
tude Q of the B,y mode ate=0, and the corresponding fit tpQ The cal<_:u|ated ene“rgy maﬁ(?’e) can be used as t_he
+'Q% starting point for the “prediction” of thermal behavior, in-

cluding the phase transition. This can be done, for instance,
Here C, is the bare elastic constant of the orthorhombicthrough the construction of an effective Hamiltonian consis-

strain e and corresponds to &(;—C;,). We have included tent Wij[h the energetics describ_ed E{(Q,e), and its further
only harmonic terms for the elastic energy, but a higher-ordenalysis through Monte Carlo simulatiohAs a zeroth-order
coupling termQ3e is also included as it will be shown below approximation, however, we can already perform some sen-
to be significant. All coefficients in this energy expansion carSible comparisons with experimental results, if we note that
be determined fronab initio calculations and« from the ~ the energy mag(Q,€) can be taken as an approximation for
above-mentioned fit of the double well of Fig. 2 and the barelhe free energyfor givenQ ande, in the sense of a Landau
elastic constan€, from the parabolic fit of the total energy Potentia) at 0 K, and we make th@ather drasti assump-
calculated as a function of the strainat Q=0 [see Fig. tion that '_[he temperature gffects are restricted to thg thermal
3(@)]. The coupling coefficientsy and y' can be obtained rer_10_rmallzat|on up to positive values of the quadratico-
from the fit of the calculate@-conjugate stressE/de (o,  €fficient, so that it follows a Landau-type laww<(T—To). In
—0,) vsQ at e=0 [see Fig. 8)] to the expected behavior other \{vord_s, the coefﬂmer_wt_s in Tgble Il can be considered
yQ+ v’ Q. In Fig. Ab), deviations from the linear behavior &N estimation of t.he coefficients in the Landau free energy,
are clearly observed, so the higher nonlinear coupligis  €xcept forx. For instance, according to E€l), the actual
quite significant. Table 11l lists the values obtained for thesePPservable elastic constant correzspondmg ghould soften
various coefficients. The resulting energy ma¢Q,e), has  according to the lawC(T) =Co— y*/«(T), so that the phase
three stationary points: the saddle point@§=0, €,=0, tranzsmon takes'place whe@(T) becomes zero ak(T,) .
corresponds to the unstable tetragonal structure, and ttig?"/Co- According to the parameter values of Table ll, this
other two symmetry-equivalent stationary points locate thevould — correspond  to a  value  of «(Tc)
ground state of the structure at the twin related absolute” 0-41 mhartree/bofirthat, taking into account the effective
minima (Qp,,em) =+ (1.27 bohr,0.029). The depth of the Mass of the modenc, in our Q units) represents a mode
minima with respect to the tetragonal parent structure is 0.7€quencywg, =17 cmi Y, in good agreement with the ex-
mhartree. When compared with the relative minimum alongperimental valuéof 14 cm 2.

Q, it means that nearly 50% of the energy minimization cor- An expansion of the free energy including a higher-order
responds to strain relaxation. This should be compared witoupling termQ3e as that given in Eq(1) for E(Q, €), was

the experimentaB, 4 distortion extrapolated to 0 K. Accord- proposed to study the temperature behavior of the soft optic
ing to Ref. 21, the strail at room temperature is 0.014, and phonon observed by Raman spectroscopy experinfeints.
the experimental curve(T) can be extrapolated te(0) particular, this coupling term was included to explain the
=0.022. Assuming an analogous behavior @(T), as ex- large value of the slope ratioof w?(T) below and above the
pected in pseudoproper ferroelastics, the experimental valyghase transition, as compared to the value-& expected
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T.. The deviation of this extrapolated value from the actual
3000 0-K value is also normal in simplified models like tide*,

4 and is related to the displacive degree of the transition. Only
in the displacive limit would one expect both values to
agree’”* A deviation factor of 4 would correspond to a
quite normal and realistic intermediate regime where cou-
plings and ground-state energy scales are of the same order
of magnitude.

2000

®’(cm?)

1000

V. SECONDARY DEGREES OF FREEDOM

-1
e [Hem Until now, in our analysis of the energy we have only
200 400 Te 600 800 TK) considered the primary degrees of freedom that determine
the symmetry of the crystal below the transition, i.e., we
# have expanded the energy only in terms of the amplitQde

of the optic modeB,4 and the orthorhombic straia. How-
ever, we must also consider other secondary degrees of free-
_ _ dom that do not determine the change of symmetry but are

FIG. 4. Sketch of the experimental temp_erature behavior of th%ompatible with it and may be important in the study of the
thjeal’::koafntg?hgeb(?zsc((?i/rc(iéfi tahf( fg;tr;(éizt:r:n%zcsaelzez;hf ground state of CaGl In our particular case, these are easily

w . e . .

for Q=0, €=0 and at the absolute minima of the total-energy ma identified as thg amplitudg of the optic modeAlg and the
res ecti\;el 9y IO’tetragonal strain components, =(e;+ €,)/2 and e3. The

P 4 eigenvector of the mode A;; has the form

from the simplest Landau expansion. By using this extended/\/8(000;000;110;10;110;110) (in the same basis used
free-energy expansion, it was demonstrated that the slopgbove for theB,4 mode. Using these new variables, we can
ratio of w?(T) is no longer—2 (the mean-field valdgebut a  write down a new expansion fd&

function which depends on the free-energy expansion coef- L o1 4 5 ;3

ficients: r = (k—4a)/2(a—k), wherek=4yy'/C,.” Using E=Eo+2xkQ°+72Q"+32Coe"+ yQe+y' Q%€

this result, the calculated nonlinear coupling coefficight 1op2. 1 2 1~ 2

predicts a slope ratio ob%(T) of — 1.9, which is not only T20RTH2C, € +7Cae5 T Cuger st aRes
quite far from the observed of —6.5, but it corrects the +bRez+a'RQP+Db’ e, Q%+’ €3Q2. (2
classical value—2 in the opposite direction. Trying to ex-

plain such a slope ratio through this nonlinear term in the Our calculations show that allowed fourth-order terms
free energy would require a coefficiept one order of mag- such asR*, e et ,eg ,Q¢& are not significant and thus have
nitude larger than thab initio calculated value and of oppo- not been included in the previous expansion. We have also
site sign, which seems difficult to accept even consideringhecked that the contribution of other higher-order coupling
any reasonable thermal renormalization effect. Thereforelerms is several orders of magnitude smaller than those in
our results indicate that this nonclassical slope ratio muskq. (2). C,, C3, and C, 3 are bare elastic constants and
have a quite different origin. In this respect, it is quite inter-correspond to 2¢,,+C;,), Cs3, and 22,3, respectively.
esting to compare the values of at 0 K extrapolated from All the coefficients in the expansion given by E®) have

the experimental linear behavior of*(T), below T, (see  been determined fronab initio calculations.s comes di-
Fig. 4), with the theoretical expected value obtained from therectly from the phonon frequency given in Table Il. The bare
curvature alongQ at the absolute minima of thab initio  elastic constant€, and C; were obtained from the para-
energy map. The experimental value is 3.74 mhartreefbohbolic fit of the total energy folQ=0 vs e, and e; at Q
(2790 cm ?) and the theoretical one+ 3aQr2n+6y’eQO =0, respectively. The coefficients and b result from the
=3.73 mhartree/bofr(2780 cm ?), a surprising excellent calculation of theR-conjugate forceFg as a function ofe
agreement. This suggests that the strong slope change of thad €3, respectively, and the elastic const&hf, from the
linear-temperature behavior of the mode frequency has aealculation ofo, (o1+05,) Vs €3. The coupling coefficient
rather simple origin: th&-stiffness coefficienk approaches a’ is obtained from the parabolic fit of the forde; as a
linearly the ground-state value once the system is bdlpw  function of the amplitud& of the modeB,4. b’ andc’ are
This implies, in general, a correction to the usual Landawbtained by fittingos, and o3 vs the amplitudeQ to a pa-
description through a change of slope of the linear decreas@bola. Table Ill gives a full list of the values obtained for
of the quadratic order parameter coefficient arolipd This  these coefficients.

kind of behavior has been actually observed in Monte Carlo The resulting energy map can be analyzed in a way simi-
simulations of theb* model when described by means of anlar to that used in the case of E@). This is evident if we
effective Landau potentidf~24The curvature alon@ at the  notice that the energf in Eq. (2) can be rewritten in an
tetragonal maximum is- 990 cm 2, indicated in Fig. 4 with  equivalent form to that given in Eq1) but with the quartic

an asterisk. This is four times lower than the extrapolatedoefficient« renormalized to a smaller value’ given by
value from the experimental linear behavior@#(T) above  0.656 mhartree/bofirwhen one introduces the minimum
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conditions QE/JR)y=0, (JE/de,)o=0, and @E/de3), TABLE IV. Structural parameters and bulk modulus of the fully
=0 into Eq. (2). The most important contribution to the relaxed orthorhombic phase of CaGlompared with the experi-
renormalization ofe comes from thee, Q2 coupling term, menta_ll values extrapolated to 0 (Ref. 21). The x and_y ato_mic _
with almost 90% of the total value. The energy map hascoprdlnates for Cl atoms at room temperature are given in lattice
three stationary points: the trivial or@,=0,e,=0 with E units.
=0 which corresponds to a maximum, and the ground state
(Qm:€m)=*(1.54 bohr,0.033)  with R=-0.01 bohr,

Computed Experiment Differend@b)

€,=—0.010g3=—0.004, and the depth of the minindsE a(A) 6.429 6.446 1
= —0.98 mhartree. As expected, the minima are deeper be- b(A) 6.054 6.167 2
cause of a smaller value of the effective quartic coefficient. c(A) 4.088 4.137 1
Furthermore, the ground-state values@fand e have in- X(Cl) 0.347 0.325 7
creased, worsening the agreement obtained with experiment Y(Cl) 0.255 0.275 7
when secondary modes were neglected. In fact, the error in Bo (GPa) 31

the unit-cell volume due to the LDA overbinding might be
crucial when one considers this issue. The values,ofnd
€3 can be compared to the experimental Sreegrapolated to  mode, Q=1.55 bohr and theA;; mode, R=—0.06 bohr.
0 K (e, =—0.006 andez= —0.001). The energy difference between the orthorhombic and tetrag-
The deviation from the classical value of the ratio of theonal structures is-0.92 mhartree, to be compared with the
slopes of the soft-mode temperature behavior could in prindepth of the minimaAE=—0.98 mhartree, from Eq(2).
ciple be related to the secondary strain degrees of freedofrience, these results are consistent with the ground state that
analyzed here. As shown above, in general, these addition#e have found considering the energy expansion given by
variables renormalize the quartic coefficiemtto a lower  Ed. (2) with errors of the order of 10%.
value a’. When considering secondary spontaneous strains
clamped /at optical frequencies the slope ratio become_s VI. ENERGY-VOLUME CURVES AND RELATIVE
=—2_a/a . In the pr(_asent case, for the ca!culated strain- STABILITY OF DIFFERENT STRUCTURES
coupling strengths, this could mean a correction taf about
—3, still very far from the—6.5 observed. On the other ~ We have found it useful to look at the issue of the fer-
hand, these secondary modes or degrees of freedom also #felastic instability in CaGlfrom the point of view of the
fect the calculation done above for the curvature algngf ~ analysis of energy-volume curves, traditional in the field of
the ab initio energy map at the absolute minima and thefirst-principles calculations. Apart from the consideration of
correspondingab initio ground-state soft-mode frequency. the two phases involved in the transition, a question that
This becomes 5.34 mhartree/bdliB980 cm 1), a huge in-  comes to mind is whether there might be other structures that
crease of about 40% with respect to the value obtained digsould compete for stability with the experimentally observed
regarding secondary modésee Fig. 4. This is significantly =~ CaCl, structure. A good candidate is the cubic fluorite struc-
larger than the extrapolated experimental 0-K value. Thereture, with the anions placed in a tetrahedral environment and
fore, one can conclude that the comparison with experimeran eightfold coordination of the cations, which is the stable
worsens systematically when secondary strain deformationarrangement for the chemically similar compound $rCl
directly related to changes in the unit cell volume are in- The calculations in this section are carried out using the
cluded. the highly accurate all-electron LAPW method, which for the
The results obtained above can be compared with the oustructural properties of Caglields essentially the same re-
come of a direct search for the orthorhombic ground state o$ults as the PW code, as has been shown in Table. I, but is, in
CaCl. This comparison also leads to an estimation of theprinciple, more suitable to analyze small energy differences
error in the calculations. We minimized the total energy of anbetween structures. We have computed the energy-volume
orthorhombic unit cell with respect to the volume, allowing curves for CaGlin the rutile-type T), the CaCj}-type ortho-
for the relaxation of the ratiob/a andc/a and the atomic rhombic (©O), and the fluorite-type cubi@C) structures, and
positions, constrained within thBnnm space grouptwo  show them in Fig. 5. The asterisks und&rO, andT mark
free atomic parametersThe calculated structure is com- the equilibrium volumes per formula un{#68, 520, and
pared in Table IV with the experimental orthorhombic struc-535 boh?, respectively.*°
ture extrapolated to 0 K. The agreement is very good consid- To put the case of Caglin perspective, we have per-
ering the well-known LDA underestimatiofthe predicted formed a similar analysis for SrCIFigure 6 shows the total-
volume of the orthorhombic unit cell ¥,,=1075 boh?, to  energy curves for the same three structure-types as for
be compared with the value extrapolateddtK from experi- CaClL. The minimum of the total-energy curve for the
ment (1111 boh)]. Using the calculated structural param- fluorite-type cubic structure is located at 531 bigho be
eters listed in Tables | and IV we see that in the absoluteompared with the observed experimental value of
orthorhombic minima €=0.030, e, =—0.010 and e; 574 boh?. The difference can be attributed to the use of the
=—0.007, which agrees fairly well with the calculated LDA.
strains from Eq(2). From the calculated atomic positions of  The CaC}-type orthorhombic structure is very similar to
the chlorine atoms we also obtain the amplitude of Big  the rutile-type tetragonal structure. So, it was to be expected
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.l T catl2 / "] enough to transform Caginto the denser fluorite-type cubic
‘ , ! / structure. This small energy difference has led us to redo the
10 / J calculation with the generalized gradient approximation
(GGA) for exchange and correlatidh.In this case the
8 . fluorite-type structure is about 8 mhartree/f.u. higher than the
: '\_\0 tetragonal one, significantly increasing the critical pressure.

This finding is consistent with the work of Zupamn al*? on
the stishovite/alpha-quartz phase transition in ,Si®hich

E/molecule{mhartree)
o
T
1

N . A showed that the compressed phase is too stable within the
ol \\c , , i LDA, whereas the GGA corrects for this overbinding of the
. " LDA and thus agrees better with experiment. In that paper it
ok - - i was argued that it is a general feature of the LDA to favor

! 1 1 \19 1 ! \19

400 420 440 460 480 500 520
V/molecule (a.u.)

i . . more compact(isotropig structures, while the GGA en-
340 560 580 hances charge inhomogeneities and thus stabilizes the
higher-volume and lower-symmetry phase. The present case
FIG. 5. Total-energy curves for CaCas a function of the unit- is another example of this general behavior.
cell volume per formula unitf.u.) for the cubic fluorite-type C), In SrCl,, the ground state of the system corresponds to the
tetragonal rutile-typegT) and orthorhombic CaGitype (O) struc-  flyorite-type cubic structure, in accord with the experimental

tures. Asterisks mark the volumes per fu. at the_mir_1ima. The comppservation. The energy difference with respect to the ortho-

mon tangent of th® and C curves is shown to highlight the very o mpic structure(within the LDA) is 9.88 mhartree/f.u.,

small energy difference between their minima. much larger than in the case of CaCrhis can be under-
stood by considering the nonbonding forces between the cat-
(0.48 and 0.54 mhartree/f.u., respectiyely both cases the lons. The corresponding pote'ntial grows steeply at short dis-
&%nces due to strong repulsive forces. For this reason the

energies continuously merge as the volume increases, sin ) . " . .
the B,, optic mode becomes stable and the distortions OIiS[elatlve energies are sensitive to the first-neighbor Ca-Ca and
19 Sr-Sr distances. In Sr&the cations in the tetragonal struc-

appear. This is the signature of a group-subgroup symmetr X
breaking transition in an energy-volume diagram. SrCl ture are very close to each other and thus raise the total

in the rutile-type structure would have an unstalig energy. In CaGl, hovyever, the cgtions are not so close and
mode similar to CaGl including the negative Gneisen thus the corresponding energy difference between the struc-
parameter. tures is relatively small.

In CaCl, the three structures have very similar energies.
The fluorite-type cubic structure is more stable than the
rutile-type tetragonal structuighe energy difference is 0.38 VIl. CONCLUSIONS
mhartree/f.U. So, the cubic and tetragonal structures are _ _ . L
competitive and only the orthorhombic distortion reduces the . AP initio calculations within the LDA approximation
energy by an additional 0.1 mhartree/f.u. below the cubidvithout volume corrections are sufficient to reproduce the

one. As shown in Fig. 5, a very small pressure would pagnain features of the ferroelastic instability in CaCOur
analysis of the energetics of the crystal confirm a

. T eon - ] pseudoproper ferroelastic mechanism with an unstable optic
P / mode as the microscopic origin of the experimental phase
N g g transition. The elastic instability arises due to the coupling
o between this sofB4 optic mode and the orthorhombic spon-
S taneous straire. The existence of QRUMSs in the rutile-type
q framework structure has been shown to play an essential role
as well. The calculated orthorhombic ground state agrees
fairly well with the experimental low-temperature structure.
N We have identified and calculated the anharmonic terms that
N C have relevance in the determination of the ground state. The
o secondary degrees of freedom have been also considered.
Our energy-map calculations rule out the relevance of higher
S 0 , anharmonic couplings proposed in previous literature to ex-
450 500 T 50 600 650 plain the ratio of the slopes of the squared frequencies. Al-
Vimolecule (a.u.) though the system modifies its ground state noticeably when
FIG. 6. Total-energy curves for SrChs a function of the unit-  Volume/strain corrections are considered, the LDA approxi-
cell volume per formula uni(f.u_) for the cubic f|u0rite_type (c), mation ha.S been SuffiCient fOI‘ Obtaining a realistiC piCture Of
tetragonal rutile-type ), and orthorhombic Cagtype (O) struc-  the microscopic mechanism of this temperature driven fer-
tures. Asterisks mark the volumes per f.u. at the minima. roelastic system.

that the energy difference is small both in Ca@hd in SrC}

=
T
T

E/molecule(mhartree)
w
T
1

x
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