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First-principles study of Ca2¿ and Mn2¿ substituents in KTaO3

Kevin Leung
Sandia National Laboratories, Mail Stop 1421, Albuquerque, New Mexico 87185

~Received 25 April 2000; published 6 March 2001!

The structural properties, energetics, and dynamics of Ca21 and Mn21 substituents in KTaO3 are investi-
gated from first principles. It is found that Ca substitutes for both K and Ta ions. Oxygen vacancies bind to
isolated Ca ions residing at Ta sites, causing off-center Ca displacement and forming large dipoles. There is
also evidence that oppositely charged defects may cluster together. Our calculations predict that the activation
energy for dipole reorientation via oxygen vacancy hopping within the first-neighbor shell of Ta-substituting
Ca or Mn exceeds 2 eV. On the other hand, Mn21 substituting at the K site displaces off center along the~100!
direction, also forming a dipole. This dipole can reorient via Mn hopping motion with an activation energy of
;0.18 eV, in reasonable agreement with experiments. We argue that, in general, metal ion hopping at theA
site, not oxygen vacancy hopping, is responsible for the small activation energies found in experiments.

DOI: 10.1103/PhysRevB.63.134415 PACS number~s!: 77.84.Dy, 61.72.Ji
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I. INTRODUCTION

Impurity dipoles in ferroelectrics are vital to understan
ing relaxor behavior,1 polarization pinning,2,3 and fatigue in
ferroelectric devices.4 When a metal substituent resides o
center at theA or B site of the perovskite (ABO3)
structure—particularly if it binds to an oxygen vacancy in
first-neighbor shell—a dipole is created. This impurity dipo
can usually orient in several equivalent, symmetry-rela
directions. When the host ferroelectric is near its critic
point, the correlation length is large, and the interaction
tween even small concentration of impurity dipoles is pro
gated a large distance. As a result, ferroelectric behavior
be strongly affected, and glassy or relaxor behavior may
sult due to frustration of the dipolar interactions.5 Likewise,
during polarization switching via application of an extern
electric field to a ferroelectric, impurity dipoles are initial
misaligned with respect to the field, and they pin the latt
in their neighborhood. An activation energy is required
realign them. As a result, polarization switching kinetics
ferroelectrics are strongly affected by impurity dipoles2,6

Considerable experimental effort has been made to eluci
the physics of these important defects.7 However, there re-
main unresolved issues, even at the basic level of whe
the metal impurities substitute at theA or B site, and whether
they displace off-center to form dipoles at the respect
sites.

One example where controversies linger is the location
some divalent metal substituents in KTaO3 and KTN~a solid
solution of KTaO3 and KNbO3). KTaO3 is an incipient
ferroelectric. The pure material remains paraelectric and
tains a cubic symmetry down to zero temperature.8 So this
material lends itself to studying impurity dipoles without th
complication of intervening phase transitions. KTN exhib
a ferroelectric phase when the Nb concentration reac
;2%.9,10 When paramagnetic Mn21 is doped into KTaO3,
the electron-spin-resonance~ESR! technique can in principle
be used to determine the impurity substitution site and dip
orientation. The crystal fields at theA ~K! and B ~Ta! sites
are distinct, and Mn21 residing at each site should give fin
structures that characterize the defect enviroment. But so
0163-1829/2001/63~13!/134415~11!/$20.00 63 1344
-

d
l
-
-
an
e-

l

e

te

er

e

f

e-

es

le

r,

experiments have yielded contradictory interpretatio
Hannon,11 Bykov et al.,12 and Abrahamet al.13 conclude that
Mn21 substitutes at theB site ~henceforth referred to a
MnTa), inducing a captive oxygen vacancy (VO

21) in its first-
neighbor shell. Recent work by Laguta and co-workers14 and
Laulicht et al.,15 on the other hand, concludes that Mn21

resides on theA site ~i.e., MnK). This Mn displaces;0.9 Å
in the ~100! lattice direction, without any charge
compensating defect such as a K vacancy in the immediat
neighborhood.14 Mn21 goes into theB-site in the closely
related incipient ferroelectric SrTiO3. However, attempts to
apply this conclusion to KTaO3 have been controversial.16,17

Tracking ESR spectra as a function of temperature p
vides further information about the impurity environment.
elevated temperature, the fine structure splitti
vanishes,12,14 signaling that the impurity dipole has acquire
sufficient thermal energy to overcome the barrier for dip
reorientation to another symmetry-related direction. Acco
ing to these experiments, an activation energy of 0.115
accompanies dipole reorientation in KTaO3:Mn21. An im-
purity dipole reorientation barrier of 0.11 eV is also deduc
from frequency-dependent dielectric relaxation measu
ments by Nowicket al.18 The ESR work of Ref. 15 gives a
barrier of 0.065 eV, which is measured in 3% Nb KTN so
solution. This value seems out of line with those measure
pure KTaO3, and henceforth we will assume an experimen
value of;0.11 eV for the reorientation activation energy
KTaO3. Citing the early work of Bykovet al.,12 Nowich
et al.conclude that this barrier is associated with the hopp
of an oxygen vacancy between two equivalent sites in
first-neighbor shell of Mn residing at the Ta site. This inte
pretation does not agree with the more recent work of R
14.

The possibility of multiple charge states in transition io
such as Mn brings complications when one attempts to
termine the most stable defect structure~s!. In view of this,
recent experiments on Ca-doped KTN~Ref. 19! and
KTaO3:Ba ~Ref. 20! are especially illuminating. In the
KTN:Ca sample in question~2.3% Nb, 0.055% Ca!, the
small amount of Ca added significantly increases the C
©2001 The American Physical Society15-1
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temperature.19 This suggests that Ca substituents create
poles that couple strongly to the ferroelectric host. The
electric loss spectra is consistent with activated dynam
with an activation energy of 0.08 eV. The magnitude of t
barrier is comparable to the one observed in KTaO3:Mn21.
This signature is absent for pure KTN samples.21 Given these
observations, a comparative theoretical study of Ca and
impurities should shed light on the structure and dynamic
dipolar defects in KTaO3, and perhaps in perovskites in ge
eral.

In this paper, we apply first-principles methods to stu
the energetics, structures, and dynamics associated
Ca21 and Mn21 impurities in cubic KTaO3. There have
been relatively few first-principles calculations on defects
perovskites, especially in KTaO3. Exneret al.22 have com-
piled a list of formation energies and favorable solid-st
chemical reactions for incorporating a series of mono-,
and trivalent substituents, using a shell model for the ions
and Na impurities have been examined using the full pot
tial linear muffin-tin orbital~LMTO! method.23 Li ~Ref. 24!
and Nb~Refs. 25 and 26! substituted at the K and Ta site
respectively, have also been studied using a semiempi
Hartree-Fock method. However, the full potential meth
used in Ref. 23 gave results that exhibit discrepancies w
all-electron linearized augmented plane wave~LAPW! local
density approximation~LDA ! first-principles predictions,
particularly with regard to the soft phonon modes in pu
KTaO3.27 More recently, first-principles studies of P
impurites,6 Pb vacancies,28 and O vacancies29 in PbTiO3
have been performed. This list, by no means exhaust
highlights the value of performing more first-principles stu
ies to benchmark semiempirical calculations.

The present work on Ca-substituent energetics follows
framework of Ref. 22, but applies density functional theo
instead of empirical models. We also consider the activa
energies for oxygen vacancy hopping within the fir
neighbor shell of the Ta-site substituents, as well as the
namics involving Mn and Ca motion at the K sites. While t
system is ionic and its structural properties should be rea
ably well treated within the shell model of Ref. 22, the pr
dictions for dynamics can be sensitive to the parameters u
in empirical models. With our test cases of KTaO3:Ca and
KTaO3:Mn, we hope to provide a useful first-principles par
digm for dipole reorientation dynamics in ferroelectric pe
ovskites.

The paper is organized as follows. Section II describes
details of the first-principles implementation. Validation
this implementation is given in Sec. III, where special atte
tion is paid to the convergence of defect formation energ
with supercell dimensions. Sections IV and V discuss
predictions for impurity incorporation energetics and dipo
reorientation dynamics, respectively, and Sec. VI conclu
the paper with further discussion.

II. METHOD

The calculations are performed using the Vienna ato
simulation package30 ~VASP!, which utilizes ultrasoft
pseudopotentials.31 The LDA approximation32 for the ex-
13441
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change correlation functional is used. When unpaired e
trons are present, the spin-polarized local density functio
approximation33 ~SLDA! is applied instead. The generalize
gradient approximation34 ~GGA! to the exchange correlatio
function, which has been known to give diffusion barrie
closer to experimental values in some insulators,35 is also
applied to provide a consistency test for determining acti
tion energies. The pseudopotentials for K, Ca, and Mn
clude pseudovalentp-shell electrons. The defect structure
are computed using periodically replicated supercells
varying sizes. To compute defect formation energies,
Brillouin zones of these supercells are sampled us
Monkhorst-Pack grids36 equivalent to or denser than 636
36 k points within one primitive cell. 43434 sampling is
used for most of the dipole reorientation activation ene
results. All calculations are performed at the equilibriu
LDA or GGA lattice constants, as the case might be, exc
where indicated. To compute the activation energy of dip
reorientation, the nudged elastic band~NEB! method37–40 is
applied. This method will be discussed in more detail in S
V.

The designations Ca21, Mn21, andVO
21 used in this work

refer to nominal ionic charges. Operationally, when we
place a K atom with Ca, the total number of electrons in t
simulation cell is adjusted such that K, Ca, Mn, Ta, and
ions have ionic charges of11, 12, 12, 15, and 22,
respectively. For example, the Ca pseudopotential acco
for six pseudovalent 3p electrons in addition to two 4s elec-
trons. A nominal ‘‘Ca21’’ ion thus contributes six net elec
trons to the simulation cell. Similarly, the oxygen pseudop
tential is associated with two 2s and four 2p electrons, and
thus a ‘‘VO

21’’ oxygen vacancy eliminates eight electron
from the cell. With this procedure, the supercells with C
defects are insulators and do not have impurity states in
band gap.~However, the transition-metal Mn defects do e
hibit such impurity states.! When Ca21 or Mn21 substitutes
for K1 or Ta51, the supercell cell that represents isolat
defects will have a net charge~even in the presence of oxy
gen vacancy!, which is not compatible with the periodi
boundary conditions used in this work. In those cases, o
all charge neutrality is preserved by adding a compensat
uniform background charge to the supercell. This will
discussed further in Sec. III B.

III. ACCURACY AND CONVERGENCE TESTS

To determine the defect structures and dynamics, accu
formation energies and barrier heights are required. Fi
principles predictions are far more reliable than semiem
ical results for this purpose. However, the high cost of th
calculations limits the size of supercells that can be used
mimic isolated defects. The convergence behavior with
spect to cell size is discussed in detail in this section.

A. Validation of LDA and pseudopotentials

The ultrasoft pseudopotentials used herein, in conjunc
with LDA, gives a lattice constant of 3.957 Å for KTaO3,
which is 0.6% smaller than the experimental lattice const
5-2
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FIRST-PRINCIPLES STUDY OF Ca21 AND Mn21 . . . PHYSICAL REVIEW B 63 134415
and is in excellent agreement with the 3.96 Å obtained
ing LAPW.27 GGA predicts a lattice constant of 4.027 Å
which is in excellent agreement with the GGA results of R
41 and is 1% larger than the experimental value. As a furt
validation of the pseudopotentials, Table I lists theG-point
phonon frequencies computed at both LDA and experime
lattice constants. Also shown are the LAPW results co
puted at experimental lattice constant27 and experimenta
phonon frequencies42 extrapolated to zero temperature
Ref. 27. The close agreement between our phonon freq
cies and LAPW results demonstrates that our ultras
pseudopotential implementation closely mimics all-elect
LDA despite the omission of inner-shell electrons in the
pseudopotential.

The soft TO mode frequency differs from the experime
tal value by 60 cm21 at the experimental lattice constan
and by as much as 94 cm21 at the LDA lattice constant
This frequency, which is close to vanishing, is proportion
to the square root of the lowest eigenvalue of the dynam
matrix and is sensitive to small errors in lattice constan
The disagreement with experimental force constant sho
not be considered excessive. However, it does indicate
the system at its LDA lattice constant is farther away fro
criticality than experimental KTaO3. LDA KTaO3 will
therefore exhibit a lower static dielectric constante0 as well
as a smaller correlation length. Assuming a linear dielec
effective medium for the host KTaO3, this will cause a small
uncertainty in the absolute solvation energy of charged s
cies, which, depending on the ionic radius, can be a
tenths of an electron volt for highly charged defects. As
result, the binding energy between oppositely charged
fects may be somewhat unreliable if the species are hig
charged.

In general, LDA equilibrium structures are reliable f
perovskites. On the other hand, LDA has been known to g
diffusion barriers that are off by 33%, while GGA has be
known to be off by 20%.35

B. Convergence with respect to cell size

Too small a supercell causes artificial strain fields a
periodic charge arrays that stem from the artificial perio
boundary conditions. In this work, the effect of imag
charges is controlled by adding a monopole Madelu

TABLE I. Comparison of predicted phonon frequencies w
LAPW results computed at experimental lattice constant~Ref. 27!
and experimental results~Ref. 42! extrapolated to zero temperatu
~Ref. 27!.

Mode
VASP

~expt.ao)
VASP

~LDA ao) LAPWa Experimentb

TO2 85.8 cm21 117.8 cm21 80 cm21 24 cm21

TO3 193.9 cm21 204.8 cm21 172 cm21 197 cm21

TO4 276.0 cm21 273.3 cm21 264 cm21 274 cm21

TO5 555.4 cm21 582.1 cm21 529 cm21 546 cm21

aReference 27.
bReference 42.
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correction.43 The LDA high-frequency dielectric constant
required for this correction. We assumee`

LDA55.115, which
is 10% larger than the experimental value of 4.65.44 The
monopole and dipole interactions among supercell ima
can in principle be completely eliminated using a referen
charge distribution technique.45,46

Figure 1 depicts the convergence behavior as a func
of supercell size. The defect formation energyEf for several
structures we will investigate in Sec. IV is plotted against t
cell dimensions (Nx ,Ny ,Nz) along the three Cartesian direc
tions. We defineEf as the change in cohesive energy b
tween the supercell containing the defect and an ident
supercell consisting of perfect crystal KTaO3. Ef is normal-
ized for the charge in the supercell; Sec. IV will show th
for the purpose of determining the most favorable mode
incorporating Ca, this normalized energy is the relev
quantity. In general, the defect structures that do not invo
oxygen vacancies are apparently converged to 0.25 eV
charge forNx53. However, when one~or more! oxygen
vacancy exists in the first-neighbor shell of a large metal
@e.g., in (KTa-VO)22#, the metal displacement can exce
1 Å. This induces large strain and leads to slowEf conver-
gence. As we will show, (KTa-VO)22 is not a low-energy
defect, and therefore this does not prevent us from assig
the lowest-energy structures for Ca impurities~Sec. IV!. In
cases where cubic symmetry-breaking oxygen vacancies
ist, Ef converges more slowly with cell size in the directio
perpendicular to the direction of the metal-VO

21 dipole
aligned in thez-direction, and up to 434 sampling in the

FIG. 1. Convergence of defect formation energyEf for CaK
1 ,

(CaTa-VO)2, CaTa
32 , and (KTa-VO)22. The defect charges indicate

in this and all subsequent figures derives from valence elec
counting, not from examination of the electron density distributio
Ef is normalized with respect to the charge in the supercell. T
lines and circles are guides to the eye. A convergence of;0.25 eV
is attained for the Ca impurities, while K substituting at the Ta s
bound to an oxygen vacancy, converges poorly because of the
relaxation of the K atom. Fortunately, this complex proves too
ergetically costly to be a viable defect structure.
5-3
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KEVIN LEUNG PHYSICAL REVIEW B 63 134415
transverse directions is used. This is despite the fact tha
supercell is a well-behaved insulator that exhibits no state
the gap. We also note that our largest supercell of 240 at
is 3 times as large as those used in first-principles LDA st
ies reported in the literature.6,28,29

IV. DEFECT STRUCTURES AND ENERGETICS OF Ca
SUBSTITUENTS

A. Candidates for defect structures

Given the highly ionic nature of the species present
KTaO3:Ca, we have focused on nominal ionic charges wh
considering possible defect structures. When substitutin
Ca21 for either K1 or Ta51, or when creating one oxyge
vacancy by removing O22, charged defects are formed an
the supercell cannot be kept neutral. The intrinsic defect c
centration of KTaO3 is of order a few hundred parts pe
million,47 and are not sufficient to accept excess electr
from ~or donate them to! the extrinsic Ca-containing defec
that want to be positively~negatively! charged. Therefore we
assume that, whenever a positively charged defect is cre
by a impurity, a compensating negatively charged def
must exist to preserve overall charge neutrality.

The choices of possible low-energy defect structures
guided by a previous shell-model study.22 The isolated posi-
tively charged defects examined are CaK

1 , (VK-VO)1,
@CaTa-(VO)2#1, andVO

21 . The candidates for isolated neg
tively charged defects are (CaTa-VO)2, VK

2 , (KTa-VO)22,
and CaTa

32 . Here the notation for charges indicated for ea
defect complex follows Ref. 22 and are based on vale
charge counting~e.g., Ta51 replaced by Ca21 gives CaTa

32 in
the supercell! rather than a careful study of the electron
density distribution around each ion. The electron den
contour maps will be deferred to later studies. These n
tions also give the total compensating background cha
used in the defect supercell.

Figures 2 and 3 depict some of these structures. Relati
small lattice relaxations is found in CaK

1 . This defect does
not have Ca residing off-center and therefore forms no
poles. On the other hand, in (CaTa-VO)1, Ca displaces
;0.1 Å towards the oxygen vacancy in its first-neighb
shell, forming a large dipole. In CaTa

32 , the large size of Ca21

relative to the Ta51 normally residing there forces the oxy
gen ions surrounding the cramped Ta site to displace
wards by 0.17 Å.~The nearest-neighbor K-O distance
bulk KTaO3 is 2.8 Å, compared to 2 Å for Ta-O.! The K1

ion is even larger than Ca21; as alluded to before, it dis
places more than 1 Å towards the oxygen vacancy tha
bound to it at the Ta site.

To compute the solvation energy of Ca assocated w
each defect, we need to add or subtract the chemical po
tials of each species added to or removed from the super
respectively. In the synthesis,11,19 Ta2O5 and excess K2CO3
are heated to 1000 K in air. K2CO3 is replaced by K2O in our
calculations since CO2 is readily eliminated from the carbon
ate. The chemical potentialsmK , mCa, and mTa are deter-
mined from the cohesive energies of K2O, CaO, and
KTaO3.48 Ta2O5 is irrelevant here because it is the reacta
13441
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assumed to be completely exhausted during synthesis.
for example,Ecohesive

CaO 5mCa1mO. mO can in principle be cal-
culated from the partial pressure in air and the cohesive
ergy of O2 molecules.48 Since mass is conserved and all io
retain their nominal charges,mO can actually be eliminated
in the final expression when defect pairs with equal but
posite charges are combined. ThereforemO can be left un-
specified. The solvation energies are referenced to cons
mK , mCa, mTa, andmO. For instance,

Esol
CaK5Ef

CaK2mCa1mK .

Using these solvation energies, we search for the m
stable pair of defects with equal and opposite charges.
possible structures are first screened using underconve
~i.e., Nx5Ny5Nz52) supercells; no attempt is made to fu
ther convergeEf for structures with very unfavorable ene
gies. Table II confirms that some defects under considera
are evidently so costly they can be ignored. The most fav
able structures are converged to;0.25 eV per charge. From
Table II, we predict the most favorable solid-state reaction
be

FIG. 2. Structures of CaK
1 and (CaTa-VO)2, depicted as cross

sections in thex-y plane. The filled or shaded circles are in the T
(B-site! layer while the open circles are coplanar with K (A site!.
The solid line circles represent Ca while circles with dashed li
are K atoms. These are shaded only if they are in the Ta layer
are depicted as small, filled, black circles, while O atoms in the
and K layers are represented as filled gray circles and open ci
with dotted lines, respectively. The CaK

1 supercell has a cubic sym
metry. Note that the Ta-O bond length for pure KTaO3 is 1.98 Å
according to LDA. (CaTa-VO)2 exhibits C4v symmetry, and Ca21 is
displaced by;0.1 Å towards the oxygen vacancy.
5-4
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2CaO1KTaO3→CaK
11~CaTa-VO!2. ~1!

The nondipolar defect CaTa
32 is only slightly higher in energy

(;0.3 eV) per Ca impurity:

4CaO13KTaO3→3CaK
11CaTa

321K2O. ~2!

The stability of these two structures relative to other poss
defects is in qualitative agreement with Ref. 22. Table
shows that potassium vacancies, which have been specu
to accompany CaK

1 in the literature, are highly unfavorable
The trends in Table II can be rationalized in terms of ion
charges and sizes. Ca21 substituting for Ta51 creates a large
localized charge in addition to forcing a larger ion into
congested Ta site. These Ta-site disadvantages can be
viated by binding an oxygen vacancy to CaTa

1 . The K1 ion is
simply too large to fit into the Ta site even with an oxyg
vacancy in its first-neighbor shell. In the more stab
(CaTa-VO)2 defect, a dipole is formed. This appears to

FIG. 3. Structures of CaTa
32 and (KTa-VO)22. For a description of

the symbols, see the caption of Fig. 2.

TABLE II. Solvation energy per Ca in various defect pairs. T
defects marked by an asterisk and a dagger haveEf converged to
0.25 eV and 0.5 eV per charge, respectively. The other entries
computed using Nx5Ny5Nz52 supercells and 23232
Monkhorst-Packk-point sampling.

(CaK)1* (VK-VO)1 @CaTa-(VO)2#1† VO
21

(CaTa-VO)2* 1.4 eV 7.7 eV 2.5 eV 4.4 eV
(CaTa)

32* 1.7 eV 21.4 eV 3.4 eV 11.7 eV
(KTa-VO)22† 2.4 eV NA 4.7 eV NA
(VK)2* 3.4 eV NA 5.7 eV NA
13441
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consistent with the experimental observation that Ca
blizes the ferroelectric phase in KTN.19

Our theoretical treatment differs from experiments in th
2.3% Nb actually exists in the KTN:Ca sample in question19

This amount of Nb is sufficient to cause a paraelectric-
ferroelectric phase transition.9,10 Our first-principles imple-
mentation, which uses the LDA,32 overestimates the fre
quency of the soft optical mode~see Sec. III A and Ref. 27!.
It is difficult to treat the phase transition and the accom
nying lattice distortions induced by such a small amount
Nb, because a large supercell is needed to account for
proper composition, and because the small error in LDA
tice constant may preclude an extremely accurate predic
of the phase boundary. Furthermore, the breaking of cu
symmetry that accompanies phase transitions in KTN w
give rise to a much larger number of possible defect str
tures separated by small energies, compared to the ca
high-symmetry KTaO3. To restrict ourselves to studying ge
neric features of defects, we have chosen cubic KTaO3 as the
host lattice.

B. Defect clustering

Since the defects are charged, clustering is favored e
trostatically and is a distinct possibility. We have inves
gated two possible charge-compensated comple
(CaK)3-CaTa and CaK-CaTa-VO, which are depicted in Fig. 4
Within the precision of the calculation, no binding energy
observed between the bound pair of CaK

1 and (CaTa-VO)2.
On the other hand, because CaTa

32 carries a large charge,
binding energy of 3.0 eV obtains for (CaK)3-CaTa. This

re

FIG. 4. Structures of two defect clusters, CaK-CaTa-VO and
(CaK)3-CaTa ~see text!. For a description of the symbols, see th
caption of Fig. 2.
5-5
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KEVIN LEUNG PHYSICAL REVIEW B 63 134415
translates into a 0.75 eV decrease in energy per Ca subs
ent in Eq.~2!, which will put this complex 0.35 eV lower in
energy per Ca than the isolated CaK

1 and (CaTa-VO)2 pair
@Eq. ~1!#.

The (CaK)3-CaTa cluster carries a dipole that cann
readily reorient at low temperature. It is unlikely to be r
sponsible for the temperature-dependent dielectric loss
nature. Experimentally, the synthesis is carried out aT
51000 K, and the configurational entropy cost of asse
bling four impurity atoms has to be considered when de
mining whether Ca clustering can occur. During crys
growth, CaO is spontaneously incorporated into KTaO3,47

which suggests that the solid-state reaction that incorpor
Ca has a negative free energy. Our calculations always
positive incorporaton energy at zero temperature. Barr
large LDA errors in cohesive energies, entropy must pla
large role in determining the defect structure. As we have
systematically varied the cluster size, shape, and orienta
the possible effect of clustering on dipole formation and d
namics will be deferred to future studies.

V. DIPOLE REORIENTATION DYNAMICS

The calculations of dipole orientation barriers are p
formed from first principles using multidimensional trans
tion state theory.49 Here the relevant barrier height is th
lowest saddle point separating the initial and final configu
tions in the potential energy landscape comprising all ato
degrees of freedom in the supercell. In our case, the ini
final configurations are two of the possible orientations
~say! the (CaTa-VO)2 dipole. An efficient algorithm for find-
ing this saddle point is the NEB method.37 This method cre-
ates a series of replicas along the reorientation~or ‘‘reac-
tion,’’ to borrow physical chemistry terminology! path that
interpolates between the initial~reactant! and final~product!
configurations. An energy function is introduced to penal
large changes of atomic coordinates between nearest n
bors in replica space. The reaction path is found by minim
ing a suitable action that governs all degrees of freedom
the replicas, subject to the constraint that the path pa
through a saddle point;37 the latter then is obtained via inte
polation. This general, robust method has been impleme
within the VASP package30 and successfully applied to pre
dict nontrivial reaction pathways.

Recent advances in NEB, namely the ‘‘climbing image
option,39,40 deposits one image or replica along the react
path such that atoms in that replica experience zero force
other words, this variation locates the saddle point with
the need for interpolation. It facilitates computing barr
heights in systems with steep potential energy surfaces,
will also be used to investigate the energy barriers associ
with oxygen vacancy hopping.

These algorithms will be used as the standard in act
tion energy calculations, against which simpler approac
will be compared.

A. Oxygen vacancy hopping around CaTa
¿ and MnTa

¿

Our previous results suggest that Ca21 resides in both K
and Ta sites. First we consider the activation energy for
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pole reorientation via oxygen vacancy hopping within t
first-neighbor shell of Ca at the Ta site. Figure 5 depicts
lowest-energyVO

21 hopping pathway in a (CaK-CaTa-VO)2

complex, obtained using the climbing image NEB.39,40 This
doubly substituted supercell has been chosen as a para
because this cell is uncharged and does not suffer from
ficial interactions between periodic image charges. ANx
5Ny5Nz52 supercell with 23232 K-grid sampling is
used. With the ‘‘climb’’ option, the replica in panel 4 of Fig
5 has the highest energy and it is thus a saddle point of
potential energy surface. We have confirmed that ato
forces are indeed zero in this configuration. The barrier
reorientation is predicted to be 1.945 eV~Table III!. The
oxygen atom, which undergoes hopping, stays within 0.2
of the Ta-containing lattice plane. The Ca atom at the K s
also undergoes displacive motion; in panel 4, it displa
;0.2 Å off thex-y plane, which contains the A site.

At present NEB is used with an even number of replic
The climbing image option, which puts one replica at t
saddle point, necessarily gives a nonsymmetry pathway
function of the replica number. If this option is turned o
we find that the hopping pathway is apparently symme
about thex5y plane ~not shown!.50 This suggests that the

FIG. 5. Oxygen vacancy hopping pathway between symme
related, equivalent minima in (CaTa-VO)2 computed using the NEB
method with ‘‘climb’’ option and eight replicas~see text!. The sym-
bols are described in Fig. 2. In the inset, the activation ene
profile is plotted as a function of the reaction coordinate~i.e., rep-
lica number within NEB!. Diamonds are the total energies of th
respective replicas referenced to the formation energy of the st
defect~panels 0 and 9!. The dashed line is a spline fit. The plus an
cross indicate the barrier height computed by imposing symm
about thex5y plane ~panel 10! for supercells of sizeNx5Ny

5Nz52 andNx5Ny5Nz53, respectively.
5-6
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x5y plane may be a dividing surface between reactant
product. To investigate this, we impose reflection symme
about thex5y plane in this supercell in panel 10 and allo
all other degrees of freedom to relax. Upon slightly break
the symmetry about thex5y plane, the configuration in
panel 10 relaxes to the stable defect structures. This confi
that panel 10 is indeed a saddle point, not a metastable s
ture. The energy difference between this constrained c
figuration and the stable defect structure is 1.988 eV~Table
III !. This energy difference is within 0.043 eV of the activ
tion energy obtained with climbing image NEB. Thus, en
getically speaking, the symmetric structure in panel 10 se
to be the saddle point for dipole reorientation. However, i
evident from Fig. 5 that the atomic positions in panels 4 a
10 can differ. The positions of the oxygen atom undergo
the hopping motion differ by;0.04 Å in the two panels
while the oxygen coordinates near the adjacent Ta site d
by as much as 0.34 Å. The LDA potential energy landsc
near the saddle point is apparently sufficiently flat but co
plex that both of these slightly different structures are via
saddle point candidates, giving zero forces and essent
identical activation energies for dipole reorientation.
climbing image NEB withoddnumber of replicas were used
we believe panel 10 would result as the saddle point. N
that a saddle point with reflection symmetry is also predic
in KNbO3, a closely related system.52

The qualitative features discussed above hold in all ca
of oxygen vacancy hopping we have studied. Table III co
firms that climbing image NEB gives dipole reorientatio
activation energies that are within 7% ofx5y plane
symmetry-constrained relaxation51 for various defect com-
plexes. Increasing the cell size toNx5Ny5Nz53 increases
the barrier by 0.2–0.45 eV. We have also compared
LDA result against the GGA prediction computed at t
GGA lattice constant of KTaO3. The difference is 0.14 eV
which is already smaller than the error due to using sm
supercells. We further note that the defect with the larg

TABLE III. Dipole reorientation activation energy (DE†) com-
puted by imposing reflection symmetry about thex5y plane as
well as by using the climbing image nudged elastic band meth
The overall charge of the defect structures are omitted~see text!.
23232 Monkhorst-Packk-point grids are used throughout. A
activation energies are computed using LDA except where not

Defect Nx3Ny3Nz

DE† ~eV!:
symmetry

DE† ~eV!:
climb NEB

CaK-CaTa-VO 23232 1.988 1.945
CaK-CaTa-VO 33333 2.204 NA
CaTa-VO 23232 2.749 2.755
CaTa-VO 33333 3.198 NA
CaTa-VO ~GGA! 23232 2.611 NA
VO 23232 1.006 1.082
KTa-VO 23232 3.965 3.994
MnTa-VO 23232 2.220 2.115
MnK 23232 0.125 NA
MnK 33333 0.182 NA
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metal ion displacement at the Ta site, namely (KTa-VO)22

~see Fig. 3!, also exhibits the largest hopping barrier.
From Table III, we conclude that both climbing imag

NEB and relaxing the atom positions while preserving
flection symmetry about thex5y plane give very similar
dipole reorientation activation energies. The atomic confi
ration at the saddle point can differ by up to;0.3 Å, and
climbing image NEB does not unambiguously assign
saddle-point symmetry. Either method is sufficient to pred
the energetics. However, the reflection symmetry metho
particularly valuable because it is much less computation
demanding and allows convergence tests with respect to
percell size.

It is noteworthy that we predict an;1 eV barrier for
intrinsic VO

21 hopping in undoped KTaO3, in agreement with
experiments.53 On the other hand, this value is in substant
disagreement with the 0.07 eV activation energy in pu
KTaO3 predicted by the shell model of Exneret al.22 Using
NEB with up to eight replicas, we do not find the transitio
stateparallel to the x5y plane that Ref. 22 apparently re
ports. This suggests that their shell model may not be
useful for dynamics as it apparently is for structur
properties.52

All activation energies forVO
21 hopping within the first-

neighbor shell of CaTa are predicted to exceed 2 eV. This
corroborated by the results of preliminary, constant tempe
ture ab initio molecular dynamics simulations. Even atT
53000 K, which corresponds to a thermal energy
;0.25 eV, the oxygen vacancy stays in the same lattice
after 2 ps of simulation. Therefore the oxygen vacancy h
ping barrier must be significantly larger than 0.1 eV. W
conclude that;0.1 eV activation energy deduced from d
electric loss measurements in KTN:Ca is most likely n
associated with oxygen vacancy hopping. Note that this fi
ing does not imply that (CaTa-VO)2 cannot exist; we have
merely shown that (CaTa-VO)2 should not contribute to the
dynamics at low temperature.

To gain further insight into the dynamics, we turn o
attention to Mn21 impurities, which are more amenable
experimental studies because of unpaired electrons. S
Mn readily takes on numerous charge states, searching
the most favorable defect pairs will be even more diffic
than for Ca. Instead of attempting to predict the favora
structure~s!, we explicitly consider the dynamics of isolate
MnK

1 and (MnTa-VO)2 and determine which defect is consi
tent with the activation energy observed in ESR and diel
tric loss spectroscopies. As the supercell contains an
number of electrons, SLDA is used in the computation. T
VO

21 hopping barrier within the first-neighbor shell of MnTa
1

is computed by imposing the aforementioned symmetry c
straint and by climbing image NEB. As in all previous cas
that involve oxygen vacancy hopping, the activation ene
exceeds 1 eV~Table III!. This finding seems to explicitly
contradict the oft-cited assertion of Ref. 12, namely, th
oxygen vacancy hopping around MnTa

1 exhibits a 0.11 eV
barrier.

B. Mn hopping motion at the K site

In this section, we investigate the possibility that MnK
1 is

responsible for the 0.11 eV activation energy, as suggeste

d.

.
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KEVIN LEUNG PHYSICAL REVIEW B 63 134415
Refs. 12 and 14. Figure 6 shows that Mn21 spontaneously
displaces off center by 0.81 Å along the~100! direction,
which compares favorably with the 0.9 Å displacement d
duced from an anharmonic model analysis of ESR resul14

The off-center motion of Mn21 is in contrast to Ca21, which
exhibits no such displacement. One difference between
two cases is the change in ionic radius, between 0.99 Å
Ca21 and 0.80 Å for Mn21. Smaller ions are more likely to
sit off-center at theA site; however, the stronger covale
bonding between the transition-metal ion Mn21 and oxygen
atoms should also play a role. The use of SLDA is cruc
here. With LDA, the atoms relax to a configuration whe
Mn is displaced along~100! by 1.4 Å. This alternative
structure turns out to be metastable when SLDA is appl
On the other hand, the structure predicted by SLDA is
stable when LDA is used.

Next, the hopping of off-center Mn21 between two of the
six equivalent directions is investigated~Table III!. The hop-
ping path is apparently symmetric with respect to reflect
about thex5y plane and the barrier appears to lie on thex
5y dividing surface. The hopping species~Mn in this case!
moves in thex-y plane that contains theA site. However, the
barrier is now predicted to be 0.182 eV when aNx5Ny
5Nz53 supercell is used.54 This dipole reorientation activa
tion energy is within a factor of two of known experiment
values, compared to the factor of twenty discrepancy in
case ofVO

21 hopping. The large difference in MnK
1 andVO

21

hopping barriers in KTaO3:Mn can be attributed to the fac

FIG. 6. Lowest-energy Mn21 hopping pathway between
symmetry-related MnK

1 minima computed using LDA. The symbol
are as in Fig. 5 except that Mn now replaces Ca and four repl
are used. The purpose of showing the underconverged barrier h
~plus! is to demonstrate that the symmetry constraint predict
agrees well with the NEB method applied at identical cutoffs.
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that the K site is much less congested than the Ta site
mentioned above. Hence Mn21 motion around the K site
should be much less hindered than oxygen motion around
Ta site. Indeed, comparing the hopping pathways in Figs
and 6 shows that oxygen vacancy hopping is accompa
by significant motion of several other atoms, whereas the
motion barely perturbs its nearest neighbors. Our predic
of a small barrier at the K site is reminiscent of the 55 m
gained in LiK off-center displacement computed for an is
lated Li impurity using full potential LMTO calculations
which necessarily implies that the LMTO hopping barrier f
LiK cannot exceed 55 meV.23,55 Even though the conver
gence of the activation energy with supercell size is sl
~Fig. 6!, we can conclude that the experimentally observ
;0.1 eV activation energy in experiments is consistent w
the hopping motion of MnK

1 .

C. Conjecture on hopping dynamics in KTN:Ca

Unlike MnK
1 , CaK

1 does not displace off-center and ca
not directly be associated with the temperature depende
observed in dielectric loss spectroscopy. Our conjecture
that an off-center Ca21 dipole obtains when Nb is also
present at some of the Ta sites. Even though Ca21 exhibits a
unistable potential energy well centered at the K site,
potential surface is extremely flat. Figure 7 shows that
off-center displacement of 0.2 Å in the~100! direction costs
only 7 meV, provided all other atoms are relaxed to acco
modate this motion. Recall that the 2.3% Nb concentrat
used in Ref. 19 is sufficient to cause a transition to the fer
electric phase and a breaking of the cubic lattice symme
Even well above the Curie temperature, Nb substituents
KTaO3 displace off center56 and cause lattice distortion

s
ght
n

FIG. 7. Effect of uniaxial strain on Ca and K off-center di
placement in the~100! direction at theA site. Dot-dashed line: Ca
0% strain; solid line: Ca, 0.7%; dashed line: Ca, 2%; dotted li
K, 2%. These lines are spline fits to LDA results. The superc
volume is kept constant as the strain varies.
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FIRST-PRINCIPLES STUDY OF Ca21 AND Mn21 . . . PHYSICAL REVIEW B 63 134415
around them. They create strain fields that may perturb
flat energy surface for CaK

1 sufficiently to create bistable po
tential wells, causing off-center motion. Since it is difficult
treat 2.3% Nb doping in a supercell~see the discussion in
Sec. IV A!, we elect to apply a tensile strain along the~100!
direction at fixed supercell volume to test this hypothes
The calculations are performed usingNx5Ny5Nz52 super-
cells with 23232 k-point sampling.

KNbO3 has an orthorhomic crystal structure that exhib
a maximum tetragonal distortion of 1.7%,57 while the maxi-
mum distortion for KTN at small Nb concentration is es
mated to be less than 0.7%.58 We find that, upon applying a
2% strain, Ca does become unstable at the K site. It
places off-center in the~100! direction by;0.26 Å, form-
ing a dipole and gaining;43 meV in the process~Fig. 7!.
This implies that a barrier of 43 meV now exists betwe

dipoles in the~100! and (1̄00) directions. A 0.7% uniaxia
strain already causes off-center Ca displacement, albei
extremely small one. Due to the small LDA error in so
mode frequency and lattice constant, the LDA prediction
strain-induced Ca off-center displacement may not be
tremely accurate.59 Furthermore, convergence with cell siz
has not been pursued systematically. Within these uncer
ties, we have nevertheless given a plausibililty argument
off-center Ca displacement can be due to a sufficiently la
uniaxial strain.

KTaO3:Ba does not exhibit the activated dielectric lo
signature observed in KTN:Ca.20 This is consistent with our
argument that Nb is needed to create impurity dipoles,
though it must be pointed out that the Ba21 ion is much
larger than Ca21 and that difference will also affect the de
fect structure and dynamics. Pure KTN also lacks the a
vated signature seen in KTN:Ca. Comparing Ca at theA site
with K in pure KTaO3, we find that K1 sees a much steepe
potential well. This difference is most likely due to the mu
larger ionic radius of K1, which hinders off-center displace
ment. Using the 2% artifically strained cell mention
above, we do not find any off-center K1 displacement~Fig.
7!.

The presence of Nb will also change theVO
21 hopping

barrier around a CaTa
32 impurity. However, it is extremely

unlikely that Nb will lower the barrier to the;0.1 eV ob-
served in experiments. Our various conjectures will be pu
test in future experimental and theoretical works. Fina
while the conjecture about strain-induced off-center Ca
poles appears reasonable, it should be pointed out tha
cases of more than one substituent such as that in KTN
interactions among substituent ions may lead to unexpe
results. Unfortunately, systematic first-principles treatm
of these complex systems is prohibitive at this time.
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VI. CONCLUSIONS

Pure KTaO3 is an ideal material for investigating defe
structures and dynamics in perovskites because it retain
cubic symmetry down to zero temperature. We have con
ered Ca21 and Mn21 substituents in KTaO3 from first prin-
ciples. We find that defect formation energies conve
slowly with supercell size, especially in cases where oxyg
vacancies are present and large relaxations of large ion
the Ta site~the B site in perovskites! entail. For Ca impuri-
ties, Ef generally converges to;0.25 eV using 135- and
240-atom cells in the absence and presence of oxygen
cancy, respectively. For the (KTa-VO)22 complex, on the
other hand,Ef per defect has barely converged to the 1
level in a 240-atom supercell.

Ca21 substituting for K1 or Ta51 necessarily create
charged defects, which must be compensated with oppos
charged extrinsic defects to preserve overall charge neu
ity. Because of this, Ca goes into both K and Ta sites.
oppositely charged species far removed from each other
at the Ta site is accompanied by an oxygen vacancy in
nearest-neighbor shell. The large electrostatic energy
tween highly charged defects favors clustering, which is
systemically investigated herein; it should be addressed
future studies that deal with impurities in perovskites.60

It is shown that the;0.1 eV activation energy deduce
from ESR and dielectric loss measurements in KTaO3:
Mn21 is consistent with dipole reorientation motion of of
center MnK , in agreement with recent experiments.14 That is,
the LDA-predicted hopping barrier is within 0.07 eV of th
measured value. The experimental barrier is not consis
with VO

21 hopping within the first-neighbor shell of Mn21

substituting at the Ta site. KTN:Ca also exhibits a 0.08
activation energy in its dielectric loss spectra.19 We argue
that this dynamical signature is due to reorientation of o
center Ca21 dipole at the K site; the off-center Ca21 motion
is speculated to arise from Nb-induced breaking of the cu
symmetry. In general, it appears that impurity ion hopping
the less congested A site exhibits a much smaller activa
energy than oxygen vacancy hopping around theB site in
KTaO3. This conjecture will be tested for other impuritie
and for other perovskite hosts in future works.
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