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We investigate the nature of atomic relaxations around oxygen-vacancy defects in the ferroelectric perov-
skite PbTiQ through first-principles pseudopotential total energy calculations. A tail-to-tail polarization is one
of the patterns that emerges from atomic relaxations around oxygen vacancies and its stability is found to be
enhanced by charge trapping. Oxygen vacancies in Ti-O-Ti chains along the polarization axis are more favor-
able than those in Ti-O-Ti planes normal to the axis. The possible role of oxygen vacancies in fatigue and
aging is discussedS0163-18208)50522-X

Ferroelectric materials are now the focus of intense studgonstant, and leakage current. Among various defects, oxy-
because of the advantages they confer in making dynamicglen vacancies are thought to be the most mobile and abun-
and nonvolatle memory componentsFerroelectric thin  dant in perovskite ferroelectrid¢d. There are several indica-
films made from lead zirconate titangf@ZT) and strontium tions that oxygen vacancies play an essential role in
bismuth tantalate have been extensively investigated singeolarization degradation phenomena such as fatigue and
they exhibit high remnant polarizations, suitable coerciveaging®!'®*Their complexing with impurities and other
fields, and high resistance. The wide commercialization oflefects may also be responsible for imprint phenonféha.
ferroelectric based devices has been hampered, by problerifowever, the microscopic properties of oxygen vacancies
such as fatigue, aging, and imprintifig} Fatigue denotes the and the precise manner in which they affect bulk properties
degradation of remnant polarization with repetitive switchinghave not been examined in detail yet.
cycles while aging indicates polarization degradation with The main objective of this study is an examination of the
time in a poled capacitdr? Imprinting occurs when a series atomic structure of oxygen-vacancy defects and defect-
of electric pulses with the same sign makes it harder to reinduced polarization changes in the prototypical perovskite
verse the “imprinted” polarizatioR:> ferroelectric PbTiQ@ thorough first-principles calculations.

Fatigue and aging affect the lifetime of ferroelectric basedThese types of calculations have only recently been applied
devices and have been extensively investigated. Althougto the study of ferroelectric materials:?2 The approach has
the underlying mechanisms for these complicated phenombeen successful in explaining the microscopic mechanisms
ena are not yet well understood, defects, particularly electrief spontaneous polarizatidn;*® phase diagram®;?° and
cally charged ones, are known to play an important role. Thd80° domain boundariésin a number of perovskites sys-
effect on fatigue of domain pinnirfycharged defec%;?  tems. King-Smith and Vanderbilt have greatly stimulated
grain boundaries, ferroelectric-electrode interfat¥sand of  theoretical research in this area by devising a procé@ure
extended defect sheets have been examined in severfabm which the change in macroscopic polarization and Born
studiest>"**High quality films recently fabricated by using effective charges resulting from a lattice distortion can be
metal oxide electrodes with a low concentration of defectbtained from a knowledge of the wave functidfhd®2?
have shown much improved lifetimes and fatigue We choose PbTi@Qbecause its phase diagram is simple
properties-? and because results derived for it are expected to be qualita-

Defects affect various properties of ferroelectrics such asively valid for PZT and other simple perovskite structures.
the remnant polarization, motion of domain walls, dielectricPbTiO; has a high temperature paraelectric cubic phase and
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a lower temperature tetragonal ferroelectric phase. The first@ Q2- Q T4+ {: Pp2+
principles pseudopotential mettfdd* used in our calcula-
tions is based on the local density approximatiabA).? 4 4 4 4
Norm-conserving nonlocal pseudopotenfilllsvere gener- i i i i
ated by the scheme of Troullier and MartiM),?” and
Kleinman-Bylander type of fully separable pseudopotentials®-
were constructef The semicore 8 electrons of Pb and the
3s and 3 electrons of Ti were included in the calculations .,
and the 3 potential was chosen as the local one for Ti.
Hamann has previously shown that or d-local potentials
for Ti do not adequately describe the Ti-O bondffigrhe )
calculated lattice constant for the cubic structure is 3.91 A,*
which is about 2% smaller than the experimental value of
3.97 A¥ and is in good agreement with previous theoretical -,
results?®?2 For the simulation of defects, we employ various @

supercell geometries with 40 to 60 atoms per cell. T T

Defect-induced lattice deformations can modify local
fields and polarization patterns in ferroelectrics. Our results'®
demonstrate quantitatively the way in which neutral ari G—e—5—e—O
charged oxygen vacancies along Ti-O-Ti chains normal tof 7 Lo,
and along the polarization axis affect the bonding and polar-@ *
ization patterns on a microscopic scale. We find that hole
capture or electron ionization at a vacancy enhances thi:
atomic relaxations around a vacancy and, for some configu
rations, leads to the creation of an antiphase polarization
Such vacancy-induced antiphase polarizations can play a
important role in domain pinning and polarization degrada-
tion.

In the low temperature tetragonal phase, PTi@as a
large c/a ratio of 1.063° The Ti atoms in O-Ti-O chains
along the c axis move parallel to the axis, alternately
strengthening and weakening the Ti-O bonds along the axis .
The strong bonds result from a hybridization between @)(3 i
and O(20) orbitals!>1% Although PbTiQ is an ionic mate- O ®—©—8—©
rial, the tetragonal phase has mixed covalent and ionic bond®)
ing character. The calculated bond lengths of 1.8 A for the FIG. 1. Schematic atomic structures f@ tetragonal phase of

dimerized and 2.4 A for the decoupled Ti-O bonds are i”PbTiOS, (b) oxygen vacancy ¥, (c) oxygen vacancy §f', and(d)
very good agreement with the corresponding experimentgly,qen vacancy §f. Pb atoms(dashed circlesare located on a
values of 1.78 A and 2.38 & The transition from the cubic gitterent plane.

to the ferroelectric tetragonal phase is found to be accompa-
nied by an energy reduction of 0.24 eV per 5 atom unit cell,Ti"* and four P52 cations of a+2 charged Y defect are
consistent with earlier theoretical resultsThe ferroelectric ~ displaced away from it while the nearest eight Canions
phase resulting from Ti-O coupling is satisfactorily de-are attracted towards it. The directions of these displace-
scribed, therefore, by a pseudopotential approach. In the foments can be simply inferred from the Coulombic interaction
lowing we examine the effect of oxygen-vacancy defects orof a positively charged defect center with its neighboring
Ti-O bonding and polarization for the tetragonal phase ofatoms. The atomic relaxations around gtype oxygen va-
PbTiO;. cancy defect, are shown in Fighl. As discussed below, the
Two types of oxygen atoms can be distinguished in tetelaxations give rise to a tail-to-tail polarization pattern
tragonal PbTiQ: those in dimerized Ti-O-Ti chains along around the vacancy.
thec axis[O(1)] and those in Ti-O-Ti chains along tlaeand The magnitudes of the displacements from ideal tetrago-
b axes normal to the axis[O(2)]. Unlike O(1) atoms, @2) nal positions of the nearest neighbor Ti, O, and Pb atoms for
atoms are bonded tiwo Ti atoms in zigzag O-Ti-O chains V2" are, respectively, 0.21 A, 0.04 A, and 0.16 A. The dis-
[see Fig. 18)]. The two distinct oxygen sites(® and Q2)  placements are smaller in the neutral charge staly @Wiere
can give rise, therefore, to two types of oxygen-vacancy dethe Ti, O, and Pb atoms move by 0.17 A, 0.02 A, and 0.06 A.
fects:(i) a missing @1) atom along & axis represented here The contour graphs of the electronic charge density for the
by V., and(ii) an O2) vacancy in thea-b plane denoted by donor state of V for two different planes are shown in Figs.
Vap- 2(a) and Zb). The donor state is strongly localized around
We, first, examine the atomic displacements of Ti, O, andhe nearest-neighbor Ti atoms. In the neutral state, where the
Pb atoms closest to ¥, type of an oxygen vacancy using a donor level is doubly occupied, there is a reduced repulsive
periodic 40 atom (28X 2a X 2c) tetragonal cell. Oxygen va- interaction between the vacancy and neighboring cations re-
cancies in PbTi@are double donor defects. The nearest twosulting in smaller relaxations.
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by examining Ti-O bonding patterns around oxygen-vacancy
defects, employing a rod shaped supercell of 50 atoms with

(1,1,0, (1,1,0, (0,0,5 lattice vectors. From the Ti-O bond-
ing geometry and atomic displacements we find thatin/
duces a “tail-to-tail” type of polarization pattern, as shown
in Fig. 1(b). The atomic displacement pattern has mirror
symmetry around the vacancy with¥i atoms away from

the vacancy and coupling to'® atoms. This results in a new
pattern of short and long Ti-O bonds thatbpagatesalong

the ¢ axis. The “bond lengths” for the coupled Ti-O pairs
are estimated to be 1.76 A while the distance between the
decoupled &) and Tf? atoms are 2.12 A for the 37 (0)
state. These Ti-O distances are similar to the 1.72 A and 2.33
A values in the ideal ferroelectric phase.

Atomic arrangements in the ferroelectric phase of perovs-
kites show a displacive behavior and the correlation length of
the polarization has been suggested to be about 10-50 nm
along thec axis and 1-2 nm along the and b direction,
leading to a needle shaped correlation voluthia/e expect a
similar, needle shaped, up-down polarization pattern for the
V§+ vacancy. Polarization along the or b axes is sup-
pressed because of strain in the tetragonal phase. For an up-
down polarization pattern, one component becomes embed-
ded in the bulk polarization and, as a result, amiphase
polarization is induced by the vacancy. Needlelike antiphase
5 domains oriented along the axis have been observed at

- surfaces and at imperfectioffs:>*
\Q For the “switchable” \£} state in Fig. 1c) the coupling
& . P and decoupling of Ti-O pairs can be done coherently with
the bulk and in this case no antiphase polarization is gener-

FIG. 2. Contours of electron density of the donor state of the V ated. The polarization around the vacancy together with the
type of oxygen vacancy@) on a Ti-O-Ti plane andb) on a Pb-O  bulk polarization can be reversed by the application of an
plane. The contour spacings are in units of 5 electrons per 40 atolectric field. A &} defect, therefore, does not affect the
cell. Filled circles, triangles, and boxes describe the location ofy |k polarization as much as a,defect. Vacancy migration
oxygen, Ti, and Pb atoms, respectively, and open circles indica’[(g‘lnd the gradual transformation ois‘glinto V. may play a
the location of oxygen vacancies. . . . a ¢ .

role in the degradation of switchable polarization and give
o rise to aging.

For Vap-type oxygen vacancies in theb plane of the  pgitively charged carriers tend to accumulate around the

tetragonal phase we find two structures characterized by d'?éils of antiphase polarization domains to compensate the

tinctly different Ti-O couplings and polarization patterns |, r7ation charges resulting from the abrupt change in po-
along thec axis as shown in Figs.(&) and 1d). The polar- larization and to stabilize these domath$he stabilization

ization around the vacancy is either in the same direction 3§t antiohase domains throuah charae trapping at defects such
the bulk polarizatior{Fig. 1(c)] or there is a tail-to-tail ge- P 9 ge trapping

; . . ) as oxygen vacancies results in a decrease of the switchable
ometry [Fig. 1(d).]' In Fhe fgllovymg discussions Wewdenote polarization and contributes to aging. A transformation of
‘t‘he .tWO Vab Sonflgurat(;ons 'P F|gs.(]:)”and 1d) as Vay .(fo.r Vi} into the more stable Vstate also contributes to a deg-

switchable”) and V; for “up-down” based on their in-  (a4ation of the switchable polarization. At sufficiently low
duced polarization patterns. _ temperatures, the barrier for oxygen diffusion prevents this
The magnitudes of atomic displacements i, ¥pe de-

A . transformation and only charge capture becomes the domi-
fects are found to be similar to those fog VA comparison  ,5nt mechanism for aging. It has been suggested that aging

of the total energies for Yand i} indicates that V is may be a consequence of a preexisting oxygen-vacancy
nearly 0.3 eV more stable. The Ti atoms ig,\o not relax  popylation™
as fully as those in ¥ because of tetragonal lattice strain,  pgomain pinning is a major factor in fatigue and can occur
increasing the energy of this state. The energy Hff Mlative a5 a result of defect agglomeratibithe pinning effect from
to Vgg cannot be reliably estimated from our calculations.g single oxygen vacancy is small. The area and energy of a
The energies of head-to-head domain walls that occur whetil-to-tail domain wall is minimized by a planar accumula-
using a periodic supercell fora‘\Z or for V; need to be de- tion of charged defects, such as-Wpe vacancies, lying
termined before we can make an energy comparison. Waormal to the polarization axis. Our results which are based
expect, however, that ¥ is the lower energy state, espe- on small unit cells are in this regime of a planar arrangement
cially at high electric fields. of defects. The gradual formation of a defect sheet gf V
We have investigated defect-induced polarization changesxygen vacancies leads to strong pinning of an up-down do-
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main wall and can be a major contributor to fatigtreThis In summary, we have examined three types of oxygen-
picture is supported by Pan, Yue, and Tuttle’s finding that invacancy defects and their effects on local Ti-O bonding and
fatigued PZT ceramics the nonfatigued initial polarizationpolarization in PbTiQ. The results of our calculations indi-
properties are largely recovered when the direction of thgate that oxygen vacancies are one possible source of domain
applied field is rotated by 90° with respect to the direction Ofpinning and polarization fatigue in PbTiOThe pinning ef-

the initial field? In the rotated state, the_ e_I_ectrlc field lies in fect is maximized for a planar arrangement of oxygen vacan-
the plane of the charged defectt least initially and these . . A ) .
[cies, especially when the vacancies lie in Ti-O-Ti chains

defects do not influence the energetics of polarizatio ) L .
switching. The rotation of the field direction turns the 2/0Ng thec axis. The migration of charged oxygen vacancies

migrate to form \(-type p|anar defects normal to the new more favorable sites in Ti-O-Ti chains along tbeaxis can

electric field axis, fatigue develops once more. contribute to aging.
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