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1.1 OOOod

N REGRD SRR XN ZEE OMfiRA L 3B D BTHBEIC X o TERIAHE 2 2E v M
BARLIHINBMEDD 5, ZDEy MEFKTIZ, MEROBRESRENIHINS X - TE T OBE/REE
ZOET 22T, BERENZEMDHEIHT 2, ZOREIRICBENZE Y N TH 505, EET
BRI X = X LR 2 2 e b, RFRICBBERIAEE  RE XN 5, HHEEM
FHT B 2 BEHER AR T, PEEF Y V7 2RI L TNV P74 ) 72T 5 2 2 T
MRS EEDTICER» D, FERETZEA R T 3 [1], ZOREcEH LT, His2E)
EXNZALNOHBEZBEL S TIL Y MR ANDSHPHIEENTE T [2, 3], &)&Eif
BT, MRDR T B IR RERSICE DWW T, R4 v 5 v 7R Al
WP & Vo LIS HICERERR RIS 5, RV, EFHEBRIRBEERS 2 I0H L7
Ty MIFAL ZPREEINTE D, AEESIZIEH LTy MG [2, 4-8] . EHIZA A v
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FUIERIBALEZEY MIFS U YZX (9], By MIXEY [2, 3, 10] MEREINTE 2, BT
REEHIE S 2 2 2T, I RERE O BERGIHIEFINS D, RO > > 7 REE (2, 3,
5 6] %=a2—vYEIfE[2,5, 6] T 2iAbRINTVWE, Fiz, HFHITBIRICKIGL TER
EHZBEONE b, HREE, FHCX o THEBEHRLT 22 LT H—DFEEIE
REINTEL[9). 2D XS1T, 1970 FFR2SEERTL 7 b u=2 R SHIER X TE 7208,
ZDZ L FREFENELBTD 5 720, FINLRHED & FBIIIRE» 5 %, REFLERERT
BERLARVWANEELZT 27012, MREETPR TR O BHEIEHIIEET 5, £,
SBRMRRIEICHIR L T4 ORI R RE L TRONEDL 5720 HIEAGREETHZ 2V
M Z B o, AU LT, afE, ERNZREY MIFAL Z0OFEZHIEL T, Bi/E
LA OB EPER ShTw 5, BEHRERRER COMENREF TR BXIAH
B X > CTHEHENCHEITE 2 Z e /T E 2, 2070, EHIZLBFHORE, OMEHERER
HIHATAIREIC 72 2 720 T < | TREERAER OEA R TR & 1720 o 72 B L8 Il < 2
b, ICHORICKERHHELZ 522 2N TE 5, RO T =7 AE{LY) CazRuO,
E. BRBENEROENEHTH D, 2O IRERICBNT, MRPOBREE O KICKE
L7 EREHE MBI Z T 5 [11-18]), MAHNCERDIRASFT T 2 IEFMESRAET. A
A & 2R RARZE) Z R T 720, LA TEZ OFi 7z RSN OMEIEEIC K 5,

1.2 OOOO0OOODOOOOOOOOoOoooooooooognod
HiEININIE.

ZRE TR B LNy RS © OME TR, SENREE R TS h
2HD0D, BFHEDOKEZWAMETCIEZ OFEMUIK D 3272723 7 —a YV RFEINT & o THEGIER
WEERT, ZOEY MUREAND A NAN=RFETFLDSOHETIE, BEFONTFHEFISZ 7 —a Y
RFENED SWIMEL LIS 5 5 >R 7 7 —HSEMS LRI, EFORMBH#NEI ST
EXEHZDEZ 2, SEMEEEALEETEIMBOALZHEDLTIC. PBF » V) 7 2EAICLTSE
HHPOBERLIEHIZNDFIR T 2720, 1970 FRH1 5 ZOJSHPEIEE N TEL [, 2012
ba =2 Z0HIE, Eif-EEIE CRE T 2 PP RERRPEE ISR 5, Ey MikAICE
J 3 2 FETOERGSIHIE T, SA O NDR (negative di erential resistance) # ¥ 5 JEfR
WAREREDF B % (Figure 1.1)[4-8, 10-17, 19-24], Z &\ RIFSIHEICBWTIX, MEHF D
BIRD AW A2 M L2 S HEN Th s H, —H T, BERSIEEIT- HAE. 2
RBEROWEMPHEINS, ZD7zH, SAINDR I - TEENEHRISHET L2561, KNG
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Figure 1.1 Schematic diagram of typical current—voltage characteristics of mott insula-
tor under the application of two-terminal measurement. Red line: nonlinear transport
property with S-type negative di erential resistance (NDR) often observed under the
current sweep condition. Blue dashed line: resistive switching characteristics observed
under the voltage sweep condition. Since voltage sweep allows a rapid increase in current,
the NDR is observed as a resistive switching phenomenon with hysteresis in the case of
high-speed phase transitions progressing along the NDR.

FElh D27V REESIEIAL vF 7 LTEIEIXN S (Figure 1.1)[4-8, 10, 11, 14, 16,
24, ZO2O00RMIIICHICERTH S 226, ZhE TAMMIPEIIEZICH LTy MR
B2, 4-8] % Ey Mli=a -1 [2,5 6], IR vF > I RSHLEY MIXEY XX [2,
3,10, £y MY FTR[2, 3,5 6] PEEINTE, 51T, TNDDRTFOREE HlH
T EHIBELT, |WHiAA vF 27 NDR EH 2T 2 2 dRALATVS [6, 8, 21,
23l LH L. ZOZLHY 2 —WIIBUC & o TERETZ W TV 379 [6-8, 20-23]. [ 23R H
5TaRHIENETE TV, NF I ALY VO, © X 5 AR R IR EFERRRE & R AR
T BAREX D =X LIZEDWT T 4 7 XY MROEEHEF XA U EREh2 e hlESh
T3 [7,8, 20, 22, 23], ZD7». BHEMELT o MBI LT, RERICAY—RIEE., &
MEEDMHBFEET 27012, AEf 2 BIR-EEREET 50720 [4, 8, 25, 26), F72. %
EZHET 2 2 3R TH 2 2 eh o, IERBRERFOHIENIREETH 5 [6, 8, 21, 23],

IS & - TRIMEDSHIE X N 2 BT 0L AEIE, KEZZGIEIR T 2 & 2 5 O BRI
WHEHTI2DERDH 2, Ty Mloa—nEL 74 v 7HZFTE, BHRAA v F 2 7 DOHED
Z2— B YFEKDOEE [5, 27-29] K. ¥ F T AR BT 2 HEERANEIHRE © R AT [5, 30]
WHEEBEDZ 26, Al OEERIEHIRA v F Y ZBRDLNT VWS, ZDRd, REFL
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RISLFEMAEL T 2 N F 27 LEEALY) (VO2, V203, V30s)[5, 22, 28, 29, 31-35] B X Ui T~ m
TAHA b A Y [36). = v S VIR [37] THESEERMESTORTE L, TheD
MECIE, R4 v F 0 7 OEERREFENEBEOZIBRIEICL > THREZ2EEZ ATV
[38-40], Z @Al MiZ TCR (temperature coe cient of resistivity) 225 RfES 2 Z e N T3
(1.1 )[41, 42,

ITCR| = 1§'T (1.1)

2T BMEOEIE T 3MERORETHZ, Ty ML vF v 7HET [34, 38-40, 43] %
Ty Mil=a2—nYHET (5, 28, 29, 35] ICHEREHREIIAA v F ¥ FOEBIIF, —RIIC
100%/K D Ed D TCR 2 ETH 5, LA L, v TCR 2182 729121%. MEO(LEEH
AL AR & RS 2 RS2 2 D EA D % [41, 42, 44-46), ZD7=DIT, TEE » FARA R IR
AR5 5 Z & T [41, 42, 44, 46). HET RGO HHAEICIIKERFIRD D -7z, 2N 5 DFFED
BEV72 X ) = X LTI, Fi7e R ERBI R 2 RO R O BiE R 5T &/,

1.3 OO/0000ooooooodn

B EC QIR AR OIRED & F BB 2 FHOMEBRD 5N TW5, OBk
B/ EGH LD CH 5, B/ ESGHEUOLBEMEINFEET 2 2 i3 1990 FHK22 5
HI XN TWVAA[49, 50]. 2010 RIS 5T E IR, W OhDMBTHEERIN S k512
7272 [11, 12, 48, 51-53], MEIF OB TFIREZBR/BHICE > TEEHHTE 2 X 1= 0%
Fioiediz, ¥ a— B UIREFEMZ [20, 34] Tld# i ohigd o7z, BERILRVE
MBI IIHISN S Z e N TFREINE, TDd, BTHEFCMEERGTOBHENKRE QLN S
TR, IREFENEE L EZ 2 UEREESPHIEEORBEI I/ TES, ZOZLIIKERHL
T, BR/EGHRMUEBEZICH LTy MIXEY [43,51] =2 —vEL7 1 v ZHEEDBIR
[30, 54] ¥ DWIEM TN T VWS, AL IAEEEFOH L a2 F 4 F AMaQsg (A =Ga, Ge; M
=V, Nb, Ta, Mo; Q =S, Se) i&. SR IREFLMILRE 2 /R S R WEFIR-RER 2 Fo, L
L. MEANOBBEINC & o T, BEFEMERICER T 2 £ & 2 502 2B DR Ey13%E
DL X 5 (Figure 1.2a)[47, 51, IR A v F > 7 O#EEFHii b 17HHTE D [27, 30,
47, 51, 52, 54], 400 ns DEGRR A v F ¥ ZHFREHT 5 [61], IBEHEMIC O W TIZERIRE X
HZRXBIZEHT, 747 XY MROSEH R XA VBRI NZETAPEIBI TV S [30,
47,53, 54], ZD KX A4 Y OREERICERL T, BPIAAL v F 7RI 2 ETIiC 1-100 ys
DORMZET 2 Z e XA TS [30, 51-54], 2 KCMETH 2 BREEZA HLayrF4
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F 1T-TaS; Ti&, MENOELHIMC X > T, B ATV T A%MES RABZIEPIR A v F ¥ 7 HiE
25 ZeMBHlE TS (Figure 1.2b,c), f/NREE DBV R % FIIN U 72 IR¢ 8 90 8 7> ©
W 3ns OEERA v F U IHHBT B [43, 48], TS OMEIDIEBIEERBAMR Y L THETH
25, IREFRERHOEBMRITH 2 N F DY AR BN TS, IFBOIEBREITEET 2 2
EANEERM SN T NS, MEE LXICOF / VA YIS T LRED S, MR o RifcikS
ZHNMPFET 22T, BHICK2F vV 7ERDEG IR, BALAGENEE 2 2
SN TWVS [65), 2 L THRARIKHNT 200, BACHOEBME L L THERAMED L

Figure 1.2 (a) Temperature dependence of resistivity before and after the application
of electrical pulses measured by the 4-terminal method, suggesting electric field-induced
metal-insulator transition in spinel chalcogenides GaTasSeg. Curve (1) shows the resis-
tivity before the application of the electric pulse (BEP). Curve (2) was obtained after
applying a current pulse of 100 ms/100 mA at 70 K (AEP resistivity).(3)-(7) were ob-
tained after applying current pulses of (3) 1.4 mA, (4) 4.4 mA, (5) 6.3 mA, (6) 25 mA,
and (7) 40 mA at 1 ps and 70 K. The inset in (a) shows the —T ~* characteristics . (b,c)
Temperature dependence of current—field characteristics suggesting electrically induced
metal-insulator transition of 1T-TaS», a two-dimensional layered material. The current—
field characteristics under (b) voltage sweep conditions and (c) current sweep conditions,
where CCDW indicates the commensurate charge density wave phase. Figure 1.2a is
reproduced with permission from ref. [47] © (2008) Elsevier B.V., and figure 1.2b,c are
reproduced with permission from ref. [48] © (2015) American Chemical Society.

7= LY CaoRUO, TH %, KHi 1.4 TEDOFERFEDLSFEL S FHT %,




¥
gl
X
1t

Figure 1.3 (a) Schematic diagram of crystal structure of bulk CazRuQ4, drawn with
the VESTA software[57]. (b) The temperature dependency of the resistivity of bulk
CazRuO4 for T = 70-600 K. Inset of (b) indicates the enlarged view of abrupt transition
near the transition temperature of TmiT = 357 K. (c) Pressure dependence of resistivity—
temperature characteristics from non-pressure to pressure condition of 3.2 GPa. (d) Top:
changes in lattice constant and bottom: crystal volume with lattice deformation in the
temperature-induced metal-insulator transition observed during temperature sweep[58].
Figure 1.3b is reproduced with permission from ref. [58] © (1999) American Physical
Society, and figures 1.3c,d are reproduced with permission from ref. [59] © (2007) The
Physical Society of Japan.

1.4 OOOOOOOOO CaRuO, OO OO OOOOOOOOO
Lo

A, —E oM CIXERBEN O SEEFEERORBSHIf I TE Y, MRhOEREE
DI DOHIEAR T X — & UTHAET % [56], ZOBEIRABEHDITBEMEI Y LTHETH 3 DH,
RIFFE TS LT =7 LEE(LY CaaRUO, TH % [11-18], AEITIZ L2 CapRuO4 D SE
PBLUCERE, WEEERE 2 C ORAR D 5. 2 ORBEIEEH I ATV 2 BIRALALE
DEFNOWTHIT 3,

1.41 OO0 CaRuO, OO O OOOOOOOOOO

L7 CazRuOy4 1% Ruddlesden-Popper #H (Capn+1RUnO3zn+1, N = 1) DFIRR 72 H 4 b
HigExE b oL T ALY TH H . ZEHEE Phca DE T &R & BN 123 > (Figure 1.3a),
Z OWPTRIRERE T, BRIEE Twit = 357 K IZBWT XK L 7= 8k 2205

10
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JE e % R § (Figure 1.3b)[58], T < 250 K OIREEKTIZ. 7L = v 2B DEEE 7L
(In( )-T™H) 2—XKkDE v FAIZHFHK Y © ¥ 7 RE (In( )-T 172) 2O —T 3 2 &
BEXNTWVWS [12, 58, 60], 7. »SL% CayRuO, Tid. EHEMNC X 2B ME ATV
[59], ETEIIMCfE - TEBRESERANC S 7 P LTwE, T i EoEE 2o, SEM
BAREAZL L T (Figure 1.3c)e 26 DORE. I DOHZITH L CTHEIRE D BB tH 535
EINBBE. MOEFRTHEEHIC X > TH&EFOERZE SR 6N %, MEEHTD 2
S-Pbca #i& (a = 0:383 nm; b= 0:388 nm; ¢ = 1:196 nm; at T = 295 K) 225, &EHD
L-Pbca #i& (a = 0:379 nm; b = 0:378 nm; ¢ = 1:226 nm; at T = 400 K) "D 21t Z %
[61, 62], HEEIHIZ LD/NE 7 afififR, b #ERICH LT, ¢ @i M 3Ms FER O HEE R Z(L 8l
W&, RuOg /A ¢ fil5AIC A= < HET % (Figure 1.3d)[58], H%7AD 5 E Tk, Z 0T
FRDOZAL ¥ TR D BRI O W TEH & 3 21T 5o

1.42 OO0 CaRuO, OOOOCOONO

V27 CagRUO4 UL RDIREMFENES S F — VR Ty = 110 K IZB W TR
%3 (Figure 1.4a)[58, 59], WALRDEEMFMHIIENIC L > THREEZZIT. HESRHTT
Aeh Tz Ty = 110 K O#EBIEEZ X, EHEIMSHE W Ty = 150 K 12> 7 b3 % (Figure
1.42)[59], 722 2 DOWERBIREIX. ESHNNC X o THERR 2 ERMERRF2HI S 5 2 IR
LTW3 [59, 63], Ty = 150 K THIL L 72 KRBMERRFIZ X & 72 2 EAEIINC & > TR &1L
25D, ZOL BT ATV I ABBME NG Z s, BHEMEKRFEERLTVWS 2
MrENd (Figure 1.4c)[59], Zh oD Z eh b, E-HEIHKIO & 52 (Figure 1.4d)[59].
V7 CapRUO4 IHREREHNDIFI & > T, ZOMEKRFIKE LHIEIXh2MECH 3,

1.43 OO0 CaRuO, OO OOOOOOOOOOOOO

2V CaRUO, DRFFETNE iy LT, RE, FENHINC X 2887210 Tk <. EiFALiix
BOHBEANEEHINTWS, Figure 1.5a,b 127" & 512, MEFHOEREE O EN, B
MALRERORBUCRE T 2 L EX 5605, 4 MU EDOKERIEFROBIAER N3 [12],
ZOBMBEREE CIREFEAGB L B ) BXHERORBES FHRINZ LR T Y V2%
EbLR VRSP RIETEORD B RT, £, BREEICKEF L TZOERRETTADENT 3
ZeHME XN TED [14], EKEREEER T, AR OBENCHE > TREARNZES 2 5E Y bA]
ZEHIPH R v Vv PMEEICZE LS B (inset of Figure 1.5b)[14], EIREESHEA L -BI2iE, 8K
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Figure 1.4 (a)Temperature dependence of the magnetic susceptibility (M=H) of the
ab plane of bulk CazRuO4 under T =2-400 K and H==ab = 0:5 T conditions. In-
set: isothermal magnetization for magnetic field at 0-7 at T = 260 K. Ty indicates
Néel temperature of 110 K. (b) Temperature dependence of the susceptibility of bulk
CazRuOy4 at various applied pressures from 0-1.5 GPa under oH = 1T, H==a condi-
tions. (c) Magnetization curves of bulk Ca;RuO4 under pressure application of 1.5 GPa
measured at T =2 K, H==a. The inset shows hysteresis indicating ferromagnetic or-
dering. (d) Pressure—temperature phase diagram of bulk Ca;RuO4 with metal-insulator
transition temperature of Ty, Néel temperature of Ty, and Curie temperature of Tc
plotted against pressure. The mixed state refers to the coexistence of an antiferromagnet-
insulator (AF-Ins.) and ferromagnet-metal (FM-Metal) phases coexist. The PM Q2DM
refers to a paramagnetic quasi-two-dimensional metal. Figure 1.4a is reproduced with
permission from ref. [58] © (1999) American Physical Society, and figures 1.3b—d are
reproduced with permission from ref. [59] © (2007) The Physical Society of Japan.
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Figure 1.5 (a) Current density dependency of -T characteristic of bulk Ca;RuO4 at
current densities J = 0:003-21 A cm~2. (b) Current density dependency of -T char-
acteristic measured at J. = 0:0002-0:440 A cm™~2 . The blue triangles indicate points
where irreversible changes occur in the electrical transport properties. The inset in (b)
plots the -T characteristics of bulk Ca;RuO4 (labeled a, b, ¢) with the corresponding
fits for the various conducting regions (VRH: variable range hopping, SE: semiconducting
and MS: metastable). (c) Current density—temperature phase diagram of the conduction
model obtained from figures 1.5b and 1.7a. The blue triangle, black circle, and pink a-d
refer to the same points as in the figures 1.5b and 1.7a. Figure 1.5a is reproduced with
permission from ref. [12] © (2013) The Physical Society of Japan, and figures 1.5b,c are
reproduced with permission from ref. [14] © (2019) American Physical Society.

HIZEEN D & RORIEMERR T 2 R 7z B RPN E L T 2 Z e BBl ST w5, Zh o 2k
L7= J-T fK% & (Figure 1.5c)[14]. Ca,RuO4 (&3 (Figure 1.3d)[58] 721 T < . FEFHHi
Fx V7 THIERE T A=RITLT, HireRIFFHEHEORBEPEIGTE 2, LirL, »NLIHE
AT Z ORVETZIRICER LT, 100 mA  OKEHRTHE LTS 10* A cm™? BEOBIREE
LofEoh 0V, 2 OIFFEHEICIIRFREED Z VW, 2070, SRIEMMMTICED
RELBREENMIOND, TERFY v LEREOBFENIRD SN 5,

RE, EhTHFEIn FREBoOSEHE T, R TOZMIBHll X Tws, IEFHEE
IR TLRENT 2 RBEBHICBWTSH, BROBITICH s B TOELR SN S, i & Rk
2, ErBE LR SRV b RIS LT, EREEOHINCE > T cMIEIAZSMHET
3 Z e Bl EhTW3 (Figure 1.6)[18], Z D 7=, FEFHH & FHHO 2B FE—Td 2 H
EDDHEHEMMRINT VWS, Rib S 2 X5 ICRE, ENENTRBEEHANDERED c liRIHE
Ligeld 2 Dt LT, BEHHIN TSRO ¢ iR OMRESHBIFESHTH 5 Z L hHE SN T
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Figure 1.6 Temperature dependence of (a) a-, (b) b-, (c) c-axis length and (d) lattice
volume measured at J = 0.03 (black), 9 (blue), and 18 A cm™2 (red) for bulk CazRuOj.
Open and closed squares are calibrated sample temperatures from (111) and (311) di rac-
tion of gold used for sample temperature measurements. (e-h) Isothermal current density
dependence of lattice parameters at sample temperature 300 K. J = 18 A cm™ 2 data were
estimated using linear extrapolation from low temperature. Figure 1.6 is reproduced with
permission from ref. [18] © (2020) The Physical Society of Japan.

W5 [11], £/, BRBEEOHEMIE-T, ¥y V7 OBEHECL 2D EEZ LN REEDHED
BEDs, B AT ® % Elih 5T LT\ Z 225, HAEBAMBTEIE » RAMRILIN 5 ik D
LIMEINTWVS [13], RE. EHNBAAT—BTHHI LR LT, SEHED KX A VDB
7 RMVEER o TS Z e h o, T L SFEHEOSBHESFE— TRV I L AR N5, &b
D6 BETH L HMT 22, 202 3o BR/ESBIHLOEBMECIXR S h TV WE
BREHTHE b, BNEEEBOBEZHRT 2 L TEELRERL 22,
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Figure 1.7 (a) Double-log scale plot of current-voltage characteristics of bulk CazRuO4
from 137 K to 282 K. Black circles indicate the points where the current density and
electric field are maximum in each plot. The upper left inset shows a linear plot of the
negative di erential resistance for clarity, and the curve that exhibited a particularly
large NDR is labeled as d. The upper right inset shows the temperature dependence of
the current density and the electric field maximum. The resistive switching character-
istics of bulk CaxRuO4 under (b) steady-state conditions with DC 1-V measurements
and (c) non-steady-state conditions with time-resolved measurements by current pulse
application measurements. Top panel in (c): applied current pulses below the threshold
current density (3 A cm™2, blue) and above the threshold (red). Middle panel: transient
resistivity change of bulk Ca;RuO,4. Bottom panel: transient of the temperature change
of the sample. Figure 1.7a is reproduced with permission from ref. [14] © (2019) Amer-
ican Physical Society, figure 1.7b is reproduced with permission from ref. [11] © (2013),
and figure 1.7c is reproduced with permission from ref. [15] © (2020) American Physical
Society.

144 OO0 CaRuO, OO OO OOOOOOOCOOOO

L7 CazRuO4 Tl 20 2 Ui FHlE TOER-BERET. EFHEEBRIUE RETH SR
Bl 5 (Figure 1.7a)[14], Eififw s [HIE TERIFIBREREL R o h, RIRFEECIEE RS
DN & > T NDR ZEE2HH § % [12-16], —/5T. BERSBEETIE. 40V em™t w5 3¢
WINS BB S TRIE R ERBEMFI S % (Figure 1.7b)[11, 30, 53, 54], E&GiAELIERE THE
XN TWBRERA S =R 4 [50, 52] &, /L2 CaRuO4 124 TIE®H3E 4MVem ok
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Figure 1.8 Schematic diagram of suggested mechanism for the current-induced metal-
insulator transition in bulk Ca2RuQas in which the dyxy and dxz, dy, of the 4d tyg orbitals
split[65] and the gap gradually narrows as nonequillibrium current carriers are injected[12,
18].

ERBEBESSTHENS 11, LaL. 2R & D b@E,I/N X2 BESRS 40V em™) 2450
et thoEBIME e Big 288 X = X L HfFE B, LY CapRUO, ICEIR VA%
U 7= RER e T, BIERREE 282 2 v IBPTZ LS (bAEHN S [15]. BIfEE TS
EERBZ Tz EBEENOBRERIC, BEDO EFHE XD & —HEERRERDFEELTVS Z
Y25 [15], BIRIC & 2 Bl isfis A AR S 5 (Figure 1.7¢), BIEIT & EE, FEHAEOFHIIR
RROSEMEE I1TERZ 5, IFHEHEOBEHEIERIC X > THAZAIREEICOWTE I Lz, LY
CayRuUO, TORMIDERIE TIEAHBITH 272012, Ry 7 - Fu— 7501 HIE [64] . TE&
oy VEEZEH LBYIRA v F 2 FOREFIN SRR b b,

1.45 OO0 CaRuO, DOOOODOOOODOOOOOOOOOOOO

4d BTFRMEHIR A Y VIEZ RO, —HoMEITdr —n v REHD S RTAY U HER
HEHABHEIARE @B 2T, Fr—F v v 7Ty MRk 22, ZhUCk Db ThiRiNG
WAL THBIRICKIGT 2 Z 2T, MADHBRYWESIRBT 2 e EZ TV [56], CazRuO,
FAE VHGEHEER OB S 2560 —F v v FE v MERIK (0.2-0.65 eV)[66] £ 245, Hlx
THRAFEUEBICE L TR FAZNLT 22 ik o T, DFhREBELIMT L BEFREDZLA
E2ZeBREIBIN TS [56], N2 CaaRuOy4 TOBEIREE DMINKIE L 72, $ELh 2K

16



¥
gl
X
1t

Figure 1.9 DC transport characterization and optical images of bulk CaxRuO4. (a) DC
I-V curves including optical images in the visible light range taken by a CCD camera.
The inset shows the progression of domain separation of the L phase (dark region) at
each stage of the phase transition. The white dashed line in the inset shows the contour
of the electrode. (b) and (c) show the di erence in the growth direction of the metallic
phase domains at the reversal of the polarity of the two electrodes. The L phase is the
metallic phase, the S phase is the insulating phase, and the S’ phase is the non-equilibrium
intermediate phase. Figure 1.9 is reproduced with permission from ref. [13] © (2019)

American Physical Society.

D DX D =X LI OWTIERIEHTH 205, BREEDOEINKEFE L LF—F v v 7D
AENREI ATV (1.2 V)12, 18],

" @n!
2kgT

(3;T)= o(T)exp (1.2)

T ofT) BEMFOREKFERE. (T) ZTALF—F v v 7OERBERFEE R T,
NIV Z CapRUO4 ICIEFHDERF ¥ U 7HATEAI NS Z & T, 4d tog BUEICEIT 2 dyy BB &
Oxz, dy, HOED DA LT [65] RA ICZ AN F —F v v TOPAEE D, £ OEREEKFDOEL
IRARHIRD A X 5 2 L AHEIE X ATV 3 (Figure 1.8)[12, 18], = D& J@AH D 228175 545 b
IZOWTIE, LY CapRuQ4 TE L WSO M 5, JEFEEFREOSEHEARE LTV
CHETFABR I T3 (Figure 1L.9)[13l, 2O Zrh 56, RE, [EHCHRI N FHEIREDS
B B2 5, IFFHERBBEPEIL TVR EEZ LTV, hoRAEL JEBEIERME T
BRECPELRMBECE>T, 74 7 AV MROBEH XA VR EN S Z e hifmsh T
b [25, 26, 67, 68]. JEBVHELASTH > TH Y 2 — LAHROEEH L OXFNITETWARWL, L
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1R FE

L. 2WL7Z7 CaaRUO, Tl ¥ 2 —IIATIEEHRT E R WEEM F X 1 > OIEGaREN R 5h T
Wb Zehb, ZOIFFHX A F I 7 ROV THIERRD 2 BEN D 5,

1.5 0OOOod

TZETHRARTES X511, CapRuO, EEMAE OB EHEFRAREE Z RITHLELRMEITH
D, ZOFEED SIS NZICHDOREBEIZIE, L L, I8 X H =X L OMfRITFHER FICH D
e, TEXREFY v VHERILT 2 28 TIERTERD > LFMIRIIEE T2 Z e EMTH S, &K
D HINE 1) REREETD - - BIRAEEE E2RT CapaRUO, DTV X F > v LR /ER
EERETZ I, 2) Lz CaRUO, DX F ¥ v VHERIC X - T, B FHESRIERER
BHRR{ANOMGEEHEDZ T, T ba=2XSHOAREEEZ BT 2 TH %,

1.6 OOOOO0Od

H1E FET TR YEMAEREAFEOTL Y b= AZBIT A EREHEN S, R
DT —=<TH2%” CauRUOs TY X F ¥ LR RS BRI EHR 0" oF
2L, Z0RFELMNEOT 2, SEMEEFEEOTL 7 o =2 AGHARFRAALNTE
e, ZDZ L BREFEEETH 57012, FHZIE)» S HBIINETH 5, ZDREI
U CEI/ ESHEAGLEBEIR L 725 2 e 2R L. RIFFMEIO CaRuO, 23715 EIfA
EABEFIC OV TH->TWL,, LA L, CaaRuO, DIRfE X 1 =X 2 O RFIGHICIE, =
RxX T ¥ VEBERARAIRTH 2, 2D, KUK HNZ 1) BIRFENER 2R S CaoRuO,
IEXFY Yy VEBEOFEREZER T2 2, 2) fFH L7 CapRuO, HJE % il U CTHsfs 25 8) & F R
T5ZLT, MBI XLDOMBANOERLZHAEZRZ L L HIT. T4 RISHDATREMEZHE S
T LTHREMITTWL

BF2E BT XY v VREELEA L BRFBENERZ R CapaRuO, ZEX X %
LVHEROER” T, X EXERIER ETD CayRuO, HHEDIER ¥ 72 OfGETHM 21T 5, JEEZE
ST ORREREZBEMN L. AP0 CaaRUOs TV X * 3 v LHEHICOWT, M HIRERHE
R EMR. HhoL T =9 ARBEOEEICOVWTHAEZITS, CaaRUO, T X F 3 v L
. BEZEETE T Ru KB X MR O TR AE L 5 2 & T, EMRiAinE 2
LRERWZ ERRERBBY 2o Tz, AFETIE. FFEZELFCORRBKRELZEEL 35, [EHH
IR XY YU EEE RuBEYNHBICHEHE T 5 2 & T, BitaAeMNiEf % "3 CaaRuO, =
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YR Fy v VEBEOERE HIEL 72,

BI3E I XFT v VREEEEH Lz CaaRuO,y T V& ¥ v )L D i R S
Tl AWIFET Ru BR{LPERIC I E B L7z, JEELZE5:MF C OfE R E DRt Ic 5 2 5
WERTHET 2, BERALULBORBEICER T 2 e E 2 6h 5, PRZESNZ»BR S h 7z
CapRuO,4/LaAlOz (001) i2DoW T, HITRARERMEICE T 258 E 7L & BREKEEREICD
WTHikM 3 %o

BA4E “EROBLKMEC X 2 & FHESHRIERFLREHROFM” TIX. AMHED
Ca,RuO4/LaAlO; (001) B W CHEMAEHEROBH L HIEST., X510, BHllssz L
DT E BB ERFEOETIRNICOW T, HIROBSHED HFHEEIT S, EBIMSKIETORE
5 E T X N EE R TR & . 2 e B BIESE TRl I N, AR — AR
BIZEENCOWTHRT 2. T/, BIRSISAEOER-BLHE T X /- FiE 7 NDR 28
. BERSIHIETIHETZAA v F o7 LTHElE Nz Z 225, CaaRuO4/LaAlO; (001) &
BRI BT H 2 ATHEMICE > TV <,

5% “BTHEBEERULERRICNT 2 X F 2 v LB HOFE” T3, CapRuO, #
ROBRALIELE L, TERF S 2 LEHOBERICOWTHANS, CaRu0, OEFRFALAELF
WiE, MOE P FHEERIC X > TS FOZMIRELBEFRLTVE, 2ol T
Xx Ty VEBICIT S 2 2 e TEhR. MRIDOEAREIC X o TIFWAREH S Ol 37 5E
TH2 eI NG, TOXIBHERPO, TEXF Y VIGH DR S EMR EI/ER L 7,
Ca,RuUOQ, D IERUARERF 2 LT 2 Z 2 T, TR F T v L)) & IHRUREIR S 0 %
BN D, BEELA O R 2 BECIHRU SRS S h 2 2 e 2 6, BRET O c iEZ(C
HHLT, TEXF v ULCHOEERFHRLTVL,

6 E IR RIIE IC X 2 RIS RIERPARERR O T, CapRuO4/LaAlO;
(001) DIEHLA A v F ¥ ZDEFNCONWT, FERIFFRRIED HFE L K TN B, HEROIREFLAEA
BB 5. BBRIRIIAA v F > 2 %2185 I3 AB G REFEMEEA TR TH o7, L
7 L. Ca;RuO, TRIAE., ENTHEINZ2BEMHL. BIRTHE SN2 IFFEIRED BB
B rEZoNTED, B-EEREEEITR-RERE 2 3 L0 2 EEY 5 %, #iFE
FHREERS X = R AT EN S CaaRuO4/LaAlO; (001) I2HWT, Ak s i Fil i 2
IREBRWVIZHED ST, RBRIEHIRAL v Fr IBBlllENT-Z e, ZOIEHE A FI 7R
WOWTHRT %,

7 RETIIARLRYOBRICOVTU TOFEMERIET 5,

1) BRAREEEE Z/RT CaaRUO, DT X ¥ v VEBEOEEE R Xz, 2O IZ&D,

%
D
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MR8 % PR T 2 72D ORI HEZAJREIC L, =L 27 bu=2 AISHTE 2% 7l T =
3 X510t MEYHSTFICBNTS, TERF S v WERE M - M Talk 2 8H 5 5
Z T, EEREEEBICE T 2R FHOBRRMI AR o 72,

2) CapRUO, D EIRALEMEE TIE. MITEIRERAE 2 1307 LT, BRINTEIIA AL v F
VIOMFEERTEZ e BBUL, 2D Z2id. CaRuO, HERO B AR, IREHE T
BOXAFIZRALIEEMILTWE I REKLTED., ZOIFPHEEAF I 7 2% MRT 2 LT
HERHNEZH6THDOTHS, 2Ok, EBERKEFEOZL 7 v =2 X tH%ZH
FBLT, MERGEIB X, ZTHFTOHHENKRELLED > F X 5,

3) CaxRuO, AR & FHEBADHAREHRRICIE, T8 &3y v VDA E 2 5
25PN LIz, 2O o0l EBEEIFIERER RN, ERro0Ir i F v
WIEINZ X o THIEFTRETH 2 Z e 2 R L. By MUT AL ZOATREMNE L RS X H = X A~ DHE
fREHEDD N TET,
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1 5 JFED SARMFME CapRuO, D8V 7 fEFTIE, MR OB IRE E ORI - 73471
ROKE BB HE TN TV S [1-8], MHEBEEB) O IfFEZIE U TS ORTREM 2 3132 2 &
Y. HHEPERRICE,. TR 3 v VERE o 2o SRR ERE SR BUNRER T O RER 5
HE., TERFT v VBN X2 TROFEHREDEHTH S, L L, BZERBIETHERL
72 CaaRUO, TV R X v LR TIE, (2.1) 2 [9] IZHE» THRA D Ru 23R4ET 2 Z ¥ T, @JFit
BRERZ LW B KRERBEY 2> TV [10-13], 2D s, BRFEMNEEE RS
CapRuO, HEZFH T2 i3, FELIWETH 2 Z e pHIsh TV,
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2B EMHIYZF S v VREREZEH L7 CaoRuO, T X F 2 v LEEO/FR

CayRuO4 — CasRui— O4—4 + RuO4(g) 1 (2.1)

PER D B2 L CIE X 7z CapRuO, HE T, IREFEAIEE TT O RHKRTH - 72, L
RIZOWTH, PLD FETHER L 7z CaaRuO4/LaAlO; (001) T 1072 cm[10-12]. MBE T
PERIL 7278 Tl 107 om[13] &, BRIRIC & - THEITRDIZ 5D 2K E W\, Ru B
Tld. WERHEICHRRMAD K EREER ET I e DML TED [14-18], BEEWHEE LT
HoENTWVS SRRUO, ICBWVWT S, EFE, fMERRMEIH T2 Z ik o TBEERZ RT T EX
Xy VEBREOEEITRII L TV [16-18], ZDZ 25, CaRuO, IR 2 BRI
FLAEENROIE SO X3, MRERMck2 b0 THENS, £ T, KIFZETIE, HEZesfFE:
TER U 72 DS BB AR R 2 LR WRIRIDS, BEZESRMET OSBRI O Ru 23K 48
T2 Eo T, MEHHRO TR REOIEL 272D THL e THLE, Z0Zeh b, I
BT ORRRED. RHP D Ru KBOMENCENTH 2 £ B X7z, RFZETIX, IFEZEMN
TORMRRPEHTE ZEMHIE X F > v LEREIC X o T Ru R &SRR E L7z
CapRUO, TV & v VHRZIE-H T 2 Z & C, BiAEMEREZBHIT 2 2 BiEL %,
2FTIE, 6 DDRRZEM LICEHI Y X ¥ > v VERETHER L 72 CaRuO, HERICTOWT,
Z OWEEFHED & (ERSI OV TH#R T %, Ru KIEZIHIT 272012, 1.0 atm DIEEZ25M:
WKBWT T =1200°C OFERTOMBRBEEIT> 7. TORREIFICER LT, CaaRU0, DY
X% v VIRIZHEMR L DI F ARSI T, ERR O ENREEIC D BEEZ T 2. 1F
EHMHOa b —L Y MRER, EERREEDE W Al BEYERTOAE 5Nz, EROLEN
KRR L T e i T AREE2EL 0D, —H0 Ga BbYEMNR T HIFIFHM D CapRuO, =
VR v LHEESE LTV S, [001] ELAfED CaaRuO4/LaAlO; (001), CazRuO4/NdGaOs
(110) it LT, [110] ECIfE D CayRuO4/NdCaAlO, (100) 2318 57z 2 & % X fR[EHT 2 &
AL 7z. CaRuO4/LaAlO; (001) oW Tidk, EZEREEL X D W ¢ lilizRd & Ru KRB O]
DRI N DI, THE T SRR o AR RO HZ I S TNE Zehb
Moz,

22 OJOOOOOOOOOooooodn CapxRuo, OO
HiEINIEIE.

AWMETIEIHFERORR 2, 6 BB HER YAIO; (001) B & O LaAlO3 (001),
NdCaAlO, (100), LaSrGaO, (001), NdGaO3 (110), LSAT (100) @ iz, Ca,RuOs TV & *
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Figure 2.1 Schematic diagram of the fabrication of Ca,RuO4 epitaxial thin film by solid
phase epitaxy. A CazRuO4+ precursor film is deposited by pulsed laser deposition at
room temperature. The precursor film is capped with substrate material and annealed
under atmospheric pressure at T = 1200°C to grow CazRuO4 (100 nm) epitaxial thin

films.

X VEBREERT 2 e RilAT, EUDIC, SRV —F—HEIC Lo TTELT 7 AMED
CapRUO,+ HIBRIAME Z Bk FICHERE X B 72, 2 D&, AR ICHB VT Ar(99 %) + O2(1%) D IF
BHZ25FT 1200-1400 °C, 1.0 17 =—§ 3 Z ¥ T, CayRuO4 (100 nm) T X ¥ > v L7
fii % #37= (Figure 2.1), LaAlO3 (001),YAIO3 (001) IOV Tk, iR T b REIREDOHM
ML MR EES A SN ¥ 2R L2 EC. ATBRAR O BRI HCl = v 7 > 2L %17
5 Z & T, HEREEEERINC AIO, #&IHL TW3 [19], FofioFEEMEHZ O W TIE 7 v v 7
¥ R T o 2R F O T HEE R U T 3 7202, EEORESS L A—0&ETA—nN—1 4
R7 ==V ¥ 7 %4727 [20, 21], PLD %—%"» hicld, CaCOs ¥ RuO, ZES L TS 5 2
& THAkLE CaaRuOs+ Db DZAFR L7, AIBMAREOHER I, R TTE (Po,) < 10 Pa O =i
ZMEDQELEF ¥ Y N—HIZBWT, 7Ly A 2Jem 'O KrF =%y <L—¥% ( =248 nm)
ZJEIA 10 Hz T& —% v NS % Z ¥ T CapRuO4  RBKIRfSE 2 B L 7=,

NV 7 CapRuOy4 & HKEEER OIS FEME L UM T ABEE, XX v VEROMRE
Table 2.1 ICF L ® %, T REAEE 2.2 it T, LY CaRuO, #ixifAE & Btk
TH NAS BB BB LTz,

Mismatch [%] = (dcro — dsub)=dcro > 100 (2.2)

Z 2T, dcro & dsup 1&. L2 CapRuOQ4 Diffaiglkt (T = 295 K) & EH Rk o NS T E £
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Table 2.1 Lattice constants of bulk Ca;RuO4[22, 23] and the substrate materials ap-
plied the solid phase epitaxial growth method in this study, the lattice mismatch between
them, and the results of the epitaxial growth of CazRuO4. In the lattice mismatch cal-
culations, [110]-oriented growth of Ca;RuO4 thin films was assumed for the NdCaAlO4
(100) substrate, while [001]-oriented growth was assumed for the other substrates. For
direct comparison of lattice constants, the lattice constants of bulk Ca;RuO4 were con-
verted to the pseudo-K;NiF,4 structure, and those of LaAlO3 (001), YAIO3 (001), and
NdGaOs3 (110) to the pseudo-cubic structure.

Materials a[nm] b[nm] c[nm] Mismatch [%] Results

Bulk Ca;RuO4 at 295 K 0.383  0.388  1.196 — —
Bulk Ca;RuO4 at 400 K 0.379  0.378  1.226 — —

YAIO3; (001) 0.366 0.376 0.369 +3.1to +4.4 Ca;RuQ4 + Impurities
LaAlO3 (001) 0379 0379 0.379 +1.0to +2.3 CazRuO,4

LaSrGaO,4 (001) 0.384 0.384 1.268 —0.3to +1.1 Impurities (interfacial)
NdGaO3 (110) 0.385 0.386 0.386 —0.5to +0.5 CazRuO,4
LSAT (100) 0.387 0.387 0.387 —1.0to +0.3 Impurities
NdCaAlO,4 (100) 0.368 0.368 1.212 —1.3to +5.2 CazRuOy4

8T, T EBOBERNRILKEITS DI, BHHRD L2 CapRuO,4 1% ab HIZH LT
dCRoz\/é AEWAT 2 2 2T, i KoNiF, HEAZH# L TWw 5, LaAlOz (001) B X U YAIO;
(001), NdGaO3 (110) X7 /7R TR TERE L 5 TW5, Table 2.1 I/RT X 512, EilRk
T ORRRELMICHEE L T CaaRuO, HEO T X > v LREIX, B TAEREER T T
2, BN RER D RERBEEZT 2, ZOREEHITOVT, 6 DOEKTOE
B TFD LSk 200N RSN S, 1 DHIC, B L EEAE O FE KIS DB s 5.
Ga ML HAR (LaSrGaOs, NdGaOs). Ta BE{LWIHEAMN (LSAT) & b H Al B{LYEAR (LaAlO;,
YAIO3, NdCaAIlO,) D5 AFHERIEAEE Z D12 W, 2 DHIZ, KoNiF, K& DR (LaSrGaO,,
NdCaAlO,) & b b #1715 IR (LaAlOs, YAIOs, NdGaO3z) & AMLEINICEETH %, D
{#Em2 6. LaSrGaO, (001), LSAT (100) Tid. milagef:T O AR OB FH K GE 2T &
LE S 22T, Mlil%E &£ CaRuO, IS Sk d - 7z (Table 2.1), —/7T. LaAlO3
(001) TIXHMD CayRuO, HEHMAE SN TV RIS b 5T, RSO LHNLEEEZE LTV
% YAIO3 (001) TIIHAHMEBIZE SN TWARL, 2D Z i YAIO; ¥ CayRu0,; ¥ DT R
BEDOREX (+3:1to +4:4%) WRAT 2 EZHNE, ThHDZ s, RFFLTIIEHET
¥ & F 3 v UEIC & - T LaAlO3 (001) B & T8 NdGaOs3 (110), NdCaAlO, (100) @ 3 D DHMR
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Figure 2.2 Out-of-plane XRD patterns of (a) CaxRuO4/LaAlOs (001),

CazRu0O4/NdGa0; (110), and (c) CapRuO4/NdCaAlOs (100) epitaxial films mea-
sured by -2 scan. The asterisks in (a—c) indicate di raction peaks from the sub-
strate. The reflection peaks of non-stoichiometric compositional materials observed in
CazRuO4/NdGa0O3 (110) are indicated by open circles. (d) In-plane orientation of
CazRu04/LaAlO3; (001) and (e) CazRuO4/NdCaAlO4 (100) thin films measured by

out-of-plane -scan, for Ca;RuO4 109, LaAlO3; 303 and Ca,RuO4 333, NdCaAlO,4 303,

respectively.
TOAIZIETHEMHOHEREIE S 7z,

23 XOOOOOoOO CaRuO, OO OO

-2 EToOmS XRD MIEH» S, BEHIEXF v VEREEZ#EH L7 CaaRuO, =¥ & F
> v VIEIE O & FEAT % 1T - 7= (Figure 2.2a—e), Ca,RuO4/LaAlO3z (001) Tl ¢ HfLm O ¥ —
I DAMBESNTED (Figure 2.2a), W ZAF ¥ U0 5REMRD 4 \XRYE —HLTWDE Z L
& (Figure 2.2d). (ZIFH M0 [001] FEFIEAE 5N TV S 2 & 2 L7z, Ca,Ru04/NdGaO;
(110) ICBWVTH, HEMEH O [001] BFIEAYE 5TV 5% (Figure 2.2b). FBILA=% < D
Ak BV TEAMNC CazRUO,, NdGaO3 EH 5 TH RV -7 BRI TVS, RIFY
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Figure 2.3 Reciprocal space maps obtained from the XRD measurements for the
Caz;Ru04/LaAlO3 (001), CazRuO4/NdGaOs (110), and CazRuO4/NdCaAlO,4 (100) thin
films around the (a) Ca2RuO4 119 and LaAlOs 103, (b) CaxRuO4 119 and NdGaOs 332,
(c) CazRu04 333 and NdCaAlO4 303, and (d) CazRuQ4 420 and NdCaAlO4 310 reflec-
tions. The orientation of the axes are based on the orthorhombic unit cell, which is the
original unit cell of bulk CazRuO4. Schematic illustration of the epitaxial growth rela-
tionship and strain state of (¢) Ca;RuO4/LaAlO; (001) and (f) CazRuO4/NdCaAlO4
(100) thin films. The figure depicts the insulating phase of bulk Ca;RuQ4 at RT.

WS PR~y B 7o bS50, oMY — 213 NdGaO; DL AL EMITHEER L
THRAELTLES, RERIGELBGET S EZ 55, CaRu04/NdCaAlO, (100) TlE. 1
EHAMH O ST 32 (Figure 2.2¢), 4t ZAx v U LERD 2 \xRe —H L7
Ca,RuQ, RO ¥ — 7 23R 5 TWw3 (Figure 2.2e), ZDZ eh b, 2 ook e 38 R D
[110] BLFMIREAE STV 5, ERDOEIN A TN D ¢ BiAE L T X 3> vy L EDED
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Z tid. PLD IETIER L 72 [100] LA T & %5 CapRuO4/NdCaAlO, (110) TH#EHE I TV S
[12].

B T2~ v &2 70 6 O WEFHE 21T - 72 (Figure 2.3a-d), CapRuO4/LaAlO; (001)
T, HEOHE NS T ERPEMRE — B L TWE 2R L% (@ =b = 0:536 nm;c =
1:216 nm)(Figure 2.3a), N1 7 Ca;RuOg4(a = 0:541 nm;b = 0:549 nm;c = 1:196 nm; at T
=295 K)[22] & hd cHIEAMELTWA Z eh 5. LaAlO; 2 & O MIEMEIG S (+1.0
to +2.3%) OFENE Z b1 b (Figure 2.3e), £7z. AR OEKD c fillRix. PLD ¥ (c =
1:224 nm)[11, 12] X b B ARV, Ru LY OEETIX. FEH D Ru REBEITHKF L T c il
EOHR ST 2EANCDH 572 [24], BEZRHFEE LD H Ru REBEMRRS N TWS Z L BRE S
%, —H T, CayRuO4/NdGaO3 (110) Tl&. CayRuO,4 119 ¥ — 7 ASH A @ [110], [1-10] 7
MR E LR - TW3B Z e Al X - (Figure 2.3b), Ca,RuO4 1% NdGaOs (110) E# ET
ab—L Y MEELTELT, HAMFERE—HL TRV, £, HED c #EE (1.208 nm)
FL27 CaoRuO4 (€ =1.196 nm) & d—H L TWwWhRWnwZI ehs, TEX I v VL IEE—IZ
MboTWiRW», ZOMFAREEGDFERE LT, ERO(CERNZEMICRER U 7 5 HE G E DT
WREZO6NS, -2 WETBHHEIATWAMYE — 27 3FERISE XS L TWE EEZDH
L (Figure 2.2b). NdGaO3 (110) D b Emamtlr HANTM I THZEEZ DI N TE
%, Ga bW EAR % i L 7= CapRuO4/LaSrGa0, (100) icB\W\Td . [AIkE D Fl K i6/E % i
#LTW3, Ca,RUO4/NdCaAlO, (100) TiE. Mtk T2~ v ¥y 7 & [001] J FI~EIR
WHENAS FEBD—H L TW3 Z & &R L 7= (Figure 2.3c), CayRuO4 ¥ NdCaAlO,4 O c il
£ (1.212 nm) i3—H L THEH. CapRuO4/LaAlO; (001) X b\ c BiEAE LA TWS, L
L. WA [1—10], [-110] SATREREDO C— 27 ML > TE D, CayRuO, JEHEDIE T &
(a = 0:532 nm; b = 0:534 nm) (X, NdCaAlO; DT EH (\/ﬁa = 0:521 nm) 21— L T\
W (Figure 2.3d), [001] /5 TAIN D BRI A8 FERB O —BUZ, HFAEGEIGER L TH D, [001]
HEDOFREEE (—1:3%) X D % [1—10], [-110] SO REEEE (+3:7 to +5:2%) DA K E W
7 THIEEZLND, ZDOIEh b, CapRuO4/NdCaAlO, (100) T [001] /IR
IVXRET v MSHDMb o T\ L HETE % (Figure 2.3f), ZD XS BETFFRESICLS T
VA ET v LS OBRAMIE, PLD IJETEE L7z CaaRuO4/NdCaAlO, (110) ot & — 3
% [12]

32



2B EMHIYZF S v VREREZEH L7 CaoRuO, T X F 2 v LEEO/FR

Figure 2.4 (a) Cross-sectional images of CaxRuO4/LaAlO3 (001), left: high-angle annu-
lar dark-field scanning transmission electron microscopy (HAADF-STEM); right: annular
bright-field scanning transmission electron microscopy (ABF-STEM). The inset in the
top is a schematic of the RuOs octahedron and Ca positions. (b) High-magnification
HAADF-STEM image of the Ca;RuO4 film around a single-unit-cell-height step on the
LaAlOj; substrate. Solid red and dashed red lines indicate the RuO, surface of CazRuO4
and the Ca;RuO4/LaAlO3 interface, respectively. (c) Atomic force microscopy (AFM)
image of the surface morphology of the Ca;RuQ4 thin film on the LaAlO3; (001) sub-
strate. The lower panel shows the surface topography along the horizontal red line in the

image.

2.4 ABF-STEM 10101 HAADF-STEM, AFM [1010]
Ca,Ru0,/LaAlO, (001) 11010

BB D 4 BT, BRACHEBICERN T2 e E X605, HERETRD DB S
CayRu0,4/LaAlO3 (001) 122\ T, R BEME: (AFM) 8 X & ABF-STEM, HAADF-STEM
12 & 5 M58E R % 1T - 7= (Figure 2.4a—c), ABF-STEM ¥ HAADF-STEM I X % & &4 Wi o 81
Kb, CaaRUO IFHEMRICH L Tak—L Yy PRELTED, ke OB FH 2L L7
(Figure 2.4a,b), EZ28lfiEk1C & % CaaRuQy, SIoRUO, TV X X3 v LI D S ITHIZE D & .

04ANM OEEDRT v 77 ¥ F 77 AME 2 RDEMTlE. OPB (out-of phase boundary) ®
TR DT SR nwe EZ 5T &7 [12, 17, 26] (Figure 2.5a,b), L2 L. &g crE® L
AIFFED CaaRUO4/LaAlO; (001) Tldk, ZD X I5BRT v 77V R 77 AMEEROHEMRITBWY
T% OPB QMM T3, Figure 2.4b 725 & J#E ¥ EAARD A5 H DR T LI
R U 7SN ZOETEIR. CaRuO, Dffifsis T ORBEBENZENT 52 Z ik o THRMEA TV S,
KD AlO, #4i L 7z LaAIOs Etiid, Z OHAgFOREZITER LTI 100 nm, &
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Figure 2.5 (@) Surface morphology of the LaAlOz (001) substrate after etching with
concentrated HCI solution by AFM image. The lower panel shows the surface topography
along the solid red line in the AFM image. (b) Schematic of Ca;RuO, thin film grown
on LaAlO; (001) substrate, where (left) steric-type OPB is formed and (right) structural
0 set is accommodated by the Ca;RuO, lattice, drawn with the VESTA software[25].
(c) Cross-sectional HAADF-STEM image of the Ca;RuO4 thin film on LaAlO3; (001)
substrate. Arrows indicate steric-type OPBs formed in the Ca;RuOg4 thin film, only

clearly observed in the 300 nm wide-range observation.

04Anm DRT v I 7Y KT 7 AEEPER XN TED (Figure 2.5a), Ca,RuO4 DEHAITAID
FER (c = 1:224 nm) ¥ DAREE D 5 OPB OEAULET 5720wk $TH 3 (left panel of
Figure 2.5b), L72L. Ca;RuO, D RuO, JE & CaO B DA ZEl L T 2 KIthE
2§ oh s Zick b, OPB DM L L fifilE T3 (right panel of Figure 2.5b and
Figure 2.4b), [L#ipH <D HAADF-STEM #i%¢T% OPB X A Y #Ilx 3. 300 nm DJL
FPAT 25V v 28 [26] O OPB A— 28l E N 7= DA TH - 7= (Figure 2.5¢), 7. CaRuO4
IR O F BN EME (AFM) B2 5. & 0:4 nm QAL R T v 77 > K7 Ak
YL OEHZEHEREA L TWS 2 BEE L TW5 (Figure 2.4¢c), 2D 7 7 AMEIX LaAlOs £ %
v 300 nm OMBETEREHTVWS Z 25, HAADF-STEM #ETH—8Hl X7z OPB
EXELTWS eE 2 505 (Figure 2.5¢),
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25 [0

ARE LR TIHI U DI, RO B REE TR L 72 CapRuO, TV X ¥ v LlECRIE
7o TW, o Ru REOMEHIZ HIE L T, RuBBLYERICIEEZZ O REEZEH Lz,
RETIE 6 DOEMR ETD CaRUO, “¥ X F > v LEBOER T HIEL., Z OMEHZ1T -
Tzo FEIRDLEN EMFEGITER L T, IZIZHEAMHOHEEX [001] Bl D CayRuO4/LaAlO;
(001) 3 X ¥ [001] A > CayRuO4/NdGaOs (110). [110] EifflfEd Ca,RuO4/NdCaAlO,
(100) TOAE 57z, CaRuO4/LaAlO; (001) @ ¢ #iED PLD HEOME LV E W 5,
D Ru RIBOMEHAIREE NS, KD RuBILWERTIZ, BEHHAOKFRESICL -
THEGERMEDTER E L2 Z & D3k e o 72h3, STEM 1ET R MWTHE 8150 & RWFFL O
CapRu04/LaAlO; (001) T, FEWMRMPEFECMZ oA TWE Zedbhrolz, XD IET
F. RS IRIFHATEREAE S 07z 3 o DEHIOWT, BRI Ru /ABEOIIHNCOWTH
L TWVL,

26 OOOO

CayRUO, HIRDFERMRITIE, 2.2 BTN IFEZESLMADEM T Y X ¥ > v VEREZEH L
7o HEORHERHEICIE. SmartLab (V 4 2) ¥ X * D8 Discover (Bruker AXS Inc.) Z i L 7=,
Cu K #5i2 k % XRD HlIiEZ1T o 7z sl KHETEIO STEM #{%21213 Quanta 3D 200i (Thermo
Fisher Scientific.) ZfHWT, MEOERS AL —L IV 7ML % Lk, JEM-ARM200F
(JEOL) 1T THEZ1To 72, HIROXMFAERIZHIZIX NanoCute (HIZNA 7727) ZHWT ARM
BRzITo 7
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130

CapoRuO, DD OOOOOOOCC
HiNin

3.1 OOdno

HiZE Tld Ru KABZ KIS 2 72912, 1.0 atm DIEEZELMFITHBNT T = 1200°C OEIRTD
TR #1T > 72, CapRuO4/LaAlOz (001) O ¢ EENEEHBEILEL D BN 25, R0
RuURBEMERIN TV Z e IN 53, VT =T ALY REIEEYE Sro,RUO, O TV
ZET 2 VEBICBVTS, MRREORERMEORIUCKE LB ELE5Z TV e EbATED
[1-3]. #ERHEICS 2 5 RURBROHEMEZ T2 Z LI KREREELD S, T, Kk
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%3 FE BEMHI X F > v VRELR#EAH L7z CagRuO, T V& ¥ o v LR o ik R M AT

DbBIERFT v LIENE CaaRUO, DETIRREEICKE LM EE 52 370, ZDBEXIRER L
DBRZFHFLSHFARNBZBENRD 2, ZNHDZ e, RETIRIZIHEMED CayRuQ, HEIENE 5
17z, CaRuO4/LaAlO3 (001) I & U Ca,RuO4/NdGaOs (110), CapRuO,4/NdCaAlO4 (100)
D 3 ODAFHIDOWT, ZOHERHEZ R T %o

ARED CayRuO4/LaAlO; (001) ¥ Ca,Ru04/NdGaOs (110), CaRu04/NdCaAlO, (100)
YT 2 M EOBFROFEVSBHI SN2 25, HNTEXFY v LVISHOMENEZ bR
%, BT XXy v UREREHLERE, WIhd BEREE LD b EWEFIREZRL, K
D Ru REEEOMIHINARE XN S, L2 CaaRUO, TE7 L= ARIDIEEE T H B IEE
o TW7zps, CaaRuO4/LaAlOs (001) 1&ZAUCHED R WIET L = ARIDREHE R FFO Z &
PHER S NT2e TERF T ¥ VIEHIZ X D CazRuO4/LaAlO3 (001) DIEfE RIS > TWB Z k
2#E 2 bh, CayRuO4/NdGaO; (110), CazRuO,/NdCaAlO, (100) Tld. Z DIEFIRDE X »
5T > 400 K b 0EEBIEED FEMRBEINS, CapRuO,4/LaAlO; (001) 1. THHEHMGI
IO L7 EDBEVF ) TRERR S, AERESBERIEHETD 2 2RI hs KERA
DS BIH X iz SIpRUO, TV X F 2 v LEEORE T, @R TOMMRED Ru X
B ERmREOMENCENTH o722 25D [2, 3. AMFEOER. FFEZEEATOREMT Y &
F X VERIED, EmE D CayRuO,s EEOIFEICHMTH 5 Z L RSN,

3.2 OJOOOOOOOoOooooooodn CapxRuo, OO OO
HiEININN

CapRuO4/LaAlO; (001) 5 & Of CapRuO4/NdGaO; (110), Ca,RuO4/NdCaAlO, (100) o 3
DDRFHZOWT, T =4-400 K TD 4 ¥ PR 2 5 L 7z (Figure 3.1a), Ca,RuO4/NdGaO3
(110) & CayRu04/NdCaAlO4 (100) ic oW TiE, HIZEIICH W PPMS(Quantum Design) @
BEY I v MZEkoT, 21240 290400 K ¥ 395400 K TOABFMBHENTET WS,
Ca,Ru04/LaAlO; (001) ¥ Ca,Ru04/NdGaO; (110), Ca,RuO4/NdCaAlO, (100) ¥ Tl
R 2 ML ER 7 225, WEh DR S 100-400 K T TCR(L.1 &) %75 LTWw3 (Figure
3.1b), CayRuO4/LaAlO; (001) DSz, 12 CayRuO4(Figure 1.3b)[4] & b KT & (KL
73, LaAlOg Ak A & D HENIERMEIE S (Figure 2.28) 12 & » TRBHBLE I NS Z ¥ Tl
Nz, TEXXS v UL E 2T 4d tyg BB D dyy PIE & dy,, dy, PLUEDHHIETT 2 2
¥ T (Figure 1.8) [5]. &@MHMRENT 2 MBE, PLD iETfE# L 7z CapRuO4/LaAlO3
(001) THREEXNTWV2 [6-8], —/T. CapRUO,/NdGaOs (110) i3/ VIR 21 LT %,
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Figure 3.1 (a) Temperature dependence of resistivity measured by the four-
probe method for CayRuO4/LaAlOs; (001), Ca;Ru0O4/NdGaOs; (110) and
Ca;RuO4/NdCaAlO, (100) epitaxial thin films ([1—10] current direction). Note
that the resistivity of the CazRuO4/NdCaAlO4 (100) thin film in the [001] direction was
beyond the measurement range of the voltage limit (95 mV) set by PPMS (Quantum
Design) due to the resistivity anisotropy of Ca;RuO,4. (b) Absolute values of TCR
obtained for CazRuO4/LaAlO3z (001) thin film. For comparison, the absolute values
of TCR obtained from the DC current-voltage characteristics of CazRuO4/NdCaAlO4
(100) thin film (Figure 5.1b,c) are also shown.

COMHEE LT, HEMbo TW2I¥XFY v LG NIEE—TiERwd Do (Figure 2.3b),
CayRuOQ, /@M & NdGaO3 TIEKEZREMNSGIRD ISHBEL 2720 THBEZ N5 (Table
2.1). CazRuO4/NdCaAlQ, (100) I2oWT i, K& F2%ERI L7 [1—10] A1 2 %4 LT\ 3 [001]
Hiae TRAMND 3729012 (Figure 2.3¢c,d), TEXF> v LS OFEBICOWTEGEEEEIC
AR A B L7213 AU B 71, CapyRuO4/NdCaAlO, (110) ToOME LU & 512 [6, 7).
[001] AFIO XX ¥ L /ihiFEE LTEH Z & T, CazRuO4 &J&HM (¢ > 1:225 nm)[9] DAk
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Figure 3.2 Temperature dependence of the resistivity of CazRuO4/LaAlO3 (001) plotted
for the Arrhenius plot (In( )-T ~*) and (b—d) the one-three dimensional Mott variable-
range hopping (VRH) model (In( )-T "¥®™*D ' js the number of dimensions), respec-

tively.

Erfiflafn, EEMHID bEWESIREZRLIZEEZ 5N %, CaRuO, &EMH & NdCaAlO,
D HBETIZ [001] T D EANEMEIS D@ L 72012, > 102 cm bOEWIESIRER L2 %
AT E %,

AFFED CapRuO4/LaAlO; (001) 1. EZ2ERL [6-8, 10, 11] £ b B 2-4 MiEmWikHiR 2R
LTWd, RURBIZE KR -V F =T, BRERBICILZ2EFF—TOREDEZ SN DH,
Ru RIE&E L E OGRS & o THEL 2HEMED ) IR T Z 5, RO D ¢ iRk
(1.216 nm) 13 PLD # (c = 1:224 nm) & D NI 26, BEHDKRIKC & 28 FDIEE [12] 3
mEEh3 2T, BAEMFEHRBPLTWEEEZ5NR3, 2L D, SRERIELEEIC
TEFS 2N D RFIES [13] DD F 2 Z ick o T, EHROMMEZHAT 2 2 LA TE 3,
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EfE DM figure 3.1a 2° 5, CayRu04/NdGaOs (110) ¥ Ca,RuO4/NdCaAlO,4 (100) 2B W
THHMAT 2L HTE B, MBE I TIES L 72 Ca,RUO4/NdGaO; (110) DEHI% 73 0.6 Q cm
(at 300 K)[8]. PLD i T® Ca,RuO4/NdCaAlO, (100) 7% 3.0 mQ cm (at 400 K)[7] £. %
5 B ARWSE (Figure 3.1a) & D H X2 DITEPIRI/ PN WV, KiFFED CaaRuO4/NdGaO;3 (110),
Ca,Ru0,4/NdCaAlO, (100) WM OIRFIR-RERE S . Eh o Ru RIERICK S REEE T
THEH, BRI D HEOEFREEF O Ru KEEOMEICER LTV e EZ 5N 5,
L7 CaaRuOy4 DIEPIR-TEAEREEX. T <250 K T7 L =v 2B {EEF L (In( )-
T=1) % —RDE v FNAIEHF A v ¥y 258 (In( )-T ~12) 7 2 L SO0 —5F 5 2 L 2lE
XNTW3 [4, 14, 15], BEBIRE (Twir = 357 K) (TR AL DEEEF AL SN ZH, T
FLX—F vy T ENEROEI ko THIEXNTWS [14], CaRu0,4/LaAlO; (001) 125
WTHMREE T VDN 21T TE D, T =4-400 K OJIEHHE T Ty L=y 2B REE T
e, Ew MAEHFHPR Y B MREIEDR W ¥ BER L (Figure 3.2), ZOZehb, T
V& %> v LB L7 CapRUO4/LaAIO; (001) BRI, Ny REERDZEE F DS
AT 5 Z I3 TELRVEYD, ZORFMBOLLEEEHEELRIGER T2 EZ 005,

PLD {ETo#Hi [6, 11] & [HEkIC. CayRuO4/LaAlO; (001) Tl fE A A EiREL o — X AHER
BICERE L= RS v > ZHBRE AT VRV, LaAlO; (001) EMiA 50T X F S v
B K o TEHEBRDIAD 01272 TH2EZOND, RABRDE 4 BT L #Eim 3 225,
Tm = 240 K DU CTERBEOEIMKE L B 2Bl hTtws 2 ehbH, T <240 K
T TERITHEIT L TR WIEEZEIRETH 2 AREMD H 5, — /T, CayRuO4/NdGaO3
(110) ¥ Ca,Ru04/NdCaAlO, (100) i2BWTlid. HH A L2 CapRUO, BB/ L D 132
PIZE L, HRAH e AEr 2N EOETH 2 Z 2 h 5 [4]. figure 3.1a O HIE &P Tl EEPT
KB o TWBEEZLNS, ZOIERH, TEXFZ v )LIGIICE > T > 400 K & DEW
HBIEREICR > T\ Z e TIN5,

3.3 CayRu0,/LaAlO; (001) OO OOOOOO0

HBARDE 4 B TEMAEAIEBE B X N7z, CazRu0,4/LaAlO; (001) 12 DWW TREKERS
P FFfi % 4T > 72 CapRUO4/LaAIO; (001) Dk —LAEHIH ( 1) 12, 0-9 T DEIRSTIE
WP OEIERE & /R U7z (Figure 3.38)  xy— oH FEMEDE & % HICEH X 7o R — AR5 (Ru)
Mo, X vV 7IXELTH 3 (inset of Figure 3.3a), %72, Ry 226RD=F v U 7B
4:3%10%%cm™2 (at 50 K) 3 X * 1:7 % 102%cm ™23 (at 200 K) ¥, L2 CayRuOQ,4 D v V) 7
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Figure 3.3 (a) Magnetic field dependence of the Hall resistivity xy and (b) in-plane
magnetoresistance for Ca;RuO4/LaAlO3 (001) measured at (a) T = 50-350 K and (b)
T = 10-100 K. The inset in (a) shows the temperature dependence of the Ry derived

from the y measurements.

FE 3:5 % 10%6cm ™2 (at 200 K)[16] & D 3B ICEWMER R L7z, LaAlO; (001) EHiA & DA
JEMEIS ST (+1:0 to +2:3%)(Table 2.1) iICX > THF ¥ VU T7REENEE o TVWEI I ENEZI LN, N
V2 CapRuO, TO—HliES = [13]. {LERIETS] [5] CERIBHEDZELT 5 D & RIS, HNE
AN X 2 Ad HLED DA [5] D HEtHT 2 2 TE 5, LA L. ABFZED CazRuO4/LaAlO3
(001) DIFEIT/NE W Ry Z&iHT 51213, PBF vV 7 THLETFOHEDERICAN D LED
HH. ELE EFIREL CHEROEREREICHEZ LG 2 TV AREED D %5, Caz_xSrxRuO4
Ry DREICKESHERZITI 2 I PMESINTED [17. Z2OEEF ¥ UV 7HZELP TV
METH 2, LrLEDS, KiFFED CazRuO4/LaAlO; (001) TlHmEFx v V 7 I3 b8 FIESL
TdH -7z (inset of Figure 3.3a),

2NV 2 CaaRuO,4 Tidy HEIEIINME & o THBEMHERF DIEKIC X 2 B OIS T2 773 57 [18]
AR O TIZ, AR KR EZRBREZM T A2 5 R ERAOWMKIESIABHIAIE N, T <50K
DIRIRFEI T, EELADWKESEPBH SN TED. T =10K, H=7T T —9% D
SAEEPTZ BN L T3 (Figure 3.3b), Z DZEH)ik CaaRuO4/LaAlO3 (001) X EARAE Ay sRmg
HTH2 2Rk LTED, RERADHWIIRIUIRTEN FD LT CazRuO, THRIBZNT
WHERAE D5 X [18] 26T 2 Z e TE 5,
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3.4 OO0

RETEBEH O Ru RIBOIIHIZ HIE L T, JEEZERMAEEZ A L7z Ca,RuO4/LaAlO; (001) 3
& &8 CazRu04/NdGa03 (110), Ca,RuO4/NdCaAlO,4 (100) 128 W\ T, EAUENERE ¥ K b6
BERHEOFHIZ 1T - 720 WITMOEBICBWTD, EEMPBEOME X D & HHTE VISR B
SN s, BEHO RuRESIHIZEA TV Z e RBEN 5, 7. CayRu04/LaAlO;
(001) DELEHERMEE, 7L =7 RBDEEE FIUCHED T, — M7 PR 2 13582 2 R
W% D, CapgRUO4/LaAIOz (001) DREKUEHERIER M2 . N7 XD b EHIKE R F v 1
TEERHE L, BERESBEIMETH 2 eI h b, XETIE, BEHO Ru KB
DR E N3 CayRuO,4/LaAlO; (001) I2HBWT, EiDOBRSERFMHEZ1T S 2 & TERBIE
RIS OB Z iR T 5.

3.5 OOdo

EHRTRERE B & R — VIR, BESHESTORNE . PERYIMERIE > 2 7 4 PPMS(Quantum
(5 nm) OEMZ CapRuO, HE FIT/ERS 2 Z & T, 4ImFHlEZIT- 7
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(14 ]

4.1 OO

2%, 3ETIFEF D Ru KB OMEIE HiE L T, IEEZEELMFTORREKEZEMH L7z CaaRuO,
HIRDOWE & AR E DI 21T o T &7z ARFED CapRUO, V¥ X ¥ 2 v LEETIE, STEM
B SRR RO ERABIE XN 2 e, BERELE LD W clfiR, X512 MBE, PLD
EEIDSEVWIEPIREZ R L2225, BEHDO Ru RIBEDKRBREINE, KAETIZZOD X
512 LTI L 7= CapaRuO4/LaAlO; (001) 128 W T, EHD 2 SFHlE D & B —IRER M0 E
MBERE . BR-EEREZIHMET 2 2 2T, ERAEEE OB L 2 0%8 0 FHE % H
B89,

ARE T Ca,RuO4/LaAlO; (001) O E B T OMPI-REREIC B W T, BIFER R

48



54 B EROESXAEIC & 2 B AR RIRRAREB R O FHI

Figure 4.1 (a) Optical microscope image of an Au (35 or 100 nm)/Cr (5 nm) in-plane
two-terminal lateral electrode fabricated on Ca,RuO4 thin film for DC electrical mea-
surements. In (b) is an enlarged view around the gap.

BOFRBENFE NS, BREEREFOEIIRD ZBHL 7z, —7 T EEERMOES-THE
R, —RMEEBNZRE R T Y SR 2/ 5 EFMN R SN, B A HIINEEIC X o THE
WAL L7z, BROER-BEEREICEWT, B4 FTIEFE% NDR 2@l s -—
Ji. FBIEHRS 5 R Tk NDR fSEBUIIRHI R 4 v 7> 7 LBl S Nz, B0 D IR LEE
P> 1%, L2 CapRuO4 Tl i o IS IxH < h, 27 d 15 [H
DD IBLRENZFHOZ L 2R L, V2 — LBOHENTHN 251 EDEITH LT
b, CapRuO4/LaAlO;z (001) D ER-BIHFFIEIXIZFE A B L RD o7z AFFICE - T, &
MBI 2R T CapRUOs ¥ X ¥ v VE#RAE SN/ 2 T, MHIBEE 2 RS 2 7
D OFEMRPEDSREIC R D, L7 b= RCHORRERZFHEST 2 2 e BN TE B K51
ol MY HOBE, LD, TYXFY v LEREME - MMM TR XD, 2k
THNS N o e EERBEFEBICB T 5. PR FAHOBRRIHGFTE 5, 1B,
CayRu04/NdCaAlO, (100), Ca;RuO4/NdGaO; (110) i2DWTld. Ca,RuO, Aok E T
MFHEAERIC X o TREREHIN R SN0, XD 5 HTHEMT 5.

4.2 CayRu0,4/LaAlO; (001) OO OoooooOo-0od
LI10d

Ca;RuO, i iz, 20 um O ¥ v v FRfEZH 3 % Au (35 nm)/Cr (5 nm) OH N A Bl %
YER L 7z (Figure 4.1), 7238, #&ihD 4.3 HiClE, IR DIRAEZ%EE L T Au (100 nm)/Cr (5 nm)
ANAUDEARICEEENA TS, AWHFETIEZ D 2 T EM% FAWT, CapRuO,/LaAlO; (001)
Bl 2B EEESMTOBYI-REREZ 7 L 7z (Figures 4.2 and 4.3), 1.0 uA-10 mA
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Figure 4.2 Temperature dependence of the resistance of Ca;RuO,4 (100 nm)/LaAlO3
(001), measured by the two-terminal method with continuous constant currents from
1.0 pJA-10 mA at T = 8-300 K. The inset shows a schematic of the two-terminal electrode
with a lateral gap of 20 um used for the measurements. Ty of about 240 K refers to the
temperature below which the resistance decrease with increasing current density in the
thin film is observed.

DEBMEIR LI R SIT o WED S, BRARMEHEORINGER T 2 EZ 005, &
TR AT L 7= 520 hr I 4R PLIRD Z2 81 L 7= (Figure 4.2), & OIFIZE(LEEIALENITH D,
10 mA TORERIRBRERD R-T FHEXHET 2 Z L 2R L TV 5, BIEBEKRFOED
ZIET >20 K TIXIFE A ABNR L5 Z 25 (Figures 4.2 and 4.4), Ty = 240 K 73
IERF T 2SI K o TRD o B RICHINT 2 e EZ 6N 5, ZOfEIZ MBE EETIER L
7= CazRuUO4/LaAlO;3 (001) DR (Tp = 230 K) & B8 [1]. MBE i & I3 HEHTR 23 $i0hT 2
BoTWb, ZOWPIRDEIZ. Ty ODRERS 7 F 25| Z R WIEE OHNEHHIG ] OE W
Rlick->THELEEEZ NS,

—J5C, BERT M T TOBRVRAREREICE VT, RIBRIRTIEES RIS 2 Z L 281
L7z (Figure 4.3a-d), Z ORIELRETEFSIL, SBMEFIRIRE O — X CHABIICR S50 5,
mERSIREDO e A7 1) > A% /R (Figure 4.33), 2D & = HEEAE TR OB 2.9 mA
25 9.3 MA NEBICHEML TB Y, EEREMTORII-RERE (Figure 4.2) 2256 FHTE 3
BIMOBEMEY —BF 2, Ll S, EBMEMHTIEL AT Y P REREIRWD, EEFSR
RO RT Y 2ROV T figure 4.2 DfED S IEFHHT E RV, 2 O—KIFERENZEEICDO W
T3, PR ICH T 2= (d(log(R))=dT) 225, KERKEF Y ¥ AU 7 (T =33.5K)
ZHoTWa Z R E N (Figure 4.2c), F7z. Z ORERT IR OIBIRE XIS 5 EHIZ
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Figure 4.3 (a) Temperature dependence of the resistance of Ca2RuO,4 (100 nm)/LaAlO3
(001) measured under continuous constant voltage of 6.0 V, and (b) its voltage-amplitude
dependence. The current values shown in (a) are for the two representative current value
before/after the rapid change in the resistance was observed. (c) and (d) are temperature
derivatives of the resistances (d(log(R))=dT) of (a) and (b), respectively, to evaluate
potential barrier and voltage-dependent transition point shifts. The gray dashed lines

are eye guidelines for peak positions.

EoTRELY 7 T3 BHELTED (Figure 4.2b), 15 KV™! & o BB ITH 2 U7z
7 AR E S 2ER L (Figure 4.2d),

I T DIEEHEENTOWVTHEL 3B > TW <, CayRuO4/LaAlO; (001) I2BWT, Ty = 240 K
2R3 X512 L TO2 o@D FANCIRERG 21T o 72 £ Z121d (top pannel of Figure 4.4a). 5
HEE (@) &b b mHERE (@) oA EWRIIE RS 2 L 2R L. SRAORENRKRICKR
23T, AROEPIDPRD/NELRZ LT, ROV 2 —VIIBADBHEAELTWVWBIETTDH S,
Figure 4.4 OMNIARA DRETH 3720, EROMFHRE L 0B WEZET 2 BFIEDH 525,
@EFY 21— VB RDKRELRZOZRALTVE D, @ORFHRENQ X D HEV I 2 IX
ZEZIZK W, Lh L, @OHFHBQOLD b HERIEIDEL RoTWnd, ZOZensH, QOEHIAH
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Figure 4.4 Top panel: temperature dependence of the resistance of CaxRuOg4
(100 nm)/LaAlO3 (001) measured under continuous constant voltage conditions with
V = 6.0-8.0 V across Tm = 240 K. The arrows indicate the directions of the tempera-
ture sweeping. Bottom panel: possible domain structures in the Ca;RuO, thin film at

each step of the temperature sweeping shown in the figure (D-®).

BOEEZ, ¥ 2= X 23 BHEE O ERTIRFHTERY, 200, @ OEFiEI4ET
7EK Y LTk, s 0B REE DG DENDE X 505 (bottom panel of Figure 4.4), ik
B RS REVREEE 8K o v & (©), 1:0x 1:0 cm? TIEH L 7= CaRuO,4 EEDIFIFET
DERD EIRPIRIC 72 > TW 3 ¥ TR T E % (bottom panel of Figure 4.4 ®), iRKEDEE R
EREETN &, BRFEMEZERIC L o TERIADERICHD T 2, 20k E, Au/Cr EMfE D
B WT, RFANCEITER DRV EE RS EFEESTER S N 55, EKDZ  BEESRHET
HBEeNTREND (), ZDH. Tm & D HIKRHRED A 32 2 & THEERR SR
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2% (@), ZHAITED, EEEMIEMNT 272D, CayRuO, A DERHBEIIAZ DT
%o HHERE (@) TlE. 2OXI R LTHD LE-BREEICE > T, EfRACEEEIIRE M
flxhzzeichsd, 20k, KEFEHOREE, REFLULBIC Lo TREE 2225 E
2605, DO LD HEVIESUREZ R LD, BREFEEEE T RMCR NS, ~Y—7
SIEA R XA VDI [3, 4] IC Xk > THBIT B2 TE 3,

4.3 CayRu0,/LaAlO; (001) DO OODO-0000

Ca;Ru0O4/LaAlO;z (001) 2B W\ T, 2 Ui F &M (Figure 4.1) 2 H\W CERD EiR-EEHIE %
fT - 7= (Figure 4.5), EiftiA5 HIED &, FEOBENZLEV CazRuO4/LaAlO; (001) 1 5HE 72 Ik
MIARERE 2 R U ize RS, SEHE O (Ts) < 80 K KRR TIX. PHfEZ NDR (negative
di erential resistance) 23 %8| X 417z (top pannel of Figure 4.5), Z#ii "L 2 Ca,RuO4 ¥ [A
BROZEENTH 25 [6-9]. L7 XD BIX 251 FEE% NDR BHfEIE N TVS, Ts<80 K I
B B KFERE LTI, BREEOEINKT L TEIIIRL D L Tw L, LrL, &5
WEREEDEM U 72 NDR 2803588 Lz, 2D k51U T, EffasI&oER-ETE
FETIE. NDR Z 85 I EEREI Bl E N, —75 T BHEMIIZEMATIE. 20 NDR #
BTERPABICHEMNS 2 22T, BIIRA v F 27 LTEHIX N 2 (middle pannel of Figure
4.5), ZD XS RIERPITHESIRA . BRI A v F I 57k 5 2 BRIEOERYEEIE. ik
. IRV OB BIERIREE TSN T\W3 Z 225 [5-15]. JFEVEI O T OB L ZRE) T
HBEZLNTNWD, BIEEDERITH > THRPLIEIIDED L TV X H =X LI T
FEHMS R EINTED, ALasrF 4 F AMyQg TIEEBEHE KX A4 U HRAICEELTWL Z
12k 5T [10-14). NF VU ABIHIDF ) 74 ¥ CRERICHREINTF v U 7HRLEKS
N3 THAEATWVS [15], 22 CapRuO, T3 v U 74K A =X 2R T, B
EOWIMIMEFEL e m NV F =X v v TORAEN, BB T 2EWIIANOHAL L TIRRE
ATz (1E1.2R)[5, 16], —H T, ABKEZAL v F 2 IZOWTIE, NFI T LB DO F 7
74 ¥ COIFBEERTIE, NDR ICESWTHRET 3£ 2 50 TW3 [15], L2 CaRuO,
IZHEWTH NDR T, JEPHAEZ @RS RM (S ) 2 SARIEHTRM (L M) ~NEIRBEHO—
KGR E 5 2 &2y, Eifl-EERER OEEBEMIFEBIE (Figure 1.9)[6] <o :E F - CTHIHI
INTW3 [7, 8, 17], wEic, BEHfRTI5MTO NDR i, BERTIZHETOERIIAA v F
> 7 ORILEFAT % (bottom pannel of Figure 4.5), EER5I5&M T, B ICHWYE
KT X—&7F 49 (Keysight 4156C) 25, a> 754 7> R &R (CC) IEL ZBICETE
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Figure 4.5 DC current—voltage characteristics of CazRuQO4 (100 nm)/LaAlO3 (001) mea-
sured using in-plane two-terminal electrode under (top) current- and (middle) voltage-
sweeping conditions for stage temperature Ts = 40-200 K and at RT, and (bottom)
correspondence of the current- and voltage-sweeping characteristics. The setting and
actual values of the applied voltages (controlled by a Keysight 4156C analyzer) are used
for plotting the middle and bottom panels, respectively. The arrows indicate the current-

and voltage-sweeping sequences.

T4 =Xy ZEfERITo T3, ZAUuT kD, CCIEL B daEkhiciin 2 Eiis. NDR
DRRKEBEBROMEFI TAREICI vy T L TWVWS, ZOIZLIEIVWTEZ S L, KL TIIENR
DRBIZIEIM A T RE/L BB ARG [HIE T, NDR SRR A v F o 7 LTHHlEh - Z e h
5. CayRuO,4/LaAlO; (001) DERALAELMAEETH 2 Z L N FHINE, TDI LIZOW
T, %R 6 BT MHIE 2 3 2 2 & THB O Rl 2 7T 5 0
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Figure 4.6 Current—electric field characteristics of Ca;RuO4 (100 nm)/LaAlOs (001)
measured at T = 8 K for (a) 15 field sweeping cycles, (b) two cycles with di erent voltage
polarities, and (c) three cycles with di erent sweeping rates controlled by measurement
waiting time t,. Note that two di erent samples were used for the measurements shown
in (a,b) and (c), respectively. The arrows in the figures indicate the directions of the
electric field sweeping. The horizontal lines at 20 mA show the current compliance set by
a Keysight 4156C analyzer. The lth and Ew in the figure indicate the threshold current

and threshold electric field, respectively.

4.4 CayRuO4/LaAlO; (001) OO OOOOoOooOoooOod
L0

N7 CapRuO, TIXEMALAIEE ORI, K MmAHE DK E LRZEMIC X o THi i O BER A
FET B8, 2O Z IR LT, L7 TEFMICZOEHEFANSE e BHR#ETH - 722
Eo, S TikER F—792 2 THEMMEDZEZREMT 2iANRINTE[8, 19,
Ud L. A% CapRuO4/LaAlO; (001) Tldk. &M HIEIZAIEICIIH & h, BHRARLER
DREL 4D R UREHS & t- (Figure 4.6a—c), Figure 4.6a (X, BER5ISMHTOENR-
BLFHED 15 B DR L ZEMFMTH 5, 15 HEHEDIEL THRMEITIZE A CEE T,
Een = 9:6-9:7 KV cm™! DIFIER UCBIEES CIRIIRA A v F > VBFEB L, £/ 20O I-E
ik, BBEMO A EZZZTHIEE ALZL LW (Figure 4.6b), IREFEAEEETIE, V2 —
IR BRI K D IR A v F 2 7 DRIEER lin. BIEEY Em 1> 10% DX 50 EH4E
U 375 [20, 21]. Ca,RuO,4/LaAlO; (001) Tld 2N &b & KIFI/IhE WV, ZDZ L 2HAT 27
DIz, BRI OEEEZ(LE ¥ 3 Z L T CaaRUO4/LaAIO; (001) & I-E Hitk ¥ Bk o 5
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Figure 4.7 (a) I-E characteristics of Ca,RuO,4 (100 nm)/LaAlO3 (001) measured at T
= 80 K with di erent field sweeping rates controlled by measurement waiting time ty .
The higher current region is enlarged in (b). A sample di erent from that used in figures

4.5 and 4.6 was used for the measurements with the same electrode configuration.

% FHifi L 7=, Figure 4.6¢ 1. 10 point/kV cm~! o#lEE S LT, 1 point Z ¥ 2 tw = 0-10 s
DHERBIRMZRET 2 LT, My EHEZZLIELDDTH S, ¥ a— NN E ZDEYLEL

IRFRMRIENED B 2 72, IREFARIEEICE T % Ev (FESRG | OMEEICH < 17T % [20],
Figure 4.7 1%, JHIEDBFEHHREEZR T 2 72912, T = 80 K T I1-E FlE 0 @5 s E R E%
AR DTH 2, ty =0s D =, FHARHIHN 2 ERICIE. Ca,RuO, HIED JFATRE D ZIC
BET2LRTVIRAPRGNE, BFRED LRICX > T, B LB X0 EHRE NE
2" o fH, BN 3 ERAKE L oTWw3 (Figure 4.7a), —/ T, ty =10s Tk 2
7V ¥ R F72 v (Figure 4.7b), 2O A7V ¥ RIZDWTIE, CazRuO4/LaAlO; (001) A3
ty = 0s TIFEIFFEHEIRARIC, ty = 10 s TIHXFEFEHIRABICH 2 Z L THIAT 2 Z e A TE 5,
V2 — U & B RFHRED FRICOWT, B BT oM REN R T X 2548, B
REIGET 2 2B TERVOT, MEINEIC X 2 BRI E B, —/H T, BHRE NE
BT T E2M5EEIC & > THHAIRA TR 27010, BFHIREE L D HIRFIDNE ko
TLES. ZOIho—THHERIFEEE T b, BIFFEIRETIIES LR, B EfETte X
TV REROZ L ZHHATE 2, SHOWERTIE L, =0s & t, = 10s T, BIEFEHD 51F
FRCEEIREEICER L T0a s, BV E THBMEED ty 2B T2 EX DN TE S,
INHDZrEEEZT, I-E Fiitr BULEORICFE 2 & (Figure 4.6¢). BIEFEAEIRREICH 2

w =08 LIZFBFEHIREICH B t,, = 10;30 s TIRAATRESMHIZEZ 212D S T, I, Em
ARG IEEIC Ko TELETIEEL TV,

KEFZETOERMEICB T 2BRBEIREZVED ( 01 MAcm 2, Ja— Ak 3
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WEEPEERTIVEND S, hido 6 BTHMICHRT 220, BEFLAEZED S QMR T,
Ca;Ru04/LaAlO; (001) TEIHI Sz & 5 BB RIRIIR A v F > 7218251213, BIERIREF
FABERE I RA] R TH % [22-24], LA L. figure 3.1 25, CayRu0,4/LaAlO3 (001) 13 &k iR
EFARREE 2RI WD, RO RFTINZZIMED SIRFIR A v F ¥ 7% 3HT 2 Z 2 3 #EL
Vo ZOY 2= VIADHEIZOWTIE, AEOEBEEMATOBR-EEREICEVTHY 2 —
VEACTIIFIAT E w2 & 23 L7z (Figure 4.4), JEBVR OSBRI ICEWTIZ, 20
XA ZXLIZDOVWTEY b AN=FF v v 7DV = F kR [25]. 77 > > = &R [13]
PIRBEINTWS, LAL, ZDE5 KX A=A TIIERIURIE » (RIFUIRER o 2 1 728
BE5 &I 7291, Ca,Ru0,/LaAlO; (001) THEIHIX N-iECh RIEHEEE 23T 5 2
EHMTERN, LY CaRUO, 2B 3 Bt B OBINKEE L 72 e 02 IR 12 DWW T
m\%ﬁ%ﬁ%%ﬂﬁof4mamwﬁﬁ®£ﬁ$ﬁ%%?%:tﬁ\1%»?~¥¥v7ﬁ%%
DPITIRFAET 5 L VD X=X LBREEI RT3 (Figure 1.8)(1.2 R)[5, 16], 7=, &EM D2
BIRYIEAS DB U TSRS » b S B - ER-BERE, . BICE v ) 72EET 2
ZETEBHEHRIXA UOHEEL T EESBHIXTWw 5 (Figure 1.9)[6], CapRu04/LaAlO;
(001) IZBWVWTH, I o EFHICL TEMEE DN L T2 % OfEeh R KPR 2 3iH 3§
ZZeMTES, LhL, N2 CaRuO, DHIMEEY (Ew = 40 Vem™H[18]. F v U 7 &
(3:5 % 10%8cm™2 at 200 K)[26] i2#f LT, Ca,RuO4/LaAlO; (001) DRMEE S (10 kV cm™1) A3
BAWCKENZ L, F U 7HEE (1:7x102%cm™2 at 200 K) 3 EHTAZ W L Z2FHHT 2720
WZiE, SR TR F T v UL L BIREE OB OV THHMICHR S 2 BN D B,

FEE 25T DS E 2 L 72 CaaRuO4/LaAlO; (001) i2B W\ T, BIRFAELAIRE D FEH
DHIfF NS, BIREEOMINCKRIE LB RIETIRD 28l Lz, BRFESI&HETToE
FEHIE TlE. NDR 2185 i R I RER B S e, —75 T BERSIGRMATIRZ
@ NDR SIS A v F > 7 LBl Nz, 2o Zeh 5, CayRuO4/LaAlO; (001) T
EEHR TR R L TO B ATRENED D %, RBMIKIEE O VBN R B O 470 63, #K41
A4y F U ZRIGHA L= 2 —0ELT 1 v ZIKBEDRIIRICIE. BRHEENEZESLS T 27012,
HBHIAA v F ¥ 7 OREFTHEHEETH 2, EIRHIED & @R RHTHFE A 2 T 2 ATRENED D
270, ik 6 B TR 2 HEHIE 2 & 52l 21T 5 Z L 2§ %, BIRALRERRE T,
BEFRELELRNCHEERETE 2 X ) =X 2 2HK070. BRMSE LB 2 2 BIfELENE & BhifEdl
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%8! "7 2365

+1%4—
+1%i—

Figure 4.8 (a) Schematic of the photolithography process used to fabricate the Au/Cr
and Pt in-plane 2-terminal lateral electrode patterns in this study. (b) A two-layer OFPR-
800LB/PMGI-SF6 photo resist was spin-coated on the Ca;RuQ4 thin film to dissolve the
PMGI layer more faster, helping to suppress burring at the edge of the electrode and to

inhibit electrode peeling during the Pt electrode lift-o process.

DI XN TV, AFEOEREIEICHE T, N2 CaaRuO, 22 247 & d 15 (A
bOLE LA v F v 7, REEEOEMCEEINR Y I-E FEZBI L. Lo L.
X O DD IR UVEKEESCHMIFZ(COFEZ 3 2 0ENDH 570, ZHAIZDOWTH 6 FHIZTHHf
21795, fid BETIE, IXZHEMED CaoRuO, TV X ¥ v L{EENTE 5472 CaaRuO4/LaAlO;
(001), CayRuO4/NdCaAlO, (100) IZHBWT, TR F ¥ LGS & & FHER IR L8R
ROBRIZOW T & iRamx T %o

4.6 OO0

Au/Cr @ 2 b F 8B X — > DOJFRLE,. 7KER h ##12T OFPR-800LB/PMGI-SF6 @ 2 Jg§L ¥
2 b FB%. BURIK NMD-3 TOBUR 2R TER L 72, 1557 EM X — 210t L THEGN
BIEAETAU/Cr ZHEZEFKE L7DB, NN-YXFLARLLT I FITIRET S ZETLIR +OR
EBLRV I A 7% To72 ZO2ELIYRAMIEMAR -2 DLy VEZERIZSPITIEKT
5. VYR BB ZWEINCUIDEET Z T U 7 b AT OBICEMOREEZ B <R
Brfrx 5 (Figure 4.8), FHIHERIARD 6 BEICBWT, BROHEL LA D Cr ZHW
FTICPLEMEZERT 2I0E, V7 b A 7KROBMOFBEZ <7202 2L YR MIEEIC
7%, EII-REREDOBRMKIFE I~ L F X — & — (Keithley 2002) 3 X 'EEE (Yokogawa
7651), 754 A — T TR L7 AT ATHIE L 7z, BIR-EEREEZ, FEERARI X =27 F
7 4 % (Keysight 4156C) & MyKiR 7' v — 7 X7 —> a » (Nagase GRAIL-20-305-6-LV) % fii
L CHIE L 7.
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(15[

51 OOdno

R Tl. CaRuO4/LaAlOz (001) IZB W TEHRDO B EEREMZITS 22 T, TE¥X
Xy VERRTOBEMACHEBORBZHBAL 72, KAETIZ, T8Iy LILHDORLS
Cay;Ru04/LaAlO3 (001), Ca;RuO4/NdCaAlO, (100) L T, TE¥XF v LISHMEZ 3
BIRALUEE DM EZ TR S, »12 CayRuO,4 DIFKIHZER S (i2 4 v 5> 2, NDR
2E)[1-7] OB, BOB TR THEEERIC & > T, AR TOBEE 1 0@t I ZL s % 2
EHHBNTWS [4,8,9, 2DZehb, CaRUOs XX v LEKICI LS 2 Z 28T
FhUX, MRIOEBAIREBIZ X o TIFEREBR 2 HIHC Z 2 7[R H 25, L. THETE
DIV XRF Y v VEROEEEREETH 572720, TEXF T v VLT L IFBREHROMGRE
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FAND Z T TERD 5,

VAR, BB R A v F > 2 [1, 4, 6, 10-16] ¥ NDR 258 [1-7, 10-21] Z/GH L7=E v M
XEYRK[16,22, B8] BEIREY MUAT =2 —m > [11, 12, 22]. € v EIZEHRS [10-14, 22]
DEFBFEI N TNV S, BFORMERIEZ HIE L T, IERBRERSR 2 Hl#H T 23 A A
TN TV BH [12, 14, 19, 21]. 2L DMK Y 2 — LV BH R OB % Fio 72012 [12-14,
18-21), JFHEEH R RE D & T3 RIS T ETWRY, REFEEEBRZRTANF IV LB T
. Y2 UM Ko TT7 4 F XY MROBEHE XA ARSI N 2 Z 8T, ISR
DIFIET 5 [13, 14, 18, 20, 21], ZOLBH KN X4 YO T vt 2B WTIX, ARENTEEL
TLE 570, I SRR EHIHT 2 2 L IIRHETH 5, S HI1TE. BEMH N X4 OZERIY
BRI X o T, BI-EEREE AR ERNIC R 5, — /T, AFFLD CaRuO, Tl
IERF S v VB K o THRAELLMEBOEAREIZ X o T, IFRBIRERR 2L E L CHIET
Z5A[REMDDH 2, ZDZeh b, CaaRuO, DEFMFAERMIA T, REFEHLZE LD HE»
EERIEMEZFr D 2 e BIFF SN %, AFETIE, TV XIS v VLT D5 2 BfG R EAR I fF#
L7 Ca;RUO, ¥ X ¥ x LEBIZBWT, Z0EM-BEREZHKT 2 2 T, B FHEER
BEIERGARERSICNT 2 T E X X » VDI O EEZ TR S,

AFTIE, [001] BllAfED CaRuO4/LaAlOs (001) 128 W\ T, NDR Z&) % £ 5 Bl 72 SR A
R R B L7, ZAUSH LT, [110] ELffED CapRuO4/NdCaAlO, (100) T3, c iR D%
{LOMFNER T 2 - EZ b d. B EERFEDIIZTERREEIBN SN, ZoZtick
D, Ca,RUO4 DIEMAREHRICIE, TR F T vy VBT X 2IHEREZENBND Z 2 IR
. FROEY Mlara—TF 4 VIR FANOHEERHAEANE SNz,

5.2 OOOOODOOoOOoOOooOOoDoooooooooooon
oo

AT [001] BLFIfED Ca,RuO,/LaAlO; (001) ¥ . [110] BifIfiEd Cay,RuO,/NdCaAlO,
(100) IZB VW TEROBR-BEHE LTS 2 2T, IHMBEEHR L T2 X2 v UL OBFRE
2%, Au (100 nm)/Cr (5 nm) DN 2 %+ &M (Figure 4.1) Z T, 20-590 K 0 #ifi T
E iR B H-—%E EHlIE %17 - 7= (Figure 5.1), Ca,RuO4/NdGaO; (110) iICBWT HIZIFHMHD T
VX F S v VEENMG SN TV, AEiOEEEEMFTOER-BEHETIE, FRERKICEDOF
Bz X 2 RN EROMEDN R oIz, 2D, REWNLHKRZIT D 72912 CazRu0,/NdGaO;
(110) DFERZ PRV Tk 3 %, Figure 4.5 DK L [FFRIC, AT TIER L 72 CapRuO4/LaAlO;
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5 [ 53m2/05-2 ##s "1 6 [ ls38218.5-2, s#¢ " 1 7 5382, 18.5-;2, $H## "
%, (/ o/ GH#/
I | il
- |4 N\ 1= s - | s
& | S IR
= = | as =
£ | wws & L | ens
o N7 7 ~
4C>197<:=5; <950B79<9=} 4C>197<:=5; <95(B9<9=} 4C>Ng7<:=5; <950B9<9=4
i B [
YETSH 1 V&S &HSH 1

Figure 5.1 DC current-voltage characteristics of the (a) CazRuO,4 (100 nm)/LaAlO3
(001), (b) CazRuO4 (100 nm)/NdCaAlO4 (100) in the [1 — 10] direction, and (c) in the
[001] direction, measured under current-sweeping conditions at stage temperatures of 20—
590 K using Au (100 nm)/Cr (5 nm) two-terminal in-plane electrodes. The black arrows
in the figures indicate the current-sweeping directions.

(001) iIcBWVTH, T <240 K T NDR X&)% 1 5 I A8 R E 2 80 U 72 (Figure 5.1a), L
L. Z OB R IR AER X, [110] BLFIfE D Ca,RuO,/NdCaAlO, (100) TidkoA & < 4l
SNz, Figure 5.1b,c i3z, [1—10] /7A & [001] A1AITHIE L7 Ca,RuO4/NdCaAlO,
(100) D EFH-BEFMETH 5, CayRuO4/LaAlO; (001) ¥ IF AKX B b, IZIFHFO5E
Rtk %R L. 300-590 K o fI7E#iPH T ik NDR 28 % /R 3 ATREME IR V. & D IR % SR
¥ 572912, CazRu04/LaAlO; (001) ¥ CayRuO4/NdCaAlO, (100) 2B 5, Eifi-EIER
PEOWAE T 1 v b 21T o 7% (Figure 5.2), WX 7 v v b7 5. Ca,RuO4/LaAlO; (001) 23
ARG E R 2R LTV A IS B W T B, CayRuO,4/NdCaAlO, (100) 1XFIFFIETH 5,
CazRu04/NdCaAlO, (100) i, 30 mV-30 V OJlEHFATIZIFFZE2EE (1 V) TH S A,
CayRu04/LaAlOz (001) 1& > 10 nA(T = 8 K) OKERZE KA & § TIC I EERF 53 5
FLTED., AEEE TR EE L R THEBEIEE IR0, 2o Zeh 6, CaRuO4/LaAlO;
(001) ¥ Ca,RuO4/NdCaAlO, (100) D DIEREEDENE, TV X F T v LG DEWIC X
2bDTHBEZOLND,

TIZT. Va—AMROEEIIONTEET %, CapRuO4/NdCaAlO, (100) ® TCR (1.1
1) 2% CazRuO4/LaAlO; (001) & D BIE20IT/NE WA, ¥ 2 — UMD EIC X - TIERIE
HOBODPECLTVWEEEZ LI ENTES, NV FYEERTIE TCR B2 0N WEE, &
MAREZERBE T d, 22— RIS X 2 EIURD 2V & W 2 & TIERIARER M o ]
ZHIAATE 3, Figure 5.1b,c ® 1 pA Offin 5. CayRuO4/NdCaAlO, (100) » TCR % EH L
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Figure 5.2 Double logarithmic plots of the DC current-voltage characteristics of
CazRuO4 (100 nm)/LaAlOs (001) and CazRuO4 (100 nm)/NdCaAlO4 (100) with [001]
current direction, measured at 8-80 K and 300-590 K, respectively. The gray bro-
ken lines indicate the results of linear (I Vv 1) fitting for the profiles of Ca;RuQO,
(100 nm)/LaAlOz (001) (at T = 8 K) and Caz;RuO4/NdCaAlO,4 (100) (at T = 300 K)

7= (Figure 3.1b), 400-590 K 0 #ifTZ®d TCR 1ZB L% 0.5-4% K1 ¥, CayRu0,;/LaAlO;
(001) ¥ KERWV, ZOZ kb, EERFEDFEVEY 2 — VINMBHKOEITZIC X % b DT
7%, BRAEHILEIC L o TSR SN2 EPEMDENC L > TEL L EEZ SN D,

COFEMELEBEOENVERI LA =L LT, BRAOEVAEZOND, NLT
CayRuO4 DIFMAREHR 2R T HRICIE a; b I RICHANT cIiRDIREZSMET 2 [4,9, 2D &K
I BAGEAS T DE(LD, CapRUO, T X X v LVHEETHRZ 2 L IRET 5, CapRuO4/LaAIO;
(001) XA TANC ¢ DS AZE LT3 728, WO [001] /5 FNCIEEA A & O 2521 TH
535, CHIENZLT 2 Z 2 T&E % (Figures 2.2e and 5.3a), — /4 T. CaRu04/NdCaAlO,
(100) 1%, Eti & MA@ [001] AT FEBHS—HL TV 70, cHiROZE(he 2hck 2= %
VX —F v v 7O [2] 13K & L WX 3 (Figures 2.2f and 5.3b), & - T, »\L7 CaRuOy4
TRIESNTVRIEE A D =X LIZEISWTEET 5 &, [110] ALMED Ca,RuO4/NdCaAlO,
(100) Ti&, TEXF T ¥ ST & o TERBENLE OETHRIECMFI NS Z T, JERR
AREHR RSN BEZ 22D TE S,
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Figure 5.3 Predicted mechanism for suppression of the nonlinear transport properties.
(a) In CazRuO4/LaAlO3 (001), the lattice length along the c-axis direction is not sup-
pressed, while in (b) Ca;Ru0O4/NdCaAlO4 (100), the chemical bonding with the substrate
suppresses the lattice change along the c-axis direction, possibly resulting in the disap-

pearance of the nonlinear transport property.

53 OO

IEXFT v LSHDRK % CaRuO4/LaAlO; (001), CazRuO4/NdCaAlO, (100) TE
DEFR-BEREZITV. TERF Y v VSN IERBEERRICRIETEEEZHL I L 2,
CaRuO4/LaAlO; (001) THEIHI X7z NDR % £ 5 B 72 JER U R B R M 1. [110] FL i o
CazRu04/NdCaAlO, (100) T AN S, 1 ZETEE RV SR EEZ R Lz, 2oz ed
5. oA EEEZIFRECEHASRP I XX v VBN > THIITE 2 Z e R Eh, £y

MilasVa—T74 VIR TFADRBEEDRLEN 72 X 5,

54 [OOdnO

CayRuO, RO EIR-BEERE ., FEANRT X =27 FF 49 (Keysight 4156C) I L Ui
KR 70 —725— a > 274 (Nagase GRAIL-20-305-6-LV), @7 n—7 25— a >~
PRT LW THREIRE 8-590 K O#ifT1T -7, Au (100 nm)/Cr (5 nm) DN 2 % &
MOERIZ, 4.6 HiLFBRICT + MV Y 2T 7 4 L IPUNBIEFE 2 X - TIT - 7z (Figure 4.8),
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16 0O

6.1 OO0

¥ 4 T3, CayRuO, (100 nm)/LaAlO3 (001) I2BWTHEFD 2 ST HIEZ1T - 7=, Bifil
514:F R T OEM-BTRHETIE NDR EBORBEE B Lz, —77 T, BERIIEHETE. 20
NDR ZEEPEIIZA A v Fo 7 LTSN Z 26, BlRBEREAFE L TV 2 AHEEL S
%, ¥72. 27 CaRUO, Tl ., ENCHREI N FHEHEOBEHE 13825, PR
SEMHEPBERIC I > THEINE ZEDIREBEINTVS [14], 2D Zeh 5, CayRuO, DIEHL
2ZA v F U IH, BEFEAEED XA F I 7 2L L TWBATREND D 5 70, JEFH LA F
I 7 ZADIFED T2 DITHEALHE DFHAR D S b, RETIZEARNT OV RBE R EIIN U 72 [R5
fREIE %175 Z 2 T, CaxRuO4 (100 nm)/LaAlOs (001) 23R THEIIA A v F ¥ ZDEFHITHOW
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T2,

Ty M=o —n Y ORKHEE [5-9] RF v MUY F 72 O EGR/ANHREE L R A R (7,
10] 72 ¥, BRRSEEEICHRTE L T 2 BT 0REE. SEMHOFRRR & (REHFEIC X > T 50
5. EHITIE. BEHOERMIHE & REFR X, AHERE OZZRIRAD D 77 [11-15] £ b2 Z &
Do, HEE X =X ANOHEDTDICZ DFHENEETH 2, TDXIRHFERNHIE, A
F U ALY (VO,2, V203, V305)[7-9, 11-13, 15-17] B X XA a4 F 4 F AM4Qg[5, 6, 10,
18-21]. Ni(S, Se)2[21]. 1T-TaSy[22, 23], ATHHRR TR A b= v H VLY [24]. =»v v
ALy [14] R ETHEPIRAA v F V7 OREFAEPEEHINA TS, TNETEZ L OMET, &
KHNCFHE S NIARTIR A v F ¥ T ORBEDBFINTE 2D, EFEOWEIHIF. TDRAH =X
LY 2 — VAT H o 7= £ DIRSTHE W [12-16], LA LA SMAREY LT, —EDiMETIxE
KRR X B = X A DEFEPHEREN TN S, NFITABEIDF 7 74 v TlE, HRF
RIEHTFIET 2 22T, BHBHMCE 2% % ) 7ERPRI DT R2EEPREIATHS
[25], HraZF4 F AMyQg T, BHHMC X > TY = F =R, 7TV BRI 3
BHEASTEIIE X TV A [19-22], LA L. 2O &3 BMEICBW TS, BRNCHE S -EEH

. RECHEINLSEELE DBVEXAIT A ZLIETETVRY, 2OIZehbH, E555[H
U FHRRRE DB BRI N TV A ATREED D D . IREFENEEOMENTFHRING, 20D
O, IFBIER TH o THIREFENEE O ZWBMED, IR A v F ¥ 7 DX % R 5 EHER S
TR—RIRBLEZLNTVS [26-28), Ty MDA v F ¥ 7HET [16, 23-28] € v
Za—BYOFK[1-9, 1T KD LN TWE, BBZEIIR A v F > 7 2F 21203, BITRRE
FEics1r 3 > 100% K™t oFEw» TCR(L.L R)[29, 30] A ETH 5, LirL. v TCRIZIH L
FEGRIALAR & A R RS ECHIE L e, SR ERRR SR ETH 2729 [29-33). chETTL
Zha=2 MO HHENKE HIR STV [29-31, 33, —/T. L2 CaaRuO, Tl
RSN [2-4] & o~ > I [34] 225, > 4 Acm ™2 OEFHE NCIEEM2 BBHEMNKRBRT 3
EDWMEINTV S, 20O X5 RIFFHEHZ S OMRITIE, RIBLREHIR A v F > F D EKMNC

AHERIND e TFHEING, 27D, ABRIEIIR A v F 2 2d. REFEERE O 2k
DPRETERVATRMEY D 5, 2D i, EF. 2 ROREFENEE 2R3 V305[13, 15] B
XU SMNIO3[14]. A rasr 4 F AM4Qg[18, 19] 25, IREFRARE O ARt RV Iz b b
59, BRVCRABRIRIIZAA v F Y 7R HEBT 2 Z e b bREEN %, JIERREBAR O
24 v Fr2E, EVR-BEFREORBEELEL LRV e FHEIA, L2 br=2 2
JoH%Z HIE L THIEE X 4 I 7 XD KD ATV 3

ARETIE, CapRuO4/LaAlO; (001) 2SRIBLIREFA LB 2 RELWCHELL T, ZOHE
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Figure 6.1 (top) Temperature dependence of the resistivity for CaxRuOg4
(100 nm)/LaAlOs (001) by the four-probe method, and (bottom) TCR derived
from the characteristics. The arrows indicate the direction of the temperature sweep.

MBI EDWT, BBRENIAAS v F U IRRBAT LI e 2B L7z, 2oz tid. B
AR OEGIR A v F 2 723, REFEMULEHEO XA F I 7 ZAPEE LRV L 2RT, /S
IV ABIE % HIIN U 72 R R E 20 5. 140 ns O ENERIRITIZAA v F ¥ 7R 2 2 e 28I L
Too Floy ZORDBRULEWERFET 2 2 2T, EHIRA v F 27007 d 100 \HDHOEL
BDIRLUMAMZFOZ v 2R L. oD Z id, BREEBAPRICARAI R » TR E L
W2 & BHIBRDS, IEBRERRICIEZR VW e ZRLTEB D, KA F I 7 ROMRICEREZHRD
B/,

=i

6.2 DOOOODOOOO0O0OOO0O0O0O0O CazRuO4/LaAlO; (001) OO
LO-Coon

2 FT Cap;RuO4/LaAlO; (001) DiiEREDFHliZ 17\ Z DIRFTRRER D & AR 72 IR
FEFARANR 2 R X722 ¥ BHER L 72 (Figure 3.1), AETER L 72 Ca,RuO4/LaAlO3 (001)
WZOWTH, figure 3.1 L [AEEDZEEZ/R L THE D (top pannel of Figure 6.1). TCR 22563 &
I 72 I B AR AR S 13 L & L7z W (bottom pannel of Figure 6.1), AEEMED /S i Wl
AR ERME . LaAlOs (001) 22 & OHEINERMEIGIZ & o T, BB EDIRD 2 72720 T
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Figure 6.2 Stage temperature (Ts) dependence of the resistance measured for CazRuO4

(100 nm)/LaAlOs (001) thin film with electrode A under constant currents of 100 pA

and 5.0 mA. In the measurements, the characteristics under 100 pA (dark blue line)

were measured first, and then, the measurement under 5.0 mA (red line) was conducted.

After the measurement at 5.0 mA, the characteristics under 100 pA (light blue line) were

measured again for the same sample.

HrHrHEZHN3 [31-33], 2D X5 CaRUO, HIETIXAEZIREFEAEEN R S hzw
2. THETOANFI Y LB [8, 9, 13, 15, 16, 26] 17 A H 4 b= v 7 LY [14]
72 ¥ DIREFEMNIEE 2 & OMETIE, BBZIEHIRAAL v F U IPER 2 Z LI TFHETE R,
CazRu04/LaAlO; (001) OEFAALERE TId, Tm = 240 K LU R OFECERTEAIC X 2T
WA ER N3 (Figures 4.2 and 6.2), T O T R IRPTRA &, T IR RE [35]
TdH2EEMET UG 7R TO A, EIRFTEHEILENIN S Z 2 THEU % (Figure 6.2), %
Dz, BBEANNC X > THEREOSBHEIF RN Z I35 F 4 F AMyQg & R D [18,
19]. CaRuO4/LaAlO; (001) K L IMFIHERERED 513, RIBLRIRHIR A v F > 73k
XL ETHETERY,

6.3 CayRu0,/LaAlO; (001) DO OO OOOoOOooOoooOOod
0]

4 D CayRuO4/LaAlOz (001) 2B WT, Au (100 nm)/Cr (5 nm) [N 2 i ¥ FE# (Figure
6.3a,b, Bl A) % /- Eif O EIR-BERE 21T o 72 (Figure 4.5), Eiitdd 5 | 5T I EIR FEI
THEE R ISR BN, g7 NDR 282/~ 3 2 & 28I L 72 (Figure 4.5a), —/7C.
HITHH5 1T i% NDR BTl O IR SIS 2 Z & T, #HIAL v F ¥ 72 LTHI
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Figure 6.3 (a) Schematic diagram and (b, c) optical microscope images of the metal
electrode used for DC current-voltage measurements and pulse voltage application mea-
surements of Caz;RuO4 thin film. The right images of (b) and (c) are enlarged views of

the electrode gap region.

Hlx 7z (Figure 4.5b), 2D Z e h 6, RMEOEEOERFEMUIEBIIEHETDH S Z e N TH
ENd, N7 CaRuO, Tl IREIC K o TSN 2 KRB EEH L 138272 5. JEPHIE
HIRETORBEPEIRICE > TRENT 2 Z e PIRIBIN TV S [1-4], REFRERL O X A
FITALHT L TOWBARENEDH 2 Z e h 6. AEITREZDIFFE X A F I 7 AITDOWTHNS
7o 1T, W FRIE 20 & RS I LR 217 5 6

R D IERAIE 21T 5 72912, LD REREREENE SN S 3um OFEMY v v 72> Pt
(65 nm) TN 2 i FEM %, CapRuO,4 (100 nm) 7 Fic /8 L 7= (Figure 6.3a,c, & B), 7 7
Y7 arvY b —=x (Tektronix AFG 3102) % fifi o TERHI SV REBEZEIML, > v X
a—7ONHEHEST (50 ) o HNERE R ERORMZL ZzHiA L $ 2 & T, BiRAENER
B ORF M7 EHIE 217 o 72 (Figure 6.4), BUNRITOEERGEZITS 2D, 27—V
fETs =70 KIZBWT, ARANO=AkE X M EE (upper panel of Figure 6.4a—c) DHI
MEAT>TWS, ZOMERTIE, HAEL Vmax = 9,10 V O & ZICHIELICE LR R RS
1% (upper panel of Figure 6.4b), 77> 27> a> Yz L —XIZ&k > CEERIIMEETT- 72
B2, Ca,RuO4 HEDEEI R i WA S v 2a— FOWEEY (50 ) BFEET 5 Z & T,
BIETZ 4 — RNy IRHETE/2DTHD, ZOBILET 4 — FANv 712X > TERDO WA IEK
X NS 2 v T, BIREGIHE [22, 36] LiEWVIREBIC I > TW b, R 5.0 ms D =A<
WVABIEZEMUZHE TIE. Vmax = 2-8 V DL & Vi DN E & B ICEIRAR 2 M
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Figure 6.4 Current-time characteristics of CazRuO4 (100 nm)/LaAlO3 (001) measured
at Ts = 70 K by pulsed voltage application using electrode B for maximum voltage (Vmax)
= (a) 2-8V under a triangular waveform, (b) 8-10 V under a triangular waveform,
and (c) 2-9 V under a rectangular waveform. The waveforms of the applied voltages
(monitored by an additional oscilloscope) are shown in the top panels. In (c), a reading
voltage (Vreaq) Of 1.5V was also applied to the film before and after the application of
pulsed voltages to measure the relaxation characteristics. Enlarged views of the current—
time characteristics measured under the rectangular-waveform voltage with Vimax = 9V

around the (d) abrupt switching and (e) resistive relaxation periods. tsw and tre indicate
the switching time and retention time, respectively.

LTw< (Figure 6.4a), KZZEMBEIE (Vmax = 9 V) T, skEhCiiN 2 BERA 2SN
% Z T, RABKRIEFIR AL v F > 7@l s 7z (Figure 6.4b), Z ZC, EFELF&EED» S R
BIAA v F ¥ ZDOBERE Ithas RTHEE Iy CEFET 0 Vimax = 9,10 V Tid, BEER
(Ieny = 6:0 MA) 123 L7 BIC B FETHII Ly Tene = 9:2 MA Z CTABZ BRI
ZOXRENIEERE NERTHRET. I, lie TRBRESFIR A v 57 Z7DEMIE NS, 20k
512, Ca;RuO, HIRIIFTR-REREICER N RN H D 5 3. 2 OFH-ERFHE T

HEREGIRA v F U I E D T e HIIREINT, POLRABEHINTRES» RESIA e, B
DB U 7 QU R RILR A v F 2 7D 2 BBSIB Bl S iz h. Z OFRHRERIREETD
B AEPURD v ABRIEPIZAA v F > 7D 2 B (Figure 4.5) XIELTW3 EE XS
Nz,

ZOEFIAA v F ¥ 7 OBEFHMI 21T 5 7o, RN I B % FUIN U 72 IRe 8 49 gl € 247
7% o 7= (Figure 6.4¢)o Vimax < 8V Tld, =AKEED & & L RMICEEEIMNINE o 728E 0 7%
IR PBR S NS, =T Vmax = 9V TIEEKEHIIRAN 2 B EGHICHEN S 5 2 & T,
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el G # 8,

Figure 6.5 (a) Current—time characteristics of another sample from figure 6.4 measured
by pulsed voltage application using electrode B for Vmax = 8.6-9.2 V under the rectangu-
lar waveform at Ts = 80 K. (b) Enlarged view of the region around the abrupt switching.

tsw = 140 ns DEHEZ A v F ¥ PR 57z (Figure 6.4c,d), TDRA v F > 7 ETOEENTD
WTHRTWL &, 2:57 us OFEEZ I Lol 2 AiBEREE (tine) DFEEL TW5, D Z 2 IFHEE
D CHEMICHERLTB D, BROD tine Dd 2 ICHEER Iy 28X 22 2T, AR
AA v F Y THHEBRT 5 (Figure 6.5), 2D X 5 LAERFEH D tine 13EE [9, 12-14, 16], JFEE
[4-6, 10, 19-21, 35] DEBME L H HICBVWTHEHIENTWS, Lh L., IEBREEEN T
N3 CayRuO, I TIZ, ML ANF P w4 [12, 13, 16] R0 T2 A4 + = v 7 V(LY [14] T
RIBENTWVS X5, NEHREDORSLH LR LRICX 5 Tline ZAAT 2 I TERVWEEZD
N3, L7 CaaRuO4 TlE, 10-100 ms DEHLR A v F ¥ VHE tine, tsw DREZINTEBD [4,
35, AMFEOHERTIEEN LD H 10%-10° fFEHTH 5o tine, taw DIEIFIZ. L7 CazRUO,
TS TFHERES 2 DICRERRETH I e EZ LA TED, EREFEACLIZZALF -1
RFRICIEEEI NS T TORBICHIET % [35], ARFZEOHETIE, L2 CaRuO4(1 A cm™2)
EDDREREBEREE ( 100 Acm D) MAELATED, ZOHMBBLZ—HLTWE I Ehb,
BRI A v F Y I BEFRDP OB TFRADEERIANLF —REC I D FHINS, L
DULERPS, ZOBMEEOMELFHMHERT 211, CapRuO, HIRDIEITA 4 v F > 7 2%H)
NDE SR DIBENBETD 5, WiRIT, KIRGUIRED & SIESURENOBERBRICEH T3 L.
tre = 1:85 ps (Vimax = 9 V) OIIRFURE D RERFHA D 5 Z & ZBIHI L 7z (Figure 6.4e), Z D
tre (&, B I 21— 2 ¥ 513 CayRuO4/LaAlO; (001) DEGERIERI & D bW L 2 R
o TWwa (tRihod 6.5 i),

Ts =70 K TREH RS v F ¥ ZI3H—X 7 v I CHHlZ NP, <50 K TREHDRAT v
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Figure 6.6 Current—time characteristics of CazRuO4 (100 nm)/LaAlO3 (001) measured
by pulsed voltage application with Vmax = 10 V for (a) 50 cycles at t, = 5.0 ms, Ts =
70 K and (b) t, = 5.0 us=500 ms (at Ts = 30 K). Times normalized by t, were used
for plotting (b). The waveforms of the applied voltages (monitored by an additional

oscilloscope) are shown in the top panels.

T TElX 5 (Figures 6.6 and 6.7), Ts =50 KD & &, EEEFBRETIX Iy =
6.54 MA 55 ltny = 9.52MA FTY. ltnt’ = 1LOMA 55 lypp ' = 124 mA £ TD 2 [HDIK
PiRA v F > 7Bl A7z (Figure 6.6a)(Ithe, I’ IZXAICHRET), BERK NEETIE, &
FEEFBREE IR v F U ZEBHDBEDD . lno* = 7.04 MA 225 lyp* = 2.06 MA FTOH—
AT v T TRA v F v ZPEHE N (g *ERHFICHRE ), 2D XS5 WEBR T v 7Tt
AL v F Y IHRETZ2H5DD, 50 HD#EDIELTD ltny BEL Iz, len’s len2's Tna ™, Teno ™l
B ATELEWZ ehs, BELEAL v F U 7R > TV Z e Z/RLTW3 (Figure
6.6a), F7z. T lgny FHIERFNICEE L2720 o /2, Figure 6.6b 1 Ts = 30 K iIZBW\ T,
tp = 5:0 us-500 ms DfHEIEZ b -7z, =AKELEZ L 72RO ER-RKHERETH 2, £ DM
TERFRN 4 M1 Bz 208, BIERENICHRTEE T Tgny = 2:40 ms TIRITZA A v F ¥ I WRBT 5,
TDZ b, RBRIEHAAL v F ¥ ZIFHERINE Z 2BRTIERVWEEZ SN D,

Figure 6.7 1. 76 B O#ERLD CayRuO4/LaAlOz (001) iI2x LT, Ts = 20-40 K T Vipax =
10:6 V, t, = 5:0 ms D =M LR ZEINL 7 & 20, ER-FEEREOREREEZRL T3,
Ts=40K Dt &, BELFFBERETIE lthy = 3.4 MA, Iy = 13.0 mA ORI TRIBRIEIIZ A v F
YW L EEAlE i h, BER TEETERECr RIEPIELE R L, Ts = 30 K ADHRHIT
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Figure 6.7 Current—time characteristics of Ca,RuO4 (100 nm)/LaAlO3 (001) measured
by pulsed voltage application using electrode B under the triangular waveform with Vimax
=106V and t, = 5.0 ms at Ts = (left) 40 K, (middle) 30 K, and (right) 20 K. The
waveforms of the applied voltages (monitored by an additional oscilloscope) are shown in
the top panels. The arrows in the figures denote the gradual resistance changes observed
in the intervals between abrupt switching.

. ZOEPIRA v F U EEELEFBET 3 ODRT v SR, Iy = 1.86 MA, Iy’ =
8.62 MA, lthy” = 14.3 MA TZWZNRABRIEIIR A v F > VDBl E iz, Dk %= figure 6.7
WRHITRT L5112, ZBRBEAT Y TOXA v Fr 7OEMICIE. BerRIBEHIE BRSNS,
—77C. BEMTERETIE, B EFERETEI XN TV I = 3.78 MA, I’ = 10.2 mA,
ltn” = 17.7 MA TO=FHOEIIA A v F ¥ ZLIFRL D lgnp* = 10.1 mA TH—DIEFR A v
F U DB NIz, BFRIC Ty =20 KADX 54 25BHITIE, BE EFBET Iy = 2.20 mA,
lths’ = 9.54 mA @ 2 [A], BIEE FEETIE lne* = 3.68 MA T 1 BIQIERIIZ A v F > 7D EHI
Sz, AT, KB TZEER Ty T TOEPIRAA v F U IPR B 2 %, BEGEER
THERL TWd, AL v F U ZIRREREES R o0 2 e 26, (KIEFIRHEOER 7 1t
A TR, R OIREIERBENELRICEE L MIET IR EN %, L7 CaRuOs TOE
HEDLICEZ DL [T, 8. ZEBEOBIIRA v F » ZHREL TV AFRICIE, EREE & RS
R XA OB MBE TR e PRI 5,
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Figure 6.8 Current-time characteristics of Ca,RuO4 (100 nm)/LaAlO3 (001) measured
for 10° cycles at Ts = 50 K by pulsed voltage application with Vmax = (a) 6.2 V and (b)
10 V. The waveforms of the applied voltages (monitored by an additional oscilloscope)
are shown in the top panels. (c) Cycle number dependences of ln1 and maximum current

(Imax) extracted from (a) and (b).

6.4 CayRuO,/LaAlO; (001) OO OO OCOOOOOoOoOooooOn
oot

Figure 6.6 TOIHIR A v F > 7D 50 B DD IR LFHMliTlX, ZE L&D R LEREENR SN
TV, & HICKE 2D IR LTI, SN 2 BIRICRHI 2 Z(Lo BN %, Ts =50 K,
Vimax = 6:2V O =MAEBTEZHIML 72, Bo RIEHURDH R 60 2 85T, CayRu0,4/LaAlO;
(001) DEF-FERIEFED 2L % 108 [EIFEM L 72 (Figure 6.8a), & D X 5 ICHERH R IRHIL LD
Aoz TiE, 10° EHHIRA A v F v 7% DR L CHEEZELZ (IR on R P o7, L
L. Vmax = 10 V OHFLR A v F > FHFB T 2 @ TIE DR LEEOEIMIAE - T, HE
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