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Pressure on the Siructureand Thermal Propertiesof PbTiOs: First-principle Sudy
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(School of Materials Science and Engineering, Guilin University of Technology, Guilin 541004, China)

Abstract: PbTiO; (PTO) is an important ferroelectric functional material, but its structure, stability, mechanical
property, and thermodynamic property under pressure is still unknown, leading to restriction in applying in the field
of electronic communication. Here, first-principles calculations based on density functional theory was performed
to study the structure and thermal properties of pre-perovskite phase PbTiO; (PP-PTO), ferroelectric tetragonal
phase PbTiO; (TP-PTO), and paraelectric cubic phase PbTiO; (CP-PTO) under pressure. It is found that their
compressibility in descending order is PP-PTO>TP-PTO>CP-PTO. Under considered pressure, three PTO phases
have not undergone a phase transition analyzed by band structure and density of states, and their band gap gradually
decreases with increasing pressure. Among them, the TP-PTO changes from an indirect to a direct band gap
semiconductor at 20 GPa, while the others remain a direct band gap semiconductor. Those PTO phases are
mechanically stable and anisotropy from 0 to 30 GPa. Furthermore, their comprehensive mechanical properties
increase and anisotropy firstly decreases and then increases with increasing pressure. Analysis based on quasi-

harmonic Debye approximation theory was performed to study the influence of temperature and pressure on Debye
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temperature, entropy and heat capacity. The results illuminate that Debye temperature decreases with temperature

increase, nevertheless, pressure has the opposite effect, which elucidates that the order of covalent bond from strong

to weak is CP-PTO>TP-PTO>PP-PTO. Entropy and heat capacity of PTO increase with rising temperature, but

decrease with the increase of pressure.
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EKTR #5(PbTiIO;, PTO) /2 — Fh 4L 7 (¥ 2k s b4 KL,
DR L B 1 2 A0 5 M BB B T2 B T TR AE
AMEST  RET . MR Tk &R ek, th Ak,
PTO & BB m i & B EE (490 C), DA HAE &
TEL ) A% SRR R v i T P o) B 2 A5 IR AR
EA R R ). B kR 4T AR M H
i) vz, FLAE R RN S NP RE A T e
sk, TR E T PTO (33 57 e 0

PTO A = AR 55 44: DUJ78kFEAH (TP-PTO).
3777 W5 L AH (CP-PTO) A1 Y 77 1 3% 44 #H (PP-PTO), H
ti TP-PTO 734 $ i BLIE N £ #6745 4 CP-PTOM
H#l, TP-PTO- CP-PTO . 85— S 3 T 5 7 1)
WAL 8%, T PP-PTO I AH S 77 M #5570 &
Wattanasarn Z50E T2 B2 IS E T Zn B2
TP-PTO HIsftEME R MEFERE, RIABRE
TP-PTO iR ¥F /12 Fa e P, HHEEE Zn S EH K
M7 $44 Fr4 7t . Pandech Z51°1% Fl 45 — 1 JR 28 5 9% 4t
BLIRIN CP-PTO ) 75 o A 3 KR I T Ay 486 K i
18K . Yaseen 25UV 4 94 2 M 48 in ~F TH 3k (FP-
LAPW) 5 EWE FL RIS R 7 F i) CP-PTO, 1E%
AN AT WG X TE] N RIS CR, 7 0~3 eV BEE T [
P IR RS AT 5 2 A/ o Ren 251038 5 58 & W i By
K#GEE T PP-PTO, KILIZFHTE 350 CLL LR
KA ¥4 TP-PTO, FEREMLAL TP-PTO 4k Fa M BE
FE B RE . Liu Z5PLR 88— R F 732, IR
W I A(LDA) T T PP-PTO 3 7124 M
AR AR ¥ 5 5, KB PP-PTO [1] CP-PTO i
TP-PTO [F)~F#i%%42 5 7153 79 8—0.5 Hi-1.4 GPa.
Zhou ZUOFI R 55—k JEF I, WF T TP-PTO.
CP-PTO. PP-PTO 1) fnt& 3l 122 F# S 2 1, 4 tH
T B 7Rk D AR T O R R, I
KIAE 0 K fl 0 GPa [ TP-PTO N#RshF 2+,
CP-PTO A#Rsh A2 A, 1 PP-PTO J#RaNFAH,
JuETE 0~1500 K yulE[Rf, PP-PTO JUIYE 6 & T 2&F
SEM . FRAF TR IR, FFH A — M R 7 vk ] LA
AL G 7 M LLAE R 6 PTO 5 2 5B o (E4% JK
FEEL T I A5 #5113 DU 7 W0 B T 0 TR 2Roxt 5%
F 3 PTO £ MU N F () B M R, an 45 i Fe e 1t

I EVE RS, AT AR, 2 ME—
P 5 7 V25 A BE N LR N AT

T 55—V R EE vk T BRI Bl (GGAY!!
f] Perdew-Burke-Ernzerhof (PBE)AI PBE for solids
(PBE-SOL)!"?\iZ s& A & B FE RN, 14153 PTO 1
FEASRE R T RA A5 BUSE L LDA T2 S0
112 K5 R A GGA-PBE Ml GGA-PBE-SOL
ZHWEF Y TP-PTO. CP-PTO. PP-PTO 7EA[A &
JITF WG . 5. )5 Rk
iR HJILA 10 GPa NIAIKGE, W54 PTO dnfRiI 7~
TINS5 & . K JJaEIE UM T PTO AR R )
32 GPa'!f: 0~30 GPa.

1 HEEHEREEREZE

TP-PTO. CP-PTO. PP-PTO ] &4 Hg L1 1157,
HABIHE 78 PAmm. Pm-3m A1 14/m. A8} 58 0T
B S BR A &M, L TP-PTO I CP-PTO
mm A ELE 5 AR, 40N PbTiO;; PP-PTO M4
T 40 NET, N PbgTisOu. TP-PTO A
CP-PTO #4244 TiOg J\ 7 3L TH 1 3% 422, CP-PTO ¥ Ti
JE AT AR F 0, 1 TP-PTO ) Ti J& TN ¢
R4 TR . PP-PTO HISEMIHRFAE R FLIAH) TiOg
I\ AR LA 77 Ry ¢ ShE T, TER—4EHE51 1
ABO; BUESERT RS W), Horb TiOg 1 Ti-O 4
PR, FFidit Pb-O FE4 % E X AR 3D (1344 Y
4%, L R Yl B g AR E 1 S,

0030007070 (@
a [] ? W\ _k %« ’_k/

=0 =0=0 -0
jojo ototo é?
© == © =0 b - & - 4
‘o o*o*o
(c) OOMW o0 %
o c0 @oocodicoc@ o °°
i codleeoed)) co M°° A
—>y ©0 ° bl zl—»x ° Pb OTi ¢ O

K1 (a) CP-PTO. (b) TP-PTO AFi(c, d) PP-PTO it A4 14
Fig. 1 Crystal structures of (a) CP-PTO, (b) TP-PTO and (c, d)
PP-PTO



El i

SCEE), 4 R IR POTiO; 45 84 R B 5T S 0 1 28 — P JR BRATE 7T 789

PTO 45 AR A Materials Studio %1
CASTEP (Cambridge Serial Total Energy Package)
B AT 5  CASTEP &3k T2 5 32 iR i)
F16) 7R 5 R 35~ THD 98¢ (Ulltraso ft) (4 7720101 sk — 2 SR )
B B IR AL (GGA)! ) Perdew-Burke-Ernzerhof
(PBE)fI PBE for solids(PBE-SOL)!"24b ¥ 57 i 5
AeiZ k. T PBE ZHamilUT MM c/a, PR
TP-PTO #1 PP-PTO K H] 5 A5 #E i) PBE-SOL iZ B
BEATTHE, PTO [ =F45193RH Broyden-Fletcher-
Goldfarb-Shanno (BFGS)!' e /NEEHEAT JLARARAL «
TR R LT Pb 6s°6p”. Ti 3d%ss O 252ps
ST T v Ak T A B A BN 400 eV B IR IR BIORS E ik
# 9 1x10 °eV/atom. TP-PTO. CP-PTO #I PP-PTO
A BIKIX & S HE2 51A 6x6x6+ 6x6x6 Fl 3x3%6.
FAEFHISET 03 eVinm, AZmFE/NT 1x10*nm,
N F34w 2 /T 0.05 GPa.

2 #HER5ITiIE

21 BE4El

{5 [} BFGS #e/NEIENF PTO = Fl i AR 47 5 75,
THE ) SRS B E UG03R 1 B . AT LA R
JIN 0 HItEHL R (0 GPa) it #% B 5 8 N i+ 545
SOOI X sz o6 8 524 e+ 40 232, TP-PTO.
CP-PTO JEHE S Alahmed® VA1 Niu?2 251 45 1 45
BB, XU AR E SR i T
1T TE RS W I s B JG R TROER R IR R e =, 2
i B A A R R e M B AR AR . AT A N FUE R,
HARHE AR, Rtk & 5 > gk
FFXW TP-PTO. CP-PTO. PP-PTO %) &FaE 1,
FasE M KB/ MK YCN: TP-PTO>CP-PTO>PP-PTO.

x1 FAZELBTHAITER PTO RIEEH.
ERE R ATATH SR FIB it 1t H(E
Tablel Calculated lattice constant and enthalpy of

formation of PTO at 0 GPa along with feasible experimental
(Exp.) and theoretical calculation (Cal.) values

Phase Species Present Cal. Exp.

TP-PTO  a=b/nm 0.389 0.3891"81  (.39120
c/mm 0.417 0.416"8  0.4162"
AH;/eV ~13.45  -13.34P1

CP-PTO  g=b=c/nm 0.397 0.3971  0.395820
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Fig. 2 Variation of TP-PTO, CP-PTO and PP-PTO volume
ratios (V/Vy) under different pressures
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Table2 Calculated band gap of PTO under 0-30 GPa pressure
TP-PTO CP-PTO PP-PTO
0GPa 10GPa 20GPa 30GPa 0GPa 10GPa 20GPa 30GPa OGPa 10GPa 20GPa 30 GPa
Present /eV  1.76 * 1.587 1.483 140  1.675° 1.611 1.538 1459  2.346° 2.002 1.549 1.142

2 Values from calculation and experiment in other literatures are 1.88""! and 3.60"

¥1 eV, respectively. *: Values from calculation and experiment in

other literatures are 1.70"") and 3.40% eV, respectively. ®: Values from calculation and experiment in other literatures are 1.96!'"" and 3.208" eV,

respectively
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Fig. 3 Change of total density of states (TDOS) of TP-PTO (a), CP-PTO (b) and PP-PTO (c) under different pressures
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Table3 Elastic constant (Cj;, GPa) of PTO under
0 GPa pressure aswell as available experimental
(Exp.) and theoretical calculation (Cal.) data

Cl 1 C33 C44 C66 ClZ C13 C16

TP-PTO Present 2529 59.1 72.6 100.7 106.1 71.1 —

ExpPY 237 60 69 144 90 70 -

Cal'™® 2539 79.8 73.3 1009 103.8 79 -

CP-PTO Present 279.2 — 982 — 1185 — —
ExpP? 229 - 100 - 1001 - -
Cal'™® 2799 — 986 — 1179 - -

PP-PTO Present 86.95209.5 50.82 42.28 25.51 49.79 2.55

Cal®” 9882878 614 568 432 79.8 4.9
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p/GPa  B/GPa G/GPa E/GPa v A"
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Fig. 5 Variation of Debye temperatures of TP-PTO, CP-PTO and PP-PTO with pressure and temperature
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Fig. 7 Pressure- and temperature-dependent heat capacities at
constant volumes (C,) of TP-PTO, CP-PTO and PP-PTO
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Fig. 8 Pressure- and temperature-dependent heat capacities at
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