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Abstract

Introduction

Our group recently reported a unique phase of titanium oxide A-TizOs. A-TizOs
exhibits a photo-induced phase transition to B-TizOs at room temperature. The phase
transition was also observed by not only light irradiation but also applying pressure and
heating. A-Ti3Os is dark blue and paramagnetic metallic conductor, while B-TizOs is
nonmagnetic semiconductor. Electric properties (electrical conductivity), optical
properties (reflectance and transmittance) and magnetic properties (magnetic
susceptibility) change during the phase transition. So, A-Ti3Os is an attractive material
for such as switching devices, sensors and memory devices.

In this research, to demonstrate the reversible phase transition on A-TisOs by applying
pressure and irradiating light, photo-irradiation effect on B-TizOs which was produced
by applying pressure on A-TisOs was investigated. Successively, it is necessary to
synthesize a film of A-TisOs for the application to these devices, so the synthetic method
of a A-TisOs film was studied. And then, the optical constants of A-TizOs were

determined by spectroscopic ellipsometry.

Pressure and photo irradiation effect on A-TizOs

Pressure of 2.5 GPa was applied to flake form A-TisOs for 10 minutes by a
pellet-forming machine. Then, light irradiation was conducted by 532 nm
nanosecond-pulsed laser light (6 ns, 2.4x107® mJ pm™2 pulse™) to the sample. The
changes of XRD pattern were measured during applying pressure and light irradiation
repeatedly.

Applying pressure of 2.5 GPa, the XRD pattern of the sample showed
pressure-induced phase transition from A-TizOs to B-TizOs. Then, irradiation with 532

nm nanosecond-pulsed laser caused an increase of A-TizOs and a decrease of B-TizOs.



This result indicated that the B-TisOs which was produced by applying pressure on
A-TisOs returned to A-TizOs by light irradiation. Furthermore, additional applying
pressure of 2.5 GPa caused pressure-induced phase transition from A-TizOs to B-TizOs
again. These phase transitions occurred repeatedly. This is the demonstration of the

reversible phase transition between A-TisOs and 3-TisOs by pressure and light.

Synthesis and optical properties of the A-TisOs film

A L-TizOs film was prepared by the following procedure. Quartz substrate was treated
with saturated potassium hydroxide water-ethanol solution beforehand. TiO, sol was
coated on the quartz substrates by spin-coating method (1000 rpm, 10 second). The
TiO2 sol was 15 wt% anatase TiO> (particle size : 3.3 = 0.9 nm) dispersed in water.
The obtained TiO2 film was sintered at 1175 °C for five hours under H, flow (0.085
L/min). Then the sintered blue films was obtained. The thickness of the film was
measured by a scanning electron microscope (SEM). The crystal structure was
determined by X-ray diffraction (XRD) measurement. The optical properties of the
sintered film were investigated by UV-vis transmission spectra and ellipsometric
measurements. The ellipsometric measurements were conducted around the
pseudo-Brewster’s angle at the four angles of incidence (55 °, 60 ©, 65 ° and 70 ©).

According to cross sectional SEM image of the sintered film, the film thickness was
100 + 20 nm. XRD pattern and Rietveld analysis of the sintered film indicated a
monoclinic crystal structure (space group: C2/m) with a = 9.848 A, b =3.7836 A, ¢ =
9.970 A and = 91.08 °, which were consistent with that of A-TisOs reported previously.
Preferred orientation was observed with the (110) plane lying parallel to the plane of the
substrate. The transmission spectrum of the sintered film showed a broad absorption
around 900 nm.

The ellipsometric data and the transmission spectrum of sintered film were analyzed

by the three layers model of surface-roughness / film / substrate, whose dielectric
constants were modeled by Gaussian model for electric transitions and Drude model for

free carriers. Then, the optical constants (the refractive index n and the extinction



coefficient k ) of the A-TizOs were estimated. In the range of 350 -1700 nm, the values

of nare 2.0 — 2.6, and the values of k are 0.1 — 0.8.

Conclusion

In this research, photo-irradiation effect on 3-TisOs which was produced by applying
pressure on A-TizOs was investigated, and the phase transitions between A-TizOs and
B-TisOs by pressure and light were demonstrated. In addition, the preparation method of
a A-TizOs film which is necessary for applying this material to the devices was studied.
A film form of A-TisOs was synthesized by sintering TiO2 nanoparticles on quartz
substrate under Hz flow. And then, the optical constants, n, k, of A-TizOs which is useful
to apply this material for optical devices were obtained by ellipsometric analysis of
synthesized A-TizOs film. These results contribute to revealing the physical properties of

A-Ti3Os as a functional material.
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£A =400 nm TlE n=2.07,k=0.27. A =600 nm T{% n=1.97, k=0.36, A =800 nm
TIEn=210,k=057, HEEMIZOWVWTIZ, A =400nm TiEn=1.90,k=031, A=
600 nm Tl n=1.60,k=0.35 A=800nm TiZn=131,k=0.69 TH 5,

6. XD EHK
ZD XD, ATig0s 1%, KT, Bp & Ko THIEEB Z/R L. HHESEE ORI



% CELKRM (BREEE) ORFERE (EERREOKER) | MR B E)
MENBT DD, KRS, B LIRET DAL v F I TR 20k
Y= AFV—MBRE~ORBAP/HIRISND, ZDH, AFETIE. B
2EIIBWT, A-TisOs DI EJENC I > TRV IR LBIER T A2 L2RT 2 &
ZHME LT, A-TisOs IZJENZEIINT 5 Z &1 & - T L 7=B-Tis0s ~D N fR 5
RORFZIT-T2, IBHIT, FI3FEITBWT, A-Tis0s &7 /A AR
% 9 2 CEEI2A-TisOs EOIERFIEORF 21TV, 15 DN EZ HWT, &
H 7Y A R Y =T XY A-Tis0s DHFEE A IE LT,



1. a) Tiz03, b) a-TizOs, ¢) B-TizOs, d) y-TisOs, €) TiaO7 Dk sntfidE. TiOs = =
v MR E L TRBLLT.



5354

TiO, +/1HIF 12000C | JL—48&-Ti,0,
(F1fE 7 nm) KFRRE
0.3 L/ min
a) SEM &

c) FIfEN

30 25 + 15 nm

0 20 40 60 ] :

particle size /nm = pa ; =0nm
2. 7 L — 7 W\-Tis0s OEKRFIEL NZE OEFHMBMG. &) 7L — 78
A-TisOs @ SEM 4. b) 7 L — 27 TI)\-Tis0s ® TEM . KD L 5 7o k& Fhm 3 Bl <
T RO A AT A X2/ H L. ) TEM G TR S -7 L—
27 BIN-Ti30s DfE it DRI A, 7 L— 27 RORI T 1%, RiE2N 25 + 15 nm D

YA RDOFER TP ER-> TWAD Z ENbho Tz,

Reprinted with permission from S. Ohkoshi, Y. Tsunobuchi, T. Matsuda, K. Hashimoto,
A. Namai, F. Hakoe, H. Tokoro, Nature Chem. 2, 539 (2010). Copyright 2010, Nature
Publishing Group.
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3. 7L —ZAI-Tis0s D XRD /3% — > DY — UL MENTFER. RED K
MEER, EBEaORIT I a2l —ay, HFEOMIINEDES I NZ—
R D /S—1IN-Tiz0s, FhEA D N—[XP-Tis0s D7 T v 7 [HHLE & 7~

Reprinted with permission from S. Ohkoshi, Y. Tsunobuchi, T. Matsuda, K. Hashimoto,

A. Namai, F. Hakoe, H. Tokoro, Nature Chem. 2, 539 (2010). Copyright 2010, Nature
Publishing Group.
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a O O O g O ©
4. \-TisOs DOl dbffid. a) ac M, b)ab i, c) be f~DOHFEEXK. ST OMNAD
Prid, WAL 22T
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1. 7 L— 7 BIN-TisOs O ft k& T A — & —,

Phase A-Ti3Os
Crystal system Monoclinic
Space group C 2/m (No.12)
alA 9.8378 (5)
b/A 3.78674 (11)
c/A 9.9707 (3)
ple 91.257 (4)
V/A3 371.35
z 4
d/gcm? 4.000
T/K 294

x/a y/b zlc
Ti(2) 0.6299 (3) 0 0.0522 (2)
Ti(2) 0.3055 (2) 0 0.2462 (3)
Ti(3) 0.6347 (3) 0 0.4352 (2)
O(1) 0.4519 (9) 0 0.3872 (7)
0(2) 0.1795 (8) 0 0.0657 (8)
0(3) 0.7343 (8) 0 0.2487 (7)
O(4) 0.5468 (8) 0 0.8732 (7)
O(5) 0.1935 (8) 0 0.4285 (7)

Reprinted with permission from S. Ohkoshi, Y. Tsunobuchi, T. Matsuda, K. Hashimoto,
A. Namai, F. Hakoe, H. Tokoro, Nature Chem. 2, 539 (2010). Copyright 2010, Nature

Publishing Group.
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5. B-TizsOs D fbffiE. a) ac i, b) ab i, c) be i ~D . s O A O
ek, B 2R T

Reprinted from S. Asbrink, A. Magneli, Acta Cryst. 12, 575 (1959).
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7% 2. B-TisOs D patEE /X T A — X —.

Phase B-TizOs
Crystal system Monoclinic
Space group C 2/m (No.12)
alA 9.752 (1)
b/A 3.8020 (5)
c/A 9.442 (1)
ple 91.55 (1)
V/A3 349.95
YA 4
d/gcm? 4.245
T/K 293

x/a y/b zlc
Ti(2) 0.1280 (4) 0 0.0440 (4)
Ti(2) 0.7786 (4) 0 0.2669 (4)
Ti(3) 0.0538 (4) 0 0.3659 (4)
O(1) 0.676 (3) 0 0.060 (2)
0(2) 0.241 (3) 0 0.245 (3)
0(3) 0.588 (2) 0 0.345 (2)
O(4) 0.953 (2) 0 0.158 (2)
O(5) 0.866 (2) 0 0.441 (2)

Reprinted from S. Asbrink, A. Magneli, Acta Cryst. 12, 575 (1959).
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6. A-TisOs [ZB T BJETFHEMERE. &) 7 L — 27 AA-Tiz0s ~ 0.3 GPa DJE /)
ZEUN LU 72BE D XRD /3% — D2k, JREOFIT ESIEUINAT, RO, 0.3
GPa DEHINIZE D XRD /N4 — % 3K7. JEEIINC X D A-TisOs @ (200) M@
DE—7 B L, B-TisOs D (201) 1w D E— 7 BHN, A-TizOs 7> 5 B-Tiz0s ~
D JE T FH AR 3B X A7z, b) FIINE T & A-TisOs K& UWB-Tis0s DFH 43 2 D ES
2. HUINE A OB OA-Tiz0s 5> 5 B-TisOs ~DEBEITIIM L., 2 GPa T
L7,

Reprinted with permission from S. Ohkoshi, Y. Tsunobuchi, T. Matsuda, K. Hashimoto,

A. Namai, F. Hakoe, H. Tokoro, Nature Chem. 2, 539 (2010). Copyright 2010, Nature
Publishing Group.
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7. 3N ) 7Y AN —OBIKX. Eis & Eip IZENENAR KD sRIE & p i
HDEERT MV Ers & EplZZNENHEIN L OO s it & p it DE
B My, Q3O ANFAEFRT. BBHE TR T DRI s fmt & p it
TER DRSO AL Z R 7260 RN OIRIE . WE i Z2ZAZ PIET 5.

Reprinted with permission from F. Hakoe, H. Tokoro, S. Ohkoshi, Mater. Lett. 188, 8
(2017). Copyright 2017, Elsevier.
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8. Ti20s HifEidh D ER A~ kL Kramers-Kronig fi#fric k- THE 5N 7=
Ti;03 DYFEEE N OFEESR. a) PN b) HELREk ¢) FEROEHL. d) &

TROUS. BT ¢ il & T A7 OBIERAL. TR ¢ B 17 ORE R,

Reprinted with permission from S. S. M. Lu, F. H. Pollak, P. M. Raccah, Phys. Rev. B 17,
1970 (1978). Copyright 1978, American Physical Society.
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9. TiaO7 L Fh DTSR AT b O A HENIZ KD BT & » TR B
TisO7 DILFER L FFER. a) BHTHEn b) HEREK ¢) FEFROIE . d) FE
ROFEERE. FEiE 160 K (231 2 il (emrovEE) OMRERR. L 120
KIZH T IR CFRERIMEE) ORITERIA.

Reprinted with permission from M. Watanabe, W. Ueno, T. Hayashi J. Lumin. 122-123,
393 (2007). Copyright 2007, Elsevier.
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E=F A-TisOs DIE(L & e 444

REENZDOWTIL, HEEECTHITPED =D, FEAR
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BIUE BIE

WHFZEER T, 4, L TEE VT Tis0s ©F /R b &7V, Bk
F & OF AT HA-TisOs & WL L, Z OA-Tiz0s 23B-TisOs D [H] & =i T H ik
IR Z 352 L 2ME L TWD, ZOATiR0s X, HDOHRR LT, EIRE
RPN THHIEE AR L, A-TisOs IFEH O CTHEMES BN MEEEHT 5
DIZxE U, B-TizOs [T TIERLMEF-TUR M E 2 A L TRV . HEEBOHIE T
BARHE (BEXEEER) OPRE (BRSO ) | MR (BbE) 7
ENENT DN, ATisOs (IHCET), B EINET DAL v F 7T
NA AR Y — AEY =M E~DORRBHIFIND,

F2 T, . ZOATis0s AN EENTISE LT D IR LR T 5 2
LERTZEEZHBE LT, ATisOs IZENZHIMT HZ EITL»THELE
B-TisOs ~D MR R DIRFT 21T > 72, 7 L— 7 H\-Tis0s 12 2.5 GPa D+ /) %
FIINT~ % Z & TH U72B-TisOs ~ IR 2170 SRR AA-TisOs IR D Z & %
BRP L7z, oI, JENHINE RN 22 BITIT9 2 & T, A-TisOs BNES) &k
12 L > TB-Tis0s & DRI IR UAHIEE T 5 2 & 2R LTz,

3 E T, A-TisOs &7 /A AT 5 9 2 THER, HEOERITED
AT EATV, TiO, 7 /R f 2 A v a— MEICK D ARl T AFERIZEAT L,
Zh % 0.085 L/min M/KFER F T 1175°C, 5 B OS5 THER 2% = & T,
A-TisOs & TERLF 212 Lo, 153 DALTZA-TisO0s IOV T, UV-vis A7 |k
LERHT Y FY AN —=DREIEEITV, RilT 7 RA RO 3@
BRONFETNEMS, Fio, BEONTFER LY, FERAME LT, BHET
IZ R DI ERT R —TET NV EBFERICLDNMNERT IO T
ETTFTNERANTET MET S 2 LT, A-TisOs DNFEREIE LIZ, BFohi-
A-Tiz0s D2 E £, 350 nm 7> 5 1800 nm D FfEIR I W T, JEHT=E n 28 2.0
-2.6, HEMREK P 0.1-08 DEEFi-> Tz, £7o, TOERE L Fv
—FTETIVDOEINT A —H—n5 | A-Tis0s ODEFERMEERICHAELZ L 2
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A, FERMEE REZF—B LT, MEIOXFEERIT. KFT AL A EGFHT
5 ETCHERLDTHY | RBFFE TR LILIZA-TisOs ONFEBIL, A B
FTNAANDREREND 9 2 THAZRLOTH D,

AT THE: B AVTZA-TisOs (231 5 &I K IR O 0 3 UMD SR,
A-Ti30s DERLFIEDBHFE | A-Tis0s DI FEIL D RIE D FAIIA-Tiz0s DI GIHE
PEOMREMAELE LCOMEZHLMNITEZLICHEESTIHILOTH D,
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