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Comparison of the electronic structures and energetics of ferroelectric LINb@ and LiTaO4

Iris Inbar and R. E. Cohen
Carnegie Institution of Washington, Geophysical Laboratory, 5251 Broad Branch Road, N.W., Washington, D.C. 20015

(Received 3 August 1995

Extensive linearized augmented plane-wave frozen phonon calculations were performed in order to under-
stand the origin of ferroelectricity in LiTaQand LiNbO;. Displacement of the Li atoms alone results in an
anharmonic single well, whereas displacements of oxygen and lithium together result in deep double wells,
much deeper than the transition temperatufes, This is contrary to current theories which model the
underlying potential as a triple well potential for the lithium atoms. Our results support an order-disorder model
for the oxygen atoms as the driving mechanism for the ferroelectric instability. Oxygen displacements alone
against the transition-metal atoms result in shallower double wells as a result of oxygen-lithium overlap so that
the lithium and oxygen displacements are strongly coupled. We find large hybridization between the oxygens
and the transition-metal atoms. Thus ferroelectricity in th@\NbiTgO5 system is similar in origin to ferro-
electricity in the perovskites. We also find that the electronic structures of Ly &a@ LiNbO; are very similar
and hardly change during the phase transition.

. INTRODUCTION and infrared reflectivity;"® show soft mode behavior for one
polarA, (TO) optic mode in the ferroelectric phase. This soft
The origin of ferroelectricity in the two well-known ferro- mode crosses marly modes(whose eigenvectors give ionic
electric systems, LiINb@ and LiTaO;, has been subject to displacements perpendicular to the polar pxamd thus this
intense study since the discovery of LiNg@ 19491 They  specific mode is difficult to trace in detail. Tomeno and
have many applications in optical, electro-optical, and piezoMatsumurd measured the dielectric constants of LiTagnd
electric devices, but the fundamental physics that leads téound a large Curie constant, and interpreted their results as
their ferroelectric behavior have not been studied. Their tranindicative of a displacive transition.
sition temperatures, which are among the highest known Evidence for the transition having an order-disorder char-
ferroelectric transition temperatures, are quite different, 148@cter came from Penna and co-work&r,who observed no
K for LiINbO ; and 950 K for LiTaQ;. The electronic origin  mode softening for LiTa@ for the A; (TO) mode, followed
of their differentT, is a mystery since Nb" and T&* be- by Chowdhury, Peckham, and Saundef$avho performed
have very similarly, and structurely these materials are alneutron scattering experiments on LiNpOand also failed
most identical. The origin of their ferroelectric instability as to observe any softening of th#, mode. Okamoto, Wang,
well as their different transition temperatures is investigatedand Scott® used Raman scattering to study LiNp®etween
Both materials undergo only one structural phase transiroom temperature and 1225 K and saw two of the thkee
tion. The paraelectric structure has a 10-atom unit cell angnodes(which are, at room temperature, TO, LO, and TO at
the average structure belongs to tR&8c space group, The 250, 270, and 274 cm', respectively, and observed
atomic arrangement consists of oxygen octahedra sharingnomalous behavior for one of thefat 274 cm' %) as the
faces along the polar trigonal axis. The transition-metal attemperature reachel,. They noted that the decrease in the
oms occupy the centers of oxygen octahedra, and the averageak frequency was mostly due to the rapid increase in
Li atom position lies on the face between two adjacent oxy-
gen octahedrfFig. 1(a)]. The ferroelectric structure is rhom-
bohedral, and belongs to the space groR8c. The o
transition-metal atom is displaced from the center of the oxy- &
gen octahedra along the trigonal axis. The next oxygen octa-
hedron along this axis is empty and the adjacent octahedron
has a Li atom ferroelectrically displaced from the oxygen
face in the spontaneous polarizatiBg direction[Fig. 1(b)].
Glass in 1968 and later Johnston and Kaminow have deter-
mined, using dielectric and thermal measurements, that the
phase transformation in these systems is contin@dus.
Whether the transition is displacive or order-disorder has
been much discussed and confusion abounds. A displacive
phase transition is one where the local potential in the mean __"}
field of the rest of the crystal has a single minimum, and is
characterized by a temperature-dependent optic mode ap-
proaching zero as the temperature reachesTemperature FIG. 1. The(a) paraelectric andb) ferroelectric structures of
dependence measurements of Raman, Rayleigh scatferingiTaO; and LiNbO;. The hexagonal unit cell is outlined.
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damping as the linewidth had a divergent form in temperafrom its tetragonal cell position corresponds to a saddle point
ture, whereas the quasiharmonic frequency remained almosen the total-energy surface. This becomes a minima when the
temperature independent. Their conclusion was therefore théattice strain is included. They have also carried out total
LiNbO 5 does not exhibit a typical displacive transition, but energy calculations for KTa9and found no ferroelectric
rather resembles an order-disorder system. Zhang andScottnstability for the calculated volume. They were able to in-
reported these measurements on LifaCand found the duce a phase transition by applying negative presgexe
same kind of behavior. In an order-disorder phase transitioRanding the lattice An x-ray absorption fine-structure study
the local potential is characterized by a doulde more of KTN by Hanske-Petitpierret al®! found that the ferro-
well, with the thermal energ T, much smaller than the well electric transition is not displacive and involves orientational
depth and no soft phonon mode exist since phonons no\grder-disorder transition of the Nb atom. A recent first prin-
oscillate within each well and the wells remain essentiallyciples investigation of eight perovskités® suggests that in
unchanged throughout the phase transition. These transitiofidaterials like KNbQ and BaTiO;, which are rhombohedral
are characterized by a diffusive soft mode that is not a phoat T=0, the sequence of successive transitions is explained
non but represent large-amplitude thermal hopping betweetia the eight-site model, where the order parameter in the
the wells. AtT aboveT, the crystal is nonpolar in a ther- paraelectric phase fluctuates between the eight minima in the
mally averaged sense. [111] directions. These sites are minima at the cubic phase,

Jayaraman and Ballm&hargued for an order-disorder- before the development of the strain.
type transition because they saw little pressure dependence The theories developed thus far for the LiTa@nd
of the Raman mode; they also emphasize the difference froiNDO 5 systems usually are based on the Lines métlel.
ferroelectric perovskites, which show a strong pressure de-ines applied his effective-field theory to LiTaQ and pa-
pendence. Rapﬁgmeasured and analyzed Raman modes ofametrized it as a displacive ferroelectric due to the data
LiTaO; between room temperature and 1200 K and observe@vailable at the time by Johnston and Kaminband as-
softening of thisA; mode (along with othersto a certain sumed a triple well potential for the Li atoms. Abrahams
degree. However, the decrease was characterized with &% al>® performed neutron scattering of LiTaObetween
order-disorder model. Catchen and Spaaised perturbed- room temperature and 940 K, and discovered that, above
angular-correlationfPAC) spectroscopy to measure nuclei- T¢, the lithium-atom positions in LiTa@become disordered
electric-quadrupole interactions at the Li sites over a temand hop among the centrosymmetric position and sites at
perature range of 295-1100 K, and Chestal® studied =+ 0.37 A along the optic axis. Similar measurements for
inelastic neutron scattering from room temperature up td-iNbO 3 show the same kind of behavitiThe neutron scat-
800 °C (1100 K) in LiTaOj3; both failed to observe mode tering data are the cornerstone behind all theories modeling
softening, therefore not supporting the displacive picture fotthis ferroelectric transition as an order-disorder mechanism
the phase transition. Tezuka, Shin, and Ishigdmesed With the Li ions hopping among the centrosymmetric sites
hyper-Raman and Raman spectra of LiTai@tween 14 and and the adjacent octahedral sites. This approach was adopted
1200 K. No evidence was found for the softening of fhe by Bimie’’~** who modeled the Li hopping as a Frenkel
mode: however, a strong Debye-type relaxational mode wagefect, and later by Bakker, Hunsche, and Ktfrmho used
found in the two phases, suggesting an order-disorder-typ&ese data in addition to the triple-well Lines model as a
transition. They interpreted the anomalous line shape of akasis for a quantum-mechanical description of the phase
A; mode in terms of coupling with relaxational modes. transformation in LiTaQ. Bakker, Hunsche, and Kurz pre-

Most ferroelectric systems are thought of as exhibitingdicted and observétia 32-cni * excitation, which they as-
displacive behavior far from the transition temperature recribed to Li motions between the central and lowest wells.
gion and order-disorder characteristics né&r. In the  This excitation frequency has not been observed in other
Li(Nb, Ta O systems this conclusion is supported by a num-studies, howeve¥:
ber of studieg?22

In other ferroelectric oxides, like the perovskites KTaO Il. METHOD
and KNbQ;, the mechanism behind the phase transition has
also been debated. Evidence for the transition being of the The Kohn-Sham equatio are solved self-
displacive type are presented by Nunes, Axe, and SHitaneconsistently using the full potential linearized augmented
and Samar&® while Comes, Lambert, and Guinférand plane-wave(LAPW) methodt® where the electronic many-
PAC experiments by Dougherst al?® point to it being of body exchange-correlation interactions are described by the
the order-disorder type. Sokoloff, Chase, and Rytzave local density approximation using Hedin-Lundqvist
studied Raman scattering of KNaCand BaTiO; and dis-  parametrizatiof® There are no shape approximations for the
covered central peaks that have line shapes and thermal deharge density or the potential. This method has proved pre-
pendence characteristics of Debye relaxation modes as walictive in many previous studies. Examples include the pre-
as symmetry properties consistent with the eight-site modedliction of a high-pressure phase transformation in sflica,
A theoretical study by Edwardson of KNG using inter-  studies of iron at high pressuré&® studies of ALO3,°
acting polarizable ions in static and dynamic simulationsMgO and CaG! MgSiO;,%* and high-temperature
found a mixture of order-disorder and displacive type behavsuperconductors This method was previously applied suc-
ior. Postnikovet al?**°carried out a linear muffin-tin orbital cessfully to perovskite ferroelectrics like BaTiQ
LMTO study examining the total energy of KNbQn the  PbTiO;,>* and KNbO;.>®
tetragonal and rhombohedral phases. These calculations We use the LAPW-LO method>® which uses a mixed
found that displacing the Nb atom along tfH0 direction  basis consisting of the LAPW basis plus extra localized or-
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bitals inside the muffin-tin spheres. The extra local orbitals(0.1188,0.3622;0.2749 (Ref. 35] were calculated. The re-
remove a Lis ghost state and relax the valence states. It alsgulting wells are less than 1 mRy different, the LiNpO
allows us the use of a single energy window. Local orbitalsatomic positions yielding the deeper well. For the purpose of
includeds for Li, sandp for O, ands, p, andd for the Nb  comparison, except for a few more points that yielded the
and Ta atoms. Other details of the calculations include &ame resultdenergy differences of less than 1 mRull
muffin tin size of 1.6 bohrs for the Li and 2.0 Bohr for the points were calculated using the experimental lattice param-
Nb and Ta atoms. The oxygen’s muffin-tin radius was 1.6eters and positions of LiTapto facilitate comparison of the
bohrs for oxygen-Nb separation up to 1.8823556 bohrs  effects of chemistry on ferroelectric behavior and electronic
The corresponding distance in LiTg@ O-Ta up to 1.8845 structure. Table | summarizes the results for LiTaénd
A (3.562 bohrs At this point the oxygen muffin-tin radius LiNbO 5. The first column refers to the displaced atoms, and
was decreased to 1.552 bohrs. For smaller separations tie the amount of displacement as a fraction of the paraelec-
muffin-tin radius was 1.506 bohrs. In order to be able totric to experimental ferroelectric normal-mode amplitude.
compare the energies calculated using different muffin-tirNote that one distortion of LiTa@ published earlief was
radii, we have repeated calculations with the three sets afiot along the soft-mode coordinate; the present results cor-
muffin-tin radii to find the energy shift due to this change inrect this error.
the muffin-tin radii, and have assumed that this small shift Figure Za) shows the potential-energy surfaces of LiTaO
(~ 7 mRy) is constant for small displacements of atoms.  ; with respect to displacements of Li onlypper curve O

A 4X4X 4 specialk-point mesh was used, which gener- only (middle, shallow double weljsand Li+O (lower
ates a total of 1k points in the irreducible zone. To test curves. Figure 2Zb) shows the same picture for LiNGQO
energy convergence, the energies at the symmetric and eXhe lithium displacements along the soft-mode coordinate
perimental structures of both LiTa(and LiNbO; were also  result in a single anharmonic well with low curvature. Dis-
calculated with a & 6X6 mesh, which generates 28  placing only the oxygens against the transition-metal atoms
points in the irreducible zone, and these energies are showesults in shallow double wells, and the deep double wells
in Table I. The change in energy difference for the twoare the result of the O displacements along the experi-
k-point sets between the experimental and the symmetrimental ferroelectric coordinate.
configurations is 0.069 mRy for LiNb9and 0.3 mRy for The wells resulting from the oxygen and lithium displace-
LiTaO3, demonstrating convergence. ments have well depths of 17.3 migi739 K) and 18.3 mRy

TheRK,ax parameter was set to 7.0, which gives approxi-(2858 K) for LiTaO5 and LiNbO;, respectively. Both wells
mately 1150 basis functions for the LiTg@alculations and are much deeper than the experimental transition tempera-
1050 functions for LiINbQ. The core states were calculated tures, which is consistent with an order-disorder character for
fully relativistically and the valence states semirelativisti- the phase transition.
cally. For each Ta atom, the states up fowlere included in The energy was fit to a fourth-order polynomial in normal

the core, and as a result 0.588 electron extended beyond thgode amplitudeQ= \/Eimiuf_ The Schrdinger equation
muffin-tin sphere. For each Nb atom states up fowere  was solved numerically to obtain the eigenstates assuming
included in the core and only 0.07 core electron extendeg@ne-dimensional noninteracting anharmonic oscillators along
beyond the sphere; core electrons that spill out of the muffiRhe soft-mode coordinate. Figure 3 shows the energy surface
tins see an extrapolated spherical core potential. Also, iRs a function of the normal-mode amplitud@@, and the en-
LiNbO3 the Li atom s states were included as bands, ergy levels. We can see that the two wells have a different

whereas in LiTaQ they were treated as core states. shape due to the factor of about 2 in mass of Nb and Ta, and
thus the Nb approximately displaces twice as much as the Ta
Ill. RESULTS AND DISCUSSION relative to the center of mass, which results in a different

normal-mode amplitud€. The energy difference between
the ground and lowest excited state gives a frequency for
We have calculated the potential-energy surfaces alongiTaOj of 270 cm ! in fairly good agreement with the ex-
the experimental soft-mode coordinate. To test the sensitivitperimental Raman frequency of 201225 thronsidering
to the different lattice parameters, the total energy ofthe one-dimensional noninteracting oscillator approximation.
LiNbO 5 was calculated in the ferroelectric configuration us-For LiNbO5, the calculated frequency is 250 ¢rh in ex-
ing both the LiINbQ; lattice parametersa;=5.14829 A and  cellent agreement with experimental data of about 250—-275
cy=13.8631 A° and the LiTaQ lattice param- cm™1.
eters @,,=5.15428 A andc,=13.78351 A a difference These results indicate that these structural phase transi-
of 0.75% in thec/aratio. The effect of this strain on the total tions arenotdominated energetically by the displacements of
energies was almost negligible; slightly less than 1 mRy othe lithium alone. The potential-energy surfaces show that
5.5% of the well depth. This is in contrast to the case of thehe deep double wells are the result of tweipledmotion of
perovskites; e.g., PbTiQ) where a strong dependence of the lithiums and oxygens. Displacement of the lithiums alone
total energy on the tetragonal strain was observed, and theardly changes the energy of the system. This is in contrast
energy decreases markedly, about 35% of the well depth faio current theories, which model the displacement of the
the experimental 6%/a strain®® Also the total energy of lithiums as the driving mechanism for the ferroelectric insta-
LiNbO 5 using both the experimental LiNbQOatomic posi-  bility.
tions[Li at (0.2829,0.2829,0.2829Nb at (0,0,0, and O at In order to understand the oxygen-lithium coupling, we
(0.1139,0.360%;0.2799] (Ref. 57 and the LiTaQ atomic  calculated the dynamical matrices for the LAPW and Made-
positions[Li at (0.279,0.279,0.279 Ta at(0,0,0, and O at lung energiegassuming fully charged ioh$or both materi-

A. Energetics
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TABLE |. Total energies for different configurations for LiNgCand LiTaO;. Coordinates are in primi-
tive rhombohedral coordinates. The first column refers to the displaced atom and the amount of displacement
as a fraction of the paraelectric to experimental ferroelectric normal-mode amplitude.

Atomic positions Li (0] E(Ryd+16193
LiNbO4
Paraelectric 0.25,0.25,0.25 0.136,0.363,25 —0.8462
—0.8464
Li-0.5 0.2645,0.2645,0.2645 0.136,0.368,25 —0.8465
Li-1.0 0.279,0.279,0.279 0.136,0.363).25 —0.8467
Li - 1.55 0.295,0.295,0.295 0.136,0.363.25 —0.8422
O -0.75 0.25,0.25,0.25 0.1231,0.3620,2687 —0.8502
O-1.05 0.25,0.25,0.25 0.1179,0.3621,-0.2761 —0.8498
0-1.3 0.25,0.25,0.25 0.1135,0.3619,.2874 —0.8473
O+Li-05 0.2645,0.2645,0.2645 0.1276,0.3620,2625 —0.8539
O+Li-0.75 0.272,0.272,0.272 0.1231,0.36240,2687 —0.8586
O+Li-1.0° 0.279,0.279,0.279 0.1188,0.362D.2749 —0.8638
—0.8644
O+Li- 1.05 0.2804,0.2804,0.2804 0.1179,0.3620,2761 —0.8643
O+Li- 1.3 0.288,0.288,0.288 0.1135,0.3618,.2834 —0.8639
O+Li-15 0.294,0.294,0.294 0.1099,0.3619.2874 -0.857¢
Atomic positions Li (@) E(Ryd+ 63395
LiTaO3
Paraelectric 0.25,0.25,0.25 0.136,0.363,25 -0.07834
—0.07830°
Li-0.5 0.2645, 0.2645,0.2645 0.136,0.368,25 —0.0784
Li-1.0 0.279,0.279,0.279 0.136,0.363).25 —0.0778
Li - 1.55 0.295,0.295,0.295 0.136,0.363.25 —0.0716
O -0.75 0.25,0.25,0.25 0.1231,0.3628,2687 —0.0843
O-1.05 0.25,0.25,0.25 0.1179,0.3620,2761 —0.0806
0-13 0.25,0.25,0.25 0.1135,0.3619,.2874 —0.0719
O+Li-0.5 0.2645,0.2645,0.2645 0.1276,0.3620,2625 —0.0898
O+Li-0.75 0.272,0.272,0.272 0.1231,0.36240,2687 —0.0939
O+Li-1.0° 0.279,0.279,0.279 0.1188,0.362D.2749 —0.0957
—0.0960?
O+Li- 1.05 0.2804,0.2804,0.2804 0.1179,0.3620,2761 —0.0954
O+Li- 1.3 0.288,0.288,0.288 0.1135,0.3618,.2834 —0.0914°
O+Li-15 0.294,0.294,0.294 0.1099,0.3619.2874 —0.0809

&Calculated using 28& points in the irreducible Brillouin zone to test convergence. Other points included 10

k points.

bThis is the experimental ferroelectric disortion.

°Energy shift due to different muffin-tin sizes is included as described in the text. Energy shift is 6.64 mRy.
YEnergy shift due to different muffin-tin sizes is 6.6 mRy.

®Energy shift due to different muffin-tin sizes is 7.14 mRy.

fEnergy shift due to different muffin-tin sizes is 9.68 mRy.

als. The LAPW and Madelung energies were fitted to asign). Linear and cubic termé.g.,Q andQ?®) are excluded
fourth-order polynomial surfaces in the normal-mode coordifrom the fit based on symmetry considerations, and terms

nates of the lithium and oxygerQ)(;; andQp). The second

that are not along the coordinates calcula®g;, Qo, and

derivatives of these energy surfaces at zero displacements @0, are excluded from the fit since they degrade the vari-
the coefficients of the dynamical matrices. Table Il shows theinces of the quadratic coefficient. These include terms

coefficients of the fit for the total energy of LiNbQOand
LiTaOg; all the coefficients for LINbQ and LiTaO; are well

like Q%Qo and Q3Q ;. The dynamical matrix in units
of Ryd®> A2 amu representing the LAPW energies of

constrained except the coefficient @fi , which means the LiNbO4 and LiTaO; are

potential surface describing the displacement of the lithium
only could be either a smgle.anharmonlc_v_vell or avery s_hal- D apw(LiINDOg) =
low double well(corresponding to a positive or a negative

D, Dyo| [-0.001 -0.01
Dio Do/ |-0.012 -0.015"
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FIG. 2. (a) Potential-energy surfaces of LiTaO The upper FIG. 3. The energy as a function of normal coordinate, fitted to

curves represent displacements of the Li atoms along the soft-modg quadratic. The lines are the eigenstates for the one-dimensional
coordinate, the middle shallow double wells represent displaceindependent harmonic oscillators. The difference between the
ments of the oxygens alone, and the bottom curves represent thgound state and the lowest excited state gives a frequency of 270
displacements of oxygens and Li atoms along the same coordinatem~? for LiTaO; and 250 cm* for LINbO5. Both are in very

The curves represent a fourth-order polynomial fit to the data. Theyood agreement with experimental resul@. Energy versus nor-
were not constrained to go through the zero of energy. The abscissaal coordinate for LiTaQ and(b) The same for LiNbQ.

represents displacement of the oxygen atoms from the paraelectric

configuration, in A.(b) The same for LiNbQ. zero displacements, which are the elements in the dynamical
matrix, were calculated numerically and are shown in Table
) 0.0018 -0.01 Il. In the case of LINb@ and LiTaO; the Madelung contri-
Diapw(LiTaOg)=| 0.012 —0023" butions to the dynamical matrix are
The lithium-only contributions,;) are the smallestan or- _ _(0.038 0.004
der of magnitude smaller than the neshe oxygens only Duman(LINDO3)=| 3 004 _5171)"
contributions are larger, witlDg in LiTaO3 larger than
LiNbO 3.
i - L 0.04 0.003
Whether the origin of lithium and oxygen coupling is i =
Puao(LTa0s)={ 5 503 0,167

Coulombic can be determined by looking at the Madelung
contribution to the dynamical matrices. The Madelung ener-
gies were calculated using experimental positions and lattice As expectedD g has the largest magnitude, followed by
parameters and full ionic charges. The second derivatives &,;. The coupling term between the lithiums and the oxy-



1198 IRIS INBAR AND R. E. COHEN 53

TABLE Il. Parameter table for the polynomial fit of the LAPW 005 :
and Madelung energies. Energies are in Ryd. LAPW LiN@Der-
gies are shifted by-16193 Ryd and LAPW LiTaQ energies by
—63395 Ryd.
Coefficient LAPW energies Madelung energies
LiNbO 3 z 0.
Const —0.84673) —31.72680) ~
Q3 —0.00054) 0.01940) 50 T 1
Q3 —0.00759) —0.08571) e
Q. —0.01158) 0.004G0) .
Q%4Q3 0.00173)
Qgi 0.00031) . Oty
Q5 0.00385) / A\
R?=0.997 R?=0.999
-.005 . L L . L
LiTaO, -.5 0 .5
Const —0.080011) —31.77140) Displacement (&)

z 0.000914) 0.020G8)

é —0.011730) —0.081213 FIG. 4. LiNbO;: Charge density resulting from subtracting the
QL6 —0.012130) 0.003@8) charge density of a configura_tion in which oxygens o.nly.are qlis-
QEino 0.001G11) placed_frc_)m the charge density of t_he full ferroelectrlc_ distortion

f- 0.00013) (both lithiums and oxygens are dlsplag\ned'he.scale is from
Q4I 0.009G2) —0.1 to 0.1 electrons per/bchand the contour interval is 0.002

o 5 5 electrons/boht. No evidence for dynamical covalency effects that

R“=0.968 R“=0.996

would lead to coupling of oxygen and lithium motions are seen.

experimental ferroelectric distortioalong a, b, and c
gens is in fact zero. This means that the origin of the lithium-axeg. The reason for these big energy differences can be
oxygen coupling isot pure CoulombigMadelung. seen from Table IlI, which shows the Ta-O, Nb-O, and Li-O

Another possibility is the polarization of the oxygens by bond lengths. The ionic radii of Li is about 0.6 A, that of Ta
the lithium displacement, leading to changes in(Téh)-O  or Nb is about 0.6 A, and the ionic radii of oxygen is about
bonding. The experimental ferroelectric configuration generd.4 A making the sum of each pailLi-O, Nb-O, and
ates an effective dipole at the lithium sites. This dipole fieldTa-O) about 2.0 A. When the oxygens are displaced only
can polarize the oxygens and drive them off center, yieldingalong thec axis, the oxygen-NKTa) separation becomes
a ferroelectric distortion. We have plotted the self-consistenonly 1.83(1.86 A, which is about 0.170.14 A shorter than
charge densities in two configurations; in one only the oxy-
gens are displaced and in the other both the oxygens and the 7
lithiums are displaced. In order to see the effects of displac-
ing the lithiums we subtracted the two charge densities. This
is shown in Fig. 4 where the charge density contours are
plotted on a scale of-0.1 to 0.1 electrons/bofirand the
contour interval is 0.002 electrons/bdhrA large dipole is
seen at the lithium sites due to the displacement of the lithi-
ums. Little polarization of the oxygens is observed; there is
no evidence for any large dynamical covalency effects. We
can therefore eliminate the possibility of oxygen-lithium
coupling through either Madelung or polarization effects.

Another possible source for the oxygen-lithium coupling
is through the crystal structure. It is important to notice that .
the oxygens move not only along tleaxis, but rather have D
sizable displacements along theand b axes as well. We
have tested the importance of these displacements by moving
only the oxygens along the component of the experimental Q - a
ferroelectric displacemerithe polar axis The resulting en-
ergy curve was far shallower than the energy surface that Fig, 5. Total-energy surfaces of LiNkOwith only oxygens
resulted from moving the oxygens only along the experimengjisplaced along soft-mode coordindtewer curve and with only
tal soft-mode coordinate. This is shown in Flg 5 where thehe oxygens displaced along tleeaxis only (upper curvé The
upper curve represents the displacements of the oxygemsirves are a fourth-order fit to the data. The abscissa represents
along the polar axis only and the lower, deeper well repredisplacements, in A, of the oxygens from their paraelectric posi-
sents the total energy when displacing the oxygens along thions.
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TABLE lII. Bond length, in A, of transition-metals—oxygens and Li-oxygens in different configurations.
Sum of ionic radii of each pair is about 2 A.

Oxygen only distortions Oxygen only distortions Ferroelectric
Paraelectric along axis only along soft-mode coordinate (Li+0)
LiTaO5
Li-O 1.99 2.00 1.96 2.04
Ta-O 1.97 1.86 191 191
LiNbO,
Li-O 1.99 2.01 1.96 2.07
Nb-O 1.97 1.83 1.89 1.89

the sum of the ionic radifabout 8(7)%]. Therefore it is oxygen p states. This figure shows a large density of
energetically favorable for the oxygens to displace ingHe  transition-metald states in the valence band, which means
plane as they move along tleaxis. that the oxygerp states in these two materials are hybridized
If we now consider the experimental ferroelectric dis-with the d states. The Nl states have a large peak at the
placement of only the oxygens and the experimental ferrobottom of this band that is missing in the case of thee 5
electric coupleddisplacement of the oxygens and lithiums, states of the Ta atom. The origin of this peak is the fact that
displacing the oxygens only results in a Li-O separation thathe lowest valence bands of LiNkO(the bands at about
is also shorter than the sum of their ionic ra@iable III). —4.5 eV or—0.35 Ryd are less dispersive than the lowest
This explains why the wells associated with the oxygen dis-
placements alone are shallower than those obtained with the

displacement oboththe lithiums and oxygens. The origin of 300 a)
the Li-O coupling is therefore the fact that motion of the Total Densify of States ,
oxygens alone yields a Li-O distance that is larger than the = 200 | vl
sum of their ionic radii, resulting in a deeper well for the & : WAt
coupled motion(in which the Li and oxygens move away g x T | 5
from each other a L ‘f\ F\ .i‘.' W I

We can therefore conclude that the driving mechanism 00T ¥ v
behind the phase transformation in these systems is the dis- ’ '
placement of the oxygens towards the transition-metal at-
oms. Displacement of the oxygens in the direction of the :?o
transition-metal atoms onlgthe ¢ axis) would result in too b)
short Nb-(Ta-) oxygen bonds. The oxygens therefore move Ta 5d, Nb 4d
also in the plane perpendicular to tleeaxis, toward the T 20 !
lithiums. This shortens the lithium-oxygen bond so that the & ‘
lithium displacements are coupled with the oxygen motions. % 3‘

The transition temperaturd,;, cannot be calculated di- A 10 |
rectly from the zone center energetics. In the usual models i W\A A
for ferroelectric phase transitions, is related to the relative I \ \’V\‘\,\ N
strength of the localon-site and coupling terms in the 0 i
energy?® Since we find the zone center energetics to be simi- 30 p5Y
lar, the difference inT, must be due to differences in the Oxygen p states
energetics at the zone boundary. In order to understand the __
origin of the ferroelectric distortion, we next examine the T, 20
electronic structure of these materials. %

o)
R 10
B. Electronic structure
One goal of this research is to understand the origin of

ferroelectricity in LiTaOQ; and LiNbO; and the difference in 0
T, from their electronic structure. Figurda® compares the
electronic density of states for LiTaand LiNbO;, both at
the ferroelectric configuration. The energy scales are lined up

with the top of the. valence bands at zero energy: It I‘?’ CIea[iNbO3 (dashed ling both in the experimental ferroelectric con-
that. the total density of states of thgse two mate'rlals' IS Ver¥iguration.(b) Density of Ta ® states(solid line) and Nb 4 states
similar. We can look fu_rther at the different Co_ntrlbuthns to (dashed lingin the valence band, both the experimental ferroelec-
the density of states; Fig(If) compares th_e partial density _Of tric configuration(c) Oxygenp states of LiTaQ (solid line) and of
the Ta 3 state and the Nbd state both in the ferroelectric | iNpo, (dashed ling in the valence band, in the ferroelectric
phase. The top of the valence band is composed mostly Gfhase.

-.4 -.2 4]
Energy (Ry)

FIG. 6. (a) Electronic density of LiTaQ (solid line and
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valence bands of LiTa@ This will be further discussed 300
later. The same conclusion is derived from Fig¢c)6of the
partial density of the oxygep state of the two materials in
the valence band in the ferroelectric structure. Here too, the
densities of states are very similar. The same peak at the
bottom of the band is seen here for the LiNpOwhich is
missing in the valence band of LiTgOAll three figures that
compare the total and partial density of states of the two y V
materials in their ferroelectric phase show large hybridiza-
tion between the transition-metdlstates and the oxygem 30
states, which is the reason for the oxygen displacements to-
wards the transition-metal atoms. Nb 4d states
Next we compare the densities of states in the paraelectric 20
and the ferroelectric phases. Figur@)7illustrates the total
density of states of LiNb@ in the paraelectrig¢solid line)
and the ferroelectri¢dashed ling phases. The bands in the
two phases look similar except that the bands at the ferro-
electric phase are slightly wider than the bands at the
paraelectric phase. Figurébf compares the Nbdl state in 0
both the paraelectri¢solid line) and the ferroelectri¢cdashed c
line) phases and Fig.(@ shows the Ta 8 states in the two Ta 5d states
configurations. The large peak at the lower part of this band 20
(the peak at about 0.35 Ryd or—4.5 eV) is shifted in the
ferroelectric case to higher energies. Figufd) Bhows the
density of oxygerm states of LINbQ at the two phases. The
peak at the bottom of the band is shifted in the ferroelectric
phase from the paraelectric one. These figures indicate that
the electronic structure at the paraelectric and the ferroelec- 30
tric phases are quite similar. Figurgey compares the
lithium 2s character in the paraelectric and ferroelectric
phases. It is evident that the lithium is almost completely
ionized and that its electronic distribution does not change )
during the phase transition. 10 | i l
Figure 8 shows the band structure of LiNp@ the ferro- A NN
electric state. The band gap is indirect, the top of the valence SV v
band is betweei’ and Z, and the bottom of the conduction 0
band is at thd” point. The Brillouin zone for the rhombohe- e)
dral latticé® is illustrated in the inset in the figure. The en- 3t "Li s states
ergy between th& and theA point was calculated along a -
straight line between the two points not along the Brillouin g
zone face for the purpose of comparison with the results of g
Ching, Gu, and z§? g
The band gap is 3.1 eV, which is about 15% lower than a i | LA B A
the value obtained from optical measurements of the near SV ¥
stoichiometric sampfé®* of 3.78 eV. The lithium 2 states 0
are separated by 13.6 eV from the oxygen<?ates. These -4 -2 0
bands would not appear in the LiTaand structure since Energy (Ry)
the lithium 2s states were treated as core states; these bands
are very flat. The Oxygengare Separated by 10 eV from the FIG. 7. (a) Electronic density of states for LINbQIn the
valence bands. The lowest conduction bands are the dib 4Paraelectric(solid line) and ferroelectric(dashed ling configura-
states for LiNbQ or Ta 5d states for LiTaQ. We have also  tions.(b) The Nb 4d state in the two phaset) The LiTaO; Ta Sd
compared this band structure with Ching, Gu, an&2Zuho states in the tv_vo phasesl) The L|Nb_03 p states on the_ oxygens in
used the orthoganalized linear combination of atomic orbitald"€ Paraelectric and the ferroelectric phagg.The s orbital on the
(OLCAO) method and got a band gap of 3.56 eV and the |atqm of LiNbOj in the two phases. The valence-band top is lined
bands compare well with our results. up with the zero of energy.
Figures 9a) and(b) show the band structure for LiTaO
and LiNbO;3, respectively. Each figure shows the ferroelec- The band structures of LiTaQ (dashed ling and
tric (solid line) and the paraelectriglashed lingphases. The LiINbO; (solid line) both in the ferroelectric phase, are
changes observed between the ferroelectric and paraelectgbown in Fig. 10. The only difference between these two
bands are the band gap, which is larger in the ferroelectriband structures is the larger band gap, by about 1380,
phase by about 15% and the bandwidth, especially the conn LiTaO3. The conduction bands are shifted by 1 eV from
duction band, which is larger in the paraelectric phase. each other, but otherwise, their structure is almost the same.

a)
Total Density of States

200 4 A

DOS (Ry™)

4
. |
100 y A ,’l A\
1

DOS (Ry™Y)

10 1

DOS (Ry™)
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d) ]
Oxygen p states
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DOS (Ry™)




53 COMPARISON OF THE ELECTRONIC STRUCTURES AND ... 1201

8 L
Nb 4d, ]
e
. to 2p 3
J &
g
B A
-] -15
& _———
t
0O 2s :
fLis :l y
X A ' A Z A r 2 Y
-34 A
X A ' A Z A r z Y FIG. 10. The band structure of LiNbQO(solid line) and

LiTaO; (dashed ling both in the ferroelectric structure. The

FIG. 8. The band structure of LiNb{n the ferroelectric phase. LiTaO; band gap is larger than the LiNkGband gap by about 1
The energy scale is in eV and the Fermi level is shown. The baneV. The valence bands of the two materials are almost identical.
gap is 3.1 eV. The Ls states do not interact with the rest of the
bands and are about 16 eV below the oxygsrstates. Inset: The
Brillouin zone. Some high symmetry points are illustrated. The en-  Previously we studied the difference between the self-
ergy between th& and theA point was calculated along a straight consistent charge densities and charge densities computed
line between the two points. From Ref. 61. using overlapping ions with the potential induced breathing

(PIB) model for both LiTaQ and LiNbO; in the ferroelec-

The valence bands are almost identical, which is consistertic phase®® In the PIB model, which is a nonempirical ionic
with the results of the total-energy calculations where themodel®® the charge densities are calculated via a Gordon-
two well depths were found to be very close to each otheKim-type modelf” where the ions are allowed to breathe
(within 1.2 mRy of each othgrand the fact that the number corresponding to changes in the crystal potentials. The com-
of valence electrons in the muffin tins in both materials wasparison indicated large hybridizations between the Ta atoms
similar. The only difference that was found between the twoand the oxygens and between the Nb atoms and its oxygen
electronic structures was in the size of the band gap and theeighbors and the Li atoms were fully ionized in the self-
less dispersive nature of one band. The difference in the bantbnsistent charge density.
gap will have an effect on quantities that include summing These results are consistent with the energetics and elec-
over unoccupied states as well as the occupied ones, like theonic structures results, all pointing to the same conclusion
polarizability. This difference will lead to different phonon that the driving mechanism behind the ferroelectric instabil-
dispersion in the two materials, and thus to differ@ats. ity in the LiNb(Ta)O5 systems is the hybridization between
Zone boundary or linear response calculations are necessatye d states on the transition-metal atoms and tipesfates
to further explore this issue. on the oxygens. The lithiums are but passive players in the

C. Comparison to the perovskites

FIG. 9. (a) The band structure of LiTaQin

the ferroelectric phase(solid line and the
paraelectric(dashed ling Only the valence and
the conduction bands are shown. The band gap in
the ferroelectric phase is about 4.0 eV, and is de-
creased in the paraelectric phase by about 15 %.
(b) The same for LINbQ. The gap decreases by
about 15% between the ferroelectric and
paraelectric phases. No major differences are ob-
served in both systems between the two phases.

Energy (eV)
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10 same trends exists in this picture as in Figo)&or the Nb
{a) (Ta) in LINbO 3 (LiTaO3). The ferroelectric peaks at the bot-
~ - -=- d-0073a tom of this band are slightly shifted towards higher energies.
i s T 9moo In both cases there is large hybridization between the
transition-metal atoms and the oxygens, but this hybridiza-
Ne tion does not change much during the transition. This hybrid-
ization is essential for the onset of the ferroelectric instabil-
ity, however, the amount of hybridization in this system does
not change much through the phase transition like in other
ferroelectrics, e.g., BaTiQor PbTiO;.>
We find that LiINbO; and LiTaO; are almost identical in
their electronic behavior. The amount dfcharacter in the
(b) valence bands, which is a measure of the hybridization be-
- 4-00738 tween the transition-metal ions and their oxygen neighbors is
6 — 4200 very similar. This is in contrast to the conclusion that Ta is
less ionic than Nb, reached by Postnikast al. for
K(Ta,NDO;. This conclusion was based on the smaller
\ transition-metal atom density-of-states peak at the bottom of
03 I L) 9 the valence band, observed in Figs(@knd 11b). It is seen
from Fig. 10 that the origin of this peak is the less dispersive
FIG. 11. From LMTO results of KTa@and KNbO;, by Post-  nature of one LiTaQ@ band versus LiNbQ.
nikov et al. (Ref. 29. (a) Local density of states at the Nb site with The similarity between LiINGTa)O5 and KNKTa) 5 is the
the Nb undisplacedsolid line) and displaceddashed lingfrom its  fact that the driving mechanism for the phase transition in
rhomboh.edral position. The displacement of the Nb atom is_ eXadthe two systems is oxygemB-atom hybridization. The differ-
gerated in order to enhance the trends sholbn.at the Ta site,  once phetween the two systems lies in the different structure,
;ngﬁrlt?e fsmg Cor.'td't'ofnst' Ihe units are in Ryd for the energies an hich yields a different oxygen—A-atom interaction.

4 or the densily ot states. In both LINTa)O; and KNKTa)O; the hybridization
ferroelectric instability. This is very similar to the ferroelec- between théB atoms(the transition meta)sand the oxygens
tric mechanism in the perovskite ferroelectrics, where thecauses the oxygens and tBetoms to displace towards each
oxygen-—transition-metal atom hybridization, in addition to other. In the LiN§Ta)O5 system the oxygerB-atom sepa-
the Coulombic long-range interaction, which tends to driveration is larger than the sum of their ionic radii and the oxy-
the system off center, overcomes the short-range repulsiongens markedly displace in tteeb plane as they move along
which tend to leave the system in its high-symmetry configuthe polar axis. This, however, makes the oxygaratom
ration. separation larger than the sum of their ionic radii resulting in

An interesting comparison can be made with thethe coupled oxygenA-atom motion. This is in contrast to
K(Nb,TaO; system; one major difference is the fact that thethe perovskites where th& site is large enough to allow the
perovskite KTaQ is an incipient ferroelectric where oxygens to move towards th® atoms, e.g., KNb@ where
LiTaO3 has a high transition temperature. In this sense ahe potassium-oxygen separation in the highest and lowest
qualitative comparison can be made between the two sets gymmetry structures are about 2.85 and 2.83 A, respectively,
systems, as in both systems the transition temperature bmpared with the sum of their ionic radii, which is about
higher in the niobate systems, being zero for KgaQhis 2.78 A.
would mean a shallower well for the tantalates, where in the |t is interesting to note that when doping KTaQvith
case of KTaQ the well is apparently lower than the thermal lithium atoms (KLT), the system does displace off-center,
vibrations, as shown by this study for the(Nb,TO5 sys-  with a critical concentration of lithiums as small as 2.%%.
tems and by Postnikov for the(Kb,TaO5 systems® This could be the result of the lithium ion having a much

The electronic structures of the two sets of systemsmaller ionic radii than the potassium with respect to the
[LiNb(Ta)O5; and KNKTa)O3] show a large hybridization perovskite structure, being about 0.6 A for Li and 1.4 A for
between the transition-metal atoms and the oxygens, and th€%® This would allow the lithiums, driven by Madelung
amount of hybridization between the transition metals andorces, to displace off-center, and due to the large space open
the oxygens in the two sets of systems is similar. This can b& the lithiums in the perovskite structure their amplitudes
seen from Fig. @), which shows both the partial density of will be much larger than in the LiTa@system, resulting in a
Nb 4d states and that of Tadbstates in the valence bands in dipole field that polarizes the oxygens and distorts them into
the ferroelectric configuration in the LINBe)O5 systems. off-center positions. It should be noted that the phase transi-
We can compare these results to the same densities of statisn in KLT is significantly different from in a conventional
calculated for KNbQ and KTaQ; by LMTO (Ref. 29 re-  ferroelectric. Azziniet al®® found that the size of the do-
produced in Fig. 11. These figures show the (W) density mains having a homogeneous spontaneous polarization is
of states with the Ni§Ta) atom undisplaced and displaced by significantly smaller than the size of the structural domains
0.073 (a being the lattice constanalong the(111) direc- and DiAntonioet al’® estimated the size of these domains
tion, which is an exaggerated displacement used to enhanesd determined that this is a ferroelectric transition due to
the differences between the two phases. We can see that thiee coincidence of the temperature of the maximum of the

DOS (1/Ry)

DOS (1/Ry)

Ta
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dielectric permittivity with the appearance of other anoma-included in this study and this difference in the electronic
lies that are characteristics of a structural transformation. structure of the two systems are two possible candidates to
In the Slater picture of the so-called “rattling ion,” ti®  explain the difference in the transition temperatures of the
atom lies off center because it is too small to fit into thetwo systems.
oxygen octahedra surrounding it. This is in fact the opposite It is demonstrated that contrary to previous models, which
of the picture in the LiNBTa)O 5 systems where the separa- emphasized the hopping of the lithium atoms between the
tion of the oxygens from the NfTa) atoms are smallgfl.9  three positions as the driving mechanism for the phase trans-
A) than the sum of their ionic radi2 A). Also, a comparison formation, in these systems, no triple-well potential was
of the Ta-O distances in KTaQand LiTaO; shows exactly found for the lithium motion. The deep double wells found
this same effect. In KTa@, the oxygen octahedra larger  are the result of the oxygen displacements towards the
than the oxygen octahedra in LiTaQand yet, in KTaQ the  transition-metal atoms, which are the result of the hybridiza-
B atom never displaces to the off-center position, while intion between the two atoms. The wells indicate an order-

LiTaO3, theB cation exhibit a ferroelectric distortion. disorder character for the oxygen. Local changes in the oxy-
gen octahedra are responsible for the lithium displacements
IV. CONCLUSIONS from their centrosymmetric sites. The lithiums themselves

_ _ _ ~ are passive players in the ferroelectric energetics.
It is shown that LINbQ and LiTaO; are very similar in

both t_heir electronic structure and energetics. The diffe_rgnces ACKNOWLEDGMENTS
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