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First-principles study of Ca?* and Mn?* substituents in KTaO,

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 éf Gad Mr?™ substituents in KTa@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,Misubstituting at the K site displaces off center along(t®)
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 hoppirfy at the
site, not oxygen vacancy hopping, is responsible for the small activation energies found in experiments.
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[. INTRODUCTION experiments have yielded contradictory interpretations.
Hannon'! Bykov et al,'? and Abraharet al** conclude that
Impurity dipoles in ferroelectrics are vital to understand-Mn?" substitutes at thé8 site (henceforth referred to as
ing relaxor behaviot,polarization pinning;® and fatigue in  Mny,), inducing a captive oxygen vacancy4") in its first-
ferroelectric device$.When a metal substituent resides off neighbor shell. Recent work by Laguta and co-workkasd
center at theA or B site of the perovskite ABO3)  Laulicht et al,*® on the other hand, concludes that #n
structure—particularly if it binds to an oxygen vacancy in its rasides on thé site(i.e., Mny). This Mn displaces-0.9 A
first-neighbor shell—a dipole is created. This impurity dipolej, the (1000 lattice direction, without any charge-

can u_sually orient in several equivalgntz Symme.try're.l‘f"te%ompensating defect sucls a K vacancy in the immediate
directions. When the host ferroelectric is near its C”t'calneighborhoo&.“ Mn2+ goes into theB-site in the closely

point, the correlation length is large, and the interaction be'related incipient ferroelectric SrTiO However, attempts to

tween even small concentration of impurity dipoles is propa- . . 1617
gated a large distance. As a result, ferroelectric behavior c:afﬁppIy th|_s conclusion to KTaphave b_een controversie:
Tracking ESR spectra as a function of temperature pro-

be strongly affected, and glassy or relaxor behavior may re-. ) _ ) . k
sult due to frustration of the dipolar interactichkikewise, vides further information about thellmpurlty enwronmenp _At
during polarization switching via application of an external €lévated letlemper_ature, the fine structure spliting
electric field to a ferroelectric, impurity dipoles are initially Vanishes;**signaling that the impurity dipole has acquired
misaligned with respect to the field, and they pin the latticesufficient thermal energy to overcome the barrier for dipole
in their neighborhood. An activation energy is required toreorientation to another symmetry-related direction. Accord-
realign them. As a result, polarization switching kinetics ining to these experiments, an activation energy of 0.115 eV
ferroelectrics are strongly affected by impurity dipofds. accompanies dipole reorientation in KTa®™n?*. An im-
Considerable experimental effort has been made to elucidagurity dipole reorientation barrier of 0.11 eV is also deduced
the physics of these important defettslowever, there re- from frequency-dependent dielectric relaxation measure-
main unresolved issues, even at the basic level of whethenents by Nowicket al'® The ESR work of Ref. 15 gives a
the metal impurities substitute at theor B site, and whether barrier of 0.065 eV, which is measured in 3% Nb KTN solid
they displace off-center to form dipoles at the respectivesolution. This value seems out of line with those measured in
sites. pure KTaQ, and henceforth we will assume an experimental
One example where controversies linger is the location ofalue of~0.11 eV for the reorientation activation energy in
some divalent metal substituents in KTaénd KTN(a solid ~ KTaQ,. Citing the early work of Bykovet al,? Nowich
solution of KTaQ and KNbQ,). KTaO; is an incipient et al.conclude that this barrier is associated with the hopping
ferroelectric. The pure material remains paraelectric and resf an oxygen vacancy between two equivalent sites in the
tains a cubic symmetry down to zero temperafuBo this first-neighbor shell of Mn residing at the Ta site. This inter-
material lends itself to studying impurity dipoles without the pretation does not agree with the more recent work of Ref.
complication of intervening phase transitions. KTN exhibits 14.
a ferroelectric phase when the Nb concentration reaches The possibility of multiple charge states in transition ions
~2% %1% When paramagnetic Mi is doped into KTa@,  such as Mn brings complications when one attempts to de-
the electron-spin-resonan®&SR technique can in principle termine the most stable defect structsfeln view of this,
be used to determine the impurity substitution site and dipoleecent experiments on Ca-doped KTRRef. 19 and
orientation. The crystal fields at the (K) andB (Ta) sites KTaO;:Ba (Ref. 20 are especially illuminating. In the
are distinct, and Mfi" residing at each site should give fine KTN:Ca sample in questiori2.3% Nb, 0.055% Ca the
structures that characterize the defect enviroment. But so fasmall amount of Ca added significantly increases the Curie
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temperaturé? This suggests that Ca substituents create dichange correlation functional is used. When unpaired elec-
poles that couple strongly to the ferroelectric host. The ditrons are present, the spin-polarized local density functional
electric loss spectra is consistent with activated dynamicapproximatiori® (SLDA) is applied instead. The generalized
with an activation energy of 0.08 eV. The magnitude of thisgradient approximatioff (GGA) to the exchange correlation
barrier is comparable to the one observed in KJa@n?*. function, which has been known to give diffusion barriers
This signature is absent for pure KTN sample&iven these  closer to experimental values in some insulafdris also
observations, a comparative theoretical study of Ca and Mapplied to provide a consistency test for determining activa-
impurities should shed light on the structure and dynamics ofion energies. The pseudopotentials for K, Ca, and Mn in-
dipolar defects in KTaQ and perhaps in perovskites in gen- clude pseudovalenp-shell electrons. The defect structures
eral. are computed using periodically replicated supercells of

In this paper, we apply first-principles methods to studyvarying sizes. To compute defect formation energies, the
the energetics, structures, and dynamics associated wirillouin zones of these supercells are sampled using
ca&* and Mrf" impurities in cubic KTaQ. There have Monkhorst-Pack grid§ equivalent to or denser thanx<&
been relatively few first-principles calculations on defects inX 6 k points within one primitive cell. 44 sampling is
perovskites, especially in KTaO Exneret al?? have com-  used for most of the dipole reorientation activation energy
piled a list of formation energies and favorable solid-stateresults. All calculations are performed at the equilibrium
chemical reactions for incorporating a series of mono-, di-LDA or GGA lattice constants, as the case might be, except
and trivalent substituents, using a shell model for the ions. Livhere indicated. To compute the activation energy of dipole
and Na impurities have been examined using the full potenreorientation, the nudged elastic bafMEB) method’~*is
tial linear muffin-tin orbital(LMTO) method® Li (Ref. 24  applied. This method will be discussed in more detail in Sec.
and Nb(Refs. 25 and 26substituted at the K and Ta sites, V.
respectively, have also been studied using a semiempirical The designations &, Mn?", andvé+ used in this work
Hartree-Fock method. However, the full potential methodrefer to nominal ionic charges. Operationally, when we re-
used in Ref. 23 gave results that exhibit discrepancies witplace a K atom with Ca, the total number of electrons in the
all-electron linearized augmented plane wdk&PW) local ~ simulation cell is adjusted such that K, Ca, Mn, Ta, and O
density approximation(LDA) first-principles predictions, ions have ionic charges of 1, +2, +2, +5, and -2,
particularly with regard to the soft phonon modes in purerespectively. For example, the Ca pseudopotential accounts
KTa0;.2” More recently, first-principles studies of Pt for six pseudovalent 8 electrons in addition to twoselec-
impurites® Pb vacancie$® and O vacanciés in PbTiO;  trons. A nominal “C&"” ion thus contributes six net elec-
have been performed. This list, by no means exhaustivarons to the simulation cell. Similarly, the oxygen pseudopo-
highlights the value of performing more first-principles stud-tential is associated with twos2and four 2 electrons, and
ies to benchmark semiempirical calculations. thus a “V3"” oxygen vacancy eliminates eight electrons

The present work on Ca-substituent energetics follows thérom the cell. With this procedure, the supercells with Ca
framework of Ref. 22, but applies density functional theorydefects are insulators and do not have impurity states in the
instead of empirical models. We also consider the activatiomand gap(However, the transition-metal Mn defects do ex-
energies for oxygen vacancy hopping within the first-hibit such impurity states When C&* or Mn®* substitutes
neighbor shell of the Ta-site substituents, as well as the dyfor K* or T, the supercell cell that represents isolated
namics involving Mn and Ca motion at the K sites. While the defects will have a net chargeven in the presence of oxy-
system is ionic and its structural properties should be reasorgyen vacancy which is not compatible with the periodic
ably well treated within the shell model of Ref. 22, the pre-boundary conditions used in this work. In those cases, over-
dictions for dynamics can be sensitive to the parameters usedll charge neutrality is preserved by adding a compensating,
in empirical models. With our test cases of KTa0a and  uniform background charge to the supercell. This will be
KTaO;:Mn, we hope to provide a useful first-principles para- discussed further in Sec. 1l B.
digm for dipole reorientation dynamics in ferroelectric per-
ovskites.

The paper is organized as follows. Section Il describes the

details of the first-principles implementation. Validation of  Tg determine the defect structures and dynamics, accurate
this implementation is given in Sec. Ill, where special attenformation energies and barrier heights are required. First-

tion is paid to the convergence of defect formation energiegrinciples predictions are far more reliable than semiempir-

with supercell dimensions. Sections IV and V discuss thqca] results for this purpose. However, the high cost of these

predictions for impurity incorporation energetics and dipolecajculations limits the size of supercells that can be used to
reorientation dynamics, respectively, and Sec. VI concludegimic isolated defects. The convergence behavior with re-

the paper with further discussion. spect to cell size is discussed in detail in this section.

Ill. ACCURACY AND CONVERGENCE TESTS

II. METHOD A. Validation of LDA and pseudopotentials

The calculations are performed using the Vienna atomic The ultrasoft pseudopotentials used herein, in conjunction
simulation packag® (vasp), which utilizes ultrasoft with LDA, gives a lattice constant of 3.957 A for KTgQ
pseudopotentiafs. The LDA approximatiof? for the ex-  which is 0.6% smaller than the experimental lattice constant
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TABLE |. Comparison of predicted phonon frequencies with -5.00 — , . . , . 26.0
LAPW results computed at experimental lattice const&df. 27 N=N=2
and experimental resultRef. 42 extrapolated to zero temperature P e ) i
(Ref. 27. = 1250 m
@ 550 N.<N =3 5
VASP VASP ur .\ '\.* 7 =
Mode  (expt.ay) (LDA ay,) LAPW?  Experiment N=N,=N. o
N=N=4 4 24.0
TO, 85.8 cmit 1178 cm! 80 cm! 24 cm! (Ca’ (Ca-Vol
TO; 1939 cm! 204.8 cm! 172 cm! 197 cmit -6.00 — ‘ ' ' ‘
TO, 2760 cm! 2733 cm! 264 cm! 274 cm?! 9.0 ' ' ' L NN 175
TOs 5554 cm' 5821 cm' 529 cm' 546 cm! o5 | N,
® N=N=2 117.0
*Reference 27. s (K =Vol T, m
bReference 42. =80 - on N3 =
.| P ,=3 ¥ 4165
and is in excellent agreement with the 3.96 A obtained us- ' (Ca.)] & NN .
ing LAPW.2” GGA predicts a lattice constant of 4.027 A, S el . . L N=N,=4 -
which is in excellent agreement with the GGA results of Ref. 2 W 2 w 5

z z

41 and is 1% larger than the experimental value. As a furthet

validation of the pseudopotentials, Table | lists theoint FIG. 1. Convergence of defect formation eneigyfor Cay ,
phonon frequencies computed at both LDA and experimentglca, Vo), C&, , and (Kr.-Vo)2 . The defect charges indicated
lattice constants. Also shown are the LAPW results comin this and all subsequent figures derives from valence electron
puted at experimental lattice constdnand experimental counting, not from examination of the electron density distributions.
phonon frequencié$ extrapolated to zero temperature in E; is normalized with respect to the charge in the supercell. The
Ref. 27. The close agreement between our phonon frequefines and circles are guides to the eye. A convergence@®5 eV

cies and LAPW results demonstrates that our ultrasofts attained for the Ca impurities, while K substituting at the Ta site,
pseudopotential implementation closely mimics all-electronpound to an oxygen vacancy, converges poorly because of the large
LDA despite the omission of inner-shell electrons in the Tarelaxation of the K atom. Fortunately, this complex proves too en-
pseudopotential. ergetically costly to be a viable defect structure.

The soft TO mode frequency differs from the experimen- 3 . . . .
tal value by 60 cm? at the experimental lattice constant, corrgctlon. Th_e LDA h|.gh-frequency d|e/1ectr|c constgnt is
and by as much as 94 crh at the LDA lattice constant. equired for this correction. We assurag’™” =5.115, which
This frequency, which is close to vanishing, is proportionalis 10% larger than the experimental value of 4!65he
to the square root of the lowest eigenvalue of the dynamicdonopole and dipole interactions among supercell images
matrix and is sensitive to small errors in lattice constants¢@n in principle be comp_letelzleellmmated using a reference
The disagreement with experimental force constant shoulgharge distribution techniqufe: . _
not be considered excessive. However, it does indicate that Figure 1 depicts the convergence behavior as a function
the system at its LDA lattice constant is farther away fromOf supercell size. The defect formation enefgyfor several
criticality than experimental KTaQ LDA KTaO; will struct_ures we will investigate in Sec. IV is plotted r—:lgaln_st the
therefore exhibit a lower static dielectric constagtas well ~ Cell dimensions i, ,Ny ,N;) along the three Cartesian direc-
as a smaller correlation length. Assuming a linear dielectridions. We defineE; as the change in cohesive energy be-
effective medium for the host KTaQthis will cause a small  tween the supercell containing the defect and an identical
uncertainty in the absolute solvation energy of charged spesupercell consisting of perfect crystal KTaCE; is normal-
cies, which, depending on the ionic radius, can be a fewiZed for the charge in the supercell; Sec. IV will show that,
tenths of an electron volt for highly charged defects. As afor the purpose of determining the most favorable mode of
result, the binding energy between oppositely charged ddhcorporating Ca, this normalized energy is the relevant
fects may be somewhat unreliable if the species are highigiuantity. In gengral, the defect structures that do not involve
charged. oxygen vacancies are apparently converged to 0.25 eV per

In general, LDA equilibrium structures are reliable for charge forN,=3. However, when ongor morg oxygen
perovskites. On the other hand, LDA has been known to givé&/acancy exists in the first-neighbor shell of a large metal ion

diffusion barriers that are off by 33%, while GGA has beenl€-g., in (KrrVo)? ], the metal displacement can exceed
known to be off by 20%° 1 A. This induces large strain and leads to sléwconver-

gence. As we will show, (K:Vo)?™ is not a low-energy
defect, and therefore this does not prevent us from assigning
the lowest-energy structures for Ca impuriti&ec. IV). In

Too small a supercell causes artificial strain fields andcases where cubic symmetry-breaking oxygen vacancies ex-
periodic charge arrays that stem from the artificial periodidst, E; converges more slowly with cell size in the direction
boundary conditions. In this work, the effect of image perpendicularto the direction of the meta‘d’—é+ dipole
charges is controlled by adding a monopole Madelungaligned in thez-direction, and up to %4 sampling in the

B. Convergence with respect to cell size

134415-3



KEVIN LEUNG PHYSICAL REVIEW B 63 134415

transverse directions is used. This is despite the fact that the ‘77{6\}77‘74‘%
supercell is a well-behaved insulator that exhibits no states in . )
the gap. We also note that our largest supercell of 240 atoms (Cay) |

is 3 times as large as those used in first-principles LDA stud- o : .0
ies reported in the literatufe?®2° ‘.lfr** | T ‘ I j
| | | | /
IV. DEFECT STRUCTURES AND ENERGETICS OF Ca ‘ __{.‘,}_ - ‘ - ﬁ.t
SUBSTITUENTS | i ‘ 1‘
A. Candidates for defect structures | | \ \
_ _ _ o~ o~
Given the highly ionic nature of the species present in \‘}**‘**1\}*‘
KTa0;:Ca, we have focused on nominal ionic charges when
considering possible defect structures. When substituting a Qiiz.‘}ii ’,,ﬁ.
Ca™" for either K" or T@ ™", or when creating one oxygen ) il i
vacancy by removing © , charged defects are formed and (Ca,-V,) : ' } ‘
the supercell cannot be kept neutral. The intrinsic defect con- Yy __‘_ o W #
centration of KTaQ is of order a few hundred parts per ‘s e
million,*” and are not sufficient to accept excess electrons : : - } }
from (or donate them tothe extrinsic Ca-containing defects 777J,@__77 - @®Ta
that want to be positivelynegatively charged. Therefore we ‘ 'l # e
assume that, whenever a positively charged defect is created | . q % | |
by a impurity, a compensating negatively charged defect ,—'~F777;77 ,*lii ‘
must exist to preserve overall charge neutrality. ‘e ' NS
The choices of possible low-energy defect structures are Vo K 10)
guided by a previous shell-model stuthThe isolated posi-
tively charged defects examined are (Ga(Vk-Vo)™, FIG. 2. Structures of Gaand (Ca,Vo)~, depicted as cross
[Cars(Vo)o1", andV4" . The candidates for isolated nega- sections in the-y plane. The filled or shaded circles are in the Ta
tively charged defects are (GaVo)~, Vi, (KTa'VO)Zi (B-site) layer while the open circles are coplanar with K §ite).

- : - The solid line circles represent Ca while circles with dashed lines
and Céa . Here the notation for charges indicated for eaChare K atoms. These are shaded only if they are in the Ta layer. Ta

defect compl_ex follows +Ref. 22 and are+ be_lsed on_v_alencgre depicted as small, filled, black circles, while O atoms in the Ta
charge countinge.g., T&" replaced by C& gives C§, in _and K layers are represented as filled gray circles and open circles
the supercell rather than a careful study of the electronic \yis dotted lines, respectively. The Eaupercell has a cubic sym-
density distribution around each ion. The electron densitynetry. Note that the Ta-O bond length for pure KTa©1.98 A
contour maps will be deferred to later studies. These Notagccording to LDA. (Cay-Vo) ~ exhibits G, symmetry, and CH is
tions also give the total compensating background charggisplaced by-0.1 A towards the oxygen vacancy.
used in the defect supercell.

Figures 2 and 3 depict some of these structures. Relativelyssumed to be completely exhausted during synthesis. So,
small lattice relaxations is found in ¢a This defect does for example ES39 & fcat o- Mo Can in principle be cal-
not have Ca residing off-center and therefore forms no diculated from the partial pressure in air and the cohesive en-
poles. On the other hand, in (gaVo)", Ca displaces ergy of O, molecules’® Since mass is conserved and all ions
~0.1 A towards the oxygen vacancy in its first-neighborretain their nominal chargeg,o can actually be eliminated
shell, forming a large dipole. In @2, the large size of Gd  in the final expression when defect pairs with equal but op-
relative to the T&" normally residing there forces the oxy- posite charges are combined. Therefprg can be left un-
gen ions surrounding the cramped Ta site to displace outspecified. The solvation energies are referenced to constant
wards by 0.17 A.(The nearest-neighbor K-O distance in uy, wca mra, andug. For instance,
bulk KTaO; is 2.8 A, compared to 2 A for Ta-QThe K*

ion is even larger than C4; as alluded to before, it dis- ECK=E %~ ucat i -
places more than 1 A towards the oxygen vacancy that is
bound to it at the Ta site. Using these solvation energies, we search for the most

To compute the solvation energy of Ca assocated witlstable pair of defects with equal and opposite charges. The
each defect, we need to add or subtract the chemical potepossible structures are first screened using underconverged
tials of each species added to or removed from the supercelli.e., N,=N,=N,=2) supercells; no attempt is made to fur-
respectively. In the synthesis!® Ta,05 and excess BCO;  ther convergeE, for structures with very unfavorable ener-
are heated to 1000 K in air.CO; is replaced by KO inour  gies. Table Il confirms that some defects under consideration
calculations since CQOis readily eliminated from the carbon- are evidently so costly they can be ignored. The most favor-
ate. The chemical potentialgx, uca, and ut, are deter- able structures are converged+®.25 eV per charge. From
mined from the cohesive energies of,& CaO, and Table I, we predict the most favorable solid-state reaction to
KTa0,.*® Ta,0; is irrelevant here because it is the reactantbe
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FIG. 4. Structures of two defect clusters, @@ar,-Vo and

_ o i
FIG. 3. Structures of(;,ag and (Ky-Vo)<~ . For a description of (Ca()s-Cay, (see text For a description of the symbols, see the

the symbols, see the caption of Fig. 2. caption of Fig. 2.
+ —

2Ca0+ KTa0;—Cgc +(CaraVo) @) consistent with the experimental observation that Ca sta-

The nondipolar defect &3 is only slightly higher in energy blizes the ferroelectric phase in KT, _ .
~ i T Our theoretical treatment differs from experiments in that

(~0.3 eV) per Ca impurity: ot _ _

2.3% Nb actually exists in the KTN:Ca sample in question.

4CaO+3KTaQH3Cef<“+Ca?g+KZO. (2)  This amount of Nb is sufficient to cause a paraelectric-to-

ferroelectric phase transitioht° Our first-principles imple-
The stability of these two structures relative to other possiblenentation, which uses the LDX, overestimates the fre-
defects is in qualitative agreement with Ref. 22. Table ”quency of the soft Optica| moc{eee Sec. Il A and Ref. 27
shows that potassium vacancies, which have been speculatgds difficult to treat the phase transition and the accompa-
to accompany Gain the literature, are highly unfavorable. nying lattice distortions induced by such a small amount of
The trends in Table Il can be rationalized in terms of ionicNb, because a large supercell is needed to account for the
charges and sizes. €asubstituting for T&" creates a large proper composition, and because the small error in LDA lat-
localized charge in addition to forcing a larger ion into atice constant may preclude an extremely accurate prediction
congested Ta site. These Ta-site disadvantages can be altsf-the phase boundary. Furthermore, the breaking of cubic
viated by binding an oxygen vacancy to;GaThe K ionis  symmetry that accompanies phase transitions in KTN will
simply too large to fit into the Ta site even with an oxygengive rise to a much larger number of possible defect struc-
vacancy in its first-neighbor shell. In the more stabletures separated by small energies, compared to the case in
(Car-Vo)  defect, a dipole is formed. This appears to behigh-symmetry KTa@. To restrict ourselves to studying ge-

neric features of defects, we have chosen cubic Klathe

TABLE Il. Solvation energy per Ca in various defect pairs. The host lattice.

defects marked by an asterisk and a dagger Bveonverged to
0.25 eV and 0.5 eV per charge, respectively. The other entries are

computed using Ny=Ny,=N,=2 supercells and 22x2 B. Defect clustering
Monkhorst-Packk-point sampling. Since the defects are charged, clustering is favored elec-
T n T o trostatically and is a distinct possibility. We have investi-

(Ca)™™ (ViVo " [Cara(Vo)ol Vo gated two possible charge-compensated complexes,

(CarzVo)™* l4eV  7.7eV 2.5 eV 44ev (Cags-Caraand Cq-CarsVo, Which are depicted in Fig. 4.

(Ca)? * 17eV 214 eV 3.4 eV 11.7 ey Within the precision of the calculation, no binding energy is

(K1 V)2 T 24ev NA 47 eV NA observed between the bound pair of¢Cand (Ca., Vo) ™.

(V) * 3.4 eV NA 57 eV NA On the other hand, because?gacarries a large charge, a

binding energy of 3.0 eV obtains for (g-Car,. This
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translates into a 0.75 eV decrease in energy per Ca substitu- Ca
ent in Eq.(2), which will put this complex 0.35 eV lower in ‘ P S @ ,;,,,,,y@,
energy per Ca than the isolated Cand (Ca, Vo)~ pair @ @ ‘ R
[Eq. (1)]. -

The (Cg)s;-Car, cluster carries a dipole that cannot | \
readily reorient at low temperature. It is unlikely to be re- < Ca {
sponsible for the temperature-dependent dielectric loss sig- | |
nature. Experimentally, the synthesis is carried outTat |
=1000 K, and the configurational entropy cost of assem- } 1
bling four impurity atoms has to be considered when deter- | \
mining whether Ca clustering can occur. During crystal } }
growth, CaO is spontaneously incorporated into KJAD @ |
which suggests that the solid-state reaction that incorporates >~ ———— ‘L - Qﬂ,,%, -
Ca has a negative free energy. Our calculations always give
positive incorporaton energy at zero temperature. Barring —
large LDA errors in cohesive energies, entropy must play a
large role in determining the defect structure. As we have not
systematically varied the cluster size, shape, and orientation,
the possible effect of clustering on dipole formation and dy-
namics will be deferred to future studies. Q

AE (eV)

/
# g
V. DIPOLE REORIENTATION DYNAMICS 0.0 AT - SN
01 23456 7 89

The calculations of dipole orientation barriers are per- hopping coordinate
formed from first principles using multidimensional transi-
tion state theory® Here the relevant barrier height is the ~ FIG. 5. Oxygen vacancy hopping pathway between symmetry-
lowest saddle point separating the initial and final configura+elated, equivalent minima in (€aVo) ~ computed using the NEB
tions in the potential energy landscape comprising all atomignethod with “climb” option and eight replicasee text The sym-
degrees of freedom in the supercell. In our case, the initialpols are described in Fig. 2. In the inset, the activation energy
final configurations are two of the possible orientations ofProfile is plotted as a function of the reaction coordinate., rep-
(say the (Ca,V)~ dipole. An efficient algorithm for find- lica number within NEB. Diamonds are the total energies of the

ing this saddle point is the NEB meth8dThis method cre- respective replicas referenced to the formation energy of the stable
ates a series of replicas along the reorientation “reac- defect(panels 0 and © The dashed line is a spline fit. The plus and

tion,” to borrow physical chemistry terminologypath that cross indicate the barrier height computed by imposing symmetry

interpolates between the initiédeactant and final(produc} iboui thex=y Blanf (pa_nel 10 for .SUperce”s of sizeN,=N,
! . T .__=N,=2 andN,=N,=N,=3, respectively.
configurations. An energy function is introduced to penalize

Iarge_changes of atomic coordi_nates be_tween nearest _ne_ingle reorientation via oxygen vacancy hopping within the

i?\%rsa”:]s[uﬁgltl)?: ;Eggﬁ;g?;ig’ﬁ; gl?tg;;r?gsngsze”;:;‘O”:]'Zi;i)rst—neighbor shell of Ca at the Ta site. Figure 5 depicts the
. : h lowest-energyv3" hopping pathway in a (GaCarsVo) ™

the replicas, subject to the constraint that the path pass%%mplex, ob%)a?i/r?ed usl?rl?g ?hep cIimbi¥1g ima(gc;KaN%ré‘P'?%is

thrIOl:.gh aTs;lgddIe ponT?;thg Iattter tt?]eré'ﬁ obLalneq V"”} mter—t doubly substituted supercell has been chosen as a paradigm
poration. 1his general, Tobust method has been ImpIementa, ., se this cell is uncharged and does not suffer from arti-

within the vasp package’ and successfully applied to pre- ficial interactions between periodic image chargesNA

dict nontrivial reaction pathways. . . Con
. T ., =N,=N,=2 supercell with 22x2 K-grid sampling is
R m m m y z
ecent advances in NEB, namely the "climbing image used. With the “climb” option, the replica in panel 4 of Fig.

option;’*° deposits one image or replica_along the reactior\s has the highest energy and it is thus a saddle point of the
path such that atoms in that replica experience zero forces. IF

other words, this variation locates the saddle point withou otential energy surface. We have confirmed that atomic
the need fo'r interpolation. It facilitates com Stin barrier o o> are indeed zero in this configuration. The barrier to
P ' puting reorientation is predicted to be 1.945 d€Vable Ill). The

heights in systems with steep potential energy surfaces, an ygen atom, which undergoes hopping, stays within 0.2 A

will also be used to investigate the energy barriers associate%i<
9 9y of the Ta-containing lattice plane. The Ca atom at the K site

with oxygen vacancy hopping. also undergoes displacive motion; in panel 4, it displaces

These algorithms will be used as the standard in actlva-NO.2 A off the x-y plane, which contains the A site.

tion energy calculations, against which simpler approaches At present NEB is used with an even number of replicas.
will be compared. LT ; . .
The climbing image option, which puts one replica at the
saddle point, necessarily gives a nonsymmetry pathway as a
function of the replica number. If this option is turned off,
Our previous results suggest that’?Caesides in both K we find that the hopping pathway is apparently symmetric
and Ta sites. First we consider the activation energy for diabout thex=y plane (not shown.>® This suggests that the

A. Oxygen vacancy hopping around C4, and Mn3,
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TABLE Il Dipole reorientation activation energA\E") com-  metal ion displacement at the Ta site, namely£¥o)?~
puted by imposing reflection symmetry about the'y plane as  (see Fig. 3, also exhibits the largest hopping barrier.
well as by using the climbing image nudged elastic band method. From Table I, we conclude that both Cl|mb|ng image
The overall charge of the defect structures are omittet text ~ NEB and relaxing the atom positions while preserving re-
2X2X2 MOnkhOrSt-PaCH('pOint gr|ds are Used throughout A” ﬂecuon Symmetry about th&:y plane glve Very S|m||ar
activation energies are computed using LDA except where noted.dipole reorientation activation energies. The atomic configu-
ration at the saddle point can differ by up 40.3 A, and

AE" (V) AET (eV): climbing image NEB does not unambiguously assign the

Defect N XNyxN, — symmetry  climb NEB  gaddle-point symmetry. Either method is sufficient to predict
Cac-CaraVo 2% 2% 2 1988 1,945 the energetics. However, the reflection symmetry method is
Cac-CarsV 3% 33 2204 NA particularly valuable because it is much less computationally

avo : demanding and allows convergence tests with respect to su-
Cars Vo 2X2X2 2.749 2.755 percell size.
CaraVo 3x3x3 3.198 NA It is noteworthy that we predict an-1 eV barrier for
CaryVo (GGA) 2X2X2 2.611 NA intrinsic V3" hopping in undoped KTagin agreement with
Vo 2X2X2 1.006 1.082 experiments? On the other hand, this value is in substantial
KraVo 2X2X2 3.965 3.994 disagreement with the 0.07 eV activation energy in pure
Mn7,-Vo 2X2X2 2.220 2.115 KTaO; predicted by the shell model of Exnet al?? Using
Mny 2X2X2 0.125 NA NEB with up to eight replicas, we do not find the transition
Mny 3x3%3 0.182 NA stateparallel to thex=y plane that Ref. 22 apparently re-

ports. This suggests that their shell model may not be as
useful for dynamics as it apparently is for structural
operties’?

All activation energies fof\/é+ hopping within the first-

x=y plane may be a dividing surface between reactant anfl’

product. To investigqte this, we impo§e reflection Symmetryneighbor shell of Cg, are predicted to exceed 2 eV. This is
about thex=y plane in this supercell in panel 10 and allow ¢, roporated by the results of preliminary, constant tempera-
all other degrees of freedom to relax. Upon slightly breakingre ab initio molecular dynamics simulations. Even Bt

the symmetry about th&=y plane, the configuration in =3000 K, which corresponds to a thermal energy of
panel 10 relaxes to the stable defect structures. This confirms 0.25 eV, the oxygen vacancy stays in the same lattice site
that panel 10 is indeed a saddle point, not a metastable struafter 2 ps of simulation. Therefore the oxygen vacancy hop-
ture. The energy difference between this constrained corping barrier must be significantly larger than 0.1 eV. We
figuration and the stable defect structure is 1.988(€&ble ~ conclude that-0.1 eV activation energy deduced from di-
IIl). This energy difference is within 0.043 eV of the activa- €lectric loss measurements in KTN:Ca is most likely not
tion energy obtained with climbing image NEB. Thus, ener-associated with oxygen vacancy hopping. Note that this find-
getically speaking, the symmetric structure in panel 10 seem®d does not imply that (GgVo) ™ cannot exist; we have

to be the saddle point for dipole reorientation. However, it iserely shown that (GgVo) = should not contribute to the
evident from Fig. 5 that the atomic positions in panels 4 andlYnamics at low temperature. .

10 can differ. The positions of the oxygen atom undergoing ' © 9ain further insight into the dynamics, we turn our

the hopping motion differ by~0.04 A in the two panels attention to MR™ impurities, which are more amenable to
: .. experimental studies because of unpaired electrons. Since

while the oxygen coog\dinates near the qdjacent Tasite diﬁceﬁ/ln readily takes on numerous charge states, searching for
by as much as 0.34 A. The LDA potential energy Iandscap?he most favorable defect pairs will be even more difficult

near the saddle point is apparently sufficiently flat but com- . .
plex that both of these slightly different structures are viablethan for Ca. Instead of attempting to predict the favorable

. . = . structurés), we explicitly consider the dynamics of isolated
saddle point candidates, giving zero forces and essennaIIR//|n+ and (Mnr-Vo)~ and determine which defect is consis-
identical activation energies for dipole reorientation. Ift ? ith th Mra t'o i b din ESR and diel
climbing image NEB withoddnumber of replicas were used, ent wi € activation enérgy observed in and dielec-

we believe panel 10 would result as the saddle point. Notéric loss spectroscopies. As the supercell contains an odd

that a saddle point with reflection symmetry is also predicted{'/gin?]er OT EIGE; tro-ns, S,I[‘hDAtE u]fectj in .thﬁbcomﬁ ul'iatifor;lehe
in KNbOs, a closely related systefA. o nopping barrier within the tirst-neighbor shell o

The qualitative features discussed above hold in all casé§ computed by imposing the aforementioned symmetry con-

of oxygen vacancy hopping we have studied. Table Ill Ccm_straint and by climbing image NEB. As in all previous cases

firms that climbing image NEB gives dipole reorientation that involve oxygen vacancy hc.)pp'ing, the activation energy
activation energies that are within 7% of=y plane exceeds 1 eM(Table Ill). This finding seems to explicitly

symmetry-constrained relaxatfnfor various defect com- contradict the oft-citeq assertion of Ref.. .12, namely, that
plexes. Increasing the cell size Bg=N,=N,=3 increases OXYJen vacancy hopping around Winexhibits a 0.11 eV

the barrier by 0.2-0.45 eV. We have also compared on8arrier.
LDA result against the GGA prediction computed at the

GGA lattice constant of KTaQ The difference is 0.14 eV,

which is already smaller than the error due to using small In this section, we investigate the possibility that Mis
supercells. We further note that the defect with the largestesponsible for the 0.11 eV activation energy, as suggested in

B. Mn hopping motion at the K site
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P ‘ ‘ N FIG. 7. Effect of uniaxial strain on Ca and K off-center dis-
0.4 0 1 2 3 placement in th¢100) direction at theA site. Dot-dashed line: Ca,

0% strain; solid line: Ca, 0.7%; dashed line: Ca, 2%; dotted line:
K, 2%. These lines are spline fits to LDA results. The supercell
FIG. 6. Lowest-energy M hopping pathway between Vvolume is kept constant as the strain varies.
symmetry-related Mp minima computed using LDA. The symbols
are as in Fig. 5 except that Mn now replaces Ca and four replicaghat the K site is much less congested than the Ta site, as
are used. The purpose of showing the underconverged barrier heighientioned above. Hence Mih motion around the K site
(plug) is to demonstrate that the symmetry constraint predictionshould be much less hindered than oxygen motion around the
agrees well with the NEB method applied at identical cutoffs. Ta site. Indeed, comparing the hopping pathways in Figs. 5
and 6 shows that oxygen vacancy hopping is accompanied
Refs. 12 and 14. Figure 6 shows that Mnspontaneously by significant motion of several other atoms, whereas the Mn
displaces off center by 0.81 A along tf&00) direction, motion barely perturbs its nearest neighbors. Our prediction
which compares favorably with the 0.9 A displacement de-of a small barrier at the K site is reminiscent of the 55 meV
duced from an anharmonic model analysis of ESR restilts. gained in Lj; off-center displacement computed for an iso-
The off-center motion of Mfi" is in contrast to C&', which  lated Li impurity using full potential LMTO calculations,
exhibits no such displacement. One difference between thehich necessarily implies that the LMTO hopping barrier for
two cases is the change in ionic radius, between 0.99 A foki, cannot exceed 55 me¥:>° Even though the conver-
ca&* and 0.80 A for MA*. Smaller ions are more likely to gence of the activation energy with supercell size is slow
sit off-center at theA site; however, the stronger covalent (Fig. 6), we can conclude that the experimentally observed
bonding between the transition-metal ion #nand oxygen ~0.1 eV activation energy in experiments is consistent with
atoms should also play a role. The use of SLDA is crucialthe hopping motion of Mg .
here. With LDA, the atoms relax to a configuration where
Mn is displaced along100 by 1.4 A. This alternative
structure turns out to be metastable when SLDA is applied.
On the other hand, the structure predicted by SLDA is un- Unlike Mn; , Cg; does not displace off-center and can-
stable when LDA is used. not directly be associated with the temperature dependence
Next, the hopping of off-center M between two of the  observed in dielectric loss spectroscopy. Our conjecture is
six equivalent directions is investigaté€fiable Ill). The hop-  that an off-center C& dipole obtains when Nb is also
ping path is apparently symmetric with respect to reflectionpresent at some of the Ta sites. Even though'Gaxhibits a
about thex=y plane and the barrier appears to lie on the unistable potential energy well centered at the K site, the

hopping coordinate

C. Conjecture on hopping dynamics in KTN:Ca

=y dividing surface. The hopping speciédn in this casg
moves in thex-y plane that contains th& site. However, the
barrier is now predicted to be 0.182 eV whenNa=N,
=N,=23 supercell is usetf: This dipole reorientation activa-

potential surface is extremely flat. Figure 7 shows that an
off-center displacement of 0.2 A in th&00) direction costs

only 7 meV, provided all other atoms are relaxed to accom-
modate this motion. Recall that the 2.3% Nb concentration

tion energy is within a factor of two of known experimental used in Ref. 19 is sufficient to cause a transition to the ferro-
values, compared to the factor of twenty discrepancy in thelectric phase and a breaking of the cubic lattice symmetry.

case ofv3" hopping. The large difference in Nfnand V3"

Even well above the Curie temperature, Nb substituents in

hopping barriers in KTa@Mn can be attributed to the fact KTaO; displace off centéf and cause lattice distortion
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around them. They create strain fields that may perturb the VI. CONCLUSIONS

flat energy surfac_e for Qasufﬂmently to cr_eate_ b_|sta_bl_e po- Pure KTaQ is an ideal material for investigating defect
tential wells, causing off-center motion. Since it is difficult to gty ctures and dynamics in perovskites because it retains its
treat 2.3% Nb doping in a supercéiee the discussion in cubic symmetry down to zero temperature. We have consid-
Sec. IV A), we elect to apply a tensile strain along {100  ered C&* and Mrf* substituents in KTa@from first prin-
direction at fixed supercell volume to test this hypothesisciples. We find that defect formation energies converge
The calculations are performed usiNg=N,=N,=2 super- slowly with supercell size, especially in cases where oxygen
cells with 2x 2x 2 k-point sampling. vacancie_s are present and Iarg_e relaxa_ltions of Ia}rge iqns at
KNbO; has an orthorhomic crystal structure that exhibitsthe Ta site(the B site in perovskitesentail. For Ca impuri-
a maximum tetragonal distortion of 1.7%while the maxi- €S E genelrlally C(r)]nverges t0-0.25 eV using %35' and
mum distortion for KTN at small Nb concentration is esti- 240-atom cells in the absence and presence of oxygen va-

3 . . cancy, respectively. For the @Vo)°~ complex, on the
mated tq be less than 0.7% We find that, upon applylng a other handE; per defect has barely converged to the 1 eV
2% strain, Ca does become unstable at the K site. It di

’ i > Sfevel in a 240-atom supercell.

places _off-center m_thélOO) dwectpn by~0.26 A,.form- c&* substituting for K or T&* necessarily creates
ing a dipole and gaining-43 meV in the proces&~ig. 7). charged defects, which must be compensated with oppositely
This implies that a barrier of 43 meV now exists betweencharged extrinsic defects to preserve overall charge neutral-
dipoles in the(100) and (100) directions. A 0.7% uniaxial ity. Because of this, Ca goes into both K and Ta sites. For
strain already causes off-center Ca displacement, albeit apppositely charged species far removed from each other, Ca
extremely small one. Due to the small LDA error in soft- at the Ta site is accompanied by an oxygen vacancy in its
mode frequency and lattice constant, the LDA prediction ofnearest-neighbor shell. The large electrostatic energy be-
strain-induced Ca off-center displacement may not be extween highly charged defects favors clustering, which is not
tremely accuraté? Furthermore, convergence with cell size Systemically investigated herein; it should be addressed in
has not been pursued systematically. Within these uncertaifuture studies that deal with impurities in perovskites.

ties, we have nevertheless given a plausibililty argument that 't 1S Shown that the~0.1 eV activation energy deduced

off-center Ca displacement can be due to a sufficiently Iargérorgr ESR and dielectric loss measurements in KJaO
uniaxial strain. Mn“™ is consistent with dipole reorientation motion of off-

KTaO,:Ba does not exhibit the activated dielectric loss €Mt Mr , in. agreemen_t with re_cer}t ex_pe_rimei‘ﬁs‘[hat s,
signatu(r); observed in KTN:G&.This is consistent with our the LDA-predicted hopping barrier is within 0.07 eV of the
. T : ; : measured value. The experimental barrier is not consistent
argument that Nb is needed to create impurity dipoles, al- ith VZ* hoopi ithin the fi iahb hell of MA
though it must be pointed out that the Baion is much wit Vo Nopping wit n the |r§t—ne|g or shell 0
larger than C&" and that difference will also affect the de- substituting at the Ta site. KTN:Ca also exhibits a 0.08 eV

) _activation energy in its dielectric loss spectfawe argue
fect structure and dyf.‘am'cs- pure KTN a}lso lacks th.e aClithat this dynamical signature is due to reorientation of off-
vated signature seen in KTN:Ca. Comparing Ca atAfsite

: : . center C&" dipole at the K site; the off-center €a motion
with K in pure KTaQ, we find that K" sees a much steeper s specylated to arise from Nb-induced breaking of the cubic

potential well. This difference is most likely due to the much symmetry. In general, it appears that impurity ion hopping at
larger ionic radius of K, which hinders off-center displace- the less congested A site exhibits a much smaller activation
ment. Using the 2% artifically strained cell mentiOHEdenergy than oxygen vacancy hoppmg around Bhsite in
above, we do not find any off-center'KdisplacementFig. ~ KTaO;. This conjecture will be tested for other impurities
7). and for other perovskite hosts in future works.

The presence of Nb will also change tkr'é)+ hopping
barrier around a G3 impurity. However, it is extremely

unlikely that Nb will lower the barrier to the-0.1 eV ob- We thank George Samara, DW|ght Jennison, Alan Wright’
served in experiments. Our various conjectures will be put tPeter Feibelman, Tim Dunbar, Nicola Hill, and Georg Kresse
test in future experimental and theoretical works. Finally,for useful discussions, and Hansndson and Grame Henkel-
while the conjecture about strain-induced off-center Ca diman for graciously allowing us to use the climbing image
poles appears reasonable, it should be pointed out that, imudged elastic band algorithm prior to its publication. This
cases of more than one substituent such as that in KTN:Cayork was supported by the Department of Energy under
interactions among substituent ions may lead to unexpecte@ontract No. DE-AC04-94AL85000. Sandia is a multipro-
results. Unfortunately, systematic first-principles treatmengram laboratory operated by Sandia Corporation, a Lockheed
of these complex systems is prohibitive at this time. Martin Company, for the U.S. Department of Energy.
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