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Abstract

Lead titanate (PbTiOs;, PT) is a very excellent, well-known ferroelectric
material having large polarization and good piezoelectric properties. Many ferroelectric
films have been actively investigated for extensive applications in transducers, infrared
detectors, etc. In this work, we performed the first-principles calculation based on
density functional theory within generalized gradient approximation with the Perdew-
Burke-Ernzerhof pseudopotentials to investigate structural stable, band structure,
density of state, and polarization properties using the PWSCF in Quantum-ESPRESSO
code of the PbTiO; (PT) bulk and the Pb(Zr,Ti,,)O; (PZT) superlattices, which is the
percentages of doped the Zr for 12.5, 25.0, 37.5, and 50.0. Calculate the optimized
tetragonal structure for the PT bulk and the PZT superlattices and yield the results in
good agreement with the experiments. The calculated band structure along the
symmetry lines of the first-Brillouin zone. The results show an indirect band gap along
X — T direction between the top of the valence band at point X and the bottom of the
conduction band at point I'". This value is smaller than the experimental band gap, but
corresponding any theoretically calculated. The density of state for each compounds
have the a strong interaction between Ti-3d and O-2p orbitals in the valence band and
the conduction band is mainly consisted of Ti-3d, Zr-4d and Pb-6p orbitals. Doping of
excess Zr atoms gives raise the increase of the band gap. The polarizations (P,) are
caused mainly by an atomic dislocation in tetragonal phase along [001] direction of Pb,
Ti and Zr. The polarization was calculated by using the berry phase method. The
polarization of the PZT superlattices with 0 % is nearly close to that of the PT bulk,
while the ones with greater more Zr atoms are smaller than that of the PT bulk. With an
increase in the proportion of Zr, the polarization of the PZT superlattice continuously

declines due to small misfit strain.The P, values of the PZT superlattices are
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alternatively calculated by using an electrostatic method and their results are in good

agreement with the first-principles method.
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Self-Consistent Kohn-Sham Equations

Initial Guess

nT(r),n*(r)

n
|

Calculate Effective Potential

V;}f(r) = ngt(?") -+ vHa,.t[n] -+ Vm";[nT’ TL'I']

|

Solve KS Equation

(— $V2+ VQ,(?")) Yi(r) =747 (r)

|

Calculate Electron Density

ne(r) = 3, £ |we ()|

Self-consistent?

Qutput Quantities

Energy, Forces, Stresses, Eigenvalues, ...

mwﬂs:nauﬁ 2.2 mmmm*’ﬂ'u@aum‘sﬁ'}mmmaaawm‘s Kohn-Sham
(fIXN: Kohn 1az Sham, 1965 )



Tuunitnanafanisle DFT lunsdwalassaefiadios (Optimized
structure) AMURWILUUIDIWE (Density of state, DOS) 1ATIRILDUNA TN (Band
structure) uazlwanlsidu (Polarization behavior) TUsunsufildlumsdnsnéa PWSCF
lu Quantum ESPRESSO Package @9iflumasWuasflifonaguuiugiuuns DFT uasld

ARWITINULTUFIUAAN
3.1 35ANRWNTIVY

MIGNAITBITBDUTUA UG GATNRIALAI
1, L@’%ﬂmmucﬁflaaﬂmm'i”'mLLazéf'amuqugm%é'ﬂ
1.1 TUAAUVDINITINADILATIRTINVAINA 1 nreLmas  wazwhaannLiw

lassasuuuinasenalng lasld XCrySDen

(M (V)

mwdsznauf 3.1 lassaamihsirasuuumwatanalng (n) PbTiO, frdn

() PbTiO, LaaTelnues

14
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mwdsznauft 3.2 Tasead1s 2 x 2 x 2 mibhoiwas (N) PbTiO; (V) Pb(Zrg 125Tig.s75)03
(91) Pb(Zro25Tig75)O03 (3) Pb(Zro.375Tipe25)O03, (3) Pb(ZrgsTig5)O3
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1.2 N@®8Y kinetic energy cut-off AL k-points mesh ‘[@mmaﬁ]aaug}msﬁlﬁwaa

kinetic energy cut-off LRz k-points mesh

-316

-318 -

=320

-322

-324

-326

Total energy (Ry)

-328

=330

=332

-334 1 1 1 1 1 1 ; ; ;
10 20 30 40 50 60 70 30 90 100

kinetic-energy cutoff (Ry)

-333.3 T T T T

-333.4

-333.5

-333.6

-333.7

-333.8

Total energy (Ry)

-333.9

-334.0

-334.1 |

1 1 1
2 4 6 8 10 12
Number k-points

-334.2

(2)

mwisznauh 3.3 (n) ﬂiﬁW@mﬁ]aaumi@jLﬁwaa kinetic energy cut-off Va3 1 WY
LTRR

(1) N5NAIATAUNNIGLIN VB k-points mesh v8d 1 RLLTa

NNANYTENBY 3.3 (M) LFAIANNFUNHBEIZNININRIIUIIN AU kinetic

energy cutoff FuilunsaTiameudmILguIIURANIETTIaNaRINZALTTUUASWIN
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lapdrwrmedn cutoff  IUIAGIIY AUNFINUTINVBITZUUUAZQIINAIUTING LT Fein
A B duannunzannuszuund I mdsnnnwen ledszunm 45 Ry Alglung
AMUIUANNILADT NN 3.3 (T) LTWLALING LFAIANNFUNUTUBINAINUAL k-

points Lﬂumimnaauéﬁmuqug’m%ﬁﬂia511% k-points  ATWIAGI JUATYIINAINY

P I - B~ B B L @ Ada 4 & 1A
TJNV]E\]L“IH@EWW%%GGINLﬂ%ﬂ?“ﬂL%N?zﬁﬂJLﬂiuﬂ%Iuﬂ%ﬂE]‘Y] number 4 LuaANtnaNzE

U

fususrvuiduseuy 3 8@l k-points 1¥iNAL 4 x 4 x 4 mesh.

-2520 T T T T T T

-2540 -

-2560

-2580 -

-2600 -

Total energy (Ry)

-2620 2

-2640 -

-2660 -

-2680 1 1 I 1 1 1
10 20 30 40 50 60 70 80 90 100

kinetic-energy cutoff (Ry)

(M)

-2667.17 T T T

-2667.18
-2667.19
-2667.20
-2667.21
-2667.22

-2667.23

Total energy (Ry)

-2667.24

-2667.25

-2667.26

1 1
1 2 3 4 a 6 L 8 9 10
Number k-points

-2667.27

(2)

mwidsznauhn 3.4 (n) ﬂiﬁW@mﬁ]aaumi@jLﬁwaa kinetic energy cut-off 284 2 x 2 x 2
RUIBLTAS
(1) N3INATIATBUNIGLINVBI k-points mesh BBI 2 x 2 x 2

WU LLTRR
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nnmwsznaudi 3.4 LLa@aﬁamsﬁ’]mméhmuqugm%é’ﬂmaaszuu 2 x
2 x 2 RUILLTRR mfmaaumsg}'Lﬁﬁmaawéﬁmmamaaizuumﬂmsﬁﬁmm"lﬁ@h kinetic
energy cutoff Uszanms 50 Awliudiiiasaninldlddnsifouuunsaanaanyt d9ld cut-
off L¥iNNU 30 Ry AgewanuszUUAE wI o lus1ua9s1wIn k-points VaIITUUMRANY

WLLTAR LTAN k-points number 4 §1%UTEUL 3 J@ k-points L¥iNAL 4 x 4 x 4

2. A mlasaaaLEn Yy

2.1 fUITUWUL Self-Consistent Fields (SCF) LNaWIWAINUIINYBITZUY Lag
wilsanaaInuan a awvtulassasuuudainle 1 vihuiras

2.2 AUIMLULY Self-Consistent Fields (SCF) #waddnuinvadszuulaslien

A Vo A & o [ 1Y \ &
c/a A97 LAZLUIANAIAINNEN a F1RTULATIRTULLLLAATE INWaale 1 WiaLTas

2.3 MUINLUL Self-Consistent Fields (SCF) wadinuiinvadrzuulaslien a
N 1 RUILLTAAAIN UazllId c/a  Iulasaanuuaaszlnuaals 2 x 2 x 2 winw

6

LTRN

2.4 YUADRVAINIIANWI LATIRIILFDUTVDITZUY AaNd 1 RUULTas WAz
LTANATWAIINUTINA Laa NI ot ulSumnnuizau a1 89nazsinun AN ¥%a
Imm%uaﬁyﬂuwﬁﬂmzmumﬂumsﬁ’wmmmﬂ'waammﬁNﬁﬂam@lamaﬂﬂsoﬁ’m
= = & o = = ' [ A ) o ~ &
NANRHI 9w lalasdT U ua1UeINAIUTIN  (TILYNAUNAIUNTD T USAY
UINALU WRINBALAANNERATATINTENINS laaan) NANAINNENTWIAGTS 9 A189
' A & A9 o, [ o I \ A & ~ & Y & A
mmﬂNaﬂvﬂmmwaammwqum:mummwNanam;aﬂﬂaia:LﬂumaaIﬂsaaiwauuﬂ
gaanil 0 K Icﬂsrﬁ'a"l,ﬂLLé"’ﬂumimﬁ;@ﬁlﬁ@hwéﬁmmnm‘hﬁqmzmi@ﬂmﬁ'ﬂﬂi’]Wmaa

[ d‘ & 6 a sﬂl % J s 1 a A:{' a

WRIINWII NN DWW IR TUU 0910107 T3l wlaan1TUTuAITaIna s wIINNUSI1aT

@9 9 lasld Murnaghan equation of state

) BV | Vo)L (V)
EO(V)—EO(VO)+B(,)(B(,)_1) Bo(l v){v) 1 (3.1)

aanIafazmdzesiaduegas wazdiunasaugazadlaeaieiuldan B, uaz
s a v o al o { ] ] @
V, faduwnmiiiweinldnnnsfiaduaunsi 3.4 (§w B, auviiudauwusuas
B, \fwuiuanuaunianesaugs V) mndinaaugai lanismunioudamn
' A = A v
Aasnuanfiaugald
A = = : % a s '
waninitlasmalisufisudvesndsnunandiinesauga vedudaz
o = @ v A a o & v da
lawsgFunan ndisunsam lainanaaanaisazilavaaduiuule Tassasnand
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[ o A & v Aa a P & v A & Y
Wﬂ\‘]ﬂ’]u@nﬂq@%:l’ﬂuiﬂiﬂ RINNUAIULED Uj‘ﬂq@ LLa:LﬂuIﬂN aiqﬁﬂﬂji"ﬂZLﬂuiu'] a@;‘ﬁu

Thi

3. AUWIHANMNURLUUIDIUE (DOS)

3.1 FUIIALUL Self-Consistent Fields U89WA 1 AUIBLTAR LazWLTaf

3.2 fWIWUUL non-Self-Consistent Fields BIN1TNIZ18AIVDIRDIBSURZIZA
WRINTUVIBLANATOW

3.3 AIWINNINTZNLRDIUSNAIIN WY DIUGazazaad I wLaas AU LTS

4. G DAL ATIRT IO LUNRIIG
AP LA TIRTIILDUNRII WA L aun1TUAENNIT KS WUY  self-
consistent 1N lATIRIIILDLNAIINW AN NIZTHINIINAIUDIANINZIIINFUNIT
Kohn-Sham A9uN916119122991N&NUN1T  Kohn-Sham 7'ldan DFT 2zl
A o ala & LA AAd] v & A o [ o
aunuenTalawn AT wazliiinguinliiduaruneadasnulassasny
LDUNAIINY LALDLNAIINTWA LAATNAINLNZAIHRET Aand1sNazlvnagaaaaaIny
LOLWAIINWA LGTNNNITNARDINUUA WA TEIUI THAITh
41 FWILUL Self-Consistent Fields HINRINUIINNIRUATDITUL
4.2 f1WINALLL non-Self-Consistent Fields &% Uz UUNTITa% MU aLULY
~ @ a ~ a a a A = & o ¢ A =
aufiandungejvesusat xinmsdunsnadiuaniulsttuaesinaasadn & lu
first Brillouin zone (1BZ) \HasandTanmiean & lna 9 Anazldiimsidfewudasann
L 1 lﬂ‘y v A Qs dj o 1 6 dl 1
WN 1RINIUTEI NN IA R e la e I T LTI AL UTIA1 W AU D IWIN TN LAV D9
k point L¥iNt L&an k-points 9@ - X —M —R-T
4.3 SWITLATIRIIILDUNRIG
Taan g1 uasWInTwn o GRws k£ ey —k asRayiinw
Lﬁaammﬂqmauﬂamaaaummuuuné’u At ludanusindunazdasdininsnien
e Yo o \ . . . 44
Y IWINTUTITOUNURDIGILAUI  LIIRINITDAATIUINVEY  k-point 8IATIniLlalas
DIFUFNNIATLUUNAY ®Wananniuas 1BZ fﬂ'\‘iﬁauwmﬂamﬁuﬁuq@awmmmaa
TaveaFanandneas é’aﬂfumﬁﬁaaﬁﬂmmﬁamﬁmﬁﬂdLLﬂ'ﬁa%ﬂu irreducible  Brillouin
& A o v o . A o @ v . A A
Zone ¥inu SIvnlATI8aad I wIuved k-point Neadldasididuatrinin dninaiia
A A ' o . Ao @ A o o o
wianzINsatIslunsans wInved k-point maﬂ‘ﬁaavl,ﬂvlﬁlﬂﬂmmumwgﬂmawd
wiaulda fa n1IlReu k mesh T9azvld k-point Mlag m @wris FUNIATTUF
g; v o 1 d ql’ ‘3‘ ¢ o U v s
uuvl,ﬂag‘luml,mmﬁm"l,ﬂmﬂmu é‘fiaﬁa:mlﬂ@ﬂiﬂMﬁmﬂmﬂmmauumaaaumm

. &
289 1BZ launin
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5. Ao lwan e u

5.1 @MU Self-Consistent Fields Waztaandunusnzna luuwiuns z uas
§1773713819M289 ANMURIIUUUBLINATAUUAZ WA I IUTINVBITTUL

5.2 AMWIHILUL non-Self-Consistent Fields Iummaaﬂﬂia§ﬂdﬁﬂﬁa§aL§wﬁuLﬁu
madrwrmenIwan lsiatulagld55n15v09 berry phase  uazifoudiunusvesnznalu
LIILNY Z VBIRUILLTAR

5.3 AMWIMLLUY Self-Consistent  Fields wazidenduntsvasnmifisuuas
iwwaslafoaluuuwiuni z uazd 11938 AR MIRIIUUUBLANATEULAZ NI UTIN
YPITTUY

5.4 fUWILLUL non-Self-Consistent Fields lumuﬂnaaﬂﬁmﬁ”’mﬁ’rﬁagaL'%MGT%LWIN
maswrmar lnan lsertulaslE55 309 berry phase uazidendiunisvaslnniion
waztraslaion TuuuwInnu z VaIRuItLTaa

duaaw 5.1-5.4 snlwanlsituswsildanaunis

1 .
5:V24A% (3.2)
joi

=
lagf
Auy =u, —u’, , MINAABZABNGIN | IINFIUnITNAALYS WIBLDAF |
V. = 1hunasvessuy

zZ, = ﬂszqﬁwamam@iaxawau i TUAUI LT |

5.5 dAwinlaslismslihsiiaifioSouisunuaTmmannisvugiu
BUAUIINNITNIIIMININTZAAN [

D=gE+P (3.3)
dl =y 1 U g: = Y ] >
NUILITWIDEYADIZHINNTINN Ell%ﬁﬁ’ﬁ miﬂi:a@ma"l,wwqa:mwnu
D =D, (3.4)

6E +P =5E,+P, (3.5)

uazaWIHN AN Ulusamzﬁaumﬁuquﬁﬁﬁn WIneGa

(1-x)E, +xE, =0 (3.6)
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naunsh (3.3)~(3.6) azle

v

P=

(3.7)

1+(x51/(1—x)52)’



unn 4

naazn1IanlIgna

o Aa v d‘yd ' ad aw A v a
Namimmm‘l,ummwuu 4 /1 @nunm‘namaimmsﬂuanm 1ML

RUWILUBRD IS Iﬂ‘ix‘i FIULOLNRIH U ZIW m"lsm%’u

o U =
4.1 ﬂ']iﬂ']%'.lmtﬂi\‘iﬂi’l\‘i Lldnas

las9aa@dasvaInd 1 wihowasd waziused ulassgswuudadn
waztaa sz I nuaauaasluansof 4.1 SMTLAT 1 wihowad dwimslulassanuy
A1dn  (space group Pm3m, number 221 ) Laslaaszlnuaa (space group P4mm,
number 99 ) 1w 1 wihowas ludIuadNLTad 2 x 2 x 2 wiowas AwIle

Tassasuuuaaszlnuas

N3N 4.1 LROINIIAIWI Il ATIRIILRD TV INLTAT

aadin a(A) | waszlnwaa |a(A) | c(A)| waaszlnnea c/a
Exp 3.97 Exp 3.90 |4.15 PbTIO, 1.021

LDA 3.89 LAPW+LO 3.83 | 4.17 PbZrg 125Tig 87503 1.021
B3PW 3.93 DFT 3.86 | 4.03 PbZr; 55Tig 7504 1.035
B3LYP 3.96 FP-LAPW 3.94 | 4.20 PbZrg 375Tig 62504 1.032
PBE(this work) | 3.96 | PBE(this work) | 3.86 | 412 | PbZrosTiosOs | 1.041
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1 1 dl =3 a A [ a a 1

WUANAIAINHANVDINT LA TIRILUUAITNLAzLaaTInwaals 1 Ki0Y
[ as  aNdInInatannInaaadtantaslasaaiatadanly 0.25 %  uaz 1.03 %
ANNAIAU FIATUNLTAN LATIRIIULLLAATZINUAN 2 x 2 x 2 RULTas WUILHaLNy
1 v o Y AI l:g/ v { vV { ol
fuNgNvadtTaslatioudn lUvinlwen o/a inaw aniwn x = 0.375 IRanfdagly
BhUGH

d‘ a v a a ‘§ a n:l'

LUaNINTRUAA NN LAz LAaLTa S L aun LTI IuL LA D NG Il d1aIN
NANNEIWILIAAD apr = 3.960 A WA apy = 4.177 A AURIAUNATN ldREAAGEINLAN
INMNINARAI INAIAINNANNLANFIINUIZTAINIRA MINLUNLAZLRALTaI LA LN 19
\Aia small misfit strain 7 = (apz-apr)/apr <~ 0.0549 Taidunarinlialnan lsiotuvasn

= = ' A o o
BLTANNIH x #0 NARJBUNNWLRINTY
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-333.343 T T T T T
-333.343 | —
Ll
.
B azam | .
3
A
i
o -1333d4q | -
5]
l_|
-333.345 | .
_333345 | 1 1 1 1
403 410 4135 420 435 430
Yolume fbotu'a]
(n)
-333.406 : : T T
-333406 g
-333406 -
-333407 .
Fanl
g -333.407 | .
%:.‘ -333.407 | =
g -asaor b .
E
-333407 g
l_|
-333.408 s
-333.408 =
-333.408 .
-333.408 L L L L
403 410 415 470 425 430
Volume I,'bD.I:IIJ:I

()
mwdszneuft 4.1 () nmvugasnsswmamilassaiaaissuuudibnues PbTIO, Tn
RUILLTAR
@) NWLRAINM I UALATIFIFDTUULLAATE INUE AV

PbTiO, lunidtiaas

ANNIMNLFAIAMUFU NIV INAIINWIINVIT U UG T w9 Tua a9
ﬂ%mmﬁ;@ﬁﬁﬂﬁ@hwé’ammamﬁﬁq@ﬁaﬂ‘%mmmaas:uuﬁlﬂmaa%aLaﬁmﬁq@
amwdsznaud 4.1 (n) lunsnwesii 1 wihowas Aldulassaauuudrdnuaznsw

4.1 () \Junswvasni 1 mihowasndulassgosuuaaszinues



Total enetgy (By)

Taotal enetpy (Ry)

-268.105

-2565.110

-ME8115

-25E.130

-MEE12S

-2058.130

-AE8135

-20658.140

-2668.145

-2A68.130

300

=k

4m
Volume (bohr

(n)

403

410

-2650.515

-030.30

-2030.525

-2430.5330

-2650.535 -

-2630.540

-2650.345 -

-2630.5330 +

-030.535

-26350.360

00

395

400
Valume (bohr™

(2)

4035

410
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Total enetgy (By)

Taotal enetpy (Ry)

-H3293

-X32d

-:3205

SHIRE

-H3I2OT |

-232.9%

-:3200

-X33.00

-3533.01

-2515.385

300 305 400
Volume (bohr

(9)

403

410

-2615390

-2A15.395

-2615400

-2613.405 -

-2615410

-2615.413

300

335 400
Valume (bohr™

()

4035

410
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-2597 .82 T

-2597 .83

-2397.83

-2597.84

Total enetgy (By)

-2597 .84

-2397.83

-2597 .86

203

ANYsEnaun 4.2

400 02 404 4065 408 410 412
Volume (bohr

(3)

(M) NMTWLRAINTAWI A LATIFIFDOTUULLAATZINUD AV
PbTiO; b4 2 x 2 x 2 BUIBLTAR

@) NWLRAINM I UALATIFIFDTUULLAATZINUD AV
Pb(Zrg.125Tio.875)O3 lu 2 x 2 x 2 nibwan

(@) NWLRAINIAWI AL ATIFIFDOTUULLAA T INUE AV
Pb(Zro25Tio75)05 bb 2 x 2 x 2 RUILLTAR

(@) PWUFAINMIFWI WA LATIRIRDLTULLLAA T INUE AV D
Pb(Zro 575 Tige2s)0s b 2 % 2 x 2 WHILLTAR

@) NINLEAINIAUIUA LA TIFED USUULLAATE I NUaaVa

Pb(ZrosTips)Os b 2 x 2 x 2 RUILLTAR
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Pbs

Pbp e
Tid -

Olp =

Q
I
@)

(1199 J1un A3/s31838) SOA

E (eV)
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Pbs

Zrd

—

e

Ti
R -
02p
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2

(1122 un A8/sa1e18) SOQ

E (eV)

n)

Pbs

Pb p weeeeeeeee

Zrd -

Ti
Olp -~
02p

¥

1.5
1

Q—DO jun A9 \mOwva soa

E (eV)

(1)



DOS (states/eV unit cell)

DOS (states/eV unit cell)

0.8 |

0.6

N
(9

Awdsznaun 4.4

30

T

-2 0
E (eV)
()
(M) N7 NUEAI DOS profile VDI PbZry 125Tig 7503
(@) nTWUEAY DOS profile Va9 PbZrg 5Tip 7505

(0) NNLENI DOS profile VDI PbZry 575Tig 62503
() N9 LIRS DOS profile UDI PbZry 5Tip 505
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DOS profiles Va3W#l 1RA uazAuTafl 2 x 2 x 2 miioad uraolu
mwisznaudl 4.3 Sanwil 4.3 (M) &MIUAA 1 mbhoead uaznnl 4.3 (@) dmduR
uwaf Nyl x = 0 luuauisudsmngifannmnszesves 2o Silnaseuves
sandian uszunumahdulngifinnnninizansdives 3d Bilinasanveslmmiisy
MINTTNBVBY Ti- 3d URZ O- 2p AITAUNRIININ -6 eV B9 -2 eV uaz Pb-6s, 6p U
0-2p AT=AUNEINUTIN 4 oV B3 0 eV duflutsrsimainsuaiiionaiituszning
€289 Ti-O usz Pb-0 mufiaduasiieatrnduiliinalalna (dipole) melugmsan
‘lﬂTwaﬁLﬁaﬁmmv‘iﬂﬁammaﬂoqmauﬁ‘lnlﬁ'luuuwlﬂt Naiwoﬁutﬂumqnanﬁoﬁm
Wai@2089R# 1 wiaoiosd ussAuaedl 2 x 2 x 2 minasd iguand@idumwan
IWSTIBANATN ATAMMILURED U YBIRLTAT 2 x 2 x 2 Wiaewad 7 x = 0.125, 0.25,
0.375, usz 0.5 usaslunndl 4.4 (n) (¥) () (§) MUEL DOS profiles usaaluuny
LAAUTANUNUUUUTDIUZVEY O-2p  SIN1INTz o INA A BN U TS UNS 1IN 55
'lwm:ﬁunumsﬁﬁnum:maomwnmLtﬁuanm:ﬁwuﬁmlmymao Ti-3d Zr-4d Uss O-
2p  AINEGU INTIZATEN Ti-3d nadaguantfvasmsliznavusafiofams
wwasladisunnanuiuiuanIuz el Ti-3d aﬂaau.a:s:s‘fuwé’omut‘é‘augﬁlmtﬂuuaﬁﬂﬁ
Basinuoundanunain

4.2.2 lassassunundssn

PMNMIFUITULOUNTNIURYBI TRUTANIWLIUDUNS I RULsaan T
§2IFIUAE UDULASUT (valence band) waswounITIn (conduction band) Wavmaiin
Fasuradgeflafisndliunundinuvasudazlnseselldnsusfnandrotues
mwdsznaud 4.5 ualddmamndanuneiHvassunluudssTnseaine

60 “\

(M)
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Tansaununasnuuadfs 1 niaeaas naw (n) lulaseaiuuy
AT lNUARINNIFUNTNRUNIATVAY Brillouin zone IIMNIIWUDLUNAINWULILTY 2 §n
fa FIUVAILDULIAUTUAZLALNITHN 1udmmaounumawfwudflqﬂ X Lﬂuﬁgﬂﬁﬁﬁ’l

]
o

o a Aa O Ca \ v . P
waooﬂugoqﬂiﬂﬂﬂi}lﬂuﬂawmo’]ut‘ﬂam INATNRIITUIZWINUTZNM -5 D9 0 eV nan

b

AN WNEIINDINE 9 wauaudfifiaanduasnienadiudn  sEnd9 2p
dldnateuvateandiau AU 3d Adneseuvadlninifisy ludmvesvFimuounmsi
wuee T IWdmdsnudige waslunsunuwasnmuan 3d Bilnasewsas Ti Mldeuay

a

Turuuoumsiilassanudalunounisineswy 3d  Bidnasauzadinimilon  2p

a &

ALANATBUUDILRG LA 2p AlenasouTIaanTIIN

6.0

(f)
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T T O
0]
20
—
4.0
6.0
r X M R r
D

ﬂ']WlJT:ﬂaUﬁ 4.5 Iﬂ?\’lﬁ%’]dllﬂUWﬁG\ﬂu
(N) PbTiO; 1 wIELTaR
(¥) PbTiO; 2 x 2 x 2 AWILLTRS
(71) Pb(Zro.125Tio.675)O3
(3) Pb(Zro25Tio75)O3
(3) Pb(Zro 375Tio625)03
(®) Pb(Zro5Tig 5)O3

nnmwdsznaufl 4.5 @) (1) () (3) uaz @ NdavmaRudadiues
wasladlon  Iwszvuwudrdmdsnuresfidond lnduaunisinAuantwud
lassaFununasnuvaudaslaseaianuihluwouriaudnisnszansuasuauwa 1wl
anwazasoiuudluuaumM I woundInuLLEUInITauT U R ARIINNATEINS
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AT 4.2 LFAIAITDITIUDLNAING LRZWAINWNaTIUIRLa 7

#19a20819 20IIIUAUNRINNK (eV) navmadil (ev)
PbTiO3 bulk 1.6 (2.85%) 11.7628
PbTiO; superlattice 1.6 (2.85%) 12.4745
Pb(Zr.125Tio.875)03 1.95 12.7078
Pb(Zro 25Tio.75)03 2.05 12.6861
Pb(Zro 375 Tio.625)03 2.15 12.9635
Pb(Zro5Tios)O3 2.15 13.0199

*Saghi-Szabo ez, 1999
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P ' o
MINN 4.3 ugasrlnan lsiotuvaIfugai

Unit| PbTIO, | PBTIO, [PbZr,,sTiy srs0dPbZEs 25Tl 1sOdPZr 57sTlos2sOPDZE, s Tiy O
cell| (uClem®) | (uClem?) (uClem’) (uClem’) (uClem’) (uClem’)
1| 72952 72.496 61.528 47.760 39.184 29.968
2 . 72.496 57.592 47.760 38.688 29.968
3 - 72.496 63.392 52.488 41.320 29.968
4 - 72.496 63.048 52.488 39.760 29.968
5 - 72.496 63.392 52.488 43.584 33.768
6 - 72.496 63.048 52.488 43.400 33.768
7 - 72.496 63.160 52.752 43.696 33.768
8 - 72.496 62.136 52.752 42.808 33.768
Totall 72952 |72.496(~75")|  62.162 51.372 41.555 31.868

Av.
P/P, 0.994 0.852 0.704 0.570 0.437
®Konishi UasAME, 2003 R
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Effect of zirconium on electronic properties
of the Pb(Zr,Ti;..)O; compounds

A. Thatribud’, T. Pengpan
Department of Physics, Faculty of Science, Prince of Songkla University,
P.O. Box 3, Hat Yai, Songkhla, Thailand

Abstract

We performed the first-principles calculations based on density
functional theory by using the PWSCF code within a generalized gradient
approximation with the Perdew, Burke and Ernzerhof pseudopotentials to
calculate structural and electronic properties of the Pb(Zr,Ti; )O3 (PZT)
compounds with x = 0, 0.125, 0.25, 0.375 and 0.5. For each compound, the
band structure of the PZT in the tetragonal phase is calculated by choosing k-
points along symmetry lines of its first Brillouin zone. Our results indicate that
its indirect band gap along the X-I" direction between the top of its valence
band at the point X and the bottom of its conduction band at the point I' is
smaller than that of the experiments. In calculating the density of states (DOS),
it shows that in doping more Zr atoms the DOS profiles of both the Ti-3d and
the Zr-4d states in the valence band shift toward higher energy states more than
those in the conduction band.

Keyword: ferroelectric material, density functional theory
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First-principles computation of ferroelectricity
in Pb(Zr,Ti;.,)O; superlattices

Abdulmutta Thatribud,” Teparksorn Pengpan

Department of Physics, Faculty of Science, Prince of Songkla University, PO Box 3, Hat Yai, Songkhla,
Thailand 90112

€ E-mail: mtt_turion @hotmail.com; Tel. 081-5984212

ABSTRACT

We performed the first-principles calculation to investigate structural and ferroelectric
properties of the PbTiO; (PT) bulk and of the Pb(Zr,Ti,.,)O; (PZT) superlattices for x =
0.125, 0.25, 0.375, and 0.5. We initially run a PWSCF code to find their optimized
tetragonal structure, density of state (DOS), and then to calculate their spontaneous
polarization P;. It is found that the DOS profiles show strong interactions between Ti-O
and Pb-O pairs, which play very important role on the ferroelectric properties. The P
value of the PZT superlattice with x = 0 is nearly close to that of the PT bulk, while
those ones with greater values of x’s are smaller. The P values of the PZT superlattices
are alternatively calculated by using an electrostatic method and their results are in
good agreement with the first-principles method.

Keywords: Density functional theory, ferroelectric properties, polarization.

INTRODUCTION

PbTiO; (PT) is one of the prototypes for studying ferroelectric and piezoelectric properties
in ABO; perovskite compounds. It has a critical temperature at 766 K, where below that its
structure is in a tetragonal form and exhibits ferroelectricity; while above that, in a cubic form
and does paraelectricity. It is also found that its ferroelectricity is dominantly determined by
strong interactions between both Pb-O and Ti-O pairs. It leads to further experimental and
computational researches to improve its ferroelectric property by altering or doping other
transition atoms to the ABO; compounds [1-9].

In this paper effects of doping Zr atoms to a PT superlattice are investigated by using a
PWSCF package, a parallel plane-wave self-consistent code based on density functional
theory [10]. An optimized structural parameter, a density of states (DOS) profile and a
polarization are calculated when percentages of doping the Zr atoms are 12.5, 25.0, 37.5 and
50.0.

COMPUTATIONAL DETAILS
A superlattice in the PWSCEF code is built in a form of 2 x 2 x 2 unit cells, where each
unit cell consists of Pb’s at its corners, either Ti or Zr at its center and O’s at its faced-
centers. The code is initially run to find an optimized structure by varying lattice
parameter a for the cubic form and by fixing the in-plane lattice parameter a and varying
the out-of-plane lattice parameter ¢ for the tetragonal one. In the PWSCF code, we use
self-interaction-corrected ultrasoft pseudopotentials implemented with the Perdew-Burke-
Ernzerhof (PBE) exchange correlation functional for all atoms, which treat the 5d, 6s and
6p electrons of Pb, the 3s, 3p, 3d and 4s electrons of Ti, the 4s, 4p, 4d and 5s electrons of
Zr, and the 2s and 2p electrons of O in the valence, and also use a 30 Ry basis set cutoff
and a 4 x 4 x 4 Monkhorst-Pack grid [11]. A spontaneous polarization P; is later
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calculated by the berry-phase method [12,13], where the P; for a given crystal structure
arises from ion and electron dislocations. The ionic contribution is calculated by summing
the product of ion positions with their nominal charges. The electronic contribution is
determined by evaluating phase of the product of overlaps between cell-periodic Bloch
functions along a densely-sampled string of neighboring points in k-space.

RESULTS AND DISCUSSION

Structure characteristics
The optimized structures of the PT bulk and PZT superlattices in the cubic and the
tetragonal forms are shown in Table 1. The lattice parameters, a’s, for the cubic and the
tetragonal PT bulks are slightly different from those of experiments, about 0.25% and
1.03% for the cubic and the tetragonal ones, respectively. While for the cubic PT and the
cubic PZT with x = 1 superlattices, apt = 3.960 A and apz =4.177 A, which are in
agreement with previous computational results [1,14]. Therefore, there exists a misfit
constraint, 77 = (apz-apr)/apt = 0.0549 for the PZT superlattice with x # 0. Although the
strain effect on the PZT superlattices is very limited, in doping more Zr atoms to the PZT
superlattices the polarizations reduce significantly.

Table 1. Optimized structure parameters for the cubic and tetragonal bulks and

tetragonal
superlattices.

Cubic bulk a(A) Tetragonal bulk a(A) c(A) Tetragonal superlattices cla
Exp[15] 3.97 Exp[15] 3.90 4.15 PbTiO; 1.021
LDA[16] 3.89 LAPW+LO[17] 3.83 4.17 PbZr(.125Tig 87503 1.021

B3PW[16] 3.93 DFTI[18] 3.86 4.03 PbZry »5Ti.7503 1.035

B3LYP[16] 3.96 FP-LAPWI[19] 3.94 4.20 PbZr( 375 Tig 62503 1.032

PBE(this work) 3.96 PBE(this work) 3.86 4.12 PbZry5Tip 503 1.041

Electronic structure

The DOS profiles of the PT bulk and PZT superlattices are shown in Fig. 1. Fig. 1 (a) for
the PT bulk and Fig. 1 (b) for the PZT superlattice with x = 0 show that the upmost
valence band is contributed mostly by O 2p orbitals, while the lowermost conduction band
by Ti 3d orbitals. Similar distribution profiles of Ti 3d and O 2p orbitals in the energy
range from -6 to -2 eV and of Pb 6s and 6p and O 2p from -4 to 0 eV indicate strong
interactions for both Ti-O and Pb-O pairs. Dislocation of either Pb or Ti atom in both pairs
has important effect on the ferroelectric properties. The DOS profiles of the PZT
superlattices where x = 0.125, 0.25, 0.375 and 0.5 are shown in Fig. 1 (c), (d), (e) and (f),
respectively. In the upmost valence band, their DOS profiles of the O 2p orbital are
relatively high and end very close to the Fermi level; while, in the lowermost conduction
band, their profiles consist mainly of Ti 3d and slightly of Zr 4d and Pb 6p orbitals.
Therefore, the Ti 3d orbital significantly effects on electrical and optical properties of the
PZT compound. Note that in doping more Zr atoms the DOS profile of Ti 3d orbital is
lessened and shifted towards higher energy range.
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Polarization behavior
The polarizations of the PT bulk and the PZT superlattices from first-principles method
are shown in Table 2. Note that, due to extremely small misfit strain, the polarization of
the PZT superlattice for x = 0, 72.496 1C/cm’, is insignificantly smaller than that of the
PT bulk, 72.952 11C/cm’. Both values are close to the experimental one, 75 11C/cm” [20].
While the polarizations of the PZT superlattices for higher values of x’s decline
noticeably. In the first-principles method, the polarization of the superlattice is calculated
by

L5,
P =2z, M
j 12

where Au; =u; —u; is the displacements of an ion i from its equilibrium position along

the [001] direction, V; is a volume and Z; is the dynamical effective charge of the ion i

in the unit cell j. The effective charges of the atoms have been calculated by finite
difference method [21]. In our calculations, we neglect dislocation of the anions and take
an average of the polarizations obtained from all eight unit cells.

In order to confirm the polarization values of the PZT superlattices calculated by the
first-principles method, they are alternatively calculated by an electrostatic method. We
assume that the polarization in the PZT superlattice is approximately constant throughout
its volume and so is its electric displacement D = E + P [22,23]. With this assumption,
one has an equal electric displacement condition at a boundary between the PbTiO; cell
and the PbZrO; cell,

gE, +P,=E,+ P, (2)

where E| and E, are electric fields, and €, and &, are dielectric constant of the PbTiO; and
the PbZrO;, respectively. One also has a condition that the total electric field must vanish
at the boundary, i.e.,

(1-x)E; + xE, = 0. 3)



50

5 T T T T r T T T
Pb s [ o
~ 4l | _ 25y :
3 02p 3 o2p
= = 2L i
5 3¢t 1 5
: |
g 3
g 27 1 2
%] \v_; 4
Q o}
a 1l | A
o L
% 2 4 2 4
(a) (b)
3 .
Pbs
25 1
= = |
o 8
E 2r o2p 1 g
= =
>
O 1 % i
8 2
= 2
z L | 2
s : ]
A A
0.5 1
0
6 4 2 0 2 4 5 4
(© E(eV) (d)
1 ‘ ‘ : :
Pbs
-~ 08¢ 1 = 1
3 3
= 02 = 4
E o6l P ] E
> ! 1
E: 8
= 1 g
bt = ]
o)
g | g |
4 4
(e) E (eV)

Figure 1. DOS profiles of (a) the PbTiO; bulk, (b) the PbTiO; superlattice, (c) the
PbZry 125Tio 87503, (d) the PbZrj 25Tig.7503, (¢) the PbZr375Tig 6,503, (f) the PbZr, 5Tios0s.



Table 2. Spontaneous polarizations for the PT bulk and the PZT superlattices.

Unit cell PbTiO; PbTiO; PbZry.125Tio 57503 PbZro5Tio7503 PbZr0.375Ti0.62503 PbZrysTios03
bulk(uC/cm?) | pure(uC/cm?) (uC/em?) (uC/em?) (uC/em?) (uC/em?)

1 72.952 72.496 61.528 47.760 39.184 29.968

2 72.496 57.592 47.760 38.688 29.968

3 72.496 63.392 52.488 41.320 29.968

4 72.496 63.048 52.488 39.760 29.968

5 72.496 63.392 52.488 43.584 33.768

6 72.496 63.048 52.488 43.400 33.768

7 72.496 63.160 52.752 43.696 33.768

8 72.496 62.136 52752 42.808 33.768
Total Av. 72.952 72.496(~75") 62.162 51.372 41.555 31.868

P/P, 0.994 0.852 0.704 0.570 0.437

“Ref.[20]

From both conditions, one finally yields

b C))

b= 1+(xgl/(l—x)52)’

where F, is the PbTiOj; polarization value. From (4), the polarizations P of the PZT

superlattices can be obtained for different composition ratios x/(1—x), and their

polarization ratios P/ F, from both the first-principles and the electrostatic methods are

shown in Fig. 2, which are almost identical.

first-principles
electrostatic
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Figure 2. Polarizations in the PZT superlattices from first-principles and electrostatic

methods.

CONCLUSION

We use the first-principles calculation to investigate the electronic structure and
polarization behavior of the PZT superlattices. The conclusions are summarized as
follows:

6]
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There are strong interactions between Pb-O and between Ti-O pairs.
Increasing the Zr/Ti ratio effects on shifting of the DOS profile of Ti-3d
orbital in the conduction band towards higher energy range, which results in
wider band gap.
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2 The polarizations calculated by the first-principles method agree well with
the ones by the electrostatic method. With an increase of the Zr fractions, the
spontaneous polarizations of the PZT superlattices decrease significantly.
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