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IZ B AR AT OBRBTIBTE— AV (M
i) OFAX%E ZnZn Figs. 1a, ZRd*, HaAHEM
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07 20 A B EFEEOSE, REA 4V (%<
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Fig. 1 Schematic picture of an electric dipole moment in Ferroelectrics: at (a) T > T¢, and (b) T < Tc. Schematic
electronic band structure with horizontal axis along polarization orientation: for (¢) P=0, (d) P#0, and (e) Pin

the opposite direction to the case of (d).
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INTWirho/lz, FEHOIITFigs. 1 TRRLA-& D7,
S FANS G FRRE A b 7o TR FILED T 3L F —HEfL %
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2. BEkA% : AR-HAXPES
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A OMBFBEATLE X F v )L HEL, F%ﬁ%v
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o e
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Fig. 2 (a) Schematic picture of BTO film on NSTO (100) sub-
strate. (b) Topographic image of the BTO epitaxial film.
Piezoresponse phase images of BTO epitaxial film: (¢c) +3V
(2x2um? area) and —3V (1x1um? area); (d) reverse
bias voltage for (c) writing treatments with a measured area
of 3 x3 um?. Light and dark regions represents negative and
positive polarization directions, respectively.
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piezoresponse force microscopy) {£ % Figs. 2¢, 2d iZ/~9,
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AT T, KEUBAHEE: SPring-8 BLATXU ' — A4
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K e TRV F—HERT BN ATRE TH 5 %5, L o A
WG, D% Dk AR-HAXPES %8 Cld AgtE —
L= ORHE O A R % BRI 8% L 7028 & 1050 AR B D&
HABIEE 2D, um A7 — IV TOIEMR Y — ADRE kR
DR EREEOAE S RIRETHH D,

2.3 AR-HAXPES AR % kL

¥, BEROEE b7 GEEFRE) WEICOWT
AR-HAXPES O FfiiFEB % 1T - 7z, BTO & HEEO T
T NSTO(100) LI F & # 72 H %R & y-ALO; (ALO)
#IE o 0-1s % © AR-HAXPES A7 )L % Fig. 3D
MANKICRY, T2 TiEALO/NSTOIZ>W T, fHfA
JEA5°, 35°, 65°D & XD O-1sEBED AT F LR
T, KETFRHEFESIIS AR, 35°, 65" L EHAIC
A7 D\ DRI D H OKE T EH VML D, KA
N7 v zsnzn2 oov—r#HH, ZOME I
T AEICIE L TEFICED > T, ThbHE—7ICD
WTCKRDEDIC T 4 v b efro72: () Ny o755y

NSTO or SRO

Fig. 3 Schematic picture of an AR-HAXPES apparatus with wide-angle objective lens for thin-film sample. The AR-
HAXPES apparatus is fixed at 90° to the incident beam. The objective lens has a 64° acceptance angle. Take-off
angle (TOA) which defined as the angle between the objective lens and sample’s surface, was determined to be
35°. The emission angle of photoelectrons increases with increasing escape depth from the sample. The inset
shows AR-HAXPES spectra of O-1s in ALO. The probing depth of photoemission increases with the emission

angle being higher.

R FAEE S R T DBRFE £ 135 D AR TIE, AR Opa (TR E 2 £EE L LT\ 5,

5 S AE A ERE L 72 IMFP BAED & 50 Asin fga THRE D, IMFP DR S A I3KET O Ex L WEOHEEICKE T 5, TPP-2M
K x AV, BB BTO, AR XMOTRIVFE—% hv=7.94keV & L7z & XD Ti-2ps, O-1s, Ba-3ds;, O IMFP i 9-10 nm
O E 5, B SINDHETESOMER, IMFP % A, GR7HREERI % d, & L Texp(—d,/A) TERIND, FEHFHRER
dy~A T3T%REE, dy~2A CLA%REE, dy~3A C5%%4)%, BLATXU TIIARLMHE S [LEBRIIIC dy~2) B L HEE SN 5,
dy~2%, A=9nm, Oga=65"D & X Asin Opa~16 nm FEETH Y, 5, 15 nm WK & &ICEH» HEW L OREE THRET AT b
WERFG S Z LRTES, BECIBIAESEANO 27 FVICEAMOXETES bBIAEN TV A0, ERTH
BINDIINF—EEMDO Y7 FIEREOZN LD DI PICHHISh D, WEES ZEET S &, ZOMBIOFEIT HEMNFE 15

nm FkHCEE LS N 5,
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F % Shirley 5 C2 L 5]< (2) Voigt B%tx T —7
74y 15 (3) FELBOPOLEREFPED T L
F—ELLTRET S, L FELHEMAT S &, ALO/
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Bz, mAf GUEHERT) 1X£530.6eV O — 7 i
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HAXPES % i\ % &, 3URIRE 2 6 REHIER £ T nm
ICOD ZOBEFREZRIC LICHEL TBIZET5 L
NARETH B /£33, ALO, NSTO 3£iC O-1s #EMZORE &
IR E—RREAEEIC L FIFTF—ETHY, NSTO
LD ALO BERBILE # RS\ & EPE T, ALO/
NSTO IZ oW THESGBEI RTINS D EHIWT L 72,

3. N FESHEE
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BIED & DETOEFERERMITK E 50 THETH, W
WEENLD 2B D 50, KT, UTFOME»5
MAHOTF— 2wl L FHiwr 905, i FmOLi
LUFOBEPL LR KR EW2 5 : BTO OB B A
= AL Ti-0 EEkEE EBI#L TnWb 2 &W, FT]T O
BEREDMIE i A E L TV AT by, —HT, WRUERLT
BRE PO — Z IR &\ D BN T oL —HERL A
FETEICETH4 A2 DICAWT\W 5, BTO # 3 5 & 5E
IZOWTOA A AEBERE O K & WEF#E, Ti2ps,
O-1s, Ba-3ds, TH VD, EBRICHETHEELEH . AU
e Gl EFEIc iz, BTO # K+ 5 & LEICOWT
HoA A AEHTEEOK & VIR F#EH» 5 Ti-2ps,, O-1s,
Ba-3ds), %%, AR-HAXPES IC & A#lgsxi% & L7,
J& & 5nm @ BTO I &1F % Ti-2p;;, © AR-HAXPES
A7 V% Fig. 4ail R4, BMHAELIE VR, D%
DWBEFBLEIBET &, Ti2p5, E— 2713 L0 EES
IR F—RINE YT P LT, liEFHOBE T IVF—
13, BRI Ti-2p3, D Zh & RO AR %R
¥ (Fig. 4b), BTO OffiTE 7L 3 DOE T IRAE TR =
NTEH, TnHEF 1 >OIFLAE/BEEPE CREA
BEDOE\N0-2p) &, 2 503G EIRE (REB, C:
&I 0-2p-Ti-3d B THHY, TS5 LIcHipEAD
P HENT Fs L O R 75 12 3500 5 Ry 7 T AL F —HEfL.
DY 7 RE, V¥ ay P AR-HAXPES # W5 C &
THID TRHLE I N/,
3.2 pBEIRIF— 7 FDIEME

ABHE S ISR 95 T 3L F—HERL OB B & B i i
T 520, 23 TR T ¢ v PRI AE 5°-65°D
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Fig. 4 AR-HAXPES spectra of 5 nm-thick BTO observed at each
emission angle: (a) Ti-2ps;; and (b) valence band.

K FROERT — 2 TlE, AREOHERR(Fr—V7 v
DEHERINED 5T Fo—V7 v T3EF v U TIRE
PBEICEWTLIELIEE T %5, ARERmEIC4A U 7o 22 fif
DEBICL > TRETOLRIVFE—SH/MBIENRD, KET
BHESI OB (2 C TREBAEMEADT) & &I
V—ZIROWEIML 7o AXY L7 7 > A Ivn8ns,
V'— 7 IEDOHLH D 13 Voigt BIXL D Gaussian 1§ DO HE N CHEE
INDHPB, L LS 5ARPFSE T Gaussian BRI H A EIC
STLTIFEAE—TETHY, NEFOEFH LT RILFE—DLY
IR SN Lo lce LD o TERBIETRAROF
¥ —V7 v SI3EL TR WnwERERO T, ks, BT
75y 7 AERE132.3 X 1016 photons/ (cm? )12 & 43 1K
<, FKEHEENOFEEAEHETE 5,
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F~X7-, BTO O ETF (Fig. 5a : Ti-2p3,, O-1s, Ba-
3ds),), M4 (Fig.5b: Fig. 4b [=L7=RAEA, B, C)
DI R F —#ENONEF RN AERFEIRT X DI,
JEE5mm OBTOWIC>WTik (Pt THEL ZHETKR
x), FRCOFFHE T & 45° D feH A EE 1< Tl
RGN, 15°-45°OHIA TIEAHE S I > T
FIVF AR EREF LRI F N T P LT, 2OT
TV —HERE DR B F\ 13 NSTO b5 1811 45 FR fic i) L
TS EHEICTFHIN LSV FEFOZ%E (Fig. 1d) 2RL T
B0, £/, PFMB CTHR SN /BTO D 5 fikm =
(Figs. 2¢, 2d) & F7/&L 7n\>,
ORELICHIE L 72 SO T FRIVEF—MERE DY 7 + 3, &
SOOI Lo THRI NNV FEFHES (FEBS: fer-
roelectric band skewing) 72 ¢ HEL TH <o TORER
BGEET 47212, FEBS IR 5T RIVF—HERMOY T F
B EARRE & OBRICOWTIRN, EX5, 15nm D
BTO @ FEBS #HIH I O\ T, Ti-2ps #EMLITF N Fh
0.17% X1U0.11eV DO 7 FE%RL /- (Figs. 5a, 5¢c %%
), BTO EHEOEA SR P OfEix, K& 5, 150m ic

(a)

ISu‘rfa‘cel

459.0

Emission angle [degree]

Fig. 5

T T T T T T T T T T T T
5 10 15 20 25 30 35 40 45 50 55 60 65

L ENnZzhnl2, 26uC/ecm? Lt Ih 51, FEBS
TOY7 M GrRELHEET R OFER TV Y v )VERIC
HY) % V [eV], ROz ffEERZ g [Cl, H
R OFMEE r [m] 245 &, V/(¢g/r)=const. 7
BN D, iR P [uC/lem?2] & AB X7 P TV Vb
30x40 um? & D% q, EE% » & L TEHHR L= V/(g/7)
T, 5umBEOBAE59THSDICKHL, 15mmEDOEE
53 L —HLTW5, LoT, BABMH (CTTidt
B A 15°-45°) TO I RIVE—MERLD Z OIR 5 5%
WX FEBS Th % s b s,

AR m (B AR 5°-15°ICxHt) T, T HRIVF—
ALY 7 Pl I N/, TOZEENY, TEXFY b
EIC &> THERF SN T B HEIEO B RS2, RIEFEMIC
Fo TR LI ERBRL T3, R TORKS MK
DS FERE (SBS: surface band skewing)
LTINS, EMEMTBTO %5 5L, REDOD
TR I S M A O TERSREKRD /SN FEFE
B 5, EX5mmBEEOPt % A8y %17 L7 BTO
Ti, FEm@ (5°-15°) TSBS2AH&LL, ftHIiC FEBS

Deeper region
1 1 1 1

IBB]

5nmp

Valence band

FEBS

T T T T T T T T T T T T
5 10 15 20 25 30 35 40 45 50 55 60 65
Emission angle [degree]

Depth dependence of binding energies: of (a) Ti-2ps/,, O-1s, Ba-3ds), levels, and (b) valence band in 5 nm-thick

BTO; (c) Ti-2ps; level in 15 nm-thick one. Plots represent the peak energy of AR-HAXPES spectra at each emis-
sion angle. Solid and dashed lines were obtained by a linear function fit. Thin arrows show the energy shift in
FEBS; Thick arrows represent the inherent direction of electric polarization.
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Fig. 6 (a) Schematic picture of under electric-field applied Pt/
BTO/SRO/LSAT (100). Hard x-ray beam with a size of 1 X
5 um? excites BTO’s electrons; Photoemission coming from
BTO layer goes through Pt top-electrode and enters into the
objective lens of the AR-HAXPES apparatus. (b) P-E hys-
teresis loop of the 50 nm-thick BTO. (c) Depth dependence
of binding energies of Ti-2p;/, levels in 50 nm-thick BTO.
Blue and black arrows represent polarization directions,
which are inherent and switched, respectively.
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Table 1 Energy shift for FEBS, remanent polarization P;, effective
screening length A.g, and depolarizing field 4.

av P, Aer &d
LeV] [uC/cm?] [A] [V/em]
5 nm BTO/NSTO 0.17 120 0.13 -6.8x10°
15 nm BTO/NSTO 0.11 26" 0.04 —1.47%x10°
Pt/50 nm BTO/SRO/LSAT 0.24 43 0.05 —0.96x10°
Pt/50 nm BTO/SRO/LSAT 0.15 —11 0.12 0.60 % 10°

The values of remanent polarization were referred from "Ref.!6)
for the thickness of 5 and 15 nm and estimated by the P-E hyste-
resis loop seen in Fig. 6b.
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Direct observation of skewed band structure
induced by spontaneous polarization on ferroe-
lectric BaTiO;

Norihiro OSHIME Synchrotron Radiation Research Center, Kansai Photon Science Intitute, Quantum
Beam Science Research Directorate, National Institutes for Quantum and Radiologi-
cal Science and Tecknology (QST), SPring-8, 1-1-1 Kouto, Sayo, Hyogo 679-
5148, Japan

Jun KANO Graduate School of Natural Science and Technology, Okayama University, Okayama
700-8530, Japan

Abstract A skewed electronic-band-structure has been empirically described in ferroelectric materials to ex-
plain the function of recently developed ferroelectric tunneling junction (FTJ) devices. This report
exhibits experimental evidence for the ferroelectric band skewing structure of BaTiO3 epitaxial
films, which was observed in the depth profiles of energy-level atomic orbitals using angle-
resolved hard x-ray photoemission spectroscopy. The magnitude of energy shifts for each atomic
orbital was large for the atoms that compose electric polarization and small for those that do not.
We also found the ferroelectric band skewing structure can switch by polarization reversal. These
findings could lead to a simple understanding of the origin of electric polarization in ferroelectrics,
also allow the development of novel FTJ devices using ferroelectric band skewing.
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