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generalized gradient approximation(GGA)S ©]-83}31t} Bulk oA BaTiO; 2] &%t P4mm
Ark Gzl A oYy Ae] gt cutoff energy 9} k-point mesh & FHI=A|E <2135}
cutoff energy + 520 eV, Morkhorst-Pack k-point mesh &= 16X16x16 S ©]-8-3} I Th[1H 5, 6]
A Fxo7|diel] ME UE a8 e HAASE Sl R me} AR A
HAgetdrh[2E 4] @9 @79 A FFE a= 400Ac = 421A oj]f TE
Al

ol A e GGAAAL A3} a =4.006A,c=4.164 A% FALS AE g2l

2
4
)

in)
i
rr

2F-2(room temperature)ol] 4] 213 = A O™ q =3.99 A, c = 4.04 Ao|t}

3 1.BaTiOso] A} “4(A)

Space group Lattice constants Theory[1] Expt.[2]
. a 4.00 4.006 3.99
BaTi0s P4mm c 421 4.164 4.04

Equation of states
_39-6 T T T

-39.65
-39.7
-39.75
-39.8 |
-39.85

Total energy (eV)

-39.9 |

~39.95 T ——
60 62 64 66 68 70 72 74

Volume (A3)

1% 4. BaTiO; Equation of state (EOS) Total energy-Volume



Log(Total energy) - Cutoff energy

36888 \
G 30800
3l
a 36884 ‘
5 36882 \
5 \
g 36880
2 \ L] |
& se878 o~
& | il
— 36876 \\ / -~
//
36874
400 420 450 470 500 520 550 570 600 620 650 670 700 720 750 770 800
Cutoff energy (eV)
713 6. BaTiOs Total energy convergence of cutoff energy
Log(Total energy) - k point mesh
-3.9878e1
-0.00040
%
~ -0.00045
—~
%
5}
£ -0.00050
o
s
°
= -0.00055
0
Q NN
— / \\ /\/\5 L
-0.00060 /

05060708 09101112131415161718192021222324252627282930

k point mesh (NXNXN)

1% 5. BaTiO; Total energy convergence of k-point mesh
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BaTiOs | Bulk T-Z° thsl] GGA 7A4He &3 Axk 7% ZAFo|th. 4 W F(Ey)el
skl et ohaa 2o

Eg = Emin = Emax 3.1)
ESin< A% W(conduction band)e] 7} w2 FE<l HXE ] E(conduction band edge)S]
NIA &} EV S DA7F W (valence band)d] 7 =& HEol 217} u] E(valence band
edge)e] oA olth. 2] 31 oA o] F& Ax w F ouA 9 UArE w F
o #¢] zfe]oltt,
W 2o A HEEFS 947 A e FRE gusta ARFE
AUAZA H=2Zw AUAE WHA Fl2r] A7t 0 o] Hi=s AASAT[TH 8]
Density of state(DOS)°lX A ZFE olUAF DOS & Ynjsta 7[2FHe W= %9}
A R A oAU el A #HZR] ouAE wjE ouA|e|th[E 7] W= F-FellA
A" 7] (tetragonal Primitive: tP) ZAA}e] WMME H 2 T-X—-M-T—Z—-R—-A-Z|X -
RIM —AS o] &3I3th[3] W 52 A oA A7t w] o] YX|taL rellA] A% u o]
A8t Indirect 31 1.74eVES 7FHTh 3E 2 oA o2 AFedlA 9 GGA AL Azl
1.70 eVt H WS W FARSEAIRE A3 Al 3.27 eVel= Apol7t vhA AL At

underestimate 3+ A5 &2lg 4= A

¥ 2.BaTiO; W= 22 u] E(eV)

Band Gap Theory[4] Expt.[5]

BaTiO; 1.74 1.70 3.27




15

i
wd g/

4
L/
LV

2

ZIX RIM A
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T714 ZdA 27 (Periodic boundary condition)o| X === Zl4Fsl7] 98] Modern theory of
polarization ¥} Berry phase WS ©]&3}3t)k. ©]2]gt Berry phase "H-S o] &3 &

AE ek d71e] 0 )1 Aol A8 web A7)l ofd tE Idow

N

454 o]

<

olA A Az} 5 Zo] 9

O o AA .

T =4 “d(nonpolar phase)¥} =4 “d(polar phase)r}o]] A}lo] A< (interpolation)S - 3l]
Zh Fxo mE A e RUES o) ASx RUES Al dEE Fal Astgth
BaTiOsol Al - =54 A2 &3 Pm3m= ©|&33laL o] o]g3fo] Aol o]&¥+=
=74 & T PAamm o] E=5 ARMEH{I™E 9] 29 106 EY VMRSS F oS
& 00, 54 A= 100]F e w Aol Awe Fadl WEd Aola AlREE 4ok, y,
5o e E=olth x, yF W did 252 00l +zF Wl g E52
EATS 21 = Utk Polarization Quantum (P, Py, Ppr) < (94.861, 94.861, 100.161)
o] 31 Polarization vectors (PP, P, )% (0, 0, 47.087) |1C/Cm2 ojlt}, Ay} o=
ARk (Spontaneous  Polarization) 47.087 uC/cm? ©o|t}. T2 AFoA &= GGAAL
A3z A ~48uC/em* = ¥ Ao Aol FAbetal AE AHQl ~26 pC/em? oF=
AFel 7k AT 3]
¥ 3.BaTiO; &= (uC/cm?)

Polarization Spontaneous
Polarization Theory[6] Expt.[7]
Quantum Polarization
Pyx 94.861 Py 0
BaTiO; By 94.861 P, 0 47.087 ~48 ~26

P, 100.161 P, 47.087

@) 0.0 ®) 1.0
nonpolar phase  ~ polar phase

1% 9. Nonpolar phase and polar phase (a) Pm3m (b) P4mm
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—0.50 A

—0.75 A

-1.00 T T T T T
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Relative displacement

1.00

0.75 A

0.50 A

0.25 4

0.001 @ e o o o o o o o e o

P,(C/m?)

—0.25 A

—0.50 A

—0.75 A

-1.00 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative displacement

30 A

Pz(C/mz)

10 4 L]

T T

0.0 0.2 0.4 0.6 0.8 1.0
Relative displacement

1% 10. BaTiO; Relative displacementol] W& &= W3S, y5, z5)
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79 7=
Bulk %ol A 9] €9 Pxbe olgate] 7ol FAetmA T w shte] F wFgow

e =9A ST BaTioz o 4% &3 PAmm o= ol disiA 43] 34
—_L
-

WEs Folgal @ w xFolu yFoE SRS 497 sdsA "o &%
HlZH2TF0lE 7% BaTiOz o wietel &4 7bsd 180 ° 799 A9 F=
FHA A 9 ¥Wo] Ba0 WY A9 Tio, WY A57F Advk 2HILIRG (a)E
BaTiO3 %] BaOW ¥} Tio, ™ol thdk 180°79 S 71 499 EAE=ZA 10719 Exto=
TAE FYola by ZF 79 Hol T ExtdlA ddEe g9l gt mAxelr)
T SR 7o "ol o EAS Abetr] wiel 79 H @Al ddolA o o
AUA7F FLst7] wZel el i Exto] Soldel wep o W oy A|7t
FHote ke AL Bl&E adste] AAEiT E@xks 67, 87, 107, 1271, 147K,

| Auke obg], Uy A "Aire 92 3l 180° 7ol g

>
)
il
A
4
Lo
%
o2

(o]

Epw = — —— (3.2)

232004 Epp = 79 HE 7F 99 HA oy x| DD+ Double Domains
Yet ol Egpe -9 "ol gl 799 AA oy o]H SD= Single Domain®| t}. Spy &=
T Heol WAoot mepA e B oA o HE JE o] HdA oA st
T ol gl e HA oA Afeldl T ¥ WAS UwFI F71H AA
of o] 7 Beo] = A7t FAET] Wzl 28 vHFE ghe] Hrt

ATl ARE el AlFAREE 2 dAke] F77F Bulk AL 27 wiiEol cutoff
7F AR Wil GAA @3t @E] Ho] k-point

71o] Wl Nx1xN= @39 7|4 Nell tiste] 6, 8, 10, 12, 14, 16=
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(2)
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(b)
-G
& o
-
12 11. BaO 180°7-<]
(a) 799 EAE (b) 79 B (BaO)o] X35 = E3te] BAE
(@)

'©:0:0:0:010°0°0°0°0:
© 0000000 oc@ec@c@c@°@-° @

;-O-v-o-tc-o-c-o-g -0—‘-0—0—0-0-0-0-0-5

(b)

19 12. TiO, 180°7-<]
(a) T EA % (b) 79 H(Ti0y)°] E3HE = &3] A%
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[3 41eld Exte] Fofdel welk 7 ¥ ouAE Elejrske o e Ho]
BaO W w thEf 18~19 m]/m? o] Ti0, Y W= 135 mj/m?o|th F Aol g
AUAE HasEd 9 WowA Tio, Hol BaOHET 457 I AL & +
SATh TrE]an ou A gre] Apelzh AA uARE ol GGAS ©]8-7k At Wl o
Aolm, thE A7 [81°14 LDA At W& Fo 7+ W dUuAES Axtsile o 74z
75 mJ/m? ¢k 168 mj/m* = ouA] kel Apolrh b AEuk @o] uAIEeta

Aol A ek sds HAHS F3 exchange-correlation | HUAE LDAS  ©]-83}¢]

gl Abel7h wel A @ Ae HAY & ATk AN W Fo ] oy
W

d A BF 1x10x19 T s

3 4. BaTiO; Domain wall(BaO,TiO,)° ™& Domain wall energy(m]/m?)

1XNXx1 Domain wall energy
N Wall of BaO Wall of TiO»
6 19.01 135.72
8 18.58 135.39
10 18.61 135.42
12 18.67 135.49
14 18.71 135.55

16 18.69 135.27




xS HAY W W= F2E spsk Dol thaA AA BA puEgeR Aol A%

=
AP x| digt ARE o] &3lth [1F 15,16]0A 9] W= FE2E HW DOSO| A
HstE gl = Azl W 59 W Al B dA7E w2 AFH UllA
Az o # AHA T 742 Indirectdt™ BaOWoll tjd o] spe] w] 5L 1.739
eVolal DDE 1.729 eVE uw Eo] oF 0.58% AL &9E%03 TiO2W-> SDe| w &
1.738 evolil DD 1531 eVE ¢F 12% =9%S 23kt
Aol disl] 7+ B F=9 GAES] DS st Fo FxoA oW AU o

Bol G FA Hlstel .

] W Fol FolE

OII
l:H

5 7 7Y el e 7Y P29 uw Hev)

Domain Wall Domain Wall Type Band Gap
DD 1.729
BaO
SD 1.739
Batios DD 1531
Tio, '
SD 1.738




Density of States (states/eV)

Density of States (states/eV)

100

80

60 4

40 4

204
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E —Eg(eV)
1% 13. Single domain¥} double domains(BaO)2] Density of State H] 1L
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40

20
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SD
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E — Ep (eV)

1% 14. Single domain®} double domains(TiO2)©] Density of State H] 1L
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Band gap |
U->T:1729eV

I XS YL Z UR Tzixuly TIs

Band gap |
U—-T:1739eV

I XS YT Z UR Tzixuly T|s

R

R

Z1% 15. Band structure (a) single domain (b) double domains (BaO)
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Z1% 16. Band Structure (a) single domain (b) double domains (TiO»)
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180° 79 FxAA T wg JFow WeldsH AA Tz A4S oud
BRI ows waketisA B o F el T ¥ F9lo] A9 AxEo] o

o]
-
Bol ofmg A§S A % F AL Aotk (19 17181 180° T WA RE

ulu

AR 2 L FHAE I, ARAE 12 Jehde 2F dxte] s kst

P

1% 19]> BaO o] o3t 180°7% 2] local density of state = &913}51S Wl A A density

—

of state & HA| W= FRoA Lk mF AR 2 ZpolE FAT F glolke] o o
A7 FHe dAY engs FsE= 2 WHske glARE Ba0 ¢ O
AZHZE 19(b)]2+ Ti0, 9 Ti, 01, 02 DAHLH 19(c-e)]ell 1} 11, 119 FFe] oFzhe]
Hsts G & dnk olFe] w Fel dEFS FUS Aolvh [1¥ 2012 TiO, o gk
180°7-% °] -9 BaOolA OYAHZH 20(b)]2} TiO, oA Ti, 01, 02 YAZ[1H 20(c-¢)]
B 19 AAES 19k 119 AAE Akele] DOS #Fol7h smoll H Al gelo] H At o]

gal (17 2019 Sa WE PRE HARNAS W P Mol NrE WediE T
I
E

ﬂJ

Azl ] Foll GFE FE d, oMol He o
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T T AT T ST = < 4

I S RN

I 17.180°7-% H F9] A= (BaO)

a2 e e 0N % N % oV Vo oV W N
S TAS TN TN AN ST Sy s ST S

@ 1 e
Ti : : :
(S : :
02 : :
II III

£33

1% 18.180°7-9 ¥ F9] A= (TiOy)
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3.2 HfO;

Hf0,> UHFA 0 =2 bulkol 4] centrosymmetricdt F =4 Ao 2A EA3A T Zr, Si, Y}
Also® =3g Y 9% Z8e Sl =4 A9 Pcaz; ©lvf Pmn2, ©] UEH
Nonvotile memories®} Ferroelectric field-effect transistor(FeFET)®ll &-&o| 7}53slA i &
o Fo® gk Hreho] i3k Ar F dals 24 HATL

HfO,9] low-energy phasest % 11712 F =4 A2 Pnma, Pbca, P2i/nme, P2//c, P2)/m,
Fm3m ©]3l =4 2 P1,Pm, Cc, Pca2;, Pmn2,°]t}[9] F7F4 S22 ZH-2 low-energy phase2]
PIE Hf0,9 7}53 a7kt e = & 1270o|th[10] A Ao 75 £ formation
energy’} W2 T 4 Pca2; ¥} Pmn2;°l| 3] &o} Hrif.

HfO, © 3Zk Pca2, & 19 229 EF Q70| E(Fluorite) 7224 HA|Hol| 9Ix]g
AAtel whel Hfe] $Ashd 1™ 22(a-b), 0,7F #AI8HA 1™ 22(c-d)= FAE & Aot
% 22(b)= be™, ¥ 22(d)T abWolA wiEtE S w Ao 91X we E=9

Fe AT & gk 29 2O Aot okl E A A7) g BT P

o

+ed@Folm I¥ 2(d)ellMd = AkarE A= e 7] wiEel £ I - dolth

o
o
I
T
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o
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AT Pmn2, & ¥ 3@ 2ol HAMI @7t kgl Hel Xske] +e 33
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Bulk 7%

BaTiO3¢} whi7kA 2 " ¥ 3= VASPYl FHH UL Korn-Sham 742 ol 4]
exchange-correlation | A& A4tsl7] 9184 pseudopotential®] PAWs HH S 2 PBE
g A e GGAS ol &sklth AA oA w9 @7k HfO,S FXHT Pea2i ¥ Pmn2
orthorhombic ==l w3l A AU A]2} cutoff energy®} k-point mesh®] WH3}o] ulzg}
TH%S 8Qlsle] cutoff energy= T 520eV ©|H[1¥ 24,25] Morkhorst-Pack k-point
mesh= 7 X 7 x 73} 14 x 14 X 14S AFE&3ATH[1H 26,27]

Hf0, ] &3ta" Pca2; ¥ Pmn2; & APHAA F22X AR A5 a b, 7} B 3
ZEA7] wigel B FHASEE jF § Ryl weEl AAF A | A g8 ATh[ 17 28,29]
AT ARt A3 Peazioll tiE @9 @3be] AR A= a=527Ab=505Ac=

508A0°]x ThE Aol A A3} a=529A,b=501Ac=508A% a=506Ab=

&l

5
il
D

489A,c=490A °]31 Pmn2, o ©¢ E3F ZAA 5= a=344Ab=380Ac=

518A o]z tE A A= a=341A

o
Il
w
(00]
w
?>.
(o)
=
%
Q

|
w
w
o
~
>
S

|

4963 A,c =3.684 A°ITh[E 6] T b BT WA A Aot frARSHARE A
Ao A Zpol7F BRIt o] low-symmetry$t  FEol7|wjmeol]  TRYFEE A o A
HA st A A7 EAE  dS Aotk

¥ 6. Hf0,9] A=A} A4=(A)

Space Lattice
Theory[9,10,11] Expt.[12]

group constants

a 5.27 529 5.07 5.06 5.24
Pca2, b 5.05 5.01  4.90 4.89 5.06

c 5.08 5.08 492 4.90 5.07

HfO,

a 3.44 341 3.307

Pmn2, b 3.80 3.83 - 4.963 -

c 5.18 5.18 3.684




Log(Total energy) - Cutoff energy
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1% 24 HfO, &%t Pea2,
Total energy convergence of cutoff energy

Log(Total energy) - Cutoff energy
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Cutoff energy (eV)

19 25.HfO, &3t Pmn2,
Total energy convergence of cutoff energy
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Log(Total energy) (eV)

Log(Total energy) (eV)

Log(Total energy) - k£ point mesh
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k point mesh (NXNXN)

1% 26. HfO, &7k Pea2,
Total energy convergence of k-points mesh

Log(Total energy) - k£ point mesh
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k point mesh (NXNXN)

1% 27.HfO, &7t Pmn2,
Total energy convergence of k-points mesh
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Equation of states
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719 28. HfO, 3%k Pca2; Equation of state

Equation of states
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Total energy (eV)
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Volume (A%)
1% 29. HfO, &%+ Pmn2, Equation of state
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HfO, ] + 7474 Pca2; % Pmn2, ¢ GGA AME S Ax 725 @l
DOS ¢F W= Fxo ozt AL oA BaTioz oA AAty FUstch. &3kt Pea2, I

Pmn2; 2] DOS & HW A7l wep die wje) dxp7h Afd gHEel i 2erf =2

AL gold 4= A} (28 30,31] M= FRoNA Pca2,9 A5 APY FFo]7] wj&o
ME A= [—X—-S—Y-T—Z—-U—-R-T—-2% o]&35th[13] 1] &2 rxde

AA7F w] FolA R~TAHo A= w] £o] X3 Indirect 3+ 4.44 eVE 7FZITH[1H 32]
T Pmn2,9 45T A 7] (orthorhombic Primitive: oP) ZAA}2] W= 7421 ['— X —
S—Y-T—Z—-U-R-T—-Z|X-U|Y-T|S—R S ©°]&3h[3] W EFL> Ix7} o
ol YA ZAHNAM M= w] Fo] AT Z~UAHSZE 7} Indirect 3+ 3.78 eV

7HATH[TL™ 33] Pea2 o] A5 thE Aok AR Aaks S0 4 ARITh[E 7]

¥ 7.HfO, M= F%9] 1] E(eV)

Space group Band Gap Theory[10,13]

Pca2, 4.44 431 4.6
HfO,

Pmn2, 3.78 -




Density of States (states/eV)

Density of States (states/eV)

0 T T T T T
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1% 30. HfO, &%+ Pca2; Density of state

% -4 -2 0 2 2
E—Ep(eV
1% 31.HfO, &% Pmn2; Density of state
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19 32, HfO, &%t Pca2, Band Structure
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19 33. HfO, &%F* Pmn2, Band structure
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TS Axtshr] fsid F oS48 3T 54 S Aok HI0,9] F Akt Pea2, 7}
Pmn2,> 574 Zdeolth 7 S A2 99 @3 dA 5 1283k Pea2io] 74
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nonpolar phase = ~ polar phase
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HfO, ©] &%t Pcazi ol tisto] 180°7+% Ho thgh 4+ ® oyA|& Aitstdet. 2+
Domain Wall(DW) Type & W&Fo] wa} 1x8x 19 supercell & FAste] Ante B9

4

s
oft

o] ¢, yHx Hxt2 olglE gs=F DD(Double Domains)s AAdI &9

o
ol

o] X5 9= | A& HAFE SD(Single Domain)= AASISITh 28]z 49
of tial] x| FHAstE olS W HASF HA| > DW Type o s =
L 1% 39-42 9] (@) YA HAsF E Yol tigk BAEolH (b= Y T

|

—
I\

O

L
22
o

gzt el 7+ Ho] siFE= We dWEddY. dypH e ouA] HAstE 6
A2 T2E Fdl 7 H duAE AU 7 B oA = Pea2, o] A5 Hf & 79

1z
o

O 7 o]F%= DW Type | & —14.40m]/m?0]3 0,2 79 HOZ o]F= DW Type 2 &
555.12mJ/m? ©|t}. Pmn2; ] 4% DW Type 1 = 265.43mj/m? ]2 DW Type 3 +
—27.02mJ/m?°lt}. ¢4 Pca2; 9] HfS 79 WOz 7= 79 ¥ dyA o] &

wsith o= 180° 7S 7N 7 E7F U H8E x5S oHete] o] digh thE

ATE FANG W kAR 5AS FAT S A,

3% 9. HfO, 79 ¥ f3Fo W& Pca2;¢} Pmn2,9 9 ¥ oA (m]/m?)

Domain wall energy

DW Type Pca2,
Pmn2;
Wall of Hf Theory[14] Wall of O,
1 -14.40 -21.2 - 265.43

2 - 367.4 555.12 -
3 - 218.5 - -27.07
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Hf0, 9] *+ 7 Pca2y ¥} Pmn2 ol th3t 7} o] AA A= +
Pca2, 2] 79 ®o] HfS} 0,9 %ol th3k DOSS H¥ SD S DD 9| ul & -t s
T-o "ol Hfolu 0,9 Wl Apol7F A A 5S AT 5 QI [1H 4344] LAL
mel M= we] DOS FHf HFF AA Ael7b WA @tk Pmn2, & W F FZolA
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=0 SATH[2H 49,50] 180°7T-9 & F/ Tl wet v Fo] WIS I = dAAL

o7 Wsl7h Fof wo] ojd AAA A BaTios o] At HAT o] Felgr),

¥ 10.HfO, 79 ¥ 3o wW& Pca2; ¥ Pmn2,°] W& 1w E(eV)

Domain wall

Space Group Wall Type Band Gap
Type
DD 4.268
Wall of Hf 1
SD 4.423
Pca2,
DD 4.291
Wall of O, 2
SD 4431
HfO,
DD 4.081
Wall of HfO, 1
SD 3.809
Pmn2;
DD 3.790
Wall of Hf 3

SD 3.815
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Ferroelectric materials are characterized by the direction of polarization determined by external
electric fields and spontaneous polarization at a specific temperature. By spontaneous polarization,
stable domains can be easily formed in polycrystalline structure, and the boundary between domains in
different polarization directions, i.e., domain wall, has dynamic properties that move or switch
according to the external electric field. Using this property, many studies have been conducted as
materials for future-oriented devices such as Nonvolatile ferroelectric memory and ferroelectric field-
effect transistors. In this paper, BaTiO;(space group: P4Amm) and HfO,(space group: Pca2; and
Pmn2,) were used to confirm the electronic structure of the polarization direction of 180 degrees
between the two domains by the first-principle calculation. In the case of BaTiO3, each face of BaO
and TiO, to the domain wall can be used to confirm the change in the electronic band structure, and
HfO, can also be confirmed through the previous confirmation process in each domain of the space
group Pca2; and Pmn2,. Finally, in order to understand whether these changes are caused by the

change in the domain wall, the electron distribution of atoms around the domain wall is compared.
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