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Figure 4.9: Polarization as a function of (001) and (111) strain respectively when
only looking at the tetragonal and orthorhombic phases.
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Chapter 5

Conclusions

In summary, this thesis has been an exploration into some of the nuances of
Density Funtional Theory, ferroelectricity and oxide perovskites, BaTiOg in par-
ticular. The effects of strain and crystal orientation on phase diagram and polar-
ization in BTO has been investigated using DFT calculations and Berry phase
analysis. There has been done DFT calculations on bulk BTO as well as epitaxi-
ally strained BTO, and by using Berry phase analysis the polarization magnitude
and direction of the structures have been estimated. The polarization of (001)
strained BTO increase for both compressive and tensile strain as the favoured
structure transition from a P4mm symmetry with the extraordinary axis out of
the strain plane via a Cm symmetry to a Amm2 symmetry with ion displace-
ments along the pseudocubic [110] direction. For the (111) strained samples the
structure has a first order phase transition at 1.5% tensile strain from a Cm
symmetry with ion displacements in the out of plane [111] direction to a P1 sym-
metry. These results are summarized in The relative energies are
calculated using the PBEsol functional |1, 2]. Polarizations are calculated using
Berry phase analysis in VASP.

As the DFT calculations are 0 kelvin calculations, they do not accurately repre-
sent the phase diagram at room temperature. To get an estimate of the behaviour
at room temperature the tetragonal phase alone is considered, as we know that
this is favoured for temperatures between 5°C and 120°C. When considering the
tetragonal phase alone, the phase transitions were 1st order for both (001) and
(111) strained structures. Further a study of the polarization when both tetrag-
onal and orthorhombic phases are allowed shows the some of the same character-
istics as the purely tetragonal results. The magnitude of the polarization found
is 3-4 times larger than the 26C'/cm? described in literature, however the trends
of the polarization as a function of strain is in accordance with the litterature on
(001) strained BTO. The work done in this thesis lays the theoretical groundwork
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CHAPTER 5. CONCLUSIONS

for a polar phase for compressive strain in (111) strained BTO, where all the po-
lar phases converge to a polar out of plane phase for compressive strain. This is
contrary to some of the previous work done on (111) oriented BTO stating that
BTO relaxes to a non-polar R-3m symmetry for compressive strain values |3} |4].
This study has been conducted using the PBEsol functional |1} [2] as opposed to
the LDA functional [5] used in earlier studies. As these results have been shown
without considering the effects of domain generation and interface effects, they
serve as a first-principle study of the effects of strain and interface orientation on
the phases of BTO.
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Appendix A

Example of input files

A.1 Example of an INCAR file

$system = BaTiO3
PREC = Normal

NELMIN = 4
NELM = 60
EDIFF = 1E-6
EDIFFG = -1E-3
IBRION = 2
ISIF =3

LREAL = .FALSE.
NSW = 80
ISMEAR = -5
SIGMA = 0.01
ENCUT = 550
ICHARG =1
ISTART =1

LWAVE = .FALSE.
LCHARG = .FALSE.

LORBIT =11

LASPH = .TRUE.

LMAXMIX = 4
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NPAR =14
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APPENDIX A. EXAMPLE OF INPUT #H.EEXAMPLE OF KPOINTS-FILE

A.2 Example of KPOINTS-file

Automatic mesh
0

Gamma,

666

000

A.3 Example of POSCAR-file

New structure

1.00000000000000

3.9171506866909613 0.0000000000000000 0.0000000000000000
0.0000000000000000 3.9171506866909613 0.0000000000000000
(0.0000000000000000 -0.0000000000000000 3.9356236092533665
Ba Ti O

113

Direct

-0.0000000000000000 -0.0000000000000000 0.0049526062869387
0.5000000000000000 0.5000000000000000 0.4964831816930917
0.5000000000000000 0.5000000000000000 0.0167104331358777
0.5000000000000000 0.0000000000000000 0.5133768749420493
0.0000000000000000 0.5000000000000000 0.5133768749420493

0.00000000E+00 0.00000000E4-00 0.00000000E+-00
0.00000000E+-00 0.00000000E4-00 0.00000000E4-00
0.00000000E+-00 0.00000000E4-00 0.00000000E4-00
0.00000000E+00 0.00000000E+-00 0.00000000E+-00
0.00000000E~+00 0.00000000E+-00 0.00000000E+00
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Appendix B
Graphs of Berry phase

calculations for less favoured
phases
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APPENDIX B. GRAPHS OF BERRY PHASE CALCULATIONS FOR LESS
B.1. (001) TETRAGONAL IN-PLANE FAVOURED PHASES
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Figure B.1: Berry phase analysis results from tetragonal-initialized structures
oriented in the (001)-direction with polarization along the c-axis.
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APPENDIX B. GRAPHS OF BERRY PHASE CALCULATIONS FOR LESS
FAVOURED PHASES B.2. (001) TETRAGONAL OUT OF PLANE
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Figure B.2: Berry phase analysis results from tetragonal-initialized structures
oriented in the (001)-direction with polarization along the a-axis.
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APPENDIX B. GRAPHS OF BERRY PHASE CALCULATIONS FOR LESS
B.3. (001) ORTHORHOMBIC OUT OF PLANE FAVOURED PHASES
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Figure B.3: Berry phase analysis results from orthorhombic-initialized structures
oriented in the (001)-direction with polarization in the be-plane.
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APPENDIX B. GRAPHS OF BERRY PHASE CALCULATIONS FOR LESS
FAVOURED PHASES B.4. (001) ORTHORHOMBIC IN-PLANE
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Figure B.4: Berry phase analysis results from orthorhombic-initialized structures
oriented in the (001)-direction with polarization along the ab-plane.
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APPENDIX B. GRAPHS OF BERRY PHASE CALCULATIONS FOR LESS
B.5. (111) TETRAGONAL FAVOURED PHASES

B.5 (111) Tetragonal

In plane Out of plane

Polarization [:C/ cm]

Figure B.5: Berry phase analysis results from tetragonal-initialized structures
oriented in the (111)-direction. All polarization directions of the tetragonal phase
are symmetry equivalent for (111)-oriented crystals.
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APPENDIX B. GRAPHS OF BERRY PHASE CALCULATIONS FOR LESS
FAVOURED PHASES B.6. (111) ORTHORHOMBIC
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Figure B.6: Berry phase analysis results from orthorhombic-initialized structures
oriented in the (111)-direction, with polarization oriented partially out of the
strain plane.
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B.6. (111) ORTHORHOMBIC FAVOURED PHASES
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Appendix C

Scripts used

C.1 Initstrain
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C.2. INITIALIZE BP APPENDIX C. SCRIPTS USED

C.2 Initialize BP

1 va :h cd ..; done

cd $dir; I h
.0/berryphase/initialize.sh (END) J]

n rhombohedral/111/11-1/strain—

60



APPENDIX C. SCRIPTS USED C.2. INITIALIZE BP

61



3. POSINTERPOL.PL APPENDIX C. SCRIPTS USED

C.3 Posinterpol.pl

#!/usr/bin/env perl
;% Perl —¥-

# This program interpolates between two POSCAR
ractiomn.

FindBin gw ($Bin) ;
lib "S$Bin";

L L. ..
lib "4 / ] / :

poscarfilel
poscarfile2
fraction =

(Scoordinatesl, $basis, 5lattice, Snum atoms, $total atoms, Sselectivefl
ag, $selective)
=read poscar ($poscarfilel);

print "Read Sposcarfilel...\n";
£3 f - r

(Scoordinates2, Sbasis, 5lattice, Snum atoms, $total atoms, Sselectivefl
ag, $selective)
=read poscar|
deac
hop (

iption ="head —n 1 $poscarfilel’;

b
=
-

escription) ;

"Read SposcarfileZ...\n";
"Total atoms: Stotal atoms...\n";
"Lattice: $lattice...\n"

pbc(5coordinatesl->[51i] [$]]+5frac

3

]-5coordinatesl->[51][57]1));

write poscar (Sinterpolated, $basis,$lattice, Snum atoms, $total atoms,

Sselectiveflaqg, $selective, Sdescription, "POSCAR.out") ;




	
	
	

	
	
	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	


	
	
	
	
	
	
	

	
	
	

	
	
	
	
	
	
	


	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	


