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We discuss the current experimental and theoretical understanding of new polaronic-type excitons in
ferroelectric-oxides charge-transfer vibronic excitd@3 VE’s), which are pairs of strongly correlated elec-
tronic and hole polarons. It is shown thatarge-transferlattice distortioninteractions are the driving forces
for CTVE formation. Hartree-Fock-type calculations performed in the framework of the intermediate neglect
of differential overlap(INDO) method as well as photoluminescence, second-harmonic generation, and UV-
absorption high-temperature studies performed A®BO; ferroelectric oxides strongly support the CTVE
existence. Both single CTVE and a phase of strongly correlated CTVE's in their ferroelectric ground and
antiferroelectric excited states are analyzed.
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I. INTRODUCTION consistent lattice relaxatiofup to~3 eV in ABO; perovs-
kites as we demonstrate belpwan lead to the CTVE self-
Charge-transfer excitons interacting with the crystallinetrapping. This is why the CTVE’s could be treated also as
lattice have remained the subject of intensive theoreticaintrinsic deep centersin their metastable state. That is,
studies during the last quarter of a century. The pioneerin€TVE's can reveal the properties of low-mobilda CTVE
Agranovich-Reineker approath was based on a linear resonance cross relaxatfnintrinsic defects in oxygen-
exciton-phonon interaction which is induced by modulationoctahedrical perovskites and, probably, in general, in ferro-
of the Coulomb electron-hole attraction. Their basic assumpelectric oxides characterized by partly covalent chemical
tions are valid for many real systems but turn out to be nonponding and vibronic interaction.
adequate forABO; ferroelectric oxides and other strongly Note also that the CTVE state can be considered as a
polarizable partly covalent matrices with linear and signifi- bipolaron comprising spatially correlated electron and hole
cantnonlinear vibronic interaction and anharmonicitfhe  polarons. Their correlation is defined by thegative-Uef-
description of electronic excitations in these systems needgct.
another approach. The development of such an approach is Oxygen-octahedraABO; perovskite ferroelectrics and
the main purpose of the present paper, the main idea atlated oxides serve as good examples of advanced materials
which is the charge-transfer vibronic excit¢@TVE).>~’ with partly covalent chemical bonding, where, on the one
The CTVE in ABO; ferroelectric oxides with partly co-
valent chemical bonding consist of spatially well-correlated Conduction Band
pairs of electronic and hole polarof$®°The main driving \
force of the CTVE formation is an increase of the vibronic Uerve
interactions due to a charge transfer from the O ion onto the
B ion in ABO;, characterized by the correspondip@ndd
pseudodegenerate and degenerate states which become re:
cupied in the final, CTVE state. As the charge transfer ex-

ceeds some critical value, it inducadocal lattice instability Charge Transfer

(the appearance of the maximum of the potential as a func: Vibronic Exciton

tion of lattice distortion, Fig. 1L As a result, excited states

with a new equilibrium charge transfer and lattice relaxation X

v

(relative minima of the potentiplappear(Fig. 1) while the

initial ground state remains stable with respect to the charge

transfer-lattice effect. Note that an important opposite case of F|G, 1. The CTVE potential energy curve as a function of

charge-transferlattice distortion local instability in the  active-ion polar displacement with the charge-transfer—lattice inter-

ground state can arise due to quasilocal charge-transfesction; anharmonic terms up to high order are included. This is the

mode—quasilocal-vibration-mode repulsi§n. case ofcharge-transferlattice distortion instability in the anhar-
Strong vibronic energy reduction of CTVE’s due to self- monic, excited state.

Valence Band
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hand, charge-transfer effects are rather strong and, on thEhe first one is the orbital exponefientering the radial part
other hand, the vibronic interactions are also large. KgTaO of Slater-type atomic orbitals:

(KTO) and KNbG, (KNO) crystals are considered below as

illustrative examples of crystalline matrices revealing a new Ru(r) =)™ 21 2" texp(—¢r), (D)

type of polaronic exiton$CTVE’s) in ferroelectric and other where n is the principal quantum number of the valence

oxides. o shell. We used here a valence basis set including %p
We present below quantitative arguments for CTVE for'atomic orbitals(AO's) for K, 2s, 2p for O, 5s, 5p, 4d for
mation which are based on microscopic intermediate negleq{,b, and 6, 6p, 5d for the Ta atom. The di’ago;nal matrix

of differential overlap(INDO) calculations. Recently, this gjements of the interaction of an electron occupying e

method was used very successfully in numerous studies Qfzjlence AO on ator with its own core are taken as
point defects and polarons in oxides and ferroelectfic¥

Here we focus mainly on the charge-transfer effects in the

CTVE, the atomic effective charges, and the local lattice ~ Uh,= —Eneg(s) — ZA P(VOV)AYW—EPEJ(L)AKW , (2@
distortions. e

Special attention is paid to the idea of the existence of gyhereP(?)* are the diagonal elements of the density matrix,
new CTVE phaseof ABO; crystals.™ The CTVE phase is  gng Y., andK ,, are one-center Coulomb and exchange in-
expected to cpn3|st of the strongly cqrrel_ated CTVE’s OCCUteqrals, respectively. The parameEﬁ‘eg( ) is the uth AO
pying eachunit cell of a crystal. That is, in fact the CTVE  gnerqy The matrix elements of interaction of an electron on

phase corresponds to a new state of the crystal which ige ;ih AO belonging to atom with the core of another
characterized by a new equilibrium charge transfer as well ag;;m B are calculated as follows:

new lattice parameters.

The plan of this paper is as follows. In Sec. Il we discuss /B_ _ _
the peculiarities of the INDO method used in atomistic simu- Vi Ze{Ras + [(snvv) =~ LRng]exn aABRAB)}'(3)
lations. Section IIl is devoted to the treatment of the single
CTVE including its charge transfer, lattice distortion, elec-whereR,g is the distance between atorAsandB, Zj is the
tronic, and vibronic (Jahn-Teller effegt properties. The core charge of atonB, and a,g iS an adjustable parameter
CTVE parameters obtained confirm the existence of sucleharacterizing the finite-size effect of the atomic cBrand
type excitations and their uncommon properties. Section I\additionally the localization of theith AO. The quantity
presents quantitative arguments for the CTVE phase exiguu|vv) is the two-center Coulomb integral. The resonance
tence which are based on careful microscopic INDO calcuintegral parameteg,,, enters the off-diagonal Fock matrix
lations. In particular, we calculate the effective charges an@lements for the spin component «, B:
lattice distortions characterizing the CTVE phase. The ex-
periments which verificate the CTVE existence, including Fov=BuSu— P luulvy), (4)
the single CTVE as well as the CTVE phase, are discussed in )
Sec. V. These experiments are based on the optical propertidéiere theuth andvth AO's are centered at different atoms,
of the ABO; ferroelectric oxides: namely, photolumines- Sy, iS the overlap matrix between them, afd denotes
cence(PL), temperature dependence of fundamental light abIwo-electron integrals.

Sorption edge(FLA), and the second-harmonic generation In the last decade the INDO method has been Successfully
(SHG) efficiency. used for bulk solids and defects in many oxide$ and

semiconductor$’ This method has been earlier applied to
the study of phase transitions and frozen phonons in pure
KNO,? pure and Li-doped KTO? point defects in KNG}
and solid perovskite solutions KibBe;_,O; (KTN),'8 as

Ab initio methods are still cumbersome and time consumwell asF centers and hole polarons in KNH*
ing for the treatment of the electronic and atomic structure of A detailed analysis of the development of the INDO pa-
complex systems, especially those with partially covalenrametrization for pure KNO and KTO is given in Refs. 12
chemical bonding, likéABO5 perovskites. In order to be able and 13. The INDO method reproduced very well both avail-
to study relatively complicated cases of perovskite solid soable experimental data and resultsatif initio local-density-
lutions, defects, and excitons, there is a strong need to closgpproximation-type(LDA-type) calculations. In particular,
the gap between accurate but time-consumaly initio  this method reproduces the effect of a ferroelectric instability
method4’-26and widely used, simple but not so accurate  of KNO due to off-center displacement of Nb atoms from the
hoc parameter-dependent phenomenological approaches. ragular lattice sites, as well as the relative magnitudes of the
possible compromise is to use some semiempirical quantumelevant energy gains for tf&00], [110], and[111] Nb dis-
chemical method with transferable parameters valid for glacements. These are consistent with the sequence of the
wide class of systems. An example of such a method is thetability of the tetragonal, orthorhombic, and rhombohedral
modified INDO method®'® which is a semiempirical ver- ferroelectric KNbQ phases, respectively, as the crystal’s
sion of the Hartree-Fock method. temperature decreases. This is a very nontrivial achievement

The Fock matrix elements in the modified INDO since the typical energy gain due to the Nb off-center dis-
approximation®®contain several semiempirical parameters.placement is only of the order of several mRy per unit cell.

Il. COMPUTATION METHOD
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FIG. 2. The INDO-calculated triad atomic structure of the Ta ion is—0.4%, the second Ta ion is 0.11e, andfrom the
CTVE in KTO. The displacements of three active Ta-O-Ta ionsactive oxygen ion is 0.7 The effective Mulliken charges of
constituting the triad center are shown. Ta and O inperfectKTO (2.23 and —0.9%) clearly dem-
onstrate strong covalent Ta-O bonding.

o o ! The charge-transfer and corresponding lattice distortion
phanons at thd" point in the Brillouin zqne(BZ) .Of CUb'.C inside the C?’VE are rather large anz contr?)lled by the strong
and rhombohedral KNO, and the atomic coordinates in th(?/ibronic interaction. Note that vibronic instability appears

minimum energy configuration for the orthorhombic andatlready at essentially smaller magnitudes of the charge trans-

rhombohedral phases of KNO, are also in good agreeme . . . . .
with experiment, thus indicating that a highly successfulri‘!er a_nd Iattpe dlst(_)_rtlon. That is, the ground CTVE state lies
outside the instability region.

INDO parametrization has been achieved. The frozen .
phonon calculations fo;, and T,, modes of cubic KTO The energy level of the electronic polaron shared by the
0.8 eV below the bottom of

are also in good agreement with experiment. AppreciabldW0 Ta ions in KTO lies by~
covalency of the chemical bonding is seen from the calcuth® conduction band, whereas the energy level of the hole

lated (statig effective charges on atomEalculated using Polaron is localized on the oxygen ion byl eV above the
Lowdin population analysjs 0.62 for K, 2.23 for Ta, and 0P of the valence band. The hole-polaron wave function
—0.9% for O in KTO, which are far from those expected in consists mainly of the active Op2 atomic orbital directed
the widely used ionic model 1e, +5e, and—2e, respec- towards the first Ta iorithe CTVE'’s z axis); however, the
tively). These charges show slightly higher ionicity in KEaO electronic structure of the electronic polaron within CTVE is
as compared with the relevant effective charges calculatesthore complicated. Namely, there are three Tg)( states:

The calculated frequencies of the transverse-ofJi0)

for KNO: 0.54 for K, 2.02 for Nb, and—0.8% for O. the nondegenerate ground state and twofold-degenerate low-
lying excited statésee also the next section, Sec. IlI B, and
IIl. CALCULATIONS OF THE ATOMIC STRUCTURE Fig. _3). The ground state conasts_oﬁ,@_, atomic ort_)ltal_s of
_ the first Ta[with the molecular-orbital linear combination of
A. INDO calculations atomic orbitalyMO-LCAO) coefficient~0.344, of the sec-

The important CTVE feature is the charge-transfer effecond (coefficient 0.162 and contribution of all other Ta ions
which is self-consistent with the accompanied lattice distor{with coefficients strongly decreasing with the distance from
tion. The computations of the electronic and distorted latticghe triad. The double-degenerate low-lying excited state
structure for the CTVE in KTO were performed by means ofcontains mostly 8,, and &, atomic orbitals, respectively,
the INDO method using the periodic supercell model wherewith coefficients 0.231 for the first Ta and0.150 for the
the primitive KTO unit cell volume was extended by a factor second Ta. The self-consistent lattice distortion rapidly de-
of 3x3X3=27. As a result, the following structure was creases with distance from the triad;¥@-Ta,. The calcula-
obtained as shown in Fig. 2: the CTVE hagriad atomic  tions presented here confirm the first evidence of the triad
structure with a strong vibronic energy reduction structure of the CTVE in KTO suggested in Ref. 8. A similar
(~2.71 eV). This is connected with the hole polaron local-triad structure of the CTVE was calculated later for KRO.
ization on one oxygen ion which is displaced by 5.2% of the Of special importance is the CTVE magnetic structure.
lattice constant towards thérst) active Ta ion on which the The present INDO calculations show that the tripl8t=(1)
electronic polaron is mainly localized. In its turn, this first CTVE state is theground state, while the singlet§=0) is
active Ta ion has a 3.1% displacement towards the oxygethe excited state, with a small excitation energy of
ion. However, the second active Ta ion, on which the elec~0.07 eV(in KTO). The relaxation energy is slightly lower
tron polaron is also partly localized, reveals a 4.6@twards  for the singlet state {2.64 eV) than for the triplet state.
displacement, due to a repulsion from the active oxygen—inThe triad-core lattice displacements and charge transfer are
a contrast to the first Ta ion. The final charge distributionsimilar for the singlet and triplet states. Indeed, the itm
inside the triad Ta-O-Ta is the following: the first Ta ion hashas an effective charge of 1&8charge transfer-0.45%)
an effective charge of 1.84 while the second Ta ion has and is displaced towards the active O by 3.0%, whilg ias
2.12% and an active oxygen ion-0.24e. Thus, the corre- the effective charge of 2.83(and charge transfer 0.1Ce)
sponding equilibrium charge-transfer value towards the firswith a 4.35% outward displacement from the active O ion.
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This active O has effective charge0.27 (charge transfer is B
0.68) and reveals the 5.05% displacement towards the Ta Quy=0, Q2 y2==* 5 7
ion. m,w;

From the INDO calculations the general conclusion can
be drawn that the CTVE has a well-defined atomistic triad It should be noted that th@,z y2 minima of the two-well
structure, characterized by a deep in-gap energy position ¢fotential correspond t&,, and ¥y, electronic wave func-
local electronic states, accompanied by a strong selftions, whereas th&,, minima correspond to th& , and
consistent local lattice distortion. It is important that in KTO W — electronic functions mentioned above. The Jahn-Teller
the singlet CTVE state has a little bit smaller binding energyground state corresponds to one of these two types vibronic
than the triplet CTVE state. This is the low-lying nonmag- two-well states. The type of ground vibronic state is deter-
netic excited state which can be easily thermally populatednined here by the largest Jahn-Teller energy among these
even at room temperature. two vibronic configurations.

Let us discuss the situation whe@g, minima give rise to
the ground vibronic state whil®,2_,2 minima give rise to
the excited state. In the framework of the strong Jdi&e to

The Ta & states of the CTVE have a nondegeneratethe random field effegtCTVE self-trapping can lead to an
ground ¢y, state and low-lying degenerate excited statesoccupation of only one of the twQ,, minima in the ground
¥yz, ¥y,. According to our INDO calculations, the corre- state. This corresponds to an occupation¥ofy, ¥, or
spondingA splitting of thet,, state(Fig. 3), being induced W,,, W¥_ d states. As a result, the CTVE turns out to be
by a tetragonal,, field, is ~0.009 eV. This triplet state affected not only by strong tetragonal and polar fields, but
can be active in the Jahn-Teller effgdTE) and also in a also the Jahn-Telldrigonal field. This is in good agreement
pseudo-Jahn-Teller effect associated with the active lowwith an experimental magneto-optical sthbpf the center
symmetry lattice distortions different fro@,,andQ, which  responsible for theed luminescence in KTO discussed in
we used above as the basic CTVE lattice distortions. Sec. V. Therefore, based on our calculations, we predict that

Let us consider the JTE on ti@,,, Q2_,2 trigonal and  a single CTVE is not of higtC,, symmetry, but is charac-
tetragonal distortions. The corresponding linear vibronic in-terized by a definite equilibriur@,, distortion of the lower
teraction is defined by the following Hamiltonian: C,, symmetry. This is a consequence of the strong Jahn-

Teller effect on active CTVHI states.

B. Role of the Jahn-Teller effect

Hyibr. = A&y Qxyt Beya 2Q,2_y2, (5)
IV. NEW CRYSTALLINE PHASE OF CHARGE-TRANSFER

~ ~ ) VIBRONIC EXCITONS
where &,, and €,2_,2 are the electronic operators on the

basis of l;; ;.; statesQ,,, Q,2_,2 are local CTVE distor- A INDO calculations for the CTVE phase in the ferroelectric
tions of the same symmetry as above-mentioned electronic ground state

operators, and\,B are vibronic interac_tion parameter_s. Let us return now to the idea of tmewCTVE crystalline
It should be noted that EdS) describes the vibronic ef-  hhaqein ferroelectric perovskited* This phase is expected
fects only for the low-lying excited doublet statBig. 3. (g consist of the strongly correlated CTVE’s which are lo-
This expression can be rewritten in terms of Pauli matriceg.ateq ineachunit cell of the ABO, crystal. That is, in fact
oz ando, on the basis o, W wave functiongFig. 3. he CTVE phase corresponds to a new state of the crystal
As aresult, we gettl i, = Ac,Qyy+Bo,Qu2_y2. This leads,  which is characterized by a new equilibrium charge transfer
in the strong JTE approach, to an adiabatic potential of thes well as new lattice parameters.
following form: The first step in the theoretical study of the CTBase
was done in Ref. 4 using a semiphenomenological model.
m wzsz ; muw,Q2 'I_'hi_s model dealt with _point dipoles corresponding to equi-
AL AL At At librium displacements in the CTVE cell which givése or-
' 2 2 der parametefor the CTVE phase as well as with electronic
> 5 degrees of freedom of CTVE active ions assuming electronic
= ‘/(AQxy) T (BQea-y2)%, ©) state degeneracy or pseudodegeneracy. These two interacting
i ) ) degrees of freedom also interact with other lattice distortions
where thg twc_) f|rst_ terms are po_tentla| er!erg@sq;ﬁ,yz (polarization and deformationlt was shown there that an
and Qy, vibrations in the harmonic approximation, and the jnortant role in the CTVE phase formation belongs to a
last term is of vibronic origin. The minimization of this ex- gpecific vibronic interaction characterized by a direct cou-
pression with respect tQ,2_2 (i) and Q,y (i) distortions  pjing of charge transfer with lattice distortions, both in the
gives only two types of two-well potentials with minima, |inear and nonlinear approximations. According to these es-
respectively, at timates, the CTVE phase energy posifidies inside the gap
of a perfect crystal, but rather close to its valence band top.
However, a direct, nonmodel computation of CTVE phase

A
Qxe—y2=0, Qyy=x=——(i), properties is obviously needed which was performed here by
xy@xy means of the quantum-chemical INDO method and using the
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transfer is also considerabte0.7C (the equilibrium effec-
.\c he ‘\- <O .\- O .\o © \ T tive charge 1.3@) for the Nb ion, and 0.7 (with an equi-
Of TadO |0 | TadO |0 | TatQ|0: | TasO |0 librium effective charge-0.1%) for the O ion in the CTVE
OO 'OO 'OO ‘OO O ‘ chains. Oxygen ions in the intermediate chains reveal a
0.35% shift parallel to that of oxygen ions in the CTVE
\ ‘?g\ *Oo, \. Qo .\. *Oo, .\. . chains. Thus, the INDO calculations for KTO and KNO con-
Of TatO]0: | Tae(D|0| TaeO| 0| TadO |0 firm a high stability of the CTVE phase in ferroelectric ox-
S| @0 @0 @0 @0 @ p
O <O <O <O The electronic structure of the CTVE phase is in some
.\. <O .\. <O '\. <O '\. <O ‘\. respects similar to that of a single CTVE. Indeed, the posi-

tion of the electronic polaron level in KTO is 1 eV below the
. ™ O o conduction band, while in KNO it is 0.9 eV, both parameters
e KX corresponding to the CTVE phase. Simultaneously, the hole
_level in the CTVE phase of KTO lies by 1.2 eV above the
o o e m e oo oot s " alence band top, whie n CTVE phase of KNO it s lcated
' at 1.1 eV above the valence band top.

We estimate the width of the CTVE conduction band as
same 33X 3 extended large unit cell as before. Our INDO well as the width of the CTVE valence band to bel eV.
calculations demonstrate that the novel CTVE phase coul@he latter estimate is based on model calculatize®, e.g.,
really exist in the well-known incipient ferroelectric KTO. Ref. 28 of the electronic matrix elements between orbitals

(i) The triplet CTVE phase in the ground state was ob-of oxygen ions and ions of ABO; perovskites. Taking into
tained as a ferroelectric phase with parallel-oriented spins dficcount this estimate, as well as above-mentioned electron
small-polaron electron-hole pairs localized on O-Ta ions ancnd hole level positions within the CTVE phase found by
producing rather deep in-gap states. Indeed, the total energgeans of INDO calculations, we can make the following
gain per such a O-Ta pair was very considerable, 2.32 eV, fosuggestions about CTVE conduction and CTVE valence
the ferroelectric phase ground state. Such a large value of thgand edge positions. Namely, the noncontradictory positions
relaxation energy arises due to a strong vibronic interactionof these CTVE band edges could be very close to the corre-
It indicates the CTVE-phase level decrease in energy witlsponding band edges of normal, nonexcitonic states of a per-
respect to noncorrelated electron-hole pairs. Namely, thifect ABO;. That is why we can assume that the normal con-
large potential barrier must be overcome for the CTVE-phaseluction band and the CTVE conduction band slightly
decay.(ii) The equilibrium displacements of O-Ta ions in overlap, while the corresponding valence bands do not over-
each electron-hole pair are directed towards each other andp but have a rather small gap between the bottom of the
are rather large: 4.33% for the Ta ion and 5.62% for the QCTVE valence band and the top of the normal valence band
ion. The self-consistent charge transfer is also large(Fig. 5. Namely, theséquite reasonabjeassumptions allow
—0.77e, accompanied by the equilibrium effective charge ofus to explain the unusually strong temperature behavior of
1.46e for the Ta ion, whereas for the O ions they are @.77 the FAE in SBN and in KTO ferroelectric oxides as it will be
and —0.18e, respectively. Note that ferroelectrically ordered shown in Sec. V.
oxygen ions in the intermediate chains relatively to O-Ta It should be stressed that a strongly polarized ferroelectric
CTVE chains are much less shifté0.37%9 in the same phase exists in the ground CTVE state. Thus we can expect
direction as oxygen ions in the CTVE chaiffsig. 4). (i)  that the real CTVE phase is the multidomain state where
The CTVE-CTVE correlation energithe energy gain per domain walls can move due to successive CTVE reorienta-
the electronic-hole pair due to the CTVE-CTVE interacfion tions due to a resonance cross-relaxation process. Addition-
within the CTVE phase can be estimated to be 0.5 eV. ally, we have evaluated the CTVE-phase state constructed

Note that the similarity of the parameters of individual from thetriplet spin states of individual CTVE's. The latter
CTVE'’s and the CTVE phase can be understood on the basire based on the above-presented INDO calculations of the
of the large magnitude of the relaxation energy per CTVEsinglet-triplet splitting for an individual CTVE and on the
pair relative to the correlation energy for the CTVE-CTVE assumption that the CTVE-CTVE spin-spin interaction does
interaction within the CTVE phase. not change such a spin order. While this evaluation confirms

Another model example, characterized by slightly higherthat thetriplet spin state is a real ground state of an indi-
bonding covalency, is KNO. The parameters of the ferroelecvidual CTVE in KTO and, probably, in related systems, the
trically ordered CTVE phase were calculated here on theCTVE-CTVE spin-spin interaction effect can lead to many-
basis of the same INDO approach as for KTO. The totalvariant magnetic structures for the CTVE phase. For in-
energy gain per O-Nb pair is smaller, 1.99 eV. However, thisstance, if the polaronic electron-electron and hole-hole inter-
also corresponds to the case of a strong vibronic interactioractions can be significantly antiferromagnetic, the resulting
which is slightly decreased due to a small increase in thentiferromagnetic structure will dominate the CTVE-phase
chemical bond covalency. The equilibrium displacements ofjround state. The latter is really the case for the ferroelectric
O-Nb ions in each polaronic electron-hole pair are also di-oxides under consideration. Taking into account the anti-
rected towards each other and remain rather large: 4.15% fderromagnetic coupling between spins of two electronic
the Nb ion and 5.28% for the O ion. Self-consistent chargepolarons via intermediate oxygen ions, as well as be-
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calculation$ gives us only the contribution of the short-
range and of the middle-range interactions which contribute

to the CTVE-phase formation. However, in some cases this
T is not sufficient. Namely, the long-range forces are also im-

portant in ferroelectric-type ordered states, like the CTVE
phase in its ground state discussed above. The CTVE’s exist
hv, in the long-range polarization field,_,, which is theorder
NAVAVASS Z, parameter This polarization field directly interacts with
Ry, three types of point electric dipolésee Fig. 4, related in the
£ KTO case to the Ta iond}), with the Q ion in the same
VAVAVAne [100] chain along the polarization directiody) and with the
O, ion in the intermediat§100] chain without Ta ionsds).
4 V4 > v All these three dipoles have the same direct{atong the
Py—, field) and interact with this polarization via tHecal
v A field, Ei0C=(47-r/3)yi Pr—o, Wherew; is the local field factor
—<= Z 4 of theith type of active ion. As a result, the total relaxation
KT =l Ag energy per unit cell of the CTVE phase in its ferroelectric
///////// /////// ground state can be presented as
Etotal= Eshortrange™ (47/3)Py—o(dyy1+day,+2d37y3), @

FIG. 5. Thenormal band structure including the new CTVE-

hase bands. CB, VB, angl® are the normal-state conduction , -
Eand valence band. and c?)rresponding band gapsGB and whereegnorrange IS the short-range contributions to the re-

VBerye are conduction and valence bands of the CTVE IC)haselrclxatlon energy of the CTVE phase. Taking into account the

U(Q) is the adiabatic potential vs active lattice displacemarthe Vall:ﬁs zf thepkf:f[)r’] thﬁ\%bdz’ Ianld ?.3 parametet[s dobtg ined
VB 1ve Width; two new band gaps are also marked. Thermal exciON the basis ol the caiculations presented above, as

tation VB—VBcrye and following VBerye— CBerye optical ab- well as y,~5.28 (for the Ta ion, y,~3.78(for the Q ion),

N . g .
sorption transition are noted which are characterized by a drastiga™~ 0-22 (for the G, ion) vaIL!e§ of local field factors for
redshift of the wavelength. KTO, for example, we obtain that the second, long-range

contribution in Eq.(8) corresponds to the relaxation energy
tween spins of two hole polarons via intermediBti®ns for of 0.454 eV. Thus, the_ resulting relaxation energy per unit
oxygen-octahedrical perovskite-like systems, the antiferro¢€ll for the ferroelectric ground state of the CTVE phase
magnetic state could become a ground magnetic state for tH£COmMes as large as2.77 eV. The long-range contribution
CTVE pair. An extension of this conclusion leads to the idea© this total energy is rather pronouncee 16.4%). Very
that the CTVE phase also becomes antiferromagnetic. S|mllar results are obtained also for the CTVE phase in KNO

As was shown above, the magnetic properties of thdwith a ~14% difference from KTQ

CTVE phase can be related not only to spin-related degrees
of freedom. Namely, the electronic orbital moments of ¢the C. Antiferroelectric CTVE phase in the excited state

states ofB ions in the CTVE become important if the Jahn- N v the ab idered f lectri ‘
Teller effect on thesel states is not very strong, and the aturally, the above-considered ferroelectric structure o

vibronic reduction effect is small. In general, the competitionthe ground CTVE-phase state is not the only possible state

of spin and orbital moments is possible. This can lead tdO" the CTVE phase. There are many different excited

the incommensurate magnetic ordering, as well as to tW(S:TVE-phas? itates with digfgrerg_lg\?émﬁtr(eeel, g.gér:he
limiting cases of ferro- and antiferromagnetic ordering.StrUCtures of the corresponding -phase clustetne

Nevertheless, we consider here another approach with t th(_em IS theanuferrqelectchTVE phase. SUCh. a phage
strong Jahn-Teller effect od states ofB ions with a corre- consists of ferroelectric chains with antiferroelectric ordering

spondingly strong vibronic reduction. As a result, only Spm(Fig. 6). Let us calculate its parameters for the KTO crystal.

magnetic moments become important in the framework m:l’he re_Iaxat|on energy '_”C'L!des her_e only the short—rang(_a qnd
this problem. the middle-range contributions which were evaluated within

As follows from the last conclusion, photo- and thermo-©U" INDO approach. As a result, one geisio

induced antiferromagnetic resonance could serve as the ef &shortrange= —2.17 €V per pair, and the energy differ-
fective methods for a study of the CTVE phase. ence between antiferroelectric excited and ferroelectric

ground CTVE-phase states is 0.62 eV. According to our
_ _ o INDO calculations, the correlation CTVE-CTVE energy in
B. Long-range interaction contribution the antiferroelectric CTVE phasgttraction is a little bit
to CTVE-phase formation smaller than in the ferroelectric state and equals.35 eV
It should be noted that evaluation of the CTVE-phase refor KTO. The equilibrium charge transfer from thg @ the
laxation energy per O-Ta pair in the framework of finite large Ta, ion is large,—0.73:. As a result, the effective charges on
unit cells (like the 3x3X3 extension used in our INDO these ions become 0.22 and 1.5@, respectively.

104304-6



POLARONIC-TYPE EXCITONS IN FERROELECTHI. . . PHYSICAL REVIEW B 65 104304

O O O v hd L hd L hd L] hd L
. 2000 o — .5 ] FOW N b
TaO |0, T O | 0 2O 0| TaO|o o ——znrealed in air
O O‘»*O O.'> *O " <() O.’ ‘O ‘ '.': 1506 —f— i idized
o 5 O o N —=@=reduced in H atmosphers
Ta, O O EEU
0 T OO0 | T 00| T Q|0 Ta(|o0 =
=1
@ o o o @) o) @ ot H
@] O O O s
O o O O s
] i
. > O Oi'
¢ K €80 700 720 740  7E0 78O 800 820
FIG. 6. The structure of the charge-transfer vibronic exciton Wavelength [nm]

hase in its excited antiferroelectric state. . .
P FIG. 7. The spectrum of red luminescence of nominally pure

Last, the lattice distortion, self-consistent with the chargeKTO’ as grown and after three different types of thermal treatment.

transfer, takes place in the antiferroelectric CTVE phase. It i;iatural assumption could be that GL arises due to a radiative
also very significant and simildwithin corresponding ferro-  recombination of the CTVE trapped by an oxygen-related
electric chaingto an analogous lattice distortion in the ferro- defect(e.g., oxygen vacanfy However, identification of the
electric CTVE phase. Here the;@nd Ta ions have 5.48% actual defect involved in this case needs additional experi-
and 4.15% displacements units of the lattice constant mental confirmation. The situation with RL is also rather
respectively, which are directed towards each other. Last buincommon but in this case we have some reasons to assume
not least, the antiferroelectric CTVE phase in KTO is char-a manifestation of gure single CTVE. Let us discuss this
acterized by slightly more shallow electronic and hole levelscase in more detail.

of the CTVE-phase-correlated states in comparison with the |ndeed, as was suppos&dthe RL arises due to some
corresponding ferroelectric phase. Namely, the electronigntrinsic centers of nonimpurity nature which disappear un-
level is below the conduction band edge by 0.92 eV, whileder heat treatmen(Fig. 7). This supports the assumptr”ﬁn
the hole level is above the valence band gap edge by 1.13 eMiat RL in KTO is the CTVE recombinational luminescence
These energies of polaronic origin are very similar for ferro-because the CTVE is a metastable intrinsic quasicéutex
and antiferro-CTVE phases as well as for the single-CTVEo a bipolaron self-trapping in the strong field of the lattice
case. It should be underlined that tRtical transitions(with distortion. It should be stressed that the proposed mdel
quantum energy approximately equal to 0.62) @étween predicts the total angular momerts-2, J=1, andJ=0 for
antiphase boundaries of the domains in the CTVE-phasge triplet-spin state of the CTVE. This is true for a strong
ferroelectric ground state, on the one hand, and in the CTVEenough spin-orbit interaction mixing the CTVE triplet-spin
phase antiferroelectric excited state, on the other hand, cafiate(a sum of 1/2 spins of the electron and hole polajons
be rather effective. The latter is due to approximate coinciand a quasidegenerate orbital triplet comprising @astates.
dence of the lattice distortions for these initial and finalThe characteristic structure of the RL spectrum with three

states. narrow line$”*1*2could be easily explained in this model by
Let us discuss now experimental manifestations of thehe optical transitions from the above-mentiongd 2, J
single-CTVE and CTVE phases. =1, and J=0 states. Note that the contribution of the
(5d?)Ta®" electronic state near the oxygen vacancy to the
V. EXPERIMENTAL CTVE MANIFESTATIONS RL active state assumed in Refs. 27 and 31 is not principally

necessary for an explanation of RL experiments. But the JTE
analysis in the framework of the model proposed can explain
some additional RL peculiarities. For instance, our JTE
According to experiments, there awgo characteristic ex- model is useful for understanding the nature of the trigonal
citonic luminescence energies observed in KTO: the lumifield detected in the experiments on the RL recombination
nescence band at 1.8—1.9 €V?~*?*the so-calleded lumi-  center” This field could be induced by the JTE on the or-
nescence(RL), and another band with a larger quantumbital triplet's 5d state of the active Ta ion involved in the
energy® (around 2.6-2.7 e\ the so-calledyreenlumines- CTVE as considered above. Now let us discuss some RL
cence(GL). GL was also detected in SrTig3**®in Li-doped  peculiarities.
KTa0,;,%® and in KNbQ,.*" As it was suggested in Ref. 6 for (i) The observed rather long lifetime of the R3.4 ms,
the case of GL and in the Ref. 32 for the case of RL, bothwithin the temperature range df=15-60 K (Ref. 30 is
bands arise as a result of the CTVE radiative recombinatioralso in agreement with the CTVE radiative recombination
Since the GL signal in KTO crystal is strongly dependemt  mechanism and could be caused by a strong local lattice
the thermal treatmentreduction or oxidatioy) the corre- distortion around the above-considered atomic triad of the
sponding CTVE recombination center could be of morespatially correlated electronic and hole polardiig.Another
complicated structure than just a single CTVE. Indeed, theircumstance is connected with RL excitation spectrum pe-

A. Red luminescence as a result of radiative CTVE
recombination
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culiarities. The CTVE recombination model can explain it asCTVE model. The reduction treatment of the sample in-
an effect of the occupation of the CTVE excited states withcreases the luminescence signal and supports the assumption
their following relaxation to the CTVE ground state active in that we again deal with the compleXTVE-oxygen-related
the RL. (iii) RL thermal quenching is observed &  defect

>100 K, but the RL intensity maximum is observed at (i) A more stable CTVE is observed in KTO doped with
~75 K. The latter can be explained as a result of the spestrongly reorienting dipole impurities. Indeed, we observe
cifics of the RL which takes place under the conditions of ahere self-consistent CTVE and dipole-impurity orientations
strong vibronic reduction. This circumstance makes effectivgyhich correspond to a maximum magnitude of @G&VE
nondlrect, two-step mechan!sm of the RL. Namelly, the flrStdipole-impurity dipolemutual attraction. Such an attraction
step is the thermal excitation with an occupation of thepag three origins. First, there exists an electrical, dipole-
CTVE excited vibrational state which has enough overlap, e interaction between point dipoles within the CTVE
ping with the ground-state systeftine corresponding vibra- and point dipole of the impurity. Second, there is an elastic

tional energy for such an excitation can ber5 K). The : o : :
CTVE recombination at the second step takes place witﬁjlpme dipole interaction. Last but not least, there are two

participation of the excited vibrational CTVE state men_;:ross-tyige Ct?ll_t\e/cérlc-dépgl_e—Ielgstlc-d!{:)ole_ |n|terr:1ct|c:n_sf be-
tioned above(iv) Last, but not the least, the strong depen-_l\_'ﬁeen | N ke ol anb Ipole 'rr:]pg[;_\);Ev'a c?c?’c I’(I)S.rIC on.
dence of the RL from all kinds of thermal treatments could | "€Y @S take place between the and dipole impurity.

be understood as a result of a strengthening of the CTVEUCh & case corresponds tg KLi, TaO; (KLT) which con-
mobility due to thermal increase of the CTVE cross- sists of the CTVE-related dipole system, on the one hand,
relaxation rate. The latter leads to a significant decrease @nd off-center Li ion dipole moments, on the other hand.
the number of free CTVE’s due to a large cross section forrhe CTVE-Li" stable pairs appear here, as well as CTVE
CTVE trapping by electridelastio dipole defects. The trap- clusters with Li" ions as their cores. As a result, the CTVE
ping by defects strongly changes the CTVE structure, up to &&combinational luminescence intensity and thermal stability
vanishing of the RL. Thus, we assume that the single CTVENcrease. Such effect was indeed detected experimefally.
active in the RL should exist only in pure enough samples (iii) It should be stressed that detected x-ray-excited low-
(Fig. 7). temperature GL in KNO with a well-defined peak at
It should be noted that our INDO calculations for ~2.15 eV (Ref. 37 could be interpreted as a result of re-
electron-hole polaron radiative recombination inside thecombination of nearly free CTVE taking into account a good
CTVE performed for pure KTARef. 9, predict a lumines-  agreement of its energy position with theoretical analysis of

cence energy of~2.12 eV. This value is only by CTVE luminescence performed in the INDO calculations.
~0.2-0.3 eV larger than the quoted experimental RL en-

ergy, which lies in the limits of the computational accuracy
of the method. C. Light absorption and second-harmonic generation

The CTVE could be also effectively studied usingag- . . .
netic resonanceechniques. First of ali, there is photoelec- L€t US discuss now the two experimental effects which

tron paramagnetic resonanéphoto-EPR in J=1 and J could be interpreted as manifestations of the theoretically
—2 CTVE states in KTO and KNO under the illumination- Predicted CTVE phase. These drgdramatic shift with the
induced occupation of these excited states. In contrast, tH€mperature of the FLA edge in ferroelectric oxides, SBN

J=0 ground state of the CTVE is nonmagnetic and thusand KTO, above room temperatul@T), and(ii) an appear-
EPR silent. ance of a strong SHG signal in nominally pure incipient

KTO and SrTiQ ferroelectrics at low temperatures, with a

strong enhancement of this SHG signal in the external elec-
B. Green luminescence of bound CTVE'’s tric field.

Along with the discussed GL observed in the nominally () As was found;>*® the FLA edge above RTFig. 8§
pure incipient ferroelectric KTO, this was observed also inshifts in SBN by—1.3 meV/K(the largest magnitude found
other crystals like SrTi@and in KTO doped with off-center so fap, revealed for the extraordinary light polarization. The
Li*™ ions (KLT systen). value of the shift is—0.8 meV/K for KTO (both numbers

(i) The CTVE recombination concept was found appli- are for an absorption value of 200 c#). It should be noted
cable also for the case of other partly covalent ferroelectrichat the FLA edge in both ferroelectric oxides obeys the
perovskites like SrTi@3**> No excitonic absorption was ob- usual Urbach law.
served herdthe excitation spectrum was assumed to be lo- Such a strong FLA temperature shift could be explained
cated in the band-band transition regidout the lumines- as resulting from an additional in-gap band with a relatively
cence spectrum with the peak at 2.4 eV indicates themall(0.1-0.2 eV energy separation between the bottom of
existence of self-trapped excitons. Such excitons arise due this new band and the top of tletandardvalence band of
hopping motion and coupling of electronic and hole po-the perfect crystal. This additional band could be interpreted
larons, which is supported by the analysis of time-resolvedis the CTVE phase’s valence baikdg. 5). Its thermal popu-
luminescence spectra. The self-trapped exciton nature is cotation atT>300 K with the following light-induced transi-
firmed by its broad bandwidtt0.5 eV) and the large Stokes tions to the CTVE-phase conduction bafwhich can over-
shift (0.8 eV). All these data are in good agreement with thelap with the normal conduction band as discussed above

104304-8



POLARONIC-TYPE EXCITONS IN FERROELECTHI. . . PHYSICAL REVIEW B 65 104304

600
fl H H Y \
T f‘ : ‘I “ 1 —— o polarisation
soo 4\l ¢ 11 \ ‘\ — = - e polarisation

- .I 1 1

1< . |'I " '

= 400\l & \ :

470 | -

D . ]

o ] ‘ll' |' [ 500 K

i 300 - i H \ FIG. 8. Spectral and temperature dependence

D) . . .

S 1 % | IRT \ of the fundamental absorption coefficient for
< [*ad W ) i

S 200 3 ' \ nominally pure SBN.

=3 ] y \ \

= [y
§ 100 £ Y \\
= 10K X < \\\ ~

o] =

: ="
340 360 380 400 420 440 460 480 500
Wavelength nm

could lead to the observed strong red shift of the FLA edge. Last but not least, it should be stressed that the SHG
Moreover, this corresponds to the Urbach law which is obtemperature dependence for nominally pure incipient ferro-
served experimentally. electric KTO(Ref. 40 can be fitted very well, assuming that
(i) It was found that the SHG signal in nominally pure an important role in SHG belongs to a soft polarization in-
KTO is unusually strong and increases unexpectedly sharplguced in the vicinity of point dipoles or of small clusters
in an applied external electrical field. A strong ther- (with a radius less or the same order as the correlation radius
mal-treatment dependence of this signal is also very chamf lattice polarization Only for suchsmallpolar objects can
acteristic for this phenomenon. Namely, in nominally we obtain a rather pronounced effect of a soft polarization
pure KTO and that doped with strong off-center™Li region appearing in the surrounding of a dipole core and, as
impurities, K, _,Li,Ta0;, the ratio (\/nx:o.oosx/<P>>2<:o_oop)/ a result, the critical increase of induced polarization with the
(Vny_o(P)2_,) is of the order of unity, in agreement with TO mode softening. This yields the SHG temperature depen-
the SHG study® Heren,_ g gos and(P2),_o cog are the con- dence experimentally pbservé(d. .
centration of Li strong off-center impurity ions and the AII.the 'above—conS|dered experimental results could be
mean-square internal polarization induced by strong Li di-explained in the framework of the model of small cIL_Jsters of
pole impurities, respectively, both fax=0.008, whereas the CTVE phase. Indeed, a small and ferro_electrlcally or-
2 . . dered cluster of the CTVE phageorresponding, for ex-
Ny—o, and(P<),_o are the concentration of other-type di- : ,
poles (point dipoles or small polar clusterén nominally ample., to a fragment of the CTVE phase in K'!((—)g. 4).

. T with size less or the same order as the correlation radius of
pure KTO and. mean-square mtgrnal polarization induced b he lattice polarizationinduces a strong polarization in its
them, re_specuvely. This expezrlmental regult could be un'surroundings. This polarization critically increases nearby
destood if we assume thag_odg~ny_q qgod[; for a system

. . R/ the soft mode condensation point, according to the Ornstein-
of active dipole centergor small polar clustejswith dipole

_ : _ Zernike law(similar to the semiphenomenological mdtigl
momentd, of the core of this defect in nominally pure KTO, This allows us to explain the observed SHG temperature

on the one hand, and for a system of strong off-centér Li dependence. Moreover, the polarization is rather high due to
ions (with di; point dipole momentin the K; g9d-ig00sTaOs.  the contribution of the cluster core which contains ferroelec-

The latter means that nominally pure KTO contains activetrically ordered CTVE's packed with a high density. In order
dipole centergsmall polar clustepswhich are as much ef-

to describe the SHG experimental results, the concentration
fective in SHG creation as strong point dipole’L¢enters, of such small CTVE clusters should bg_,<10' cm 3.
even for a non-negligible concentration of these impurity In addition, the appearance of partly occupied,#4
centers.

4d,,, and 4, quasidegenerate atomic states of the elec-
Moreover, the SHG electric field effect in nominally pure tronic Nb polarons within the CTVEwith the energy split-

KTO is very strond!® probably due to the above-mentioned ting of the order of~0.01 eV) induces a high polarizability
point dipoles or small polar clusters. For instance, the paramef the CTVE in directiongperpendicularto the CTVE main
eter (V(P?)y—og=160 kwim/{P?)x=0g-0) =17.3, that is, axis, due to the rotational degrees of freedom corresponding
much larger than unity. This means a huge polarizability ofto the linear combinations of the wave functions of the two
active dipole centers or small polar clusters. degenerated states, d#)+i(4d,,) and (4d,,—i(4d,,).

Additionally, the reducing thermal treatment of samplesThis leads to the high polarizability of a whole ferroelectri-
leads to a strong increase of the SHG signal, while the oxieally ordered cluster. This explains the unusually large effect
dizing procedure leads to the opposite effect in nominallyof the applied electric field on the SHG efficiency.

pure KTO. We can thus assume before microscopic model Another important fact is related to the interfacial struc-
analysis that the number of active dipole centsreall polar  ture of the CTVE-phase cluster under consideration. Here a
clusterg in nominally pure KTO is increasing under reduc- strong alignment of CTVE dipole moments induces inside a

tion and is decreasing under its oxidation. cluster a field compensation, which is due to appearance of
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(+2e)-charged oxygen vacancies on the cluster interface toand elastic field fluctuations in SBN-type relaxors. It should
wards which an internal cluster field is directed. As a resultpbe underlined that recently the ferroelectric relaxor proper-
the oxidation treatment decreases the number of CTVEties of SBN were indeed confirmé&8The CTVE-cluster role
phase clusters but the reduction treatment leads to the oppas polar-interacted clusters in PMN-type relaxors was al-
site effect, which explains the experimentally observed SHGeady considered in Refs. 45 and 46.
behavior. Another aspect here is connected with the memory effect
nature in real partly covalent solids with defects. Uncommon
VI. DISCUSSION AND SUMMARY memory effects ina-quartz with Ge impurities under the
conditions of x-ray-induced defeéfsand laser-induced site
Eonversion with low-temperature memory in the BaFCI:
EPT crystald® were explained in the framework of the
‘model of CTVE clusters induced by charged and elastic field

Two groups of results were presented in this study. Firs
of all, we give theoretical computation evidence of the exis
tence of CTVE and the CTVE phase in model perovskite
like crystals. Second, this is experimental evidence of th efects.
CTV.E and CTVE-phase effects in the same type systems Last but not least, the model of CTVE clusters induced by
studied by optical methods. All these results prove the exis-

! . charged and elastic field defects had allowed us to propose a
tseorri(éli of CTVE's and the CTVE phase in partly COVaIenttheory of multisite phenomenon formati§which was veri-

. fied, for example, for the multisite structure inducedliange
Note that CTVE states are not limited only to the CaseSnd charged rare-earth impurities in lithium niobate cry&tal.

which we considered here as examples. First of all, there : : :
. . » ' We believe that the CTVE concept is effective for the
42
exist CTVE cluster$™ trapped by charged impurities and by understanding and description of many local and cooperative

small polarqns in SBN” The CTVE clustgr formqtion seems properties of real perovskites and ferroelectrics.
to be very important also from the point of view of their
appearance in ferroelectric relaxors because the CTVE clus- This study is supported in part by DFG, by DAAD, by
ters can be polar and well reorienting. It is well known thatNATO PST.CLG.977348, by NATO PST.CLG.977409, by
reorienting polar clusters can control the phase transitiodNATO PST.CLG.977561, by Excellence Center for Ad-
phenomena in the relaxors. CTVE polar clusters in the relaxvanced Materials Research and Technolddpatvia), by
ors can appear due to composition fluctuation effectsRFBR (01-02-17877, 00-02-16875and by Russian Pro-
Namely, there are charge fluctuations in PMN-type relaxorgram onLow dimension quantum structures
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