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Molecular impurity ions as centres
with charge transfer degrees of freedom.
Influence on ferroelectric phase transitions
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The concept of molecular impurity ions (MI) as centres with charge transfer degrees of freedom, in-
teracting (through the order parameter of the phase transition) with local vibrations and non-soft phonons,
as well as with light, has been developed. It has been shown that MI can significantly influence a ferro-
electric phase transition (FPT) due to a direct interaction of their specific charge transfer degrees of free-
dom with the ferroelectric order parameter. In this work, we predict a significant increase of the FPT
critical temperature when increasing the MI concentration. The MnO; molecular impurity ions embed-

ded in ferroelectric crystals (e.g. molybdates, tungstates, chromates, phosphates) are considered as possi-
ble candidates capable of inducing this effect.
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1. Introduction

The influence of defects on FPT is one of key topics (see, e.g., [1]) research into
modern ferroelectric materials. Its possible role in solving the problem of real ferro-
electrics is one of the major reasons for this interest. This is important from the point
of view of basic sciences as well as applications. In this context, MI doped into ferro-
electrics, for example MnQOj (as impurity ions) in ferroelectric phosphate, tungstate,
molybdate, and chromate crystals, are responsible for a principally new situation aris-
ing in the field of FPTs influenced by impurities. Indeed, MIs provide a new possibil-
ity for strengthening the influence of defects on FPT due to their specific properties.
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Here we deal with a pronounced covalent contribution to ionic-covalent type
bonding within MI with significant charge transfer effects. The latter leads to the ap-
pearance of new degrees of freedom, characteristic of MI, which directly interact with
the ferroelectric order parameter of the matrix. These are charge transfer degrees of
freedom connected with fluctuations of charge transfer magnitude relative to its equi-
librium value. It is important to note that these charge transfer degrees of freedom
{g:} take part in the bi-linear interaction with fluctuations of the soft matrix
TO-polarization. This leads to a new origin of the influence of impurities on FPT
phenomena. The purpose of the present work is a theoretical consideration of the in-
fluence of MI on FPT, taking into account the MI charge transfer degrees of freedom
mentioned above. It will be shown that the pronounced increase of FPT temperature
can be induced by MIs in this case.

In our first article [2] devoted to the development of the same idea we considered
another limiting case of the strong “charge transfer — local lattice vibration” interac-
tion within MI. Such a situation led to a specific resonance increasing the critical tem-
perature of the FPT. This approach takes into consideration the appearance of the
well-localized non-Coulomb charge transfer vibronic excitons (see [3,4] and
references therein) in the MI state spectrum. In the present article, we consider an
opposite limit, at which the charge transfer—local lattice vibration interaction within
MI mentioned above is weak, in agreement with the assumption of the model. This
approach seems to be reasonable and necessary for a complete coverage of the prob-
lem. Moreover, strong and weak charge transfer—local lattice vibration interaction
states can co-exist in real MI as low-lying and higher lying states. Therefore, in reality
we deal with both types of states, simultaneously affecting the MI-induced critical
temperature increase. The domination of either type of these states depends com-
pletely on quantitative values of the parameters. Here we shall consider a situation
where the charge transfer fluctuations are purely electronic ones.

MnQj impurity ions doped into the model ferroelectric crystals will be discussed as an
example of impurities with well-defined charge transfer degrees of freedom which can
directly interact with the soft lattice of the matrix. MnOj impurity ions can replace XOjy
complexes (X = P, Mo, W, Cr) in the host lattices and manifest a good covalent bonding
within molecular ions accompanied by significant equilibrium charge transfer (see [5-9]
and references therein).

The results of calculations performed on the basis of the Self Consistent Field X,
Scattered-Wave method [5, 6] suggest that this is the case for MnOj ions. In this context,
we will consider the MIM’Iz(XO4) 1(MnOy), crystal (where x is the relative concentration
of the MnO, MI). Here we consider the electron-lattice mechanism for the influence
of impurities on the ferroelectric phase transition. Note that it is principally different
from a pure vibration mechanism, which is much weaker on one hand, and usually leads
to a decrease in the critical temperature on the other hand. In our case, the electronic
gaps between active initial electronic states are of the order of 1-3 eV, and electron—
lattice interaction mixes of these initial electronic states with such gaps. Related lat-
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tice variables (soft polarisation P) are slow as compared with the above-mentioned
electronic degrees of freedom and take direct part in the phase transition phenomenon.
A corresponding scenario develops under adiabatic conditions, namely new terms in
the free energy, which are proportional here to P? are responsible for the impurity-
induced shift of the critical point for the ferroelectric matrix. A similar approach has
been successfully used earlier for considering the influence of Jahn—Teller impurities
on the ferroelectric phase transition [10, 11].

In spite of the soft critical behaviour of the order-disorder degrees of freedom in
the XOj ions-containing crystals, the structure of their order parameters is more
complicated than for pure contributions of the order-disorder type. This is the case
for improper ferroelectrics [12], in which a soft mode has an order-disorder origin
but the resulting polarization is of a displacive-type. Such a phenomenon can be
described by the well known pseudo-spin—lattice interaction model (Kobayashi
model, [12]). Namely, such a displacive-type polarization mentioned above takes
part in the formation of a linear vibronic interaction with the electronic degrees of
freedom of MnO; impurity ions in parallel with linear pseudo-spin mode—MnO;
electronic degrees of freedom interaction in the framework of our model. Neverthe-
less, here we take into account also the direct interaction of soft order-disorder type
mode with MnQOj ion electronic degrees of freedom. It will be shown that the latter
circumstance leads to the addition of a positive shift to the FPT critical temperature
T.. Such an effect, related to the order-disorder component of the order parameter
of FPT, will only induce an addition increase of T, with respect to the displacive-
type component effect.

The MnO; MI is a very effective optical probe. It is characterized by intense
ligand-to-metal charge-transfer absorption bands in the VIS range and well pro-
nounced d—d absorption bands in the red region of the spectrum [7-9, 13]. Also, the
multi-phonon resonance Raman spectra and the excitation profiles of Raman scatter-
ing of MnOj ions in ionic crystals have been studied thoroughly (see [14] and refer-
ences therein). Recently, intensive NIR-luminescence has been discovered for MnO,~
molecular ions embedded in cubic [15, 16] and non-cubic [13, 17] crystal lattices.

Such a set of characteristic properties leads to additional new aspects of the prob-
lem under investigation. First, it is related to the possibility of the optical excitation of
MI in the ferroelectric matrix. The electronic occupation of excited Ml-states can
significantly change the properties of MI charge transfer and local distortion of the
subsystems. As a result, the MI influence on FPT will be changed by the action of
optical pumping. Thus, photo-induced effects in FPT phenomena can be expected.
Second, investigations of FPT order parameter behaviour (for instance, its critical
temperature dependences) involving optical studies of electronic and vibronic spectra
of MI embedded in soft matrices seems fruitful. Let us now consider the effect of MI-
induced increase of FPT critical temperature predicted in the present work.
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2. Increase of critical temperature induced by the interaction
of soft polarization with molecular impurity ions

Let us evaluate the shift (A7) of the FPT point induced by the interaction between
MI charge transfer on the one hand and soft lattice polarization on the other. We shall
consider the case of a uniaxial ferroelectric crystal doped with Mls. Here we shall
treat the combined phase transition in the crystal as a combined displacive and order
-disorder type of behaviour. The displacive-type component is very significant in such
mixing [18]. Note that the static behaviour of improper ferroelectrics of the XOj ion
-containing type (with the same symmetry for order-disorder and displacive-type order
parameters) is identical to that of proper ferroelectrics (for instance displacive type
ferroelectrics). We shall consider in this section the case of a dominating displacive
-type order parameter (soft polarization) for the interaction with MnO; degrees of
freedom. In our approach we also use the mean field approximation, whose validity
stems from the long-wave (k = 0) order parameter. As a result, the MI-induced renor-
malization of the free energy coefficients for the Landau expansion of the free energy
can be considered.

Let us briefly discuss here the arguments for grounding the possibility of inserting
MnQ; into an XOj ion-containing matrix. First, it is known that MnOj; molecular
ions exist in the framework of ionic-covalent bonding, with an essential contribution
to the covalent part [5-9]. Even in the ionic approach, however, the ionic radii for
topical Mn’* and P**, Mo® or W® ions in the four-fold oxygen coordination do not
differ strongly from each other (0.47 A and 0.31 A, respectively). Such a difference
(0.16 A) is of the order of zero point vibration fluctuations on one hand, and on the
other can be compensated by the pronounce pliable behaviour of four oxygen ions in
the framework of a real ionic-covalent regime with important covalent contribution.
Second, in this context the successful experimental activity of Giidel et al. for the
growing different crystals with MnOyj impurities should be underlined (see [13, 17]
and corresponding references therein) as well as recent positive result of Hanuza and
co-workers [19] for growing the ferroelastic crystal K3Na(CrO4)2':(MnO4)2' with
MnOQOj; molecular impurity ions.

The topical assumptions regarding MI are the following:

¢ The main assumption relating to the active O- and Mn-ion charge transfer states of
MnOj; —MIl is the assumption of their good self-localization in the system of host matrix
states. Therefore we assume that we are dealing with local or quasi-local electronic states
of the MnQOj impurity ion, which is an experimental example under discussion.

e The second assumption relating to the active charge transfer states of MI is the
assumption of their coherent nature. These are four oxygen ion charge transfer states
considered to be coherent states.
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e The MnOj impurity ion displays significant covalent O-Mn bonding as men-
tioned above. Here, the O—Mn covalent bonding coefficient can be estimated as #m.o
= 0.44 and the corresponding equilibrium O-Mn charge transfer value can be high
enough (see references [5, 6]). This leads to a decrease of the oxygen ion local nega-
tive charge due to O—Mn charge transfer, and to the occurrence of equilibrium oxy-
gen hole states that are well defined within the MnO; MIL.

Taking into account these three statements, we deal with a fully-symmetric coher-
ent ground state for oxygen holes (the singlet A state). The excited state here is a trip-
let T-state (T, T, T ) for the four oxygen equilibrium holes in the cubic (7,) field of
the isolated MnO; molecular impurity ion. These A, T,, T,, and T, charge transfer
oxygen hole states differ from each other by their different charge distributions among
four oxygen ions in accordance with the state symmetry. Thus, the mixing of these
states due to an interaction of soft polarization and the order-disorder pseudo-spin
related order parameter with such a quartet of oxygen hole states mentioned above
corresponds to charge transfer effects.

e The fourth assumption is related to the possibility of using the A, T,, T, and T;
charge transfer oxygen hole states mentioned above in the framework of real situa-
tions for MnO; —MI embedded in an XOj ion-containing matrix. We shall assume
here for simplicity that the splitting of such a triplet of 7-states in an uniaxial crystal-
line field of the matrix is much smaller than the splitting (Acr) between T and A
charge transfer states in a cubic 7y field for isolated MnO; molecular impurity ions.
As a result, such a uniaxial crystalline field of the host lattice could be inessential
within our problem analysis with respect to the strong field of molecular origin. Note
that the Acr value can be of the order of 1 eV (Acr = 1 eV in our case). Such a value
for Acr is typical of oxygen-related energy splitting, for instance for the width of sub-
bands induced by electronic dispersion within the oxygen-related valence bands in
oxides. Therefore let us also assume that MnO;, impurity ions keep the point group
symmetry T, which is a good approximation for strong molecular bonding related to
the crystalline field effect.

Let us start from a phenomenological consideration of the problem. As regards
a pure XO; ion-containing matrix, soft lattice dynamics will be related to the new
pseudo-spin soft mode with Cochran-type critical dependence (with the 7 variable)
and the low frequency polarization mode (with the P, variable), but without critical
softening at definite temperature. Such a soft polarization mode subsystem couples
with interacting pseudo-spins of the matrix as in the case of KDP (the Kobayashi
model [12]). As a result, the free energy of the pure system without MI can be pre-
sented in the following form:

@, B

SF, =%a(T—T”” 1. + (B + AP + 1)+ (1)
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where T, @,, A, Bare the critical temperature for soft pseudo-spin mode condensa-
tion, the frequency for soft polarization (normalized with respect to the vibration mass
coefficient), the coefficient for polarization — pseudo-spin order parameters bi-linear
interaction, and the fourth order anharmonicity coefficient of the pseudo-spin order
parameter, respectively. Minimization of the free energy equation with respect to P, 7
allows one to obtain the FPT temperature (7¢) equation, which manifests the increase
in T¢ induced by bi-linear P7 interaction:
2
T =" + A @
ow,
The microscopic origin of the interaction between the MI charge transfer degrees
of freedom and the FPT order parameter (soft polarization P;) is the effect of A-T
state mixing by such an order parameter. The corresponding interaction Hamiltonian
can be presented in the following form:

2 — (i)
HCT-polarization - Vz O-xl Pz (3)

Here, 0" is a Pauli matrix, o'” :|T,- ><A| +|A><T,- |, V; is the vibronic parameter for

the interaction between charge transfer and soft polarization. Taking into account
the second order perturbation theory with respect to the Hamiltonian in (3), we obtain
the following, related to the harmonic contribution of P, (soft polarization along the
main axis) to the Landau expansion for free energy:

SF, =%<Pz - (p oy @)

where n is the concentration of MI (MnQj ions, for example). Equation (4) remains
in its old form after replacing @, by @; given by

2 , 2nV;?

w, =w, — 5

P P
Acr

After substituting Eq. (5) into Eq. (2), we finally get

A2
al@’ —2nV:(Ag) ']

T.=T" + (6)

As can be seen in Eq. (6), the increase of the FPT critical temperature (AT > 0)
induced by increasing concentration has a non-linear character and can be defined for
appropriately small concentrations by Eq. (7):
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2nV: ([ A?
AT, = — - (7)
ACTa)p om)p

After substituting into Eq. (7) reasonable values for MnOj impurity ion parameters in
order to estimate the effect under consideration (Actr = 1 eV, V,=10 D, a),f ~ 0.036,
A%/ aa)f, ~ 10 K and the concentration n =~ 3x10%° cm‘3), we obtain the critical tem-
perature shift of AT = 10 K. We conclude that the effect predicted in the present pa-
per is large enough to be detected experimentally.

The theoretical considerations presented above describe the effect of molecular
impurity ions on a ferroelectric (or ferroelastic) phase transition in crystals built from
tetrahedral XOyj ions. The pseudo-spin approach is proposed in order to predict the
temperature behaviour of these samples. In order to verify these effects, the syntheses
of two crystals have been undertaken: KH,PO, and K;Na(CrQy,),, both doped with
MnOQy ions. These two host systems differ substantially from each other. In the KDP
crystal, these effects are influenced by hydrogen bonding [20-23]. Other effects could
also appear in this crystal, i.e. a considerably different proton affinity of the MnO,

and PO; ions. This may lead to nano-regions of reorganized hydrogen bonds. The
molecular structure and dielectric properties of the KDP crystal may therefore be
changed [23, 24]. Relaxor-type behaviour could influence the phase transition pa-
rameters in such cases.

The other host matrix, of the K;Na(CrOy), type, differs from KDP-like crystals
due to smaller differences between the charges of the tetrahedral CrO; ion and

doped MnOj ion as well as due to a lack of hydrogen bonds. In spite of the different
compositions and structures of these two host systems, we expect that the effect of the
impurity ions on their phase transitions will be similar. Our preliminary temperature
dependent studies of the shape of the ESR signal in the chromate crystal show that the
phase transition temperature agrees well with predictions [19].
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