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ABSTRACT: The delicate balance between cooperative and APES from DFT /_\ Phase transitions
local contributions in the ferroelectric distortions of BaTiOj is
explored by means of ab initio calculations. As a salient feature,
it is found that a single Ti*" ion in BaTiO, is not allowed to
move off-center at ambient pressure, while this is no longer
true if the lattice is expanded by only ~5%, stressing the high
sensitivity of the local contribution to chemical and hydrostatic
pressures. In order to further understand the effect of local
contributions on the phase transition mechanism of ferro-
electrics, we have investigated the surprising C;, = C,, = O,
local transformations occurring in the 10—50 K temperature range for the MnCl,>~ complex formed in KCl:Mn* that mimic the
behavior of BaTiO;. From Boltzmann analysis of the vibronic levels derived from ab initio calculations and considering
decoherence introduced by random strains, the present calculations reproduce the experimental phase sequence and transition
temperatures. Furthermore, our calculations show that the off-center instability in KCI:Mn" would be suppressed by reducing by
only 1% the lattice parameter, a situation that then becomes comparable to that found for BaTiO; at ambient pressure. The
present results thus stress the deep link between the structural phase transitions of ferroelectric materials and local phase
transitions displayed by transition-metal impurities in insulators.
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1. INTRODUCTION understood and controversial, starting with the microscopic
origin of ferroelectric distortions. In that respect, while there is
a consensus that the occurrence of ferroelectricity in
oxoperovskites is a subtle phenomenon that depends on a
delicate competition between local forces and cooperative long-
range effects, there are, however, different points of view on the
role of both contributions.”"°

The first microscopic model of the ferroelectric distortion

Materials with ferroelectric properties have been intensively
researched for their many applications, such as transducers,
actuators, capacitors, and memories.' ¢ Among the most in-
depth-investigated ferroelectric materials, BaTiO; is of
particular interest primarily because of its simple perovskite
structure, containing TiO¢®~ complexes, and its typical three
first-order phase transitions of cubic (C phase, T > K) »
tetragonal E)T phase, 393 K > T > 27£§ Kf—» c;rthor}?ognibic) (o) was developed in 1950 by Slfa.ter.ll II_‘ his seminfﬂ work, Slater
phase, 278 K > T > 183 K) — rhombohedral (R phase, T < 183 assumed that the fe?rroelectrlc beha\.nor of BaTiO; should be
K). BaTiO; was the first ferroelectric oxide, and even 60 years caused. PY coop erz?tlve long-range dipolar f_orces that_}fn('i to
after its discovery, it is the most widely used ferroelectric destabilize the 1.11gh-symn.1etry conﬁguragon of Ti" ions
material* and the most important multilayer ceramic dielectric.> fayored by loﬁ(l)lzed elas)tlc forces opposing th‘? off-center
Moreover, intense experimental efforts targeted toward the dlspliiements. " In Slater’s mode.I, tlslf off-center displacement
synthesis of ferroelectric nanostructures based on BaTiO; can of Ti tons from the c§nter of Tl_06 octca'hedra due to long-
be expected to further expand its applicability” ™ including the range dipolar effects is the unique driving force for the

development of ultracapacitor power systems to replace appearance of ferroellelctricity, assuming the rest of the ions in
clectrochemical batteries.® the lattice are fixed.~ Later on, Cochran developed a more
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sophisticated model involving the dynamics of all lattice ions,
introducing the soft-mode concept and theory for displacive
phase transitions,'”"* considering that all Ti*" ions stay at the
center of the oxygen octahedron in the C phase but will
displace collectively along the (001), (011), and (111)
polarization directions for the T, O, and R phases, respectively.
This model was supported by experimental data concerning the
temperature-dependent properties of the soft mode' and was
later quantified by ab initio calculations,"* making Cochran’s
model very popular in the field. More recently and connected
to this subject, there has been strong interest'* in the minimum
(critical) thickness that allows a ferroelectric material thin film
to display spontaneous polarization. The strong influence of
long-range terms necessarily implies that this thickness must be
finite, imposing restrictions on the development of ferro-
electric-based electronics.'*"°

However, X-ray experiments performed by Comes et al.'’
and Chaves et al.'® showed that the presence of diffuse
scatterings in all except the R phase also suggests a spontaneous
symmetry breaking and short-range ordering of local structures,
which are inconsistent with the displacive model. Moreover,
this model contradicts many other experimental results, for
example, X-ray absorption fine structure,” electron para-
magnetic resonance (EPR),*® and nuclear magnetic reso-
nance”! data, which show that the local structural environment
remains approximately rhombohedrally distorted in all phases.
Also, ab initio calculations have clearly shown that short-range
Ti—O covalent hybridization is essential to the softening of the
ferroelectric mode producing the instability.”* This idea,
strongly connected with the pseudo-Jahn—Teller model
previously developed by Bersuker > for the ferroelectric
instability in the TiO4*~ complexes, proposes that the primary
driving force for the off-center (111} displacements of Ti** ions
is the vibronic coupling of the ground state with appropriate
excited states via a local vibrational mode of the TiOg™
complex, producing a reinforcement of the covalent bonding
between Ti** and three of the six O* anions.

It is worth noting now that a situation similar to that of
ferroelectric materials occurs in a number of impurity centers in
solids.” These centers present a spontaneous off-center motion
that breaks the symmetry of the crystal, creating an electric
dipole that can be oriented and stabilized in different directions
by the application of electric fields. In these model systems, only
a local component is present, namely, a change in the bonding
pattern that favors the displacements, in contrast to what is
believed to happen in ferroelectric materials.*®>*

At this point, a question arises: would it be possible that in
some ferroelectrics, under certain conditions, the local
components also favor ferroelectricity reducing, for example,
the critical thickness? Experimental techniques can help to give
a glimpse into the role of local and lon§-range contributions in
the phase transitions of ferroelectrics.””>° Nevertheless, it is still
not possible to quantify and separate accurately both effects
solely from experiments, answering the question above.
However, this aim can be realized through theoretical models
based on ab initio calculations. In particular, Vanderbilt et al.
obtained a remarkably good agreement between the theoretical
and experimental phase-transition temperatures for BaTiO;>"**
by decomposing the interactions in the crystal in short- and
long-range terms.

In order to explore in more detail the relationship between
ferroelectric distortions and off-center instabilities in impurities,
it should be noted that some of the latter change their average
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displacement orientation at critical temperatures, analogous to
the phase transitions in ferroelectrics. For this reason, some
authors christened this temperature-dependent orientation in
impurity centers as local phase transitions (LPTs)**** One of
the clearest examples of LPTs takes place in KCI doped with
the unusual Mn" ion (3d%4s' electron configuration), which
enters the KCI lattice replacing K* ions.*> Here, the
temperature dependence of the EPR spectra measured by
Badalyan et al. gives evidence of two LPTs showing some
similarity to the ferroelectric phase transitions that occur in
BaTiO;.* Indeed, in KCl:Mn*, three different EPR spectra
were measured in the temperature range 4—50 K, with reversible
transitions among them. Above ~40 K, the spectrum is
isotropic, corresponding with a cubic O;, symmetry and virtually
temperature-independent. Locally, this resembles the cubic
phase of BaTiO; above 403 K. In the temperature range 40—20
K, the EPR signal of the KCl:Mn" cubic center decreases to
zero, while a new signal corresponding to a slightly anisotropic
center with tetragonal C,, symmetry grows. This is analogous
to the observed BaTiOj; tetragonal phase between 278 and 403
K. Below 14 K, Badalyan et al. detected a third anisotropic
spectrum in KCl:Mn"* with trigonal C;, symmetry that looks
like the thombohedral phase of BaTiO below 183 K. The only
phase of BaTiO; that does not have a local analogue in
KCLl:Mn" is the orthorhombic one between 183 and 278 K.
Because of the similarities between LPTs in KCl:Mn* and
phase transitions in BaTiOs3, the study of KCl:Mn" can also give
insight into systems that are ferroelectric and magnetic
(multiferroics), where both effects originate on the same ion,
in contrast with typical materials of this kind like BiFeOs. It is
worth noting that the EPR technique is particularly appropriate
to study LPTs at low temperatures because an increase of the
temperature, T, usually favors the broadening of the signals. For
this reason, the LPTs of BaF,:Mn>****"* or CuCl,(H,0)*"
complexes in NH,CI**~* undoubtedly observed by EPR take
place at T < 50 K.

Bearing these facts in mind, this work is addressed to
quantify the role of local and cooperative contributions in
BaTiOj; and, in general, in ferroelectric distortions from a new
chemical perspective using ab initio calculations. For clearing
up this relevant matter, local and cooperative contributions in
BaTiO, are obtained by means of a practical approach based on
ab initio calculations performed on supercells of different sizes.
At the same time, the surprising C;, = C,, and C,, = O,
symmetry changes observed for MnClg*~ complexes formed in
KCl:Mn*,* driven only by the local contribution, are explored
in detail. To the authors’ knowledge, this is the first time that a
system with several LPTs has been studied theoretically by
means of ab initio calculations.

As a salient feature, it will be shown that the local component
is very sensitive to hydrostatic and chemical pressures, a fact
that makes it possible to conciliate the results on the BaTiO;
and MnClg*~ complexes in KCl:Mn*. Indeed, it will be seen
that a single Ti*" ion in BaTiO; moves off-center after only a 5%
lattice expansion, while the off-center instability in KCl:Mn" is
suppressed by reducing 1% the host lattice parameter.

This paper is arranged as follows. The employed calculation
methods are described in the next section, while the main
results obtained in the present work are discussed in the
following one. A summary of the main conclusions reached in
this work is reported in the last section.
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Figure 1. (a) Tetragonal C,, off-center distortion along a (100) direction in the MnCls>~ complex formed in KCl:Mn*. The distortion shown
corresponds exactly with the t;, normal vibrational mode in the z direction. The normal coordinate of the mode is Q, = {1/[1 + Z(Alig)z]l/ }(ARg, -
Mn, — A [CL? + C1¢"]), where Mn,, CI%, and CI&" are the unit vectors of displacement in the z direction for Mn, CI*?, and CI*" ions, respectively.
(b) The same for the orthorhombic C,, off-center distortion along a (110) direction. (c) The same for the trigonal C, off-center distortion along a
(111) direction. (d) Calculated stabilization energies of the MnCl*~ complex in KCl:Mn* upon off-center displacements of Mn* ions in the (100),
(110), and (111) directions. Although the energy is plotted versus Mn displacements, the concomitant Cl displacements are also included in the

calculations.

2. COMPUTATIONAL METHODOLOGY

The off-center motion of Mn" ions in KCl:Mn" has been studied in the
realm of the density functional theory (DFT) through periodic
calculations performed by means of the PWSCF code.*' We chose the
local density approximation (LDA)* to treat the exchange-correlation
energy because it has been shown that this type of functional provides
an accurate description of the energy barriers in ferroelectric
materials.*>*"*? Periodic calculations have been performed by means
of a 3 X 3 X 3 supercell (216 atoms) in which a K* ion of the KCI
lattice is replaced by a Mn" ion. The k-point grid is reduced to just the
I" point. The occupation of the one-electron states has been calculated
at an electronic temperature of k3T = 0.01 eV. In all calculations, the
ion cores are replaced by norm-conserving pseudopotentials from the
Fritz—Haber Institute library.*’ The kinetic energy cutoff is taken at 50
hartree. Only the positions of the Mn" ion and its first two shells of
neighbors along the (100) direction (involving six Cl™ ions in the first
shell and six K* ions in the second shell) have been optimized in the
present calculations. The positions of the rest of ions are kept frozen at
their experimental values.***

For the study of BaTiO; we have performed again periodic
calculations in the DFT framework using the LDA functional. As a
salient feature, we have employed two different supercells, namely, a 1
% 1 X 1 supercell (five atoms) and a 3 X 3 X 3 supercell (125 atoms).
The k-point grid size was 3 X 3 X 3 for the former, whereas for the
latter, it was just reduced to the I" point. The rest of the calculation
parameters were the same as those in the KCl:Mn* study.

In order to have information for finite temperatures and simulate
the LPTs observed in KCl:Mn*, it is necessary to calculate the free
energy, requiring knowledge of the vibrational levels associated with
the energy surface of the electronic ground state and their change in
occupation with temperature. For obtaining the vibrational wave
functions, y(Q), and their corresponding energies from eq 1, we have
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used the Viblev code,®” where each y(Q) is expanded in a large number
of Gaussian functions in each dimension (35° gaussians in total),
whose exponents are optimized. See the Supporting Information for
more details on these calculations.

3. RESULTS AND DISCUSSION

3.1. Geometry Optimizations and Off-Center Dis-
tortions in KCl:Mn*. In the first step, we have imposed a
cubic O;, symmetry to the system, thus keeping the on-center
position of the Mn* ion. Under such a restriction, the distance
from Mn" to its six Cl~ ligands is found to be Ry = 3.15 A, a
value that is practically identical to that of the K*—CI~ distance
in pure KCL This shows that K* and Mn" ions have similar
ionic radii, ruling out once more size effects being responsible
for the off-center displacements of impurities in insulators.”®*”>®

In the second step, we have calculated the off-center
displacement of the Mn" ion, AR, and the stabilization energy
with respect to the cubic symmetry, AE, considering three
possible lower symmetries, namely, tetragonal C,,, orthorhom-
bic C,,, and trigonal C;,, which correspond to motion along the
(100), (110), and (111) directions, respectively. The most
stable configuration is found in the trigonal C;, symmetry, with
AE, = —118 cm™" and AR, = 31 pm < R, (Figure 1). Both
the very low stabilization energy and the direction of the off-
center displacement are in accordance with the EPR results
from Badalyan et al.** For tetragonal and orthorhombic off-
center symmetries, we have obtained, respectively, AE, .., = —38
cm™" and AE_, = —80 cm™' for the stabilization energies and
AR, = 18 pm and AR,y = 25 pm for the off-center
displacements. It is worth noting that AR, ~ AR,/ \/ 2
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AR/ \/ 3 and AE., ~ AE.4/2 ~ AE,/3. These ratios
support the off-center motion being due to the vibronic
coupling of the ground state with certain excited states through
the t,, modes of the MnCl,>~ comple)(.26’37’45 Each of the three
t;, vibrational modes, which are degenerate under O,
symmetry, consist basically of an off-center displacement of
the Mn" jon along one of the three equivalent (100) directions,
accompanied by an approach of the closest Cl™ ion toward the
Mn" ion and a separation from the furthest Cl~ ion (ie., an
antistretching t;, mode; see Figure la—c).*® Thus, the
orthorhombic C,, and trigonal C;, distortions can simply be
seen as the sum of two (for C,,) or three (for C;,) independent
components of the C,, distortion. In spite of the differences in
the electronic state, this result is in striking agreement with the
pseudo-Jahn—Teller model for the off-center Ti** displacement
in BaTiO; (see eq 4.100 in ref 24), where the addition of three
independent orbital—orbital couplings produces the final
distortion along (111). As a salient feature, we have also
made calculations fixing all atomic positions except the Mn*
one, and under this constraint, no off-center displacement is
stabilized in any direction. These results thus emphasize that
the simultaneous motion of CI” ligands as described by the
lowest t;, mode is crucial for having an off-center displacement
of the Mn" impurity in KCL. In this respect, the fact that the off-
center motion of the Mn* ion alone is not favorable further
reinforces the idea that the off-center motion is not controlled
by the size of the metal ion inside the octahedral cage created
by the ligands. Moreover, in calculations performed using a
lattice parameter, g, reduced only by 1% with respect to the
experimental value, 4 = 315 pm, the off-center instability
disappears, stressing that, in general, pressure acts against the
occurrence of off-center phenomena.”* > This behavior has
been experimentally observed for SrF,:Cu®*.*

3.2. Chemical Bonding and Off-Center Instability in
KCl:Mn™. Once the structure of the complex is established, we
study the origin of the distortion. Like in the case of Fe'
impurities in SrCl,,*® we find that the distortion is sensitive to
the change of the electronic state in the manganese impurity.
This fact underlines that changes in the chemical bonding
accompanying the distortion, described by the so-called
pseudo-Jahn—Teller mechanism,***® play a key role for
understanding the off-center instability. In this sense, we have
verified that calculations for the Mn®' impurity (3d°
configuration) in KCl yield no off-center distortion at all, at
variance with what is found for the less common Mn* cation
(3d%4s’ electron configuration) in the same lattice. Because the
main difference in the electronic configuration between Mn**
and Mn" is the occupancy of the mainly 4s(Mn) orbital, we
expect this orbital to play a key role in the distortion. Our
calculations indicate that at the high-symmetry configuration
the electron spends 56% of the time on the 4s(Mn) orbital and
44% on the CI” ligands, and this proportion remains almost
constant upon moving to the other, lower-symmetry, minima.
The main change in the electron distribution is found to come
from hybridization of the 4s(Mn) orbital with 4p(Mn) when
the system is distorted through a pseudo-Jahn—Teller
mechanism.>* We have verified that, in the trigonal C;, phase,
the 4s(Mn) orbital hybridizes with the 4p,(Mn) ones (i = «, ,
z), with the contribution to the valence band wave function
from the Mn" ion being 0.958[4s(Mn)] + 0.014[4p,(Mn)] +
0.014[4p,(Mn)] + 0.014[4p,(Mn)]. The magnitude of hybrid-
ization with 4p levels (~1%) in the present case is consistent
with that found for SrCl,:Fe* (~4%), taking into account that
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the equilibrium distortion in KCl:Mn*, 0.31 A, is substantially
smaller than the huge (001) off-center motion in SrCl,:Fe* (1.3
A).?® Thus, this result underlines the importance of knowing
the associated changes in chemical bonding for understanding
the occurrence of an off-center instability. According to this, the
off-center instability of an impurity ion in an insulating lattice
can hardly be understood considering that ions are rigid and
the ion size is the only driving force. Indeed, for KCl:Mn", the
results shown in section 3.1 indicate that the impurity and host
cation have similar ionic radii (~1.30 A), and thus it is not easy
to explain the off-center instability of Mn" ions in KCl only on
the basis of the ion size. Furthermore, the present calculations
indicate that the smaller Mn** ion (ionic radius 0.80 A) does
not go off-center in KCl in good agreement with experimental
data.*”** This view is also supported by other relevant
experimental facts. So, among the d° impurities placed in
CaF,, only Ni*, which is the biggest one (ionic radius of 0.9
A*), moves drastically off-center, while the smaller Cu** and
Ag“ cations remain on-center.? Along this line, in a
GeyoPby,Te solid solution, extended X-ray absorption fine
structure data prove that the large Pb** ion moves significantly
off-center.*® Similarly, the tilting instability observed for some
KMTF, perovskites (M = 3d" ion) has been shown to be greatly
influenced by the pog)ulation of the t,, subshell rather than by
the size of the ions.®

3.3. Ab Initio Vibronic Model for the LPTs in KCl:Mn*.
Even though we know that the global energy minima of the
KCL:Mn" system are located in the eight equivalent (111) off-
center displacements, in order to properly understand the LPT's
observed by Badalyan et al.* it is fully necessary to study the
adiabatic potential energy surface (APES) and obtain the
nuclear wave functions and associated energy levels. To achieve
this goal, we have used an adiabatic model, decoupling the
nuclear wave functions from the electronic ones, in which the
calculated numerical APES for the electronic ground state was
fitted to the following energy expression, E(Q), depending only
on the normal coordinates Q; (i = x, y, z) of the t,, vibrational
mode of the MnCls*~ complex:

1
E(Q) ~ B + —K(Q+ Q7+ Q)
1
+Zagﬁwy+qﬁ

+H(Q,’Q,+Q,Q, + Q. (1)
In this expression, the total force constant, K has to be negative
if an off-center instability takes place. It should be recalled here
that for a complex like MnCls*~ the vibronic mixing of the
electronic ground state with excited states always provides a
negative contribution, termed K,, to the total force constant
K.>**° This contribution, directly reflecting the change of the
electronic density associated with the distortion, acts against
another one, termed K;, which is positive** and related only to
the electronic density at the undistorted position. This local
mechanism thus explains the existence of an off-center
instability in an impurity, where long-range effects are absent,
provided IK,| > Ky, a condition first stressed by Bersuker.”*
Model impurity systems where the vibronic mechanism has
been proven to be responsible for the structural instability are
discussed in refs 27, 28, 37, and 40. The present reasoning
explains, at least qualitatively, why for a given impurity placed
in different isomorphous lattices a structural instability is
favored by lattices with small force constants.*® Indeed, in such

dx.doi.org/10.1021/ic403032r | Inorg. Chem. 2014, 53, 6534—6543



Inorganic Chemistry

ayq (-22.6 cm™)

». (b)

Zon(pm)

Z,q(pm)

e, (18.6 cm™)

ty, (-9.4 cm)

7 . @
4‘; 0 - 2
| .
(O,b}?‘) -40 40 o N oﬂ“)m‘

a,, (25.6 cm™)

ty, (6.7 cm)

(c)

Zypm)

4; e o 10 o
”/D,"/ w0 a0 P “oﬂ“’m‘
a, (C,, strain)
(-22.6 cm™)

Figure 2. (a—e) Calculated energies (in cm™) and probability densities for the five lowest vibronic states corresponding to the APES of eq 1 along

the unstable off-center vibrational modes of KCl:Mn" when no strain is present. For t,,, t,,, and e

. degenerate states, only one of them is plotted. (f)

a, ground state when a strain described by S = 3 X 1072 ecm™/pm is applied along the [111] direction (see the text for details).

cases, it is easier that the vibronic admixture of the ground with
excited states, involving the vibronic K, contribution, can lead
to K < 0. This explains why Mn*** and Cu**® impurities in
NaCl do not move off-center like those in the KCI host
lattice®®>* or why the Ag** cation moves off-center only in the
softer SrCl, lattice but not in the CaF, and SrF, crystals.26
Similarly, the local symmetry around a Mn*" impurity in CaF,
and SrF, is cubic but only tetrahedral in BaF,>”> The
importance of low force constants for observing vibronic
instabilities is also well clarified in the study on CuCLX*~
complexes (X = H,0, NH;) in NH,CL*

In order to have information for finite temperatures and
simulate the LPTs observed in KCI:Mn", we have calculated the
nuclear densities of the vibrational states employing the method
described in the Computational Methodology section and the
Hamiltonian in eq 1. The calculated nuclear densities for the
lowest energy levels are shown in Figure 2. Of these wave
functions, the ground state (alg) and the fourth excited state
(a,,) have cubic symmetry, while the wave functions of the first
(t,), second (tzg), and third (eg) excited states display
tetragonal symmetry (see the Supporting Information for
more details on the origin of these levels).

A central question in this analysis is to know the mean Mn*
off-center displacements along the x, y, and z directions, termed
(Xom)s (Yoge), and (Zg), respectively. If the symmetry of the full
Hamiltonian is perfectly cubic, the condition (X ¢) = (Yog) =
(Z.g) = 0, of course, fulfilled by all y(Q) wave functions, just
reflecting that the system can be found in one of the eight C;,
minima with the same probability. Thus, if the symmetry is
strictly cubic, the coherent a,, wave function would give rise at T
= 0 K to an EPR spectrum displaying cubic rather than C;,
symmetry. A situation similar to this one is found in the
dynamic Jahn—Teller effect observed in a few systems such as
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MgO:CuZ“L.M’H_57 However, random strains, which are present
in every real crystal,3’7’55‘56’58’59 break the coherence in the y(Q)
wave functions and tend to localize solutions, thus favoring the
detection of a lower symmetry. Evidently, this localization will
be opposed by tunneling among the eight wells, the
phenomenon responsible for the energy splitting of the aj,
tiw tyy and a,, levels in Figure 2. According to these facts, we
have included in our model the influence of a random strain
field on the electronic ground state, adding to the APES of eq 1
a term with the form

Virn(Q) # S(rQ, +1,Q, +7.Q,) @)
Here, y; (i = %, y, z) means the cosine directors, while the S
parameter reflects the coupling between the electronic ground
state and strain field. As a salient feature, we have found that
very low values of S break the coherence in the a,, ground state
and favor the localization, as shown on Figure 2f. More
precisely, we have found that if Vy,,;,(Q) makes the well along
the (111) direction only 1 cm™" more stable than that along
(—=1=1—1) (corresponding to S = 3.5 X 10™*eV/Aand v, = 7,
=y,), then the average displacement of the Mn" ion, (AR), is
already equal to 26 pm and the local symmetry around Mn"* is
trigonal. However, this sensitivity is not the same for strains in
all directions, and we have verified that the a;, ground state is
more strongly influenced by trigonal strain fields than for those
that are tetragonal (¥, = 7, = 0; y, = 1). A different situation is,
however, found for excited t,, and t,, vibronic levels, which are
clearly more sensitive to a tetragonal than to a trigonal strain
field. For instance, under a tetragonal strain field with S = 3.5 X
107* eV/A, a value of (AR) = 17 pm is found for t,,, while this
figure becomes 45% smaller for a trigonal strain field. A similar
situation holds for t,, states. With regard to the a,, e, and
higher excited vibronic states, they have been found to be
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practically insensitive to the strain field because of the
dominance of tunneling and kinetic energy over the potential
creating the interwell barriers described by eq 1, yielding a local
symmetry that can be considered cubic ((AR) ~ 0 pm). This
situation is similar to that of hydrogen-bonded N,H,* ions,*
where the energy surface of the proton shows a double well but
experimentally the system is only observed for the transition-
state geometry displaying a higher potential energy.

Owing to these relevant facts, we have assumed that when
the system is placed in the a;, ground state, the random strain
field favors the observation of C,, symmetry. By contrast, if the
system is placed in t;, and t,, states, it would display C,,
symmetry because random strain will favor observation of the
system in this configuration, while the local symmetry would be
cubic for a,, and e, and also higher vibronic states. This
situation is thus similar to that found in BaF,:Mn**, where the
vibronic ground state displa;rs T, symmetry while all excited
states lead to O, symmetry.>” The population of excited states
upon increasing temperature allows one to understand the T
— 0, LPT at T ~ 45 K in BaF,:Mn*". Similarly, the break of
coherence in Jahn—Teller systems of Cu?* with 6-fold
coordination is ascribed to tetragonal random strains.>>°%8

Therefore, it is now crucial to explore whether the different
LPTs observed by EPR in KCL:Mn™® can reasonably be
accounted for on the same grounds. From the energies of the
vibronic levels (Figure 2), it is straightforward to calculate their
relative populations at a given temperature, and thus the
probability of observing the system in a particular symmetry, P,
Reducing our span of states to those shown in Figure 2, we can
write the probabilities for each symmetry as Pc, = P, , P, =
P, + P, and Py, = P, . It should be noted that there are no
states leading to C,, symmetry (which is observed in BaTiO;
but not in KCl:Mn") because the action of random strains over
different vibrational levels favors the observation of either
trigonal or tetragonal symmetries. Figure 3 shows the
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Figure 3. Calculated probabilities of each of the local phases in
KCl:Mn" as a function of the temperature.

dependence of the different P; upon T. We can see that
below 15 K our model predicts that C;, symmetry is the most
probable one, while C,, dominates in the range 15—50 K and
O, is the preferred one above 50 K. These results are thus in
remarkably good agreement with Badalyan et al. experiments,
where LPTs occurred at 14 and 40 K. Moreover, they support
that the local C;, - C,, and C,, — O, symmetry changes
observed for MnCl,°~ in KCI can be understood just
considering the ground and first vibrational states emerging
from the eight equivalent minima, together with the effects of
unavoidable random strains. These results thus underline the
relationship between LPTs for MnCl~ in KCl and the
ferroelectric phase transitions.
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3.4. Quantifying Local and Cooperative Contributions
to the Off-Center Distortions in BaTiO;. Let us now
analyze the Ti*" off-center displacements in BaTiO; combining
Slater’s model for ferroelectricity with DFT calculations. Within
Slater’s model, only the Ti*" ion is allowed to move from its
location, while the rest of the ions are fixed at their
corresponding positions in a perfect cubic perovskite
structure.'’ Although this model does not fully reflect the
complexity of phase transitions in BaTiO;, which involve all
ions in the lattice,”**3? it, however, allows us to separate the
local and cooperative contributions to the off-center displace-
ment’s stabilization in a straightforward manner.

To achieve this goal, we have calculated the energies along
the (100), (110), and (111) off-center displacements of the
Ti* ion in two steps. In the first step, we have performed a
DFT calculation using the simple unit cell with five atoms of
BaTiO; in its cubic phase. Because of the periodic boundary
conditions of the calculation, Ti*" ion displacements take place
in every cell of the crystal, and thus we observe both local and
cooperative contributions all together. In a second step, we
repeat the same calculations but use a 3 X 3 X 3 supercell (125
atoms) instead of a 1 X 1 X 1 one. In this case, we have 27 Ti*"
ions, but only one of them is allowed to move. In this way, we
isolate the local contributions to the off-center displacements in
the (100), (110), and (111) directions. Strictly speaking, there
is still a tiny long-range contribution from interaction of the
moving Ti* with its replicas three unit cells away. However,
because long-range contributions have mainly a dipole—dipole
nature,”*"** which decays with the distance between dipoles,
Rp, as Rp73 it can reasonably be expected that cooperative
effects in the 3 X 3 X 3 supercell are negligible compared with
those of the 1 X 1 X 1 supercell (about ~27 times smaller).

After the local contributions are obtained through this
practical procedure, the cooperative contributions are immedi-
ately obtained by subtracting the energies of step 1 from those
of step 2. We have first carried out this process at ambient
pressure using the experimental lattice parameter of BaTiOj; in
its cubic phase.®’ Further on, we have repeated the same kind
of analysis, slightly varying the lattice parameter.

Figure 4 shows the main results from the BaTiOj; study using
Slater’s model. Let us first consider the results obtained on a 1
X 1 X 1 supercell where all Ti*" ions are equivalent and move in
the same way. It can be seen in Figure 4a that, although Ti*"
ion off-center displacements are energetically favorable in all of
the studied directions, the most stable situation corresponds to
motion along the (111} direction. This situation is thus similar
to that found for MnClg>~ complexes in KCL It should be
recalled, however, that in the present calculations only Ti*" ions
are allowed to move,®* while for KCl:Mn* a simultaneous
movement of the CI™ ions was indispensable in order to have
an off-center displacement. Accordingly, the calculated
stabilization energies in BaTiO; (Figures 1 and 4) are found
to be § times higher than those observed for Mn" in KCl:Mn".

Nevertheless, the results gathered in Figure 4 point out that,
if in a 3 X 3 X 3 supercell we try to move only one Ti*" ion
along (111) at ambient pressure, the off-center motion in the
corresponding TiO4*~ complex is not energetically favorable.
Thus, a single Ti*" ion in BaTiO; is found not to move off-
center, contrary to what happens for a Mn" impurity in KCL.
This fact stresses that the cooperative motion of all Ti* ions
plays a key role for making the ferroelectric distortion at
ambient pressure possible, a conclusion that concurs with the
results by Junquera and Ghosez' showing that in thin films of
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Figure 4. (a) Stabilization energies of BaTiO; upon off-center displacements of Ti** ions in the C,, (100), C,, (110), and Cj, (111) directions
obtained in 1 X 1 X 1 supercell calculations (step 1 in the text) using the experimental lattice parameter of BaTiO;. (b) Decomposition of the total
Cs, (111) curve from part a in its local and long-range contributions at ambient pressure. Similar features were also found in the (100) and (110)
directions. (c) Stabilization energy of BaTiO; upon off-center displacements of Ti** ions in a Cy, (111) direction using the experimental lattice
parameter and also a unit cell isotropically expanded or compressed 5%. (d) Decomposition of the C;, (111) curves from part c in the local (upper
curves in the figure) and long-range (bottom curves in the figure) contributions. The labeling is the same as that of part c. The inset figure shows the
local contributions at small displacements for the 5% expanded lattice, revealing the existence of a minimum.

BaTiO; there is a critical thickness below which the
spontaneous polarization disappears. Nevertheless, this fact
does not mean that the existence of ferroelectricity in BaTiO;
can be understood considering only the long-range cooperative
interactions. Indeed, the long-range interactions are higher in
both CaTiO; and SrTiO; compounds displaying a smaller
lattice parameter than that in BaTiO;, and thus these materials
should also be ferroelectric if this phenomenon essentially
depends on the cooperative interactions. Therefore, the
absence of ferrolectricity in both CaTiO; and SrTiOj; highlights
the key role played by the local component for the appearance
of a spontaneous polarization. As discussed in section 3.5, the
local component is extremely sensitive to variations of the
lattice parameter, hindering off-center distortions when it is
reduced. This is the reason why there is an off-center motion
for KCl:Mn* * but not for NaCl:Mn*.*"

It could be argued that, if the off-center motion in a single
TiO4*~ complex is not favored, it can be due to either long- or
short-range interactions. In order to check this possibility, we
have calculated the electrostatic potential, Vy(r), exerted by the
rest of the lattice ions on the complex. The form of eVy(r) has
been calculated for different lattices, and in the case of the cubic
perovskite, that quantity is completely flat in the region r < 1.0
A for different crystallographic directions, as shown in Figure S.
Why Vi(r) is so flat for the normal perovskite structure but not
for the inverted one is a matter discussed in ref 63. Thus,
according to Figure 5, the long-range electrostatic contributions
due to the rest of the lattice ions on a TiO*~ complex do not
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Figure S. Potential energy, e[Vy(r) — Vz(0)], experienced by a +e
charge confined in an octahedral TiO*~ complex due to the
electrostatic potential, Vx(r), produced by the rest of the ions of the
undistorted BaTiO; perovskite lattice depicted along the [100], [110],
and [111] crystalline directions.

seem to be a major factor preventing a single Ti* ion to
displace off-center in BaTiO; As a consequence of these
results, the problem of the displacement of a single Ti* jon can
be seen as essentially local, where the local pseudo-Jahn—Teller
interaction®* favoring distortion is overcompensated by short-
range ion—ion repulsions. A quantitative analysis on this issue is
given in the next section.
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3.5. Link between the Local Contribution to the
Ferroelectric Distortions in BaTiO; and the Covalent
Driving Force of the Off-Center Instabilities in KCl:Mn*.
The present results show that at ambient pressure a single Ti*"
ion in BaTiO; is not allowed to move off-center. This fact is in
contrast with the spontaneous off-center motion for an isolated
Mn" impurity in KCl and underlines the importance of the
cooperative motion of all Ti*" ions in the ferroelectric
distortion taking place in BaTiOs.

Despite the present results at ambient pressure seeming thus
to lead to opposite conclusions for KCl:Mn* and BaTiO; (ie.,
in KCl:Mn*, local effects are responsible for the stabilization,
whereas in BaTiO,, they hinder it), the two systems are,
however, closer to each other than they appear. We can see this
by slightly and isotropically expanding and compressing the
BaTiO; lattice and looking at the evolution of the local and
cooperative contributions. Figure 4c shows that expanding the
BaTiO; lattice substantially enhances the off-center displace-
ments. On the contrary, we notice that a 5% compression
suppresses the effect completely, while in KCl:Mn®, the
suppression of the off-center instability is reached by reducing
only 1% of the host lattice parameter. This situation is thus fully
similar to that found for Cu** impurities in CaF,, SrF,, and
SrCl,, where an increase of hydrostatic or chemical pressures
acts against the off-center motion of the impurity.>*"*®

As a salient feature, Figure 4d also reveals that the local
effects in BaTiO; are much more sensitive to the change in the
lattice parameter than the cooperative ones and control the
appearance of ferroelectricity. In fact, on passing from 5%
expansion to 5% compression, local effects act progressively
against the distortion being enhanced by a factor of ~4. By
contrast, the cooperative effects favoring the distortion increase
only by a factor of ~1.3.°* Therefore, cooperative effects can be
considered, in a first approximation, constant upon hydrostatic
or chemical pressures like in the XTiO; (X = Ca**, Sr**, Ba*")
series. Thus, Figure 4d stresses that the variation of the local
component is the key ingredient behind the existence or
disappearance of the off-center instability in ferroelectrics due
to pressure changes. These changes directly control the elastic
constraints the environment (the rest of the lattice) creates
over distortion of a single complex. It is worth noting now that,
if we look in detail at the local component for the 5% expanded
BaTiO; lattice (see the inset in Figure 4d), we notice that a
small off-center displacement is already stable. So, our
calculations show that local interactions can trigger a
spontaneous polarization of the crystal by themselves upon a
small increase of the lattice parameter. Thus, while cooperative
interactions slowly decrease along the series XTiO; (X = Ca*',
Sr**, Ba’"), the local component of the distortion is very
sensitive to changes of the lattice parameter or the chemical
environment and is the determining factor to find instability.
This situation is completely analogous to what happens in
KCLl:Mn"* where the off-center distortion is destroyed either
under a small hydrostatic compression or through changes in
the host crystal by NaCl, which has a smaller lattice parameter
and is harder than KCL>' This fact highlights the importance of
properly understanding the microscopic nature of the local
effects involving subtle changes in chemical bonding®®*** as
stressed in, for example, the vibronic theory for ferroelec-
tricity.®® Therefore, this situation becomes rather similar to that
found for KCl:Mn" at ambient pressure, where local changes of
the electronic density induced by the distortion favor the off-
center displacement, making K < 0. Moreover, if the host lattice
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is compressed only by 1%, that mechanism is against distortion
in KCl:Mn* (K = K, + K, > 0) similarly to what is found for the
local component in BaTiO; at ambient pressure (Figure 4b).

Seeking to quantify the results embodied in Figure 4 for
BaTiO;, we can write the total force constant, K, derived from
the present calculations as follows:

K =K + K¢ 3)

Here, the first component, K;, corresponds to the local
contribution obtained in a 3 X 3 X 3 supercell calculation, while
K¢ depicts the cooperative component derived through a
comparison of the results obtained on 1 X 1 X 1 and3 X 3 X 3
supercells. Calculated values of K; and K¢ for BaTiO; at
ambient pressure and under a 5% expansion of the lattice
parameter are both given in Table 1. These results stress that

Table 1. Values (in eV/A?) of Local, K;, and Cooperative,
K, Contributions to the Total Force Constant, K, Derived
from the Present Calculations Performed at the Equilibrium
Lattice Parameter at Ambient Pressure of BaTiO; as Well as
under a 5% Expansion of the Lattice

ambient pressure 5% expansion

K, 115 —0.19
Ke —122 -9.86
K —0.7 —10.05

the total force constant calculated at ambient pressure, K =
—0.7 eV/A? obeys nearly to a cancellation of the negative
cooperative component, Ko = —12.2 eV/A% by the positive
local contribution, K; = 11.5 eV/A2 This situation is, however,
strongly modified when looking at the lattice under only a 5%
expansion, where the cooperative distortion is slightly reduced
to K¢ = —9.86 eV/A? but the instability is strongly favored (K =
—10.05 eV/A?). These results thus prove not only that the local
effects can induce distortion by themselves (K; = —0.19 eV/A?*)
but that they are the active factor deciding the presence of
distortion in the system when the lattice parameter is slightly
varied.

It is important to stress here that in the present practical
approach the local and cooperative contributions to the force
constant, K, are different than the so-called short- and long-
range (dipole—dipole) contributions calculated by Ghosez et
al.'¥%%%7 I fact, in the present work, the calculated magnitude
of both K, and K, contributions for the ferroelectric mode is on
the order of the typical force constant in an oxide, while in the
works by Ghosez et al.,'***% the value of the two considered
contributions is between 1 and 2 orders of magnitude larger.
Thus, the present practical approach shows that the cooperative
contribution is not so large as to fully determine the instability.
In fact, the strong sensitivity of local contributions to external
conditions clearly indicates that it controls the appearance of
local dipoles in impurity centers or how ferroelectricity is
favored along the series ATiO; (A = Ca®*, Sr**, Ba®").

Before we end this discussion it should be noticed that, when
considering the interaction between dipoles involved in the so-
called long-range effects in BaTiO;, the magnitude of the
effective Born charge of a Ti*" ion is also related to the
chemical bonding inside the TiOs*~ complex formed by the
cation and its nearest anions. This means that local effects
inside the TiO*~ unit enhance the value of that charge, thus
favoring ferroelectric distortion, although the off-center motion
of a single Ti*" ion in BaTiOj; is not energetically favorable. In
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this sense, our results indicate that cooperative interactions
favor distortion while local interactions are strongly dependent
on external factors like pressure and can be brought to favor the
instability or prevent it. What seems clear is that local
interactions, which can be directly compared to molecular
situations, themselves contain terms that oppose distortion and
others that strongly depend on the electronic configuration,
which facilitate it, as expressed by the pseudo-Jahn—Teller
theory (K = K, + K,). Usually these terms are very larxge (much
larger than the cooperative terms calculated here)®® and are
very sensitive to the chemical nature. This fact, in addition to
the similarity between impurity centers like KCl:Mn* and pure
materials such as BaTiO;, seems to indicate that local terms are
vital to understanding any off-center movement.

4. CONCLUSION

In summary, it has been shown that at ambient pressure a single
Ti* jon in BaTiO; is not allowed to move off-center, in
contrast to what is found for an isolated Mn" impurity in KCL.
However, this only means that cooperative interactions are a
necessary ingredient for the appearance of a spontaneous
polarization in BaTiOs, not the origin of the distortion. The
latter probably resides in the local component because our
calculations show that it is much more sensitive than the
cooperative component to pressure variations that control the
elastic constraints that the lattice exerts over the complex
distortions. Accordingly, such a component alone is found to
favor the off-center distortion for a ~5% lattice expansion, a
situation that is thus similar to that found for the impurity
system KCl:Mn® at ambient pressure, where the off-center
distortion is found to be suppressed only by a 1% reduction of
the host lattice parameter. Thus, local interactions are found to
be critically sensitive to perturbations either physical (pressure)
or chemical (ion substitutions in the lattice) and determine why
only BaTiOj is ferroelectric in the series XTiO; (X = Ca®, Sr**,
Ba’"), although cooperative interactions are similar for all of
these lattices. In this regard, we would like to note that the
“origin” of a phenomenon cannot be found simply by
determining a property (i.e, long-range interactions) that
favors its appearance but deciding the factor that significantly
changes from system to system and prevents observation of the
effect in other compounds.

It is worth noting now that, in cases where an instability takes
place in molecules either free or trapped in solids, such a
phenomenon has been shown to arise mainly from the vibronic
mixing of a few valence orbitals under distortion.**® For
example, the pyramidalization associated with the off-center
motion of the central atom in XH; molecules (X = B, N) is
fully dependent on the shape and occupation of the frontier
orbitals, as was recently shown with rigorous ab initio
calculations.*”

We note here that local contributions are found to be
dominant in the case of many other instabilities in cubic
perovskites, like the octahedra rotation taking place in KMnF;
and KFeF;,*""° and are certainly fundamental to understanding
the changes in the ferroelectric modes with magnetism.”"

Aside from explaining the surprising LPTs observed in
KCl:Mn*, the present work emphasizes the deep relationship
between the structural phase transitions in ferroelectric
materials and LPTs displayed by transition-metal impurities
in insulators and the need to understand how the change in the
local bonding patterns influences the energy surfaces in these
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systems. Further work on structural instabilities in pure and
doped solids is currently underway.
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