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Perovskite crystals

Structure of cubic perovskites:
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A atom: K Na, Ba, Sr, Pb, ...
B atom: Nb, Ti, Zr
O: Oxygen

Examples: BaTiO3, BaZrO3, PbTiO3, PbZrQ3, KNbOg,
NaNbOsg, ... "

PZT = PbXOj3, where X is randomiy Zr or Ti (~50%:)
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Ferroelectrics for Memories

"Non-Volatile Memory"

Applications:

e Smart cards
e RF-ID cards

e Microprocessors
e Computer memory (RAM) !
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AB-INITIO THEORY

Density-Functional Theory (DFT)
with Local-Density Approximation (LDA)

- Plane-wave basis
Conjugate-gradient minimization

Ultra-soft pseudopotential |
— Low plane-wave cutoff
- Excellént transferability

~ Semi-core states included
4, 4., 4 or 6,6,6 k-point sets
Polarization (King-Smith & Vanderbilt) for LO modes

Dbub’led supercell for zone-boundary phonons

13



Lattice constants (a.u.)

* * - *
Pseudo LAPW Exper

BaTiOg 7.456 7.45 7.58
KNbO3 71.472 7.438  7.58
PbTiO3 7.350 7.35 7.50
SrTiO; 7.303 7.38
KTaOs 7.48 7.53

PbZrOs 7.770 7.786  7.81

CaTiOg 7.192 | 1.25

X Kinve - SmsrH {‘ %A/DE'(K/L?

* Conew § keneaver ; Swen § Bover ;
Siwé

X Lawoorr Borwsrerw
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Ground State Structure (T = O)‘

Theory Experiment
Symm Type Atoms | Symm Type Atoms

| BlaTi03 R FE 5 R FE 5

KNbOg R FE 5 R FE 5

PbTiOg T FE 5 T FE 5

SrTiOg T AFD + FE 10 T AFD 10

(q fluct) T AFD 10

KTaOg* C Para 5 C Para 5

PbZrO3 | 77 O  AFD+ (AFE 40

CaTiOg R AFD 10 O AFD + AFE 20

o
SiveH
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TABLE IV. Structural parameters of PbTiO;.

. Theory Experiment
A;(TO) 151 147
A1 (TO) 355 359
A;(TO) 645 646
E(TO) 81 88
E(TO) 183 220

CE(TO) 268 289
E(TO) 464 505
B, 285 289
A (LO) 187 189
A;(LO) 449 465

- A41(LO) 826 796

B(20) 207 259
26

E(LO) 435 436

E(LO) 625 723

¢

TABLE V. Frequencies of optical modes at I' in cm™!. In-
frared-active modes exhibit LO-TO splitting. Experimental

Theory I Theory II Experiment
¢ (a.u.) 7.380 % 7.298 7.380
¢/a 1.063 % 1.054 1.063
2(Ti) 0.549 0.537 0.540
2(01,05) 0.630 0.611 0.612
_z(Oa) 0.125 0.100 0.112
* FUIXxED
Pb Ti¢ O

values as compiled in by J.D. Freire and R.S. Katiyar.

GaArciIA § Vawoer BILT
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Figure 7.4: Calculated pbonon‘ diépersion curves of cubic BaTiQz at the
experimental lattice constant. . The theoretical result shows a reasonable
agreement with the experimental data: (¢) Ref. [3], (o) Ref. [6], (+) Ref.

[7), (0) Ref. [8], (x) Ref. [9], (V) Ref. [10], (&) Ref. [11].
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Expansion parameters of the Hamiltonian for BaTiO3.
Energies are in Hartrees.

On-site K9 0.0568 o 0.320 - v —0.473
, J1 —0.02734 72 0.04020

Intersite is 0.00927 74 —0.00815 Js 0.00580
76 0.00370 J7 0.00185

Elastic B3 - 464 Bio 1.65 Byy 1.85
Dipole zZ* 9.956 €00 5.24

;’ £RLE -

ZHowe., Vavoeesre

27
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Zuows., Vawversizr § Lase, 1974
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Material Transition

T, T,
Theory Expt

BaTiOs (1) | C-T 290 403
T-0 230 278
O-R 197 183
KNbO3 (2) C-T 370 710
T-0 260 488
O-R 210 210
PbTiOs (3) | C-T 660 763

(1) Zhong, Vanderbilt, and Rabe

(2) Krakauer, Yu, Wang, and LaSota

(3) Waghmare and Rabe

29




Response coefficients

E-3(T o £)

Dielectric susceptibility:

1 /8P,
X = €0 (8Ej)a,T (1)

Piezoelectric coefficients:
87711 . aPz
div = (3Ez‘)a B (80V>E )

Elastic constants:

S = @Z#)E (3)

wirk A. GarelA
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Behavior as a function of temperature

MC simulations using same Hg

At fixed o, E, T

- Direct calculation by finite differences

e.g.,

€0 Xij = [P:(E + AE;) — P(E)]

AE;

Or, using correlation analysis

e.g.,

eoXij = BV [(PiP;) — (Pi){F;) ]

31
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Summary: 180° domain walls

Even small supercells are metastable
DW located at symmetry position: PbO plane
DW width: ~ 1 lattice constant

DW barrier energy: ~ 30% of DW creation energy

40
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(a) Cross-sectional HRTEM image of an a}c domain wall in PbTiOj; (b) after adaptive Fourier
filtering.

Strictly speaking, because only differences between atom positions are needed to
extract lattice parameters, all that this method requires is that the intensity maxima
across the image remain in the same position relative to the atomic columns. Exact
coincidence is not necessary. In order to estimate the possible error introduced by this
assumption, we simulated the HRTEM image of the structure model obtained from
the variation of the local lattice parameters for the a|c domain wall. (The structure
model is discussed shortly.) Cross-correlation of the simulated image with a single-
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PbTiO, - 90° domain wall

12 unit cells, electrostatic potential
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Summary: 90° domain walls

Even small supercells are metastable !

DW location: Symmetry plays no role !
- Rougly, halfway between Pb—Ti planes

DW width: ~ 1 lattice constant
DW barrier energy: ~ 4% of DW creation energy !

Predict existence of band offset of ~0.14eV !
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