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FUIERIBHALEZEY MIFS U YZX (9. By MIXEY (2,3, 10] MREEINTE 2, BT
REEHIE S 5 2 2T, I RERE O BERGIEI I NS D, RO > F 7 REE (2, 3,
5, 6] °=a2—v YEIfE[2, 5, 6| R T 2EADRINT VWS, F FITBRICKIELTER
AR LN 25, HRHEE, ENCX o TEBEZFHERLT 2 2 L Tt — DEE
RENTEL 9, ZD XD, 1970 FRPSIEE R T L 7 b r =27 RSHPBRINTE L0,
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, ERNZEY MIFAAL Z0OFEZHIEL T, Bi/%E
LA OB EPER ShTw 5, BEHRERRER COMENREF TR BXIAH
BWIC k> THENCHIETE 2 Z e AHIfFTE 2, 207k, EHECEHORE» ORELRER
HIEDFTREIC 72 2 720 T K IREFAE OIARICRET & kb o BN R BRI S 1 5
b, ICHORICKERHHEEZ 522 N TE 5, RFFEONLT =7 LB CaaRuOy
E. BRBENEROENEHTH D, 2O IRERICBNT, MRPOBREE O KICKE
L7 EREHE MBI Z TS [11-18], MEHCERDIRASFT TV 2 IEFMESRAET. i
A & 2R RARZE) Z R T 720, LA TEZ OFi 7z RSN OMEIEEIC K 5,

1.2 SEMEEMEHCE T 3 EBREEEBZRALICEY FETNAT
AL EDEREA

ZURE T RIS EER Lz Ny R 6 0BT, SEMANERR> e PRSI
2500, BETHBEOKEOMETIEZ DEMUIELD ST/272F. 7 —81 Y RFEIN & - THEIRN
MHEERT, ZOFy MEREAD A NN=REFLDLOEMTIE, ETONTHERIZ 7 —1 Y
RFENED BWIMEZRBLT S 7 VA7 7 —FE D EEAUE, BEFOREMBEINEZ 52T
EREHENDRZ 5, SEMGELE TEIMROAbEEDLTIC. PRF vV 7 2EAICLTE
EHOBEABEGESRET 2720, 1970 F2 6 ZOISANEIRINTEL 1], ZOoTL 2
Fe =7 R SHIE. ER-EENE TRRT 2 B EERKMPER IR 5, £y MERiKicEs
3 2 mTIETOERMLIPETIEX. SED NDR (negative differential resistance) % ¥ 5 JEFR
BRI RIS % (Figure 1.1)[4-8, 10-17, 19-24], Z &R 5 IHEICB VT, #RH O
BRI ZIH L2 S ESThbR B2, — /T, BERIIAEEIT-> 551 &AM
RBROWNAHEENS, 2D, S A NDR XA - TEEAERISET L25EE. KEGE
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switching

Voltage

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 differential 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.

HDDOERTVIREESEIIRA v F e LTINS (Figure 1.1)[4-8, 10, 11, 14, 16,
24], T2 0DFHEIIIEHICERTH® 2 Z e h 6. TRETEMMMRIIZISH LTy MUS
885 (2, 48| EY Mli=a—n1 2,5 6], &HRA v F U I7R2IEHLEY MIXEY XX |2,
3,10, Ev FUSFFR[2, 3,5, 6] PHRERINTERL, X503, T o DET ORI ZHIHE
T5ZexHIELT, AL vF 7 NDR ZH 2T 2 difAoNTVS 6, 8, 21,
23]c L2 L. ZOZL DY 2 —UIIEIC & o THRBI SN TV 2729 [6-8, 20-23]. RN 23R H
5+ RHIENETETWRV, NF DT LB VO, O X 5 BRI 2200 AR AR 2R 34k
T BAREX D =X LIZEDWT T 4 7 XY MROEEHEF XA U EREh2 e hlESh
TW53 (7,8, 20, 22, 23|, ZD7=o. EHEHMZAT o 78BN LT, REI A —RIRE, &
ML S 2 72912, N2 BI-EEREDE T S (4, 8, 25, 26], F7. AR
EZHIET 2 LIINETH 2 2o, IFEAREHRORIEIHETSH 2 6, 8, 21, 23],

IS & TRIMEDHI X W 2 BT OHBA I, ZEMNARFIERE T & & 2 8 0B RE
WHEHTI2DERDH 2, Ty Mloa—nEL 74 v 7HZFTE, BHRAA v F 2 7 DOHED
Za—u YFKOBE [5, 27-29| . > F T RRHEIC BT 2 H5R AHLRE & R RTEEE (5, 30]
CEED L 06, AR OEELIBTIAAL v F U IBRDLENT VWS, ZD70, REFHRL




B1ERPpE

RIS EITH 2 N F 27 ALY (VO2, V203, V305)[5, 22, 28, 29, 31-35] B X U L~ m
TAHA N2 B VALY 36]. = v FLEBLY) [37) TEEEEFMMS I TOhTE L, Thbo
MRTIE, IR A v F U 7oBERREFENERORBIEIC Lo TR 2 EZ ATV
[38-40], Z DAEMEIE TCR (temperature coefficient of resistivity) 725 HfEH 2 Z e B TE S

(1.1 R)[41, 42,
1dp

= (1.1)

|TCR| := ‘

Z 2T p EMEOETIR, T IIMEORETH S, £y MIZXAL v F V7R T (34, 38-40, 43] %
Ty Mil=a—nYHET (5 28, 29, 35| IHEREFRREIIAA v F ¥ FOEBIIF, —RIC
100%/K Y EdDEn TCR 2SR ETH %, L L. @ TCR 21%5 7-012i%, MEOL &R
IRHLAR & 4 i 2 RS2 Il 5 2 MDD % [41, 42, 44-46], Z D729, IR & HARA R OEIR
AR B3 Z & T (41, 42, 44, 46]. RTHFTOHBEICEIKERFHIREH -7, Zh s OFFED
BEV72 X ) = X LTI, Fi7e R ERBI R 2 RO R O BiE R 5T &/,

13 B/ BEHELOLBRSHES

B EC QIR AR OIRED & F BB 2 FHOMEBRD 5N TW5, OBk
Bt/ EGAER OB TH 2, Bt/ BHHEAOMBEMRIEET 2 2 21& 1990 FRX»H5 5
MmN TR [49, 50]. 2010 FERICR->TE IR W OO THEEHIN S L5
%oz |11, 12, 48, 51-53|, MEH OB FIREZ B/ BRI L > TEEHIHTZ 2 X =X 1%
FFo7®ic, ¥ a— VB B U IREFREAERR 20, 34 TIRBT Shah o7z, BRILRWE
MEERIIRIEN S Z e B TREND, 207D, BFREHOMRRGOEHEENKE QRN S 7
FTRL, BEFEULEE B X 2ELEECHEEOERP/ETE S, ZOZIKEAL
T, B/ EGHRAEEEZICH LTy MIXEY [43, 51 =2 —vEL 7 1 v ZHHEDOBIR
[30, 54] R EDRFFHB XN TV B, AV R ERDO AL AF F 4 F AMyQs (A =Ga, Ge; M
=V, Nb, Ta, Mo; Q =S, Se) i%. RIEZIREFLAIRE 2R S R OVEFIR-RERE 2RO, L
L. MEANOBLHINNC & > T, BHARUERBICERT 3 & 2 502 A0 DR iR KR
DELBHI X N5 (Figure 1.2a)[47, 51, IR A v F > ZOMERF M S THNTE D [27, 30,
47, 51, 52, 54|, ~400 ns DEHZ A v F ¥ IHFHHT % [51], BB OV TITESIIRE X
AZRXLILEoT, 747X MROBEMHEF XA UM E N2 ETAHIREBEIATN S (30,
47, 53, 54]e TD KX A4 Y OMEBRICER LT, BPIRA v F ¥ 7D 5 £ TIZ ~ 1-100 ps
b DR ZE T 2 Z e AHHI TV [30, 51-54], 2 KTWETH 2 BREEX A HrarF4
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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 GaTasSes. 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 p~T~" characteristics . (b,c)
Temperature dependence of current—field characteristics suggesting electrically induced
metal-insulator transition of 1T-TaS2, 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] (C) (2015) American Chemical Society.

K 1T-TaSy Tid. MEANDOBESZEHNMC L > T, L X7V ¥ 2205 AB LRI R A v F > 7di
5Bl Twa (Figure 1.2b,c), UMK DRV 2 % FHIIN U 72 IR R 73 g E 2 &
¥ ~3ns DEEAA v F ¥ THRELT 5 [43, 48] T o OMEIHIFBVEREMEL e L CTHETH
25, IREFEHNOEBEMRITH 2 NF DY AR BN TS, IFBOEBHEBEIFEET 2
EOEERRM SN TV S, MEE L ROTDF ) VA YIS T L2HEDL & MR o RiicHR
BZHNHIFET 2 2T, BHICK X v UV 7 ERMEZ IR D, BIACAEEIEE 2 Z 2
SN TV [55], 2 L TRERIHENT 200, BAEHOEBME Y L THERAMED L
7= ABEY) CagRuOy TH 5, KEi 1.4 TZOEARRMEDL S5 L <EHHT 2,
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Figure 1.3 (a) Schematic diagram of crystal structure of bulk CasRuO4, drawn with
the VESTA software[57]. (b) The temperature dependency of the resistivity of bulk
CazRuOy4 for T' = 70-600 K. Inset of (b) indicates the enlarged view of abrupt transition
near the transition temperature of Ty = 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 BIRROTRAA b CayRuO, ICE T B EFRERE DL B
AELT%

A, —HoMRTIRERBEY OSEEREEE ORISR EINTE D, MR OERRE
DEREDHIE RS X — & v UTHAET 5 [56], ZOBRALEOEMEME Y LTHETH 3 DD,
ARIFFETI S VT =7 ALY CagRuOy TH 3 [11-18], AHiTIE L2 CagRuO4 DML

PEKUCERE, BKEERE R L OREARED . 2 ORENELEH I TV 3 ERAL IR
DEFNOWTHIHT 3,

14.1 /\)l/g C32RUO4 !fl:lEIEI*Es (\:.%0.) ﬁ? %’l‘i

L2 CagRuOy 1& Ruddlesden-Popper #H (Ca,,  1Ru, O3, 01, n = 1) DFIRRT 72X H 4 b
HiEZ b O T = ALY TH D 2EEE Pbca DEJT %R % B FI123 D (Figure 1.3a),
Z OIPIRRERFE T, BEIRE Tanr = 357 K IZBWT—XAEERBIRRRA U 72 A8 42 )

10
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FEARAERRS % RS (Figure 1.3b)[58], T < 250 K OIREFEETIX. 7L =y RBO{REE TV
(In(p)-T71) 2—XKDE v FAIEHFH R v ¥ 258 (In(p)-T~Y/2) LEHHNC—ET % 2 LA
HIhTW3 (12, 58, 60], £/, L2 CagRuOy Tl EHHINC X 2B HEIN TV S
[59]c FEJTHUIMZfE - TIBREMERMANCS 7 P LTWE, p- T HIfUIEOEZ 2D, BN
IRAREAZAE L T L (Figure 1.3¢c)e 26 DIRE, I DAGITH U THEIREE D & JEH A
XN BEICE. BOBE S THEEMERIC X > TS TOERZ(D RN 3, HEAHTSH 3
S-Pbca #3i& (a = 0.383 nm, b= 0.388 nm, ¢ = 1.196 nm; at T = 295 K) 225, EEHD
L-Pbca #¥3& (a = 0.379 nm, b= 0.378 nm, ¢ = 1.226 nm; at T' = 400 K) NOZ{LHEZ %
[61, 62|, HEBIZALD/NE R o BliR. b EIRICH LT, ¢ WA NI FER O HEE R Z(LH 8
=4, RuOg /NHARZ c B ANCK E iR $ % (Figure 1.3d)[58], #&iBdD 5 ETIE. ZDIEF
ZDZAL L BB DOBIRICOWTEH & #2175,

1.4.2 INJLY CayRu0, DBESEIXIFE

2NV 27 CagRuOy EHUERDIREMRFEED S, F — VIR Ty = 110 K 2B W TR

%9 (Figure 1.4a)[58, 59], BLRDOBEEKEHIZENIC L o THEELZT, HERNFTT
HohTwiz Ty = 110 K OEBRE . EHEMIEN Ty = 150 K 12> 7 b 3§ % (Figure
1.42)[59]. B72 % 2 OOEERIRIER. EHEINC & - TRA 3 KRHEHFESRET 2 2 2R
LTW3 [59, 63|, Tn = 150 K THI L 72 OB EFIE S 52 2 EHHIMC X > TR %L
25D, ZOL BT ATV I ABBME NG Z s, BHEMEKRFEERLTVWS 2
MREND (Figure 1.4¢)[59], oD ens, RE-FEHHRKIDO X 512 (Figure 1.4d)[59]. N
V7 CagRuOy HREREHDOINFI & > T, ZOMEKKFIKE QHIEIXh2MECH 3,

143 /NILY CaRuO, ICH T 2 ERFBEE DL EBEFINEE

2V CagRuOy OFFFETNE Y LT, BE, FENHINC X 2887210 Tk <. EiALiR
BOHBEAPEEHINTWVWS, Figure 1.5a,b IZ/R3T & 512, MEHOEREE O EN, B
MALRERORBUCRE T 2 L EX 605, 4 MU EDOKERIEHROBI AR NS [12],
ZOBMBEREE CIREFEAGB L B ) BXHERORBES FHRINZ LR T Y V2%
EbLR VRSP RIETEORD B RT, £, BREEICKEF L TZOERRETTADENT 3
ZeHMEINTED [14]. EKEREEER T, AR OBENCHE > TREARNZES 2 5E Y bA]
ZHEIF AR v ¥ MBIZZE{LT % (inset of Figure 1.5b)[14], BRZEZE K L 2BIiE, &R

11
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Figure 1.4 (a)Temperature dependence of the magnetic susceptibility (M/H) of the

ab plane of bulk CasRuO4 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 puoH = 1T, H//a condi-
tions. (¢) Magnetization curves of bulk CazRuO4 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 CasRuO4 with metal-insulator
transition temperature of Ty, Néel temperature of T, and Curie temperature of T¢
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 p—T characteristic of bulk CasRuO4 at
current densities J = 0.003-21 A cm 2. (b) Current density dependency of p-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 p—T characteristics of bulk CasRuO4 (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 2> & ROBIRENERR T 2 357 72 7 W RIRFTRAICZE LT 2 2 e 2Bl h T Vw3, Zh o Ziets
L7z J-T #% & (Figure 1.5¢)[14]. CaoRuO4 (&P (Figure 1.3d)[58] 7213 T4 <. JEFA
Fr YT THIEMENRTA—RICLT, FieRIBPEHOREEPHMNTE S, LrL, N2
FTIE 2 OFREHEIRICER LT, 100 mA $ O KERTEHHL TS ~ 101 A e FBEOETRELE

L6 TWRWED, ZOIEFEMICIERBRTEEDZ W, 2D, SRIIBMMTIZED
RERBREBEEIFONS, TERFY v VEFEORTRD NS,

R, ETHRE SN FEREDOREMETIE, MBS TFoZ Bl I h Tz, JEFHEE
HRETRET 2REEICBVTS, BEOETIC o B TOEMD RSN 5, P & [k
o EPBRZE LRSI a, b RIS LT, BREBEEOHEIMC X > T c HiRAKRELMHRET
5 Z e BBl T TV (Figure 1.6)[18]e Z D78, JEFEHE & FiEiH D BEMHAF—Td % D
YD s I TS, %RidT 2 k5 iiE, EHMMTIESEENOERELD c iRy HE
Ligeld 2 Dt LT, BEHHIN TSRO c iR OMRESHBIFESHTH 25 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™? (red) for bulk CasRuOs.
Open and closed squares are calibrated sample temperatures from (111) and (311) diffrac-
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.

W3 [11], £, BREBEOHEINAfE-T, Fr V7OFHICEZ2bDEZ N2 BEHOMHES
BEDs, B AT ® % Elih 5T LT\ Z 225, HAEBAMBTEIE » RAMRILIN 5 ik D
LEEINTWS [13], RE, ENWPRAAT—BETHS I K LT, BF/HD KX A4 VRN
7 RMVEER o TS Z e h o, T L SFEHEOSBHESFE— TRV I L AR N5, &b
D6 BETH L HMT 22, 202 3o BN/ BB OEBMECIXR S 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 CasRuO4
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 differential 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 CagRuO4 under (b) steady-state conditions with DC I-V measurements
and (c) non-steady-state conditions with time-resolved measurements by current pulse
application measurements. Top panel in (¢): 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 CapRuO4. 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 1.7¢ is reproduced with permission from ref. [15] © (2020) American Physical
Society.

1.44 INILY CaRuO, WA B FHEERBEIERIAGEIRR

L7 CagRuOy4 Tl 20 2 Ui FRlE TOER-BERET. EFHEEBRIUE RERHSR
Bllx 5 (Figure 1.7a)[14], Eififws 1HIE TERIFIEREREL R o h, RIRFEE T EREE
DINNC & > T NDR ZEEHFHBE T % [12-16], —45T. BERFIFETIE, 40V em™' 25 Ik
WI/NX B TRAB LR BRI FE T % (Figure 1.7b)[11, 30, 53, 54], BGHLAERIE TR
IHE N TWBRER R B =R 4 [50, 52] &, 2SL2 CagRuO4 ICETEDHZ L ~4 MV em™ ' DK
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Figure 1.8 Schematic diagram of suggested mechanism for the current-induced metal-
insulator transition in bulk CasRuOy in which the dxy and dxy, dy, of the 4d t2, orbitals
split[65] and the gap gradually narrows as nonequillibrium current carriers are injected[12,

18].

ERMEBESNSTHENS (11, LrAL. 2hE D DE,I/DSREMEES A0V em ™) 2Ho
o, OB L B2 A D = X 2SR B, L2 CagRuOy BRIV 2%
U 7= e T, BIERREE 282 2 v IBPTZ LS L(LAEN S [15], BIEETE
EERBZ Tz EBEENOBRERIC, BEDO EFHE XD & —HEERRERDFEELTVS Z
Yh5 [15], BRI & 2 EERIEEA TR ENS (Figure 1.7¢), FIfITHIERE, [EHFHEDFHIR
RROSEMEE I1TERZ 5, IFHEHEOBEHEIERIC X > THAZAIREEICOWTE I Lz, LY
CagRuOy TOREI D ERIE TIERHKRTH 272012, Ky 7 - Ta—750NHIE [64] . =X
oy VEEZEH LBYIRA v F 2 FOREFIN SRR b b,

1.45 /NILY CaRuO, TFETNTLWRERBFRBTGEROX DXL

d BFRMENIIE WA Y RIEZFFOH, —HOMEITIE 7 —a Y KFEN D 5 R TA Y Y #Ei
HEHABHEIARE @B 2T, Fr—F v v 7Ty MRk 22, ZhUCk Db ThiRiNG
WL THBIRICRIET 5 Z & T, e OFBMEDRRBET 2 e EZ 65N T3 [56], CaRuOy
WA VHEHBERAOEG 26 Fa—F v v 7y MK (0.2-0.65 eV)[66] 72523, MZ

TERRHEAEBICE L TR TFAZMTE 2 2IC& > T, bErRBLHBTL B FIREDOLE(LA
Bx2ZePRBINTVS [56], V2 CagRuOy TOEMEEDOEINIHKE Lz, BRI
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Figure 1.9 DC transport characterization and optical images of bulk CazRuOy4. (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 difference 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.

FURD DA H = X B OWTIIRFIATDH 25, BREEOWIMIMKF LTI L F—F v v 7D
g s h T3 (1.2 X)[12, 18],

A(J, T)] (12)

p(J#T)==;m(TUeXp[ ST
22T po(T) BEFROEERERE. A, T) B3TILF—F v v POBRBEMRTEE R T,
L7 CagRuOy ICIEFHDERF v ) T HATEAZINS Z LT, 4d toy UEICBT 5 dy, HUE L
sz, dy, HGEDFH LT [65] RAIWCZANAF—F ¥ v TOPRENR D ZOERBEKFDORES
DIREHHA P E 2 Z e HHRIBX N TV 3B (Figure 1.8)[12, 18], Z D@D ZERRIAA D
WZOWVWTIE, 2L CaoRuOy TEIRE MA MO A S, IEFEE R IREBOSEMHEINEL T»
SHETFPEZE IR TV (Figure 1.9)[13], 2O Z 225, RE, EHCHEREI NI FHEIREDE
B B 5. IEFHEREBEPFEILTVWE EEZ N TV, OB JEBRERI A RC
BREERBLAMBEICE > T, 747X MROBBEH R AL USRI 2 Z e hiFmEIh s
D [25, 26, 67, 68]. JEBAFLAETH > THY 2 — L BHKROEBEHE OXFNITE TRV, L

17



B1ERPpE

L. 2V 7 CagRuOy T, ¥ 2 —IIATIEEHITE R WEEM F X 1 > OIEEGaRE»N R 5h T
Wb Zehb, ZOIFFHX A F I 7 ROV THIERRD 2 BEN D 5,

1.5 mZEEB

TZETHRARTESZ X511, CaRuOy EERFAEH OB EHEFREE 2RI HELMETH
D, ZOFEED SIS NZICHDOREBEIZIE, L L, I8 X H =X L OMfRITFHER FICH D
2, TERFY v LERLT B L TIERTE R o LR IIER T2 Z LA TH %, &K
RO HINE 1) REREETD > L BRAEEEEZRT CaoRuOy DTV X F > v LR /ER
FEBET I, 2) B 7 CagRuOy DY X ¥ v LI & » T, B FHEBERIEHVE
BRRANOHEEHEDZ T, V7 a7 Ao A3 22 Tdh %,

1.6 1ELERN DB

H1E FET TR YEMAEREAFEOTL Y bR RAZBIT A EREHEN S, R
DT —=<TH2%” CayRuOy Y X F ¥ LRI RS BRI SRR 0" oF
2L, Z0RFELMNEOT 2, SEMEEFEEOTL 7 o =2 AGHARFRAALNTE
e, ZDZ L BREFEEETH 57012, FHZIE)» S HBIINETH 5, ZDREI
Xt U CER/ ESAEAEIIR L 725 Z e 2R L. RO CagRuOy 2715 EIRA
EABEIC OV THEH>TWL,, LA L, CagRuOy DERFEX 1 =X 2 DR RFIGHICIE, =
RET x VEBEBPAAIRTH 2, ZDD, AIFOHNZ 1) BERALRNELE ZRT CagRuO,
IEXFY Yy VEBEOFREZERT 22, 2) fFH L7 CaoRuO, HE %l U CTHsfs 25 8) & FLfR
T5ZLT, MBI XLDOMBANOERLZHAEZRZ L L HIT. T4 RISHDATREMEZHE S
T LTHREMITTWL

B2E BT XY v VREELEA L BERFENERZ R CaaRuOy ZEX X2 %
LHEROER” Tl X EFXERIR ETD CagRuOy EEDIEH ¥ 2 OREFHE 2175, JEHEZE
ZMFTOREKREZREM Lz, AFFZED CagRuOy T ¥R F ¥ v LEEIC OV T, M HIRERHE
R ERER, KPOL T =Y ARIBEOFEEICOVWTHEREZITS. CapRuOy TE¥XF v Ljlfi
. BEZEETE T Ru KB X MR O TR L % 2 & T, EMkiEinsg 2
LRERWZ ERRERBBY 2o Tz, AFETIE. FFEZELFCORRBKRELZEEL 35, [EHH
IR XY YU EEE RuBEYNHBICEH 3 5 2 & T, BitaAeMNER % R CaaRuOy =
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YR Fy v VEBEOERE HIEL 72,

HI3E FEMHIERFS v LREEREEM L CagRuOy T ¥R F > v LB O R M
Tk, AWZET Ru BALY B BB Uz, FEE ST oRBRREI SRS X 3
WEETMET 2, ERAEHEEEORIUCER T 2 &2 5h 5, HRREFIA BN X n 7
CayRuO4/LaAlO3 (001) IZ2oW T, EILRARERMICB T 2 EE 7 & BEAHEERMEICD
WTHikM 3 %o

BHAE “EROBL[MEC X 2 & FHESHIERFLREHROFM” TIX. AMHED
CasRuOy4/LaAlO; (001) IBWCHEMACHEROBHEZEHIES., X510, Bl
HT E 7 BIREEKFO|IUID I OWT, EROBEBKMED &FHli 2175, EEMRGEMTORE
a5 E CHIM S 7 R R B TR & . 20 e nICEBRESMFTRI I hie, AE R — AR
BIZEENICOWTHRT 2. T/, BIRSISAEOER-BTEHE Tl X /- V7% NDR 28
. BERIHIE TR RS v F o7 LTl Z 2260 CagRuOy/LaAlOs (001) @
BRI BT H 2 ATHEMICE > TV <,

5% “BTHEBEBEIERMCERRICNT 3 X XY v LB T OFE” T, CagRu0, #
ROBIRMALAEE Y. TEXF S v VLN DOBERICOVTIHNS, CagRuO, OEIRALAELFE
Wi, BOE TR LRI X o TSR TFOZEARESHEBLTVS, ZoZers, IV
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,
CapRuO, O IEFARER N2 LT 2 Z 2 T, TR F T v L) LIRS S 0 %
EAND, RACAIO R 5 @ECIEU EER IR S N2 2 e 2 o, MG T O c EZ(kIC
HHLT, TEXF v ULCHOEERFHRLTVL,

6 ® R RIIE I X 2 RS RIERPAR SRR O T, CaRuO4/LaAlOg
(001) DEFLAA v F ¥ ZOREENTOWT, RETMREHED SFH L K TANS, RO E TR
BOBED, 51k, RBRIKIIZA v F ¥ 7 %282 I3 ABRREFEMEEA TR TH >, L
2L, CagRuOy TIHRE, EHTHREINZBEML. BIRTHEIN 2 IFHEIREBOSEMEH
B2 eBEZ 5N TED., Bi-EEREIIRTERARERE 2 3 L C0 2T D 5, M
TREFE X B = X LD FHEEN 3B CagRuO4/LaAlOz (001) IZBWT, Al R AR %
REBWNZHED ST, BBRIEHIRAL v F o IEllEhiZ e o, ZOIFFEEHXALFI TR
WOWTHHRT %o

7 E BETIEAE LR OBRIC OV TU NOEMERIET 5,

1) ERARNEEZRT CacRuOy O X I ¥ v VHEROERZEBXE, oz kickb,

%
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) CaoRuO, HHR O EIRMFAEIEE T, IR IRERE L 1307 LT, BRTEIIA L v 7
VIUDREBTHZ e EBRILZ, 202 id, CaaRuOy4 RO BRI H, HEFHR
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) CagRuOy AR B FHEBAIHRUGER R I, TR 32 v VDR EER S
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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B2E

HHIEAX O vILREEZERA LT
CapRuOs TERZ X v ILERDIER

21 FC®HIC

1 B FED SAHFEME CagRuOy DL ZAEFTIE, MR O BIEE OE AR - 78T
ROKEBFDPRE SN TVS [1-8], MHEBEEB)OIFEZIE U T ORTREME 23132 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
7z CagRuOy TV & > v LHEETIE, (2.1) 2 [9] 129> THIFR D Ru AKRIET % Z 2 T, £l
BRERZ LW B KRERBEE K> TWE [10-13], 2D ehs, BRBEMNEEEZ RS
CasRuOy HEZ T2 i3, FELIWNETH 2 Z 6T,
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CasRuOy4 —— CasRu;_504_4s5 + 5Ru04(g) 0 (2.1)

TR D B ZEBITL TIRE X 7z CagRuOy AT, IREFRARE T SRR TH - 72, EHT
FIZDOWTH, PLD IETER L7 CagRu0,4/LaAlO3 (001) Ti& 1073 Qem|[10-12]. MBE T
PERIL 7278 Tl 107 Qem[13] &, BERIEIC & - TEITRDIZ S D 2K E W, Ru MLy
TUE, EERE ISR ED K E B RET e PHIONTED [14-18], BIEWEE LT
MHNTWD SroRuO4 IZBWTH, EHE, Rz IifH 32 itk - TEIHEZ RTI L X
X v VEBEOERICRII LTV [16-18l, 2D Z &5, CaRuOy HEICHB T 2 BB R ICHK
FLAEENROIE SO X3, MRERMck2 b0 THENS, £ T, KIFZETIE, HEZesfFE:
TYEH U 7 M0 B BARRIRIEAS & L2 VRN DS, B2 T ORS SRR O BRI O Ru 2348
T2 Eo T, MEHHRO TR REOIEL 272D THL e THLE, Z0Zeh b, I
BT ORRRED. RH O Ru KEOMENCENTH 2 £ B X7z, RFZETIX, IFEZEMN
TORGERBED A TE ZEMET X F 2 v VRREIC X 2T Ru KB 2 AR RBEMER X h iz
CaoRuOy TV X v VHEEZERH T 2 2 b C, BiALNERZBHIT 2 2 BiEL %,
2E TR, 6 DDERZEM EICEHI Y X F 2 v VEHRETHER L7 CagRuO4 HRIZDOWT,
Z OMEEFHEID B EBSAIC OV THR T %, Ru KIEZIHIF 272912, 1.0 atm DIFEZEEAM:
WHBWTT > 1200°C OEIRTOMBNREZITo 7. ZOmEmSEMFITER L T, CagRuOy DY
2% T w VERERIZER & O FREEZ T TR, BB O AN ZERIC D BEEZ T, 1F
EHMHOa b — LY MRER, LERREEDOE W Al BEYERTOAE Nz, EROLEN
R L TR A FAREEED 0D, —HD Ga BILYEAMNR T HIZIFHMED CaoRuOy =
YR F sy VEBEBMEF 5N TV S, [001] EEFED CagRuOy4/LaAlOs (001), CagRuO4/NdGaO3
(110) 13 LT, [110] BRI CasRuO4/NdCaAlOy (100) 238 517 2 & % X IEHT &
AL 7z. CasRuOy/LaAlO; (001) DWW TIE, BEZEREE X D W c iz & Ru KRB O]
DRI N DI, THE T SRR o AR RO HZ I S TNE Zehb
Moz,

22 BEMHIEEAFIvILRREZERL CaoRuOy TEXF S v
JLERE DS

RHF% T T ER DR 5, 6 MO MR YAIO; (001) 3 & U LaAlOs (001),
NdCaAlOy (100), LaSrGaO, (001), NdGaOs (110), LSAT (100) ® 112, CasRuO, TV X ¥
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KrF excimer Po, =10 Pa P=1atm
laser T=RT T 21200 °C

G GEED G substrate material (cap)
Ar — ,
+ 02> 1‘ ;j A 8%20}?:2;
A ey _
Ar;iorphous D oams [ substrate
fabrication of precursor films by PLD ex-situ annealing at growth of epitaxial films

atmospheric pressure

Figure 2.1 Schematic diagram of the fabrication of CasRuO, epitaxial thin film by solid
phase epitaxy. A CazRuO4ys 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 7' > 1200°C to grow CazRuO4 (100 nm) epitaxial thin
films.

Ty VEEEER T 2 22 BilA T, BEUHI, SV RAL—F—HEICL->TTELT 7 ZHED
CasRuOy 5 RIBRIARE 2 HAR FIcHERE X 872, Z D%, SMIFIZB VT Ar(99%) + 02(1%) D3k
B2 T 1200-1400 °C. 1.0 K7 =— 1§ 2% Z 2 T. CayRuOy4 (100 nm) T ¥R F > v L
%1572 (Figure 2.1), LaAlOs3 (001),YAIO3 (001) EAM oW TIE, EiESEMA T REIREDOM
ML RO B Aok nwZ b 2HERE L7 BT, BiBRAR o ®EATIC HCl = v 5 > 2R %217
5 Z & T, HEMREREZERINC AlOs #5i L TW3 [19], ZofhoHEtitEhcowTiE 77 v b7
VR T IAEE RO R EHHEZ TR T 572012, HEOMESRG L F—0O&HETAH—N—1 1
K7 ==V Y7 %17o7 20, 21|, PLD 2—%"» FiZld, CaCO3; ¥ RuO, Z{EE L THERT 5 Z
v CHIAREE CagRuOy 5 D d DEIEB L7z, MBKABOHER L, BENE (Po,) < 10 Pa DR
SMFDEZEF v O N—PUTBNT, FVILYZ~2]em™ ! D KiF 2% 2~ L —# (\ = 248 nm)
ZEAM10 Hz TR —% v NS T 5 2 & T CagRuOy, s RIBKARR 2 M L 72,

NV 7 CagRuOy &, HAERER O T ERMB LU TFAESE,. TEXF T v LEOHE R
Table 2.1 ICF e ®» %, MTFAEGEIX 2.2 o> T, ~ 7 CagRuOy #fgiAH & BEtibr Rl o
T A% T E R & L 7z,

Mismatch [%] = (dCRO — dsub)/dCRO x 100 (2.2)

Z 2T, doro & dsup &, NV 27 CagRuOy DAt IAM (T = 295 K) & Btk o [ NS 25
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Table 2.1 Lattice constants of bulk CasRuO4[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 CasRuQOy4. In the lattice mismatch cal-
culations, [110]-oriented growth of CasRuO4 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;NiFy structure, and those of LaAlO3z (001), YAlOs (001), and
NdGaOs (110) to the pseudo-cubic structure.

Materials a[nm] b [nm] ¢ [nm|] Mismatch [%)] Results

Bulk CagRuO4 at 295 K 0.383  0.388  1.196 — —
Bulk CagRuOy4 at 400 K 0.379  0.378  1.226 — —

YAIO3 (001) 0.366 0376  0.369 +3.1to +4.4 CaRuO4 + Impurities
LaAlO3 (001) 0.379 0379 0379 +1.0 to +2.3 CazRuOy

LaSrGaO4 (001) 0.384 0384 1.268 —0.3to+1.1 Impurities (interfacial)
NdGaOs3 (110) 0.385 0.38  0.386  —0.5 to +0.5 CasRuOy
LSAT (100) 0.387 0387 0.387 —1.0 to +0.3 Impurities
NdCaAlO4 (100) 0.368 0.368 1.212 —1.3to +5.2 CazRuOy4

AT, P EBOEENZIKEITS 7291, BETRRD LY CagRuOy 1% ab K LT
dcro/V2 REWM T 5 2 T, #i KoNiFy #EAZHL TV 3, LaAlOz (001) B & T YAIO;
(001), NdGaOgs (110) 3L /TR THFERZ £ o TWd, Table 2.1 1Z/RF X 512, M
T ORRERELEMFICEE L T CaaRuOy HEO T X Xy v LREIX, B TFAEEERZ T T
2, BN RER D RERBEEZT 2. ZOREEHITOVT, 6 DOEKTOE
B TDOLS7% 2 00MAMARONS, 1 DHIC, HIR & HEA R RIS BE D 5.
Ga BALWEAM (LaSrGaOy, NdGaOs), Ta BE{LYHEAMN (LSAT) X b H Al B{LEAR (LaAlOs,
YAIO3, NdCaAlOy4) D FAFRERISHHEE Z D12 Wy 2 DHIC, KoNiF, #EDHAMR (LaSrGaOy,
NdCaAlO,) & b 7/ M (LaAlO;, YAIO;, NdGaOs) O MELEMICEETH B, T D
fHif22 5, LaSrGaOy4 (001), LSAT (100) Tid. @igeft T Db dR DB ICHE L AT & T
LES Z LT, MiZEEER W CagRuOy HEIZE S5 N7ed 572 (Table 2.1), —/7T. LaAlOj
(001) TIZHAMD CagRuO4 HEEHAE SN TV I b 5T, AHOENZEREZHE LTV
% YAlO3 (001) TIXHAFEBRIIE A TVRYL, 2D Z 2iE YAIO; & CagRuOy & O 718
BEOREZ (+3.1 to +4.4%) KERT 2 EZ 6N, ZOHDI eh b, KA TIHEHET
B & ¥ v VR & T LaAlO3 (001) 3 & NdGaO3 (110), NdCaAlO4 (100) @ 3 D DI
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Figure 2.2 Out-of-plane XRD patterns of (a) CasRuO4/LaAlOs (001),

CasRu04/NdGaOz (110), and (c) CaxRuO4/NdCaAlOs (100) epitaxial films mea-
sured by 6-26 scan. The asterisks in (a—c) indicate diffraction peaks from the sub-
strate. The reflection peaks of non-stoichiometric compositional materials observed in
CazRu04/NdGaOs (110) are indicated by open circles. (d) In-plane orientation of
CazRu04/LaAlOs (001) and (e) CazRuO4/NdCaAlO4 (100) thin films measured by
out-of-plane ¢-scan, for CagRuO4 109, LaAlOs 303 and CasRuO4 333, NdCaAlO4 303,

respectively.

TOAFIFTHEOEREAE SN,

2.3 XH#REHTICE B CarRuO, SEREDIEIE T

0-20 FETOmAS XRD HIED 5. EHT E X * > v VEEZ#EF L7z CagRuOy TV X X
> ¥ VBB OREE T % 1T - 72 (Figure 2.2a-¢), CagRuOy4/LaAlO3 (001) Tl ¢ B[O ¥ —
7 DABELNTED (Figure 2.2a), M ¢ 2F v U SEMRD 4 BRHFr—HLTWBE I eh
5 (Figure 2.2d). (ZIZHEMED [001] EAESE SN TWVWS Z & 2R L7z, CazRuO4/NdGaOs
(110) iBWTH, HEAHEMED [001] EFEDE STV S0 (Figure 2.2b), fEHLZ=Z <D
REHC BV TEAMNIC CagRuOy, NdGaO3 ¥5 5 THRWAMPIL — 7 BREAT VWS, HKIFY
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LaAlO, 103
5.0 -
< <+
548 5
= Ca,RU0, 119 | & [~ e olewmae
46~ - Ca,RuO0;119 ~
46 C TS
16 L7 76 PN
q,,6(A") q116(A")
(c) Ny (d) ] //
5-2INdCaAIO, 4 52 NdCaAIO,
~ 303 —~ | 310 X
< e ol
~ . S ~
2508 P c? 5ol \
S |7 caRu0, 333 - ¥/ca,Ru0, 420
4855 6 16 7 18
qoo1(A ) q1-1o(A )
(e) L (f)
compressive “Tggtal-[001] tensile [110]
strain 9 T_>[110] strain « 4 T_>[001]

LaAlO, (001) NdCaAlO, (100)

Figure 2.3 Reciprocal space maps obtained from the XRD measurements for the
CazRu0O4/LaAlO3 (001), CagRuO4/NdGaOs (110), and CagRuO4/NdCaAlO4 (100) thin
films around the (a) CazRuO4 119 and LaAlO3 103, (b) CazRuO4 119 and NdGaOs3 332,
(¢) CagRuOy4 333 and NdCaAlO4 303, and (d) CazRuO4 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 Ca;RuO4. Schematic illustration of the epitaxial growth rela-
tionship and strain state of (¢) CaaRuO4/LaAlOs (001) and (f) CasRuO4/NdCaAlO4
(100) thin films. The figure depicts the insulating phase of bulk CasRuO4 at RT.

WG T2~ v B Db b 505, ORI Y — 213 NdGaOs DAL ER eI L
THRAELTLES., RERCELBGET 2 EZ 5N 5, CagRu0y4/NdCaAlO, (100) TlE. 1
EHAEOEENE STV 5 (Figure 2.2¢). M ¢ AF ¥ U SHRD 2 FINHE —K L&
CayRuOy RO — 27 R 5TV 3 (Figure 2.2e), 2O I & h b, fil2 DDk 2 xR D
[110] ELMED S STV 5, BEROEAN T FNCERD ¢ #iiE L T X F ¥ v VlEN T
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Z ¥, PLD ETIE® L 72 [100] Bl T & % CagRuO4/NdCaAlOy, (110) THIAE XA TS
[12],

g TR~ v ¥ ¥ 70 R O BEREE 2 1T - 72 (Figure 2.3a-d), CayRuO4/LaAlO3 (001)
T, EEOHNKE FERDPERE B L TWBE I 2R L% (a = b = 0.536 nm,c =
1.216 nm)(Figure 2.3a), L2 CayRuOy(a = 0.541 nm,b = 0.549 nm,c = 1.196 nm; at T
=295 K)[22] &b d cHIEPHELTWS Z 25, LaAlOs Ei & OHNEMES S (+1.0
to +2.3%) OEENE Z 5N 5 (Figure 2.3e), 7. AR DOHMRD c fliRiZ. PLD % (c =
1.224 nm)[11, 12] & b B HEEICFE V. Ru B LY O T, B o Ru KIBEIEF L T c
EDHET BEMICH 2720 [24], BEEBEEELD D Ru KEEMERI LTV Z 2 H7REX
N3, —HT. CaaRuO,/NdGaO3 (110) Tix. CagRuOy 119 ¥'—Z2SEHN D [110], [1-10] /5
MK E QIR 2TV Z e BEHlX N7z (Figure 2.3b), CagRuOy4 & NdGaO3 (110) EAR 1T
ab—L Y MEELTELHT., AR TFEREZ L TWRY, £, HED c ik (1.208 nm)
3NV CagRuOy (¢ =1.196 nm) € —HL TWRWI R 6, TEXF Y v LEIEE—IC
b o TWRY, ZOMFABEDFERE L LT, EROMFAINZEMICER U 75L& SE O
WEZ b5, 0-20 MIETBR I A TOAR MY Y — 27 1 3RHEKEE e XE L TW2 e HEZ S
L (Figure 2.2b), NdGaOg (110) ERDILERGRMEMRD AN WD TH D EEZ D N TE
%, Ga B{LWEAMZ HH L7z CaaRuOy4/LaSrGaOy (100) iI2BWTH ., [FEED FH KIS E % fiE
AL TW5, CagRu04/NdCaAlOy (100) Tl&. Wit& T2/~ v ¥'> 75 [001] 5 ANERE
WCHNAS T EBD—B L TW5 Z L ZHEZR L (Figure 2.3c)s CagRuO4 ¥ NdCaAlOy4 @ c il
£ (1.212 nm) Z—H L THBH. CayRuO,4/LaAlOz (001) & W cHiRPE LN TVWS, Ly
L. EAD [1 —10], [-110] A TEEBED Y — 27 DL > TED ., CagRuO, DM T E L
(@ = 0.532 nm, b = 0.534 nm) (&, NdCaAlO, DT EH (vV2a = 0.521 nm) ¥ iF—H L TWi
W (Figure 2.3d), [001] 77 FIANDERILAEFEBDO—BUE, BT ARESEICER L THE D, [001]
FHRDOREESE (—1.3%) &b b [1—10], [-110] FFDFEEE (+3.7 to +5.2%) DH DK Z W
O THHLEZLNS, DI Eh5, CagRuO,/NdCaAlO, (100) Ti& [001] FFHINETHIC
IEXF T v UMb -T2 L HfFTZ % (Figure 2.3f)s 2D XS RIEFAEEICLZ T
YR F > yUn 1o R51EIZ, PLD JETE# L7z CagRuO4/NdCaAlOy (110) O & —8F
% [12]o
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Figure 2.4 (a) Cross-sectional images of Ca2RuO4/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 RuOg octahedron and Ca positions. (b) High-magnification
HAADF-STEM image of the CazRuO4 film around a single-unit-cell-height step on the
LaAlOgz substrate. Solid red and dashed red lines indicate the RuO2 surface of CasRuO4
and the CasRuO4/LaAlOg3 interface, respectively. (c) Atomic force microscopy (AFM)
image of the surface morphology of the CasRuO4 thin film on the LaAlOs (001) sub-
strate. The lower panel shows the surface topography along the horizontal red line in the

image.

2.4 ABF-STEM & & T HAADF-STEM, AFM I &
CapRuO4/LaAlO; (001) (DA SHE

HBRDHE 4 T, BRALUEBICERNT 2 e Ex 605, HBREFUIRD 2B X iz
CasRuOy4/LaAlO; (001) (22T, JRFHENBEMEE (AFM) 3 X" ABF-STEM, HAADF-STEM
12 & 2 W R % 17 - 72 (Figure 2.4ac), ABF-STEM ¥ HAADF-STEM 2 & % # & W7 i o0 81
RBh o, CagRuOy FEMRICTH L Tak—L Y MEELTE D, HEike ORI 2R L7
(Figure 2.4a,b), H2X8PEEIC X 5 CagRuOy, SroRuOy TV X X v VRO FATHFED 6 .
~04nm DEHSEDRAT v 77 ¥ P77 ZAEEEROHMTIZ. OPB (out-of phase boundary) @
FERAMET s ne E 2 5 TE 7z (12, 17, 26] (Figure 2.5a,b), LA L. iR CER L7
AFED CagRuO4/LaAlOs (001) TlE. ZDOXS5BAT v 77 ¥ T 7 ARG ZROERITHB W
TdH OPB OFEMAHIH T WS, Figure 2.4b 205 ., JEE & FAR DA 5 17 DIG T AREEIZ
R U 7S A ZOETER. CaaRuOy ORI FOBBENZENT 52 Z ik o THRMEATWVS,
ABIFED AlOy ¥ L 7z LaAlOg EtRid, 2 QB F DR E ITER L TIE ~ 100 nm, &
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Figure 2.5 (a) Surface morphology of the LaAlOs (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 CaRuQO4 thin film grown
on LaAlO3 (001) substrate, where (left) steric-type OPB is formed and (right) structural
offset is accommodated by the CazRuOy4 lattice, drawn with the VESTA software[25].
(c) Cross-sectional HAADF-STEM image of the CasRuOy4 thin film on LaAlOs (001)
substrate. Arrows indicate steric-type OPBs formed in the CasRuO4 thin film, only

clearly observed in the 300 nm wide-range observation.

~04nm DRAT v F7 Y R T I AEPERENTED (Figure 2.5a). CasRuO4 DA HD
BT ER (c = 1.224 nm) £ DALEE D5 OPB OFEILET SR WIETTH 3 (left panel of
Figure 2.5b), L2*L. CasRuOy4 #HED RuO, B CaO HOMEEOIEHBEL T 2 Rt
BE2Goh s Zick b, OPB OJEM2E L L {ifil & T3 (right panel of Figure 2.5b and
Figure 2.4b), JL#iFTdD HAADF-STEM 8% T% OPB i3 A Y Bl F, ~ 300 nm DX
#HPICR TV v 781 26] D OPB B —28lHll XN /=DATH o> 72 (Figure 2.5¢), F7z. CasRuOy
HIRRE O JFFH T BEMEE (AFM) %553, & & 0.4 nm QENZR R T v 77 ¥ F 75 AidE
Y. OFHAEREE LTV I 2BE LT3 (Figure 2.4c), 2D 7 7 AMEE LaAlO3 & D
FEW ~ 300 nm ORETHERINTWS Z 55, HAADF-STEM B THE—#ll X 17z OPB
ERIGLTWS EEZ 5N (Figure 2.5¢),
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25 INE

RELFHRLTIHI U DI, (RO EZERBEIETER Lz CaRuOy TV X F > v LR CRIE
%o TWiz, EF o Ru REOWIHZ HiE L T, Ru BALYEFEICIFEZOR SR E Z#EH L7,
RETIE 6 DOFEMR ETD CagRuOy TR F> v LEBOER T HIEL., Z OMEHE1T -
Too EROLZEM LB FESICERL T, ZIZHEMHOERIZ [001] BLHED CasRuO4/LaAlOs
(001) 3 X T [001] FLEED CagRuO,/NdGaOs (110). [110] ELEED CasRuO4/NdCaAlO,
(100) TOAF STz, CagRuOy/LaAlOz (001) D c #iEA PLD HEOHE X DF VI & h 5,
R Ru RIEBOMFIDRBE N2, (ERD Ru BLYHER T, BEHROB T ARSI X -
THEGERMEDTER E L2 Z & D3k e o 72h3, STEM T DR S W E 81550 & KW 5L O
CagRuO,4/LaAlO3 (001) T, fmAMEAEZFICMZ SN TWE I e b oz, XD 3 ET
F. RS IRIFHATEREAE S 07 3 0 DEHIOWT, EEEHE L Ru /ABREOIHNCOWTH
L TWVL,

26 RERGE

CasRuOy HE DR FMRICIE, 2.2 HiCHRATIEEZERFOEME T E 2 F > v LRIEER A L
7o HEORHEFHEICIE. SmartLab (V 4 2) 8 X F D8 Discover (Bruker AXS Inc.) Z i L7z,
Cu Ko f#51C & 2 XRD HITEZ1T - /2 iEIWIH O STEM #1%£2121% Quanta 3D 200i (Thermo
Fisher Scientific.) ZHWT, BHOEHRA A —243I) 7T % L%, JEM-ARM200F
(JEOL) I THIZE%21T o 72, HHOEXHFREHLZIZIE NanoCute (HZNA 7727) ZFHWT AFM

BREITo 7
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E3E

ST vILRREZERL -
CapRuOg4 TEAR F o v L ERDEHXFF
4 54

3.1 FLC&®IC

AIE T Ru KABZWIHI 2 72912, 1.0 atm OIEFEZEZEFICEB VT T > 1200°C OERTD
fEREEZ1T > 72, CagRuOy/LaAlO3 (001) D c ENEZEMEE LD BN 25, D
Ru KIBEMERE N TWE 2 EWREEI NS, LT =Y ABEYRBEEDE SryRuQ, DY
ZE T X VEBICBWT D, R REPMEREORBUCKELRFEL S5 TWS e EbITED
[1-3]. ®EFHEICG 22 Ru RIBERDHEMZ T2 I KRERERDLD S, Fiz. Mg I
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bBIVERFT v LIENIE CagRuOy DETFIRIEEICKERPBELEX 2720, ZOBEK=ERE L
DREBREHLLARBRBELRDH B, ZALDI b, KETIHIFFHEMD CagRuO, HEHAES
N7z, CayRuOy4/LaAlOs (001) B & ¥ CayRuOy/NdGaOs (110), CagRuO4/NdCaAlOy (100)
D 3 DDHEHIOWT, Z DEEREZ #R T %0

AK#E®D CagRuO4/LaAlOz (001) ¥ CagRuO4/NdGaOs (110), CagRuO4/NdCaAlO,4 (100)
Tl 2 ML EOEHROE NI N2 e s, HATEXF S v LIBHOMENRE 2 S
%, BEMHZVE XX ¥ VELZEHLZERIZ, Wihd BEEEEID EWRIEEZRL, K
D Ru REEOWMHINREINS, L2 CagRuOy TE7 L= ABRIDEEE T H B EE
it o Tz, CagRuOy4/LaAlOg (001) 12 ZAUHEDRWIET L =7 AR OREMM 2RO Z &
PHER X NFze TERF T ¥ LI & D CagRuOy/LaAlO3 (001) DR AIEILD > TWE Z ¥
MNEZ 5, CazRu04/NdGaOs (110), CagRuO4/NdCaAlO4 (100) Tk, ZDIWPIEDE X
5T >400 K H OHBRED FERMB I3, CagRuO4/LaAlO; (001) 1%, HENEMEIGATIC
EDoLZ EDbENE Y ) TIEELRDS, EEREIRIEMHETSH 2 Z LRI N3 KELREA
DHSIETIABIH X 17z SroRuOy TR F S v LHEROWETH, BRTOMMKED Ru K
BEAERREOTHICEN TH 72225 (2, 3|, KFEOER. FEEELAFTOREMET Y X
F X VERIED, EiED CasRuO, EEOFHICHMTH 2 Z L RSN,

32 EMIESFD vILEEZERAL CaoRu0, EIEDESEH
X4 ETAE

CagRuO,4/LaAlO3 (001) B & & CagRuO4/NdGaO3 (110), CagRuO4/NdCaAlO, (100) @ 3
DDFRHTDOWT. T = 4-400 K T 4 b FEHIRZ 3l L 7z (Figure 3.1a), CasRuO4/NdGaOg
(110) & CagRuO4/NdCaAlOy (100) 22Tk, #IEWCH W PPMS(Quantum Design) @
BIEY I v MTkoT, 2R 2N 290400K ¥ 395400 K TOAHEMBEFENTET W 5,
CagRu0,4/LaAlO3 (001) ¥ CagRuO,4/NdGaOs (110), CagRuO,/NdCaAlO, (100) & Tl
B2 MU ERZR 2P, WThoOiE S 100-400 K TE® TCR(1.1 ) Z/RLTW3 (Figure
3.1b), CayRuOy4/LaAlO3 (001) DIEFIRIZ, L2 CagRuOy4(Figure 1.3b)[4] & b EHT b K
73, LaAlOz A & OEWNEMIES (Figure 2.2¢) 12 & » TRBHBLEL I NS Z ¥ T
Nd, TEXFY X UIENICE 5T 4d tay HLHED dyy WIE L dy,, dy, WED D HPHETT 2
¥ T (Figure 1.8) [5]. ®EMHNILENT 2 HMH MBE, PLD I T/E# L7z CagRuO4/LaAlO;
(001) TREINTWVWS [6-8]c —/7T. CagRuO4/NdGaOz (110) ZEWIEFIEEZ/RL TV 5,
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Figure 3.1 (a) Temperature dependence of resistivity measured by the four-
probe method for CazRuO4/LaAlOs (001), CazRuO4/NdGaOs (110) and
CazRuO4/NdCaAlOs (100) epitaxial thin films ([1—10] current direction). Note
that the resistivity of the CasRuO4/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 CasRuO4. (b) Absolute values of TCR
obtained for CasRuO4/LaAlOs (001) thin film. For comparison, the absolute values
of TCR obtained from the DC current—voltage characteristics of CasRuO4/NdCaAlO4
(100) thin film (Figure 5.1b,c) are also shown.

COMBE LT, HEICMbDo TWRIZEXF Y v LIBHIEE—TIER WS DD (Figure 2.3b),
CasRuOy B NdGaO; TIEREREANGIRD ISHNHIEL 57D TH2 EZ 5015 (Table
2.1), CaoRu0O4/NdCaAlOy (100) IZD2WTIE, HF2358EM L7 [1—10] TR e EE LT3 [001]
Jiae CTRITWND % 72912 (Figure 2.3¢,d). TEXF > v LI DB OWTERGEEERIC
AP S LA U 540, CagRuOy /NdCaAlOy (110) TOWMELH L & 512 (6, 7).
[001] ArAO T &F > 2 Vb FE L LTHEK 22T, CagRuOy £EM (¢ > 1.225 nm)[9] DL
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Figure 3.2 Temperature dependence of the resistivity of CaoRuO4/LaAlO3 (001) plotted
for the Arrhenius plot (In(p)-T~') and (b-d) the one-three dimensional Mott variable-

range hopping (VRH) model (In(p)-7~ "V n is the number of dimensions), respec-
tively.

Erfiflafn, SEMEID bEWEIIREZRLIZEEZ 515, CaaRuO, £EH & NdCaAlOy
D LLEETIX [001] AFAIOEANEMC DB 72H12, > 102 Qem DOEWIRFIEREZRLIZZ %
HAT X %,

AFFED CagRuOy4/LaAlOs (001) 13, EZ2EEE [6-8, 10, 11] £ D B 2-4 MiEWiEHiRZ R
LTW3, RuRIBICE 2R =V F=T%, BMERBLIZ2ETF—TOHELEZI LNV
Ru KABR 72 ¥ DAERRMIC X o THEL 2 EMEEOZEL) BT E 2, AEOWHRD c iR
(1.216 nm) 1 PLD % (¢ = 1.224 nm) & D bW 225, BEHORKGC X 218 F DK [12] 23
mEEh3 2T, BAEMFEHRBPLTWEEEZ5NR3, 2L D, SRERIELEEIC
ERS 2 HANORFTES [13] BEAP T2 Z ik > T, WIROHEMEHAT 2 2 e N TE 3,
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FIRE DI figure 3.1a 225, CayRu0,4/NdGaO3 (110) ¥ CagRuO4/NdCaAlOy4 (100) iIZH W
THHEHAT 2B TE S, MBE IETIER L 72 CaoaRu04/NdGaO3 (110) DIEFIHDY 0.6 Q cm
(at 300 K)[8]. PLD % T® CagRuO4/NdCaAlO, (100) 43 3.0 mQ cm (at 400 K)[7] &, ¥©5
5 b AWIZE (Figure 3.1a) & D &3 % 2 ICIEHIRAVNZ W, AFFED CayRuO4/NdGaOs (110),
CasRu04/NdCaAlOy4 (100) WIFNOEGTRIRERES . BT O Ru REERICK SR EL 2T
TEH., BEZEREEERLD S EWEIIRIEES O Ru REBEOMIFNGER L TWwd e E X 5 b,

NL7 CagRuOy OI|PIRRERMEEZ. T < 250 K T7 L =9 ZBDEEE T (In(p)-
T=1) %—RDE v FAIZEFA Y ¥ Y 258 (In(p)-T-2) 2 ¥ L HAHNC—KT 3 2 & 25
SNTWS [4, 14, 15], BHEIRE (Tvir = 357 K) (A TR AL DEEET A 650505, =
FUF—F vy T HMEARDZIC K o THAZ N TWS [14], CazRu0,4/LaAlO3 (001) 122
WTIRBEETLVOBMZT-oTED, T = 4-400 K OfIEH AL TT7 L =7 RBDIREE T
e, Ey MAEHIFR Y Y AMREBIED RN ¥ BHEER L2 (Figure 3.2), 2O Zeh b, T
V&% v VEEE L 72 CagRuOy4/LaAlO3 (001) OEHEREIX. N2 FYEERDEEE T LD S
AT 5 Z I3 TELRVEYD, ZORFMBOLLEEEHEELRIGER T2 EZ 005,
PLD ETO®E [6, 11] ¥ FHIC, CagRuO,/LaAlOs (001) TR FEMEL D — KAz
BICER L 2Rk Y v~ 78Rl ATV, LaAlOsg (001) ER2SD T X F > v L
BN K > TIHEBEDER - 2dTH3EILNL, HRBROW 4 HTFH L #Ead 5725,
Ty = 240 K U CTEREEOEINKE L SR 2Bl A TwE e b, T <240 K
T D TERITHEIT L CWRWIEREIRIET H 2 ATREMEA B 5, — T, CayRuO,/NdGaOs3
(110) ¥ CayRu0,4/NdCaAlO4 (100) IZBWTiE, BIIEL LT CagRuOy SEMHE D DI1E 5
PICE L, MR ASE»rZ I EDOETH 2 Z 25 [4]. figure 3.1a ORIEHFH TILIEETT
FHIZR-oTWEEEZDLNS, ZOZEenH, ZEXFI Y ULHICK->T > 400 K dOEW
EREEICR > TWE Z e TIN5,

3.3 CayRuO4/LaAlO3 (001) D SEIESFIE ST

BB D 4 ETERARIEEIBEM X N7z, CagRuOy/LaAlOz (001) 120w TR AR
P DFHMi % 1T - 720 CagRuO4/LaAlOz (001) DR —ARHIH (pyy) 1&. 0-9 T OHIMRLS TIEIE
R OBHEFEE % /R U7 (Figure 3.3a)0 puy—pioH FFEDE % % FIE I X0 7o R — U REL (Ri)
25, #iXEF vV 7IZIEILTH 3 (inset of Figure 3.3a), %72, Ry 25 RD7=F v V) 7 EEIF
4.3 x 10%2cm =3 (at 50 K) BE U 1.7 x 103em =3 (at 200 K) &, »L2 CagRuOy D ¥ v V) 7 i
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Figure 3.3 (a) Magnetic field dependence of the Hall resistivity pxy and (b) in-plane
magnetoresistance for CaoRuO4/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 Pxy Mmeasurements.

J£ 3.5 x 10'6cm™3 (at 200 K)[16] & b b2 ICEWEER L7z, LaAlOs (001) FHA & DA
JEREIS T (+1.0 to +2.3%)(Table 2.1) ICX o THF v V7REDEE > TWVE I eHAFEZXHN, N
L7 CagRuOy TO—HHES % [13]. {LEMES [5] TRBEPRENT 2D LAk, HHNE
FEISHNC & 5 Ad WIEDOHZ (5] 2 HAAT 2 Z e B TE %, Lh L. ABIZED CagRuO,/LaAlO;
(001) DIFEIT/NE W Ry Z@tA S 21213, DX vV 7 TH 2B FOHEDL ERICAN S LED
HY, EfL EFHEEL CHEOEZERMEICHEEL L5 2 TV B AREMD D 5, Cay ,Sr,RuOy
& Ry DREICKES HERZ T2 Z e EINTED (17, 20EEF v U 7HELLP TV
METH 2, LhrLEHS, KifFED CagRuO,/LaAlOs (001) TIHMEF v U 713 Z{LE T IEAL
TH o7 (inset of Figure 3.3a),

2V CagRuOy TlE. FEHEINNC & o THEBMERRF OEMRIC & 2 B OISR Z R T2 [18].
RIFFEDOHBTIE, MEHC K ERBRE TR THI2 5K ERADHSIEIPBEI S N7z, T <50 K
ORI T, HELRAOBMSIPIREIBEA XN TBD, T =10K, poH = 7T T —9% D
SEFEBHEIL TV (Figure 3.3b)s 2 DZE#ENX CagRuOy4/LaAlO3 (001) OEEEIRAEHTRAEME
MTH2ZZ2RBLTED., KERADHMAKEIIEES TN RO LY CagRuO, TIRIBX LT
WRAEYOLE (18] »OFHT 2 LA TE 3,
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3.4 IME

RETEBRH O Ru RIBOIHIZ HIE L T, JEEZERMAEE A L7z CaaRuO,4/LaAlO; (001) 3
& U CayRu04/NdGaOs (110), CagRuO4/NdCaAlO, (100) I2BWT, LR & B
HERE OB Z1T o 7co WTNOEBEICHEVTD, BEZEREIEOME X D TS ISR B
SN eps, BEHO Ru RESIHIZATWS Z e RBEN 5, 7. CasRuOy/LaAlOs
(001) DBESEEREE. 7L =0 2BOEEEFAHED T, — AR EER 2 13877 2 R
M%Z b D, CaRuO4/LaAlOs (001) OREEERRFER AT H1E. N7 XD SBHTRKERF vV
TEERER L. RERENBEMEAATH 2 Z L RBIN S, RETIE, BEHFO Ru KB O]
DREEN B CagRuO,/LaAlOz (001) I2HBWT, EiRDOBREE/FUHEZITS 2 & TERBE
RIS OB Z iR T 5.

3.5 EERGE
IR TRERME S X R — 3R SR HEIE . YEYERNE > X 7 24 PPMS(Quantum
Design) Z FHWTHIE L7zo 2.0 mmx5.0 mm (ZHN1L U 725N ARHUMEZEE T Au (100 nm) /Cr

(5 nm) OEM%Z CasRuO, HEE LIT/FR T 2 Z & T, 45 THEZTTo 72,0
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2 F, 3B TWIEF O Ru RIBOMHlZ HIE L T, IFEZEZEMACOMMMEZ#EH L7z CaaRuOy4
HIRDORE & TR O I 21T o T E 7z RSO CagRuOy ¥ X F ¥ v LEETIE, STEM
B S RO REISBE I N2 e, BE-EIEXID WV c iR, €512 MBE, PLD
EEDSEWIRPIRZ R L2 6, PO Ru REEDRFEIREINE, KAETIEZOD X
512 L TER L 72 CagRuOy4/LaAlOz (001) i2BWT, EHIRD 2 #THIED & M- REREDE
MBERE L . BR-EEREZIHMET 2 2 2T, ERAEEE OB & 2 0%8 0 FHE % H

ARE T CagRuO4/LaAlOs (001) OERTSA TOERPIAREREIC BN T, BIFHER R
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(a) (b)

o\
< ‘

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 CasRuOy4 thin film for DC electrical mea-

surements. In (b) is an enlarged view around the gap.

BORBEHLHEEIN S, BREERGFOESURD 2B L2, — /4T, EEESRFOEGIIRE
FtETld. —XRHEEBNR e X7V > RE2/ES ZHP R SN, B AMHIINERIC X o THE
WKZE L7z, BROER-BEREICBVT, Eiftf5I504 R T FE% NDR A8l s z—
Fi. BIERSIZM R T NDR SIS A A v F > 72 LCHEl S Wiz, O D IR LRE
PR 2 513, L2 CagRuOy TREET 720 o i BER IR S h, Al e d 15[
DD BELLEENZHOZ L 2R L. ¥ 2 —LVAOEBENEN S F5EEDZICH LT
3. CayRuOy4/LaAlOs (001) OG-S A B LD 5T, ABSICK > T, &
MARMIEE 2R3 CasRuOy T X ¥ v LERDMF SN/ 2 8T, MR 2 RS 27
DOFMRMENTREICARD, L2 b= AEHOMEEZFMT2 B TEL L5
otz, MMV THOBELO S, TEXF Y v LEREMS - MMM TEc kD, ZhE
THNSNI D o @ EREEEBICB T 2. HehIFFERFHOERIHGTE 2, 8.
CayRu0,/NdCaAlOy4 (100), CagRuO4/NdGaO3 (110) iZ2W Tk, CagRuO4 AHFDOHNE T
BRI X o TRERETN R SN0, RO 5 BETHMT 2.

42 CayRuO4/LaAlO; (001) DEER. EEERMTOIERE
1514

CagRuOy #FE 112, 20 pm OF v v FHEZ A S % Au (35 nm)/Cr (5 nm) O HNN A B Z
F L 72 (Figure 4.1), 7238, %A 4.3 BiTid, BEROR AR ZERE L T Au (100 nm)/Cr (5 nm)
NAUDEBICEEEZMATVDS, R TIEZ D 2 i FEHE W T, CaaRuOy4/LaAlO3 (001)
B B EBI. EETLEMATOMEYTRERMEZ 3 L 72 (Figures 4.2 and 4.3), 1.0 pA-10 mA
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10% 1.0 pA
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100 pA
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constant / ot
0 100 200 300
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Figure 4.2 Temperature dependence of the resistance of CazRuO4 (100 nm)/LaAlOs
(001), measured by the two-terminal method with continuous constant currents from
1.0 nA-10 mA at T'= 8-300 K. The inset shows a schematic of the two-terminal electrode
with a lateral gap of 20 pm 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.

DEEBRZIMUGNT BB OAT o MED S, BERARMEEOREINTERT2EZ605, &
TR \RAT L 7= 520 hr I R PLIRAD 2 B L 7= (Figure 4.2), & OIHIZE(LEENIALENTH D |
10 mA CTOHERITIREREIRD R-T FEHHHR T 2 2 L 2R L T\ 5, BIREERFOEL
ZE T > 240 K TRIFLAY Roni ks 25 (Figures 4.2 and 4.4), Ty = 240 K 28
IERFZ v VR NIC K o TR o BB RICHINT 2 e E XA 56N 5, ZDfEHIZ MBE IKT/ER L
7z CagRuOy4/LaAlOs (001) D (Tyy = 230 K) & IS [1]. MBE i#% & (3 HEHTR 2 $i0hT 2
BoTWb, ZOWPIRDEIZ. Ty DRERS 7 F 5| Z R WIEE OHNEHHIG ] OE W
2lickoThELEEEZ BN,

—J5C. BERT &G T TORVRREREICE VT, RIBRIRTEEESHIT 2 2 L 281
L7z (Figure 4.3a-d),  ORIBLEIIRFEIL. SEEBRIKERE O — IR THEINICR SN 3,
RERIIRDO L A7V ¥ 2% T (Figure 4.3a), 20t ZFEBETEERT OB 2.9 mA
25 9.3 mA NZABITHEML TH b, EERSEMSTOB|ITIRERE (Figure 4.2) 225 FHTZ 3
BIMOBEMEY —BF 2, Ll S, EBMEMHTIEL AT Y P REREIRWD, EEFSR
RO RT Y > RIZDOWTI figure 4.2 DIED SIEFHHTE RV, 2 O—KIFIENZEEIC OV
T, EHOREIIH T 21HE (d(log(R))/dAT) » 6. REBRRT Y ¥ NY T (AT = 33.5K)
ZHoTW3 Z R EN (Figure 4.2¢)e F7z. 2 ORERT IR OB IRE XIS 5 EHIZ

50



54 B EROEXAEIC & 5 B AR AR EE R O FHI
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Figure 4.3 (a) Temperature dependence of the resistance of CasRuO4 (100 nm)/LaAlOs
(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.

FoTRELY 7 M T2 BIHILTEHD (Figure 4.2b), ~ 15 KV 1  OEIFITH 5 2 BUK &
7 MHRE B Z L R L 72 (Figure 4.2d),

KIZZ OEBEHFNCOVWTH L Lo TW L, CaaRuOy/LaAlOz (001) iI2EWT, Ty = 240 K
ZHY2 X512 L TO» @D ANCIRERT 21T - 72 £ Z1Z1E (top pannel of Figure 4.4a), #
iR (@) X b RERRE (@) OHPEEFERT 2 L 2R L. A OREIRKICK
23T, AROEPIDPRD/NELRZ LT, ROV 2 —VIIBADBHEAELTWVWBIETTDH S,
Figure 4.4 ORIAREOIRETH 2720, EEORFHRE L DEWEEET 2 0B D 2 5,
@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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104 =
constant V
N 6.0V
70V
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g
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———
0
high p,
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@ Au/Cr
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Figure 4.4 Top panel: temperature dependence of the resistance of CazRuOg4
(100 nm)/LaAlOs (001) measured under continuous constant voltage conditions with
V = 6.0-8.0 V across Ty = 240 K. The arrows indicate the directions of the tempera-
ture sweeping. Bottom panel: possible domain structures in the CasRuOy4 thin film at

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

BWEEZ, 22— X 23 RHEE O ERTEFHATE RV, 200, @ OEFIEIEL
ZREE UTid, iR OEREESHOEVDLE X 505 (bottom panel of Figure 4.4), itk
EHDP RO REVREKEESK O X & (D), 1.0 x 1.0 cm? TEE L 72 CagRuO, #HHEDIZIEET
DFEIED ST IRMEIC R o T 5 & FHETZ % (bottom panel of Figure 4.4 @), ilkE DIRE %
ERxETWL b, BRALEEIC L o TR ABRICHD T 5, Zor &, Au/Cr B O
FHICB VT, RFCIRIREO RV EERE EHEESER I 20, BEOZ ZEERGTEHET
H5IeNTRING (), 20K, Tu &b bFHRED LA T 2 2 & THBERRIEIRTIRME
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2% (@), TAIED, EEEMIEMNT 272D, CayRuO, HEEHDERBEIIAZ DT
%, WHIARE (@) Tl 2OE3 L THD LEBREHEIC X > T, BIRALAMEZEIIAE
flxhzzeichsd, 20k, KEFEHOREE, REFLULBIC Lo TREE 2225 E
ZAb6N%, DIOLD bEVIEPURER R L 7220, BEFLHEETRINCRsh s, REY—7
JBHH R XA DIERK 3, 4] Tk > THHT 2 Z A TE 3,

4.3 CapRu0,4/LaAlO3 (001) DERDEFR-EESFHE

CagRu0O,4/LaAlO3 (001) I2BWT, 2 Ui EM (Figure 4.1) Z HW TERO ER-EEHIE %
1T o7z (Figure 4.5), &G [HIED &, s DMmEANH Y CagRuOy4/LaAlOs (001) 1XBHZE 72 IF
AR 2R Uz, R, BB OIRE (1)) < 80 K OfRIRMEIR TI&, P NDR (negative
differential resistance) 2l X 417z (top pannel of Figure 4.5), ZAUI L2 CayRuOy4 & [H
BROZEETH 257 [5-9]. N7 KD HIE5002 % NDR fifi#aFohtnd, T, <80 K I
B 2 EERFEEER TR, EREEOBEIMIMKE L TEIUIR LD L TwL, Ll &5
WCETREEHEM L 722 NDR 280 RBI L, 2O K51 T, Bty S&FoER-EFE
Tk, NDR %215 SRS RES BRI S h iz, — T, BEMSIZMTIZ. 20 NDR #
WTBERPZBICHEMNT 2 22T, BPIRA vF v 7 LTEHIEHN S (middle pannel of Figure
4.5)s TD XD REERPITHEIURD &, BIERTIRTIR A v F 2 7 h 5725 2 BREEOHUIERIL, &
. BRI OSBRI B E TV a 225 [5-15]. JFBDIER TOEEN 28T
HBHLEZLNTVS, BIREEDOHKIE > THRLHPIIRIIDHD L TV XA =X 812D T
FERAMARINTED, ArasrF4 F AMuQs TEEBHE R XA VB RLACKEL TV Z
W&o T[10-14], NFDYABEIIDOF ) VA4 XY TRBEZBICHFLINTF v ) 7R A TERS
N3 THHEATWS [15], 2L CagRuOy TEF v U 7EMA B =X LIMA T, B
EOBIMRIFE L 2T AV F —F v v TORAED, B0 IHD T 2EIIADFHIH L L TIRRX
ATz (1#E1.2N)[5, 16|, —/HT. BIEBRZAAL v F U ZITOWTIE, NFI YLD F
74 ¥ TOIBIEETIZ, NDR KESVWTHRET 2 EZ LN TV [15], 2L CagRuOy
IZHWVWTH NDR #I T, JEFHEHE R S TRM (S* H) 22 o R ST (L* ) ~NEIREEEH D —
TAHER DS E 2 2 e 25, BEi-EERER O BEMETBIE (Figure 1.9)[6] <1 i& 3l <&M
éhfméwﬂgmoﬁﬁm\%ﬁ%ﬁ%#f@NDR%ﬁt‘%E%ﬁ%#f@ﬁﬁx4y%
> 7 ORIEZEFHAT % (bottom pannel of Figure 4.5), BEMGISMA TR, HIEICH W8
BT X =27 F 5 4% (Keysight 4156C) 23, a > 774 7 > A& (CC) 12 L /2BRICETE
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74— RNy ZEfERITo T, ZHICE D, CCIE LBkl i 2 Bifizs, NDR
DRABROMEETREIY ¥y T LTWVWE, ZOZLIRESVTEZ S, RFFETIIER
O BB M TR B ARG [ HIE T, NDR MO ESIZ A v F o 7 LTSN Z e h
5. CasRuO4/LaAlO3 (001) OEBEFRARMIENEHTH 2 B FHEINL, D LIZOW
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< 100 K
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Figure 4.5 DC current—voltage characteristics of CazRuO4 (100 nm)/LaAlOs (001) mea-
sured using in-plane two-terminal electrode under (top) current- and (middle) voltage-
sweeping conditions for stage temperature Ty = 40-200 K and at RT, and (bottom)
correspondence of the current- and voltage-sweeping characteristics.
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-

TlE. %bo 6 E TR D HIE Z#EH $ % 2 & THsfE O3 R %
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Figure 4.6 Current—electric field characteristics of CazRuO4 (100 nm)/LaAlOs (001)
measured at "= 8 K for (a) 15 field sweeping cycles, (b) two cycles with different voltage
polarities, and (c¢) three cycles with different sweeping rates controlled by measurement
waiting time ty. Note that two different samples were used for the measurements shown
n (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 I, and Eij, in the figure indicate the threshold current
and threshold electric field, respectively.

44 CayRuO4/LaAlO; (001) IZH T BEHRAA v F VI DREN
SH

AL 2 CagRuOy TRETFER R ORI, RSO K S REMIC X o TS O
FAET D [18] 2O LICERL T, NI TEFEMICZOEFHZHIANL Z e BAHETH -7 2
Yirb, S Ti Y% F—7 522 L CRSBEOLELEBNT 2 AN RINTER (8, 19]
L2 L. RIFFED CagRuOy4/LaAlOz (001) Tik, A& RISl X, EiRFENEE
DEE L7240 IR LS &/ (Figure 4.6a—c), Figure 4.6a 1. BER5 KM TOER-
BIHRED 15 H O DR L ZERTMTH 2, 15 BEDIRL THREZIZE AR T,
By = 9.6-9.7kV em ™" OIZIFFA UMEES CIRIIZAA v F U VDB L7z, £z 2O [-EFF
Mk, BHEHMOAMEEZ THIFL ALZELLA W (Figure 4.6b), REFEAETIX, Y a—
UM BUEEC X D HLR A v F > ZOBIEER L. BEES By 1< > 10% OIX5D EH%4
L %% 20, 21]. CagRuO4/LaAlO; (001) TEZh & D B RIEIT/NE WV, ZOZZiEmd 572
DIz, BERLIOFEREEE S Z 2 T CagRuOy/LaAlO3 (001) @ I-E it & BULE 052
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Figure 4.7 (a) I-E characteristics of CaaRuO4 (100 nm)/LaAlOs (001) measured at T
= 80 K with different field sweeping rates controlled by measurement waiting time t,.
The higher current region is enlarged in (b). A sample different from that used in figures

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

%Ml L 720 Figure 4.6¢ 1%, 10 point/kV ecm ™' ORLEF K LT, 1 point ¥ 1T t, = 0-10s
DHERBIRMZRET 2 LT, My EHEZZLIELDDTH S, ¥ a— NN E ZDEYLEL
IRFRMKTTIED B % 720D, IRFEARARIZICE T B Fy, (EEIRE| 08  RTFT 5 [20],
Figure 4.7 1%, HIE OBPHPIRREZ T 5 72012, T = 80 K TD I-E Rt oids K1t %
HARTEHDTH b, ty =0s DL &, NN 2 EIRICIE. CagRuOy HEEO RFTREDZ(LIZ
ERT2eRAT VI ABRRALNS, RRED LFICX > T, B EEBEE X b ELE @
272" DI, AEHIIRN 2 BRSKE Lo TW3 (Figure 4.7a), —/7 T, t, = 10s Tk X
7V ¥ RAZFWw (Figure 4.7b), 2O B X7 Y ¥ 22DV TIiE, CagRuO4/LaAlOs (001) 23
ty = 0's TIEHEBIEFEREEIC, ty = 10 s TIRIRIATFEIRBICH 2 Z L THAT 2 Z L3 TE 5,
Va— IR X BRFTRE D FRICOWT, & ERBE TOREIEENE T E 355, B
RREITET 5 2 A TERVOT, REINEUC & 2 B oMmpsHlEh s, —H T, BEETE
BT T E2M5EEIC & > THHAIRA TR 27010, BFHIREE L D HIRFIDNE ko
TLEDS, 2O~ MHERIFAEET LD, BIFFEIRETIZEY LA, B R#EfETte R
TUSREROZ L 2HHATE 2, SHEIOMERTIE ty =0s &ty = 10 s T, BIEFEH D &1F
FECEHPREEICER LTV A 226, AP ETHEMNEED L, 2B T2 EZI LN TE S,
INHDZ e ZERT, [-E Rtk L 8L ORI 5 & (Figure 4.6¢). BIEFEEIREBICH
tw = 0s LIZIFEPEHHIREEICH 2 L, = 10,30 s TRBFIRESHIZEL 2 1CHEL ST, Ly, En
EIREEEIC X o TELE T ICHEL TV 5,
AL TOERIEICE T 2BREEIIRAZ VD (~ 0.1 MA cm™?), ¥ a— Bk 3
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WEEPEERTIVEND %, Hhido 6 BTHMICHRT 220, BEFLAEZED S QMR T,
CayRuOy/LaAlOs (001) TEIIX N7z & 5 RABKIKFIZ 4 v F > 721851213, ABRIEES
FRIEERS S ARAI R TH 5 [22-24], LA L. figure 3.1 225, CagRuO4/LaAlOs (001) 1324 IR
EFARREE 2RI WD, RO RFTINZZIMED SIRFIR A v F ¥ 7% 3HT 2 Z 2 3 #EL
WV, ZOY 2 — VRO EIZOWTIE, ARDEEEFMFTORIIEER TICBVWT Y 2 —
WVETIIFATE R W & Ziam L7z (Figure 4.4), B oBBEEFAELBICEWTIX, 20
BBEX A ZZXLZDVWTEY b AN=FFy v TDY = F R [25]. 75 ¥ = k&R [13]
PIREEEINTVE, LaL, ZD& I BRI =R L TRERIUIRE & (RIEFUIRERT O 2 Y7285
BEsl &z §72D12, CagRuO4/LaAlOs (001) TEHHEIX N ELh RIEFEBEZHHAT 2 2
EMNTER, LY CagRuOy 2B 3 BB OBINKEE L 72 B 0 RIRFTR D 1D n T
. BIREBERINCAE 5 T 4dy,, 4dy, PREDO SEEPEMT 2 22 T, IV F —F v v THHER
PIIAET 2L VI XA =R LPREINT WS (Figure 1.8)(1.2 N[5, 16], F7z. SEMHDZ
BIRYIEAS DB LTI BEMEE G e b S B - ER-BERE, &, BICE v ) 72EET 2
ZETERBEMEN XA U2 HEL TV GEEPBHIEN TV (Figure 1.9)[6], CasRuO4/LaAlO3
(001) IZBVWTH, ZhoEFIC L TEREEDWEINIKTE L Z OB R 2 #iiH T
ZZeBTES, LL, N2 CagRuOy ODBIEEYS (By = 40 Vem H[18]. F vV 7
(3.5 x 10%em =3 at 200 K)[26] 124 LT, CagRuO4/LaAlO3 (001) DRMEES (10 kV cm ™) A3
EPICKENWZ L, F v U 7EE (1.7 x 108em ™3 at 200 K) MK E W L 2FHHT 2729
WiE. Stk TEXF Y v UL L BIREEOBBIOWTHMICHKR T 2 0END B,

45 IME

FEE 2L T DFE R 2 L 72 CagRuO4/LaAlOz (001) i2BWT, BIRAELARE O FH
DHIfF NS, BIREEOMINCKRIE LB RIETIRD 28l Lz, BRFESI&HETToE
R-BEERETIE. NDR &85 Fil R I RS/ Bl S e, — 4T BERGIENTIRC
@ NDR fHEUIIESIA A v F o 7 LTSNz, 2D Z e 6, CagRuO4/LaAlOs (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
278, kD 6 BT 2 HEHIE 2 & s F 2R Al 21T 5 Z L 2§ %, BIRAERERE T,
BEFRELELRNCHEERETE 2 X ) =X 2 2HK070. BRMSE LB 2 2 BIfELENE & BhifEdl
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Au/Cr depo.

(b)
‘ L
CaRuO, |

LaAlO,

- -

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 CasRuO4 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-off process.

IR TV, AEOEREIEICHE T, A2 CaaRuOy 22 5472 2 d 15 ([
bORELEIAA v F v 7, fMEEEOZ I EI NN [-E FIERBII L7z, Lo L,
X RN IRUZENSCHRZNLOFHEZ T 20ENH 5720, ZHUIDOWVWTH 6 FIZTHT
2175, B 5 FETIE, IFFHMD CagRuOy TE X F > v VHEE 5772 CagRuOy4/LaAlOs
(001), CapRu0,/NdCaAlO, (100) I2BWT, ¥ X F ¥ v Lih & & FHEBRIER R EH
ROBRIZOWTHHI & Famz 5 %o

46 SRERAE

Au/Cr @ 2 5 FEMA 2 — > OFFRUE, 7K h ##12T OFPR-800LB/PMGI-SF6 @ 2 g1 >
A b EBHE. BRIK NMD-3 TOBRGEZETER L, B oNBM X — 20t LT
BAET Au/Cr BHEHERELZDL, NN-IXFILFNLLT I FIZIRET S I TLY R MO
EBEIOV 7 b F 7% (To7 ZO2BLY A MNIBWAX—V DLy DR RE SIS
2Zrt. LYRMEBEMMEZYHEINCYIDEES Z 2T U7 A7 OBICERmOHIBEZ G <R
BAHIFEN S (Figure 4.8), FHIHRARD 6 HI2BWT, BEOFELZI 2HEED Cr 2 AWV
TPt BRETEA T 2B V7 b A VROBMOHBELZH <7201 2 L Y A MIEEK
%%, WYI-REREDBRMAE X~ L F X — & — (Keithley 2002) 3 &k N EFRER (Yokogawa
7651). 7 I A AT —F TR LT AT A THIE L e, BEI-EEREE, FEE AT X—27F
5 4 ¥ (Keysight 4156C) ¥ #i{fii 70— 7 25— 3 > (Nagase GRAIL-20-305-6-LV) % {#
U CHIE L 7z,
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EHE

SFREREIERIASHRICN T S
I toa:\:/JV}l/r_\jjo)E'\/s

51 FLC®IC

RIETIX. CagRuO4/LaAlOs (001) KBWTHEHRDELR EERMEHEZITS> 22 T, TE¥X
Xy VERRTOBEMACHEBORBZHBAL 72, KAETIZ, T8Iy LILHDORLS
CasRuO4/LaAlO3 (001), CagRuO4/NdCaAlOy (100) Z# LT, TEXF > ¥ LG5 X 3
BMALAELBANOMEETARS, »7 CagRuOy DIFBEEHR (IR A v F >~ NDR
28 [1-7] DB, OB TS FHEERIC X - T, ST BRSH 2 o c s 5 2
EDBHBLNTVWS [4, 8,9 2DZenb, CagRuOy Z TR F 2 v LIS T2 Z 25T
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,

WA, ABRIEHIRA v F > 27 (1, 4, 6, 10-16] £ NDR 288 [1-7, 10-21] ZJ5HL7=E v M
XEYRAR (16,22, 23| BEUEY MIAT =2 —8v > (11, 12, 22|, E v MRIFIRE [10-14, 22|
DEHPFIN TV S, BTORMERIEE B8 L T, B EERREZHIE T 25408 A
ThbTWwaH (12, 14, 19, 21|, ZL OMEDY 2 — LVEHR DB Z RO 72 01T [12-14,
18-21|, JFIRMNZZE D &+ 2 ElfHA T & Tk, REFERISZ RTANF I T ABIEYT
B, Va2 BT ko TT7 4 7 XY MROFBEM R X A U S5 Z T, ISR
HFHBT 5 (13, 14, 18, 20, 21], ZOEBEHF XA YO T L RAICEWTIE, BBENFAEL
TLES 720, IHIEEEREREHET 2 Z 8RB TH 2, X 512E. BEMEF XA > DZ%E/T
BRAE—MIC X o T, BIR-BEREE BN REHEIC 2 5, —H T, RiFFED CagRuOy Tl
TR XY v VBN & o THRAE L IMBOELIREIC X o T, IEHIBARERR 2 LE L CHlfT
RN H B, DT h 5. CagRuO, OERAFEMELL T, BEFLHEEBE LD HEV
BRI 2 Ho 2 e S ifF SN 2, ATTIE. TEXFT v VB DR 2 BiERER Fic/ER
L7z CagRuOy TV X ¥ v VERICB VT, ZOEM-BEEFEZHET 2 22 T BTHER
RIEIPARERRICHN T 2 T8 R X2 v VIR OFE RS,

AETIE, [001] ELFIED CagRuOy/LaAlOsz (001) 1I2BWT, NDR 28 % £ 5 BAlE 2 IERE AR
BREZEMIL 2o 24U LT, [110] EEMED CasRuO4/NdCaAlOy (100) TiE, c #iROZE
LoMFENER T 2 £ E 2 5N 3. IHIAAEREOIZTELRHEEIIBHE N, ZoZ itk
D. CayRuOy DIEFEEERRITIE, T XIS v IUSHIC X 2R EZENEN S Z L AR
. FROEY Mlara—TF 4 VIR FANOHEERHAEANE SNz,

52 IERFS v ILBHICK 3 EFREBREIERIAERROMF
& € DFH

AREITIZ [001] EEFED CayRuO4/LaAlOz (001) ¥ [110] EEFIED CagRuO4/NdCaAlOy
(100) KBWTHEROBR-BEMEEITS 22 T, IR CERR L ¥ 2 3> v LB OMGE
X%, Au (100 nm)/Cr (5 nm) DN 2 fiFEM (Figure 4.1) 2 HWT, 20-590 K O#iHT
BEIROBER-ELEREZ1T - 72 (Figure 5.1), CagRuO4/NdGaO3 (110) IZBWTHIZIFHMED T
ER XY v )VERBE SN TV S0, AEOEEEFAFTOER-BLEAE T, FERISEDHF
B2 X3 RNBROVERA SN, 2D, AAMZHERETD 72912 CagRu04/NdGaO;
(110) OFERZBRNTitam 3 5. Figure 4.5 Dadft & AERIC, AFE TR L 7z CagRuO4/LaAlO;
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Figure 5.1 DC current—voltage characteristics of the (a) CasRuO4 (100 nm)/LaAlOs
(001), (b) CagRuO4 (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) ICHBWTH, T < 240 K T NDR %81 % 5 ISR 2 Bl L 72 (Figure 5.1a), L
L. Z OB IFVAREREE, [110] FEEMED CasRuO4/NdCaAlOy (100) TIEAE < il
&5, Figure 5.1b,c ZZh2zf., [1—10] FAE [001] TETHEIZE L7z CagRuO4/NdCaAlOy
(100) D& - BT TH %, CapRuO4/LaAlOs (001) L3 A= B D, ZFHH LM
Rtk %R L. 300-590 K o BIE P Tl NDR 281 % /R 3 ATREME IR V. & D IR % SR
T 572912, CagRuOy4/LaAlO3 (001) & CagRuO4/NdCaAlOy (100) 2B 5. BI-EER
PO 71y b &21To 7% (Figure 5.2) Wixf# 7w v 25, CasRuO4/LaAlOs (001) 23
IR B M %2R LTV 2 IS BV T 8, CagRuO4/NdCaAlO, (100) IXIEIFHETH 5,
CayRu0,/NdCaAlOy4 (100) i, 30 mV-30 V ORIEHFA TIZIETERHIE (I o« V) TH 2 —1.
CagRuOy4/LaAlO3 (001) 1% > 10 nA(T = 8 K) OIREMREEMHEED & 3 TIIHRBEER D 7
BHLTEY., AEEHE TR EE L R T HEBEIEE IR0, 20226, CayRuOs/LaAlO;
(001) & CazRuO4/NdCaAlO, (100) DREIDIEMEHEDE N IZ, TV R F S v LIEHDE VI X
2bDTHBEZOLND,

ZIZT. Va—VMROHEIOWTHEET S ., CagRuO4/NdCaAlOy4 (100) ® TCR (1.1
) % CagRuO4/LaAlO3 (001) £ D b2 0I/NEWEE, ¥ 2 — VIO EIC X - TIERE
HOBODPECLTVWEEEZ LI ENTES, NV FYEARTIE TCR BE 2 0I/hXWEE, &
MAREZERBE T d, 22— RIS X 2 EIURD 2V & W 2 & TIERIARER M o ]
Z#BATZ %, Figure 5.1b,c ® 1 pA Oféi 5, CasRuO4/NdCaAlO4 (100) @ TCR ZEH L
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1 ey v Ty v v orrreeg v
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Figure 5.2 Double logarithmic plots of the DC current—voltage characteristics of
CazRuO4 (100 nm)/LaAlOs (001) and CasRuO4 (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 o< V') fitting for the profiles of CazRuOy4
(100 nm)/LaAlOs (001) (at T'= 8 K) and CasRuO4/NdCaAlO4 (100) (at T = 300 K)

7z (Figure 3.1b), 400-590 K O#ifiT%® TCR i¥B &% 0.5-4% K~! . CayRuO,/LaAlO3
(001) 2 KERV, DI eh b, RERFEDEVIEY 2 — VIEHROEIIEIC L % DT
7K, EMAENERIC Lo T SR SNIENEDENC I s TELREEZ SN D,

COBUMMEOEVERILEXI =2 LT, BEREADEVAEZ LN, NILY
CaxRuOy4 MIFFAAREHRR 2R S BITIE, a, b BIRICHART cHiRAKRELMRET 5 [4,9, 20 &
5 IeftiiAs F DZALD, CagRuOy T X F > v VBT HIHEEE 2 L fUET 5, CazRuO4/LaAlO;
(001) WXEA NS ¢ BIAOIE L TV 72, HAD [001] T FNIEENR D & DR %221 T8
53, cHMIENZELT 22 TES (Figures 2.2e and 5.3a), — /4 T. CazRuO,/NdCaAlO,
(100) 1%, M2 HAD [001] HAITHETFEBD—RHL TS o, c#lROZE Zhick 3 %
NF—=F v v TOPAE 2| 1ZKE LHlE N5 (Figures 2.2f and 5.3b), & 5T, 227 CaRuOy4
THREINATVREBEX D =X LICHESWTERET 3 &, [110] BlAKED CasRuO,4/NdCaAlOy
(100) TlE. TEXFT X VBT & o TEIRAENIE OEITHKIEICIH S Z 2T, IR
AAREBR WK SN2 BEZ 2 e B TE 5,
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(a) Ca,Ru0O,/LaAlO, (001)  (b) Ca,RuO, /NdCaAlO, (100)

elongatable inhibition by chemical bonding
c-axis length  with substrate

[001] - b

L*WW [110]
0.030:.0 .0 Lﬁ%ﬂ
) o @ o O 0 O ¢ -0 -0
0:0:0:0 ()

Figure 5.3 Predicted mechanism for suppression of the nonlinear transport properties.
(a) In CagRuO4/LaAlO3 (001), the lattice length along the c-axis direction is not sup-
pressed, while in (b) CazRuO4/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.

5.3 IME

IEXFT v LSHDERR S CagRuOy/LaAlOs (001), CagRuO4/NdCaAlO, (100) TEH
OER-BEREEZITV. TERF Y v VSN IERBEERRICRIETEEEZHL I L 2,
CagRuOy4/LaAlO; (001) THIMI X 17z NDR % 5 B 2 B R &, [110] ELiifE o
CagRuO4/NdCaAlOy (100) TIEARIEICHIFI X A, IZFTRBRBUARERELZ R L, 202 en
5. JGH FEERIFEEERKP I X F S v LEHICE > THIBITZ 2 Z L 2VREE A, T
MUy ¥a—T7 4 Y IRFADOARMEDIED o7 X %,

5.4 RERFGE

CagRuOy HERDO BB HE X, LB X—&7F 54 (Keysight 4156C) B &
KR7a—7 27— 3 ¥ X7 4 (Nagase GRAIL-20-305-6-LV), @il 72 —7 27 —>a ¥
AT L% HWTHARAERE 8-590 K O TfT 572, Au (100 nm)/Cr (5 nm) OEN 2 it &
MOEEIE, 4.6 M FRICT + b Y Y 25 7 4 LIRPUIEAEIC X 5 TfT 5 %2 (Figure 4.8),
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Eo6E

R 2 R IC & 5 EFHEERIZ R IERR
FACBIRR O i

6.1 FC®HIC

%5 4 T, CayRuOy4 (100 nm)/LaAlO3 (001) iIZBWTHERD 2 M FHlEZ21T - /2. Biff
S N TOER-EERETIE NDR 2B OoRBEZHM L2, — 4T, BERIIEAETE. 20
NDR ZB#BEHZAA v F > 27 LTEEII NI 226, EEREESFEI L TV 3 REELN H
%, F7z. 2L CagRuOy Tl HE., ENCHREI N FEHEOBEHE 13825, PR
BEENBERICE > THEIND ZEDHRIEINATVS [1-4], 2O Z b, CagRuOy DS
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
fRIIE 21T 5 Z ¥ T, CagRuOy4 (100 nm)/LaAlO3 (001) 2R THEIIA A v F ¥ ZDZEENITOW
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T2,

Ty Moo —n Y ORKHEE [5-9] RF v MUY F T 2O /IR L R AR (7,
10] 2 ¥, BBEEICIRITE L T2 RT ORI, SEHEOERFRE & ARFFEIC X > Tikd R
5. EHITIE. BEHOENIH & REFRENE, HEE OZZRIRAD D 77 [11-15] &t b2 Z &
Do, HEE X =X ANOHEDTDICZ DFHENEETH 2, TDXIRHFERNHIE, A
F I ALY (VO2,Vo03,V305)[7-9, 11-13, 15-17) BX A1 a s F 4 F AMyQsl5, 6, 10,
18-21]. Ni(S,Se)2[21]. 1T-TaS,[22, 23], HTHERA T AN A b~V H VEALY) [24]. =v 7L
ey [14] ¥ THEIIR A v F ¥ ZOEEFliPEEHINTWE, ThETEZL OMET, &
KHNCFHE S NIARTIR A v F ¥ T ORBEDBFINTE 2D, EFEOWEIHIF. TDRAH =X
LY 2 = )VIMEATH o 72 £ DET DT [12-16]e L LR SMEAY LT, —HOMETcIXE
KRR X B = X A DEFEPHEREN TN S, NFITABEIDF 7 74 v TlE, HRF
RIEHTFIET 2 22T, BHBHMCE 2% % ) 7ERPRI DT R2EEPREIATHS
[25]c ArarF4 R AMuQs T, BHHIC L > TY =2 F =Rk, 7TV zBRPEZ 2
BREEIE I N T WS [19-22], LA L. 2O X5 BMEHcBWTd, BEXWCHR I N-EEE

. 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
TRA=—RIZKRDBEEZEZLNTWVWD [26-28], Ev MDA v F ¥ FHRF (16, 23-28] Ev M
Za—aYOFEK([7-9, 17 IZRD 5N TV DS, RIRLIRGIR A v F > 721G 21203, EHRRE
R BT %2 > 100% K= oFw» TCR(1.1 RX)[29, 30] S ETH S, L L. @ TCR ik
SRR & A R RS BCHIE L . SR ERGRRSRETH 2729 [29-33]. chETTL
Zhu=7 Z0HOBHENKE LFIRX TV [29-31, 33| — /4T, 27 CayRuO4 Tl&
REERTA [2-4] & o~ 0 [34] 225, > 4 A em™ 2 OBREE N CIEFH LSRN T 2
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
DBRETIRBRVAIRREDH 2, T Z eid, BE, 2 ROBMEFEELS ZRT V305[13, 15]
X O SmNiOz[14]. HvazF+4 F AM4Qs|18, 19] 25, REFEREEE O B E VI S D
59, BRVCRABRIRIIZAA v F Y 7R HEBT 2 Z e b bREEN %, JIERREBAR O
ZA v FrF. BREREREOJBEZHRE L L e TlIh, T2 ta=7 2
JoH%Z HIE L THIEE X 4 I 7 XD KD ATV 3

AETIE, CagRuO4/LaAlOz (001) D3RR IR AR 2 RS R WICb LS T, Z0E
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Figure 6.1 (top) Temperature dependence of the resistivity for CazRuOq4
(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.

MAEAMEFICEDONWT, RBRIEYIR A v F U VD RBT L2 2BMIL 7, ZoZ ik, &R
AL DI A v F 2 72, REFEUGLRED XA F I 7 ZAHEG LW L 2RT, 2
)L R BB % FIAN U 7= R 0 ARAIE 20 & 140 ns DERBIRIIZA A v F 2 7 5 Z L ZEAIL
T2o Flo. ZOBRDBLUREWEZFEST 222 T, IR AL v F 7B D 100 FHDEN
DR UMAMEEFOZ e 2R LTz, 2D Z 2id, BB R TR R > e pkHRE b
W2 & BHIBRDS, IEBRERRICIEZR VW e ZRLTEB D, KA F I 7 ROMRICEREZHRD
B/,

6.2 RUBLEREFERIEBREZRIAL CapRu0,/LaAlO; (001) DIK
nE-RESNE

2 BT CagRuO4/LaAlO3 (001) O#ERHEDFM 21TV, Z OIMFTRRERED & 2R
EFEARE RS RN 2k 2R L7z (Figure 3.1), ARETIEH L7z CagRuO4/LaAlO3 (001)
IKDOWT ., figure 3.1 L ABEDZEEZ/RLTED (top pannel of Figure 6.1), TCR 205 2
2 75 385 P FA R AR 13 L & AL72 W0 (bottom pannel of Figure 6.1), F#itE o B & e nFig
RARPIRARERE X, LaAlOs (001) 22 5 OENERMIC SIS & o T BBERDIRDS 77T

72



56 T R MRAEIC X 2 B MR RUIERPAAREE R O

EmeeACmﬁmU:
. 1st (/=100 pA)
0 2nd (/=5.0 mA) 1

N
o
w
T

0 100 200 300
T (K)

Figure 6.2 Stage temperature (73) dependence of the resistance measured for CagRuO4
(100 nm)/LaAlOs (001) thin film with electrode A under constant currents of 100 nA
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.

HHEZOLNDS [31-33]c TD X 51T CagRuOy HETIX AR IR EFEEBIH S v
2, TRETONF I ALY (8, 9, 13, 15, 16, 26] 0 T2 H A4 b= v & LY [14]
Y OREFEUGE D O QMR T, RBREFIRA v F U FPRIZZETFHTERY,
CagRuOy4/LaAlO3 (001) OERFBEREE T, Ty = 240 K LIF OB TERITEAI X 21
BB XN 3 (Figures 4.2 and 6.2), I OV THEAEA R ICHURAE, FET-MiE HIREE [35]
TH 5 ERMET LS iR T@&\ﬁﬁﬁ%ﬁﬁﬁ%ménéztfibé(E@mamo%
D=, BIBEINC X - TFEHERIRRE BHEDPFELEINZ I LarF 4 F AMyQs & R D [18,
19]. CagRuO4/LaAlOg (001) O I EH IR ARERED 513, BRI Z A v 7> 725k
XL ETHETERY,

6.3 CaRuO4/LaAlO3 (001) B RTIBIMR A v F > J DR R
AIE

4 D CasRu0,4/LaAlO3 (001) I2BWT, Au (100 nm)/Cr (5 nm) HMN 2 ¥ FEM (Figure
6.3a,b, Bl A) % W EROBER-BEREZTT o 7% (Figure 4.5), Bitda T | 5FC IR A
THHE LR IFARER R B, FiE7 NDR 28273 2 & 28l L 72 (Figure 4.5a), —/7 T\
TS Ci% NDR FEE TR O IR SIS 2 Z & T, #HIAL v F ¥ 72 LTHI
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(a) S ®
Electrode A/B

Ca,Ru0O, (100 nm)
(b) LaAIO, (001) Troo1]

¥

ox

¥
it

s L '&‘t"&u, B
3.0 um

wrigy

Electrode B

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 CaoRuOy4 thin film. The right images of (b) and (c) are enlarged views of

the electrode gap region.

HlE 7z (Figure 4.5b), 2D Z &b, AMAOHEEOERARMUEEIIEETHZ Z e TH
SNb, N7 CaRuOy TR, REIC K o TIHR I NS FHEREBOSEM L 13 R 5. IFTHE
HIRETORBHENERICE > TRENT 2 Z e B RBINTWS [14], BEFEMEESED XA
FITZREMTLTWALAREND D 2 Z D 6. AREITEZDIFFH L A F I 7 ZITOWTHRS
FedIz, R RRIE 2 & SR s B Sl 2 17 5 6

R 0 R HE 21T 5 72012, KO RELBEREEIBF SN S 3um OEMF v v T2 FD Pt
(65 nm) N 2 4 FEMZ . CagRuO4 (100 nm) #EE FI/FR L 72 (Figure 6.3a,c, B B), 7 7
Y7 ¥aryY il —2& (Tektronix AFG 3102) %o TN OV RABEZEML, +> v R
a— 7 ONEHESL (50 Q) 2> SEMERE L AR BROKM A (L2 HiAL T 2 T, BiRALNIE
B O M2 EHIE 217 o 72 (Figure 6.4), BUNRRITOEERGEZIT S 2D, 27—Vl
BT, =70 KIZBWT, dBAND=AKE XOHEFIKELE (upper panel of Figure 6.4a—c) DFI
MmEfToTWwW3, ZOHERTIE. RKEE Vinax = 9,10 V O & EICEHIMEEICEEHFE TR S
L3 (upper panel of Figure 6.4b), 77> 27> a >y 32 —RIZK o TEEMIIMEZITo 7%
B2, CagRuOy4 SO EIRTIRM YL WA S v 2 a— FOREHRYT (50 Q) FEET 5 2 & T,
BEZ7 4= KRN IRFET L2/ THZ5, ZOBET 4+ — FANw 712X o TERDOABHRIER
PHHIEN B Z T, BRIRGIEE [22, 36] LMWVIREEIC R > TV, IEREIIE 5.0 ms O =A<
WABEEREHMUZZBIETIE. Viax = 28V DL X Vo DML & S ICTEIRHEL M
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Figure 6.4 Current-time characteristics of CazRuOy4 (100 nm)/LaAlOs (001) measured
at Ts = 70 K by pulsed voltage application using electrode B for maximum voltage (Vinax)
= (a) 2-8 V 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 (Vieaa) of 1.5 V 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 Vipax = 9V
around the (d) abrupt switching and (e) resistive relaxation periods. tsy and t,c indicate

the switching time and retention time, respectively.

LTw< (Figure 6.4a), KERHMIEIL (Vinax > 9 V) Tld, RHIHIN 5 BT 2SS
% Z 2T, ABLRIEHIAA v F > 7@l E )z (Figure 6.4b), T 2T, BFE LA @EED» S R
BHIRA v F > VOB E Ly BRTHEE L CEHET 20 Viax = 9,10 V TiE. BIEER
(Itn1 = 6.0 mA) I33E L ZZBICERDEGHUTIM Uy Line = 9.2 mA F TR BTN
COEFNIFLRE NEETHREBET, Lu, L TRIERIESIZA v F o 7BBHlEN S, 2Dk
512, CagRuO, MBI HEHIRARERHEICREGEELA VIO BED ST, ZORM-ERRE TR

HREIRA v F U TP E B e DIRENTz, SOV RABERINTIERES 2RI e, il

DRI U 7o RIE R IR £ v 7> 70 2 BB OBl X 722, ZOREIXEEIRETO
BRI &, BBLIES IR A v F > 7D 2 Bf§infS (Figure 4.5) EXIELTVW2 e EZ 5
N5,

COEPIAA v F ¥ T OREFE 21T 5 =012, FRNTHEZ IR E T %2 FN U 72 IR 70 il € 2147
7% o 7z (Figure 6.4¢c)o Vinax < 8 V Tid. —AKEED & F & FARICEEBININE o 7B 78
BHRL BB E N2, — T Vinax = 9 V TIEREHSIAN 2 B NEGICHMNT 2 2 & T,
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Figure 6.5 (a) Current—time characteristics of another sample from figure 6.4 measured
by pulsed voltage application using electrode B for Vipax = 8.6-9.2 V under the rectangu-

lar waveform at Ty = 80 K. (b) Enlarged view of the region around the abrupt switching.

w = 140 ns DFEHER A v F ¥ IR SNz (Figure 6.4¢c,d)e ZDRA v F ¥ 7 FTOEHICO
WTHRTWL &, 2.57 ps OEEZEINULAET 2 AR (tine) PFELTWS, T0DZ I3HEE
OB CHEMNICHERLTBD., BROD ti,, OH 2 ICHEER L, 28X %2 2T, AR
A4 v F TP HEBT 5 (Figure 6.5) 20 & 5 BRARKFM D ti,. 1ZBH (9, 12-14, 16], FEEE
[4-6, 10, 19-21, 35| DEBAMELE S SICBVTHEHI I TS, L L. IEBEEBERED T
X3 CagRuOy HE T, B(EANF PV 4 (12, 13, 16] BT A A4 b= v ZLEE{LY) [14] T
RIBXNTVWS X572, NEHREORESLH R ERICE > T tine ZHATEZLIITERVEEZS
Nd, L2 CagRuOy Tid. 10-100 ms DEFLR A v F ¥ FHE tine, tew DMEZINTED [4,

35]c AMFLOHERTIEZNEID D 101-10° f5EETDH b6 tine, tew DEIFIZ. L7 CagRuOy
TS TFHERES 2 DICRERRETH I e EZ LA TED, EREFEACLIZZALF -1
T RICEEE NS T TORRICHIET 5 [35]. AFFFEOEBRTIZ, /L2 CagRuOy(1 A cm™?)
EDDBREREREE (~ 105 Aem ™) AELNTED, ZOHMBBLZHLTWE I b,

EERE A v F Y I BTRDP OB TFRNDEERIINF —EEICE 2D FHINS, L
DULERPS, ZOBMEEOMELFMHERT 2101E. CaaRuOy HROEILA 4 v F > 7 2%H)
ANDX SR ZEBPNETDH %, WA, (KIEGURED & BIRTUREANOBRERICEH T 2 L.
tre = 1.85 pS (Vinax = 9 V) ORIEHURE D LRFFIR M2 D 5 & & ZBIHI L 7= (Figure 6.4e)s D
tee 1E. BHS T 21— a U513 CagRuOy/LaAlOs (001) OEGEMERI L D N L 2 R
b oTWw3 (ko 6.5 i),

T, =70 K TREPIRA v F U 7I3H—X7 v FTHEIS N2, <50 K TEEBDRT v
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Figure 6.6 Current—time characteristics of CagRuO4 (100 nm)/LaAlO3z (001) measured
by pulsed voltage application with Vinax = 10V for (a) 50 cycles at t, = 5.0 ms, Ty =
70 K and (b) ¢, = 5.0 ps—500 ms (at Ty = 30 K). Times normalized by ¢, were used
for plotting (b). The waveforms of the applied voltages (monitored by an additional

oscilloscope) are shown in the top panels.

FZarn Tl 5 (Figures 6.6 and 6.7), Ty = 50 K ® & &, BEELFBETIE Ly =
6.54 mA 225 Lo = 9.52mA £ T, [y’ = 11.0mA 205 Iyo ’ = 124 mA $£TO 2 F D
PiRA v F > 7 BEEE Nz (Figure 6.6a)(Lino, Lo’ EXFICHIRET), BERE AR TIZ, &
LB IR v F 2 TEFHRED D Lho* = 7.04 mA 225 [ * = 2.06 mA $TOH—
2Ty FTAA v F ¥ BB NS Ly VERPICHTRET), 20X 5 CERAT v 7T
2L 9 FYIHRETEHOD, 50 HOEDIRL TS Ly BE Ling, Lty Tine’, Lent ™, Tno* 13
FEACELLRNZ Do, BELEAAL v F U 7R > T0W5 2 ZRLTW5 (Figure
6.6a) F7o. O Ly EHIERICHELZ T KD 572, Figure 6.6b 1k Ty = 30 K iIZBWVT,
tp = 5.0 ps—500 ms OWFEEZ b o 7=, =ZMAEEEZHN L BRoBER-KHRETH 5, 20l
ERFENE A M7 D R 25, HIERENICKIFE 3T Ly = 2.40 ms TH|IIRA v F ¥ I DRBT 5,
TDZ b, RBRIEHAAL v F ¥ ZIFHERINE Z 2BRTIERVWEEZ SN D,

Figure 6.7 13, &M B DK D CayRuOy/LaAlOz (001) 12 LT, Ty = 2040 K T Vipay =
10.6 V, t, = 5.0 ms D =MAE L ZEREM L7 & &0, BF-RERHEORERFEEZRL TV,
T,=40K 0t %, EFEEF®FETE Ly, = 3.4mA, Iy, = 13.0 mA ORI CTAIBLIEIZ {4 v F
Y71 EEAIE N, BIER NEETIERESCHI RIEPIZNE R L, Ty = 30 K ADOHRHIT
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Figure 6.7 Current—time characteristics of CaaRuO4 (100 nm)/LaAlO3 (001) measured
by pulsed voltage application using electrode B under the triangular waveform with Vi,ax
= 10.6 V and t, = 5.0 ms at Ty = (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.

. ZOEPIRAL v F U ZBEBELFBET3I DDA Ty Ao hi, L = 1.86 mA, L =
8.62 mA, Iiy1” = 14.3 mA TERZNAIERIBHIR A v F > FhBlllc N, ZDE = figure 6.7
WRHITRT L5112, ZBRBEAT Y TOXA v Fr 7OEMICIE. BerRIBEHIE BRSNS,
—77C. BEMTERETIE, B EFERTEII N TV Lhy = 3.78 mA, L' = 10.2 mA,
Line” = 17.7 mA TO=FIOEGIRAA v F 2 7 LIFRR D, L™ = 10.1 mA TH—OIEHIR A v
F 2 BB NIz, RRICT, =20 K ADX 52 5EHITlE, EBE EFBEET [, — 2.20 mA,
I’ = 9.54 mA @ 2 [A], BERE TFBETIE Lu* = 3.68 mA T 1 HOEHLRA v F > 70 EH
SNz, AR TIE, KIBEMTZEBR Ty FTORINAA v F U IR B 2 2, HEGEE
THEREL TV 5, IR v F U ZICRRERFENR SN 2 e h s, RIEFIERMEOEE 7 1t
2T, BRI ORENERFBENRICHEE L T e hrmEhnd, L2 CaaRuOy TOB
REDLIIEZDL [T, 8. ZEBOEHIRAAL v F ¥ ZHPRHIL TOBERICIE. BIREE © KK
R XA OB MBE TR e PRI 5,
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Figure 6.8 Current—time characteristics of CasRuO4 (100 nm)/LaAlO3 (001) measured

for 10° cycles at T = 50 K by pulsed voltage application with Vinax = (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 I;n1 and maximum current

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

€ M 5T

Figure 6.6 TOFIR A v F > 7D 50 [El D DR LA Tl Z0E L7z DR UEBENR S h
TV, X HIZKEREED IR LEETIX, RN 2 BIRICRHEN R 2 LrEHN S, Ty =50 K,
Vinax = 6.2V O ZAFET RN L /2, B RIEFIRD 2 Ao 2T, CagRuO,/LaAlOs
(001) O EIR-FefE R ED A L% 10° FEIFEf L 72 (Figure 6.8a), 2D X 51
RoN B TIE, 106 BHEHIR A v F ¥ 72 DR L THEZELRE IR s o, L
U Vinax = 10 V OEHLZAA v F > ZFDHBT 2 TIE. # DR LEBOBEIMIE-> T, #

THE
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WKIRN 2 EBIRDPIED LT BEF RSN S (Figure 6.8b), 20D Z & 2 ERMICHHM S 2 7212,
figure 6.8a,b IZBF 2 BMEEN [in EWRKREIR [nax DELE, BORLEEIIH LT ey b L
7z (Figure 6.8¢)o $ERh RIEHIZLD RO B HIR (Vipax = 6.2 V) TIE Loy FIEFITLEL T
WB—F T R A v F ¥ ZBFHIT BB (Vinax = 10 V) TIRRMHNCS Lnt, Lnax DD L
TWL kPR 6N 5,

65 BESZSaAL—a3 FBULIRAMIYFUITETILDOES

CagRuOy/LaAlOs (001) 34067 iR EFAR ALK 2R S RV b D 53 (Figure 3.1), A&
RIEPIAA v F U IIRRBE LI eh o, ERICHEIN-EBEELEO e THEINS,
CasRuO, HET OB RIETIE( L . QERETIZ A v F 2 70575 2 BRI, VO 7
J T AX [25] 302 CagRuOy[l, 3, 4, 36, 37] T RLNZHKLTH S, X5121F, CayRuOy
WD, WHIRAA v F 7OV DIRLLZENEZR o Tl e o d (Figure 6.6). Eiftih
RO S LR SN 5, ZOEIIRAL v F ¥ 7 BRFALHEBOBEGRE R T 5 2D,
CagRuO, HEED FFTRE 710 %2 AR ER N 2 53K 7z (Figure 6.9), ABIZETIE Ty =30 K O
YE b, =5.018, Viax = 10 V O=AIEETEZHINNT % Z T, figure 6.6b 1IR3 X 5 7 2 Eif
BB H SN TWS (Figure 6.9a), Z OEE-fAE. EiR-FRERMEOFZER R 2 b ig, il
KR FE 5310 & BB 2> 5 KD 720 W F T DI, BEAMOBICHER R E R e @EfEL T
a2l —yarE{To7z (Figure 6.9bc)e TDETADSL, ¥ a—AIIEUC X - T CayRuOy #
PED i b IR E O (Thnax) (& IR A v F ¥ 7 ORIER (2.20 ps) TE Ty &0 102K &
W Thax = 40.2 K. e KIREE Thnax = 66.7 K IZET 5 Z &b o 7% (Figure 6.9¢), L2 L.
CaoRuO, EEOPIERRERETIE, 30.0-66.7 K OH#IFICAEL XRS5 W® (Figures
3.1 and 6.1). TERDIREFAEHILIE D & DM TR, RRREFRA v F o /AR ES 83T
BT ER0,

RDETNVTRRABRIBIRA v F 2 7 Z2HHT 27010, HOMIEZ2Z2EEL .
L2 CagRuOy TOERBEAELSE T, BHADF vV 7 OERIC Lo T, IEFHZ L* 4
DERE KA EANR XA HEEL TO L BETFABIEIN TS [1, 35, Z DIEBIEE TIRME
RSO R A Z LR /S AR TH 5 [2, 3], ORI ERWHEMELE L TE2H0DD,
RIFFE DR NV Y CagRuOy L FAEED —TAHER X H = X L2 FDO e EZ 5 L. AR
A4 F ¥ TE—TEEBE» SFHT S Z e 3 TE %, Figure 6.8b,c Tld, #HIRAAL v F 7D
DR LIS > TREMBRIEDOZEA R o TVzd, — KM & - THE ML D%
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Figure 6.9 (a) Current-time characteristics of CazRuO4 (100 nm)/LaAlO3 (001) ap-
plied to thermal analysis by finite element analysis shown in (b—g) (replotted from Fig-
ure 6.6b). The triangular waveform pulse voltage of t, = 5.0 ps and Vipax = 10 V was
applied to electrode B for the measurement at 7y = 30 K. (b) Internal temperature
distributions of the film at (top) 2.22 pus (in the abrupt switching process) and (bottom)
2.27 ps (immediately after the abrupt switching) obtained by assuming no phase transi-
tion in the film, and (c) time dependence of Tmax. (d) Internal temperature distributions
of the film at (top) 2.22 ps and (bottom) 2.27 ps obtained by assuming the occurrence
of a current-induced metal-insulator transition in the abrupt switching, and (e) time
dependence of Tmax. (f) Internal temperature distributions of the film at (top) 2.22 ps
and (bottom) 2.27 us obtained by assuming the occurrence of current confinement in the
film, and (g) time dependence of Tiax. The red ellipses in (d) denote low-resistivity
regions formed by the current—induced transition, and the red solid lines in (f) denote
the current confinement regions. The time period of 2.20-2.86 ps, in which the formation
of the low-resistivity domain and the occurrence of current confinement are assumed in

(d—g), are highlighted by the purple backgrounds in (a, e, g).
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PDRESEZ 2 Z e THHATE 2, 2O XS RESHEZ S BERAEMEEEZRE L &
D, CayRuOy RO RFTHIRE D & Thax PREIZ{LERT (Figure 6.9d,e)e ZDEFILT
1% 0.04 Q cm DIEFIREDOEBH R XA VB, L WKEL 220 ps THREZBIA L. L I
FEL7225us ETRAXAL Y HAXHBWEMT 2L Lize FX A YOEF T figure 6.9d D FRMEM
THRT LI, L7 CasRuOy[l, 36] Ak, EREHWAHMAIIHEL TV ERELZ, &
JERE N#fE T, figure 6.9a,e TOEHRBDHEIHD X 51T, T ITELZ 2.86 1s D & ZIZE/EAH
RXAYPHRTZERELTVD, 2D XD RHETHEZEEL @2 5. CagRuO, HED
Tmax DD BEZE R L2 WE T L (Figure 6.9b,c) IZIZFR LTS D, Pt/CayRuO4/Pt DA
BATYH—RIBESHIEL 3 Z e RE N7z (Figure 6.9d,e), »NL7 CagRuOy Tl Eifidh
AR O LB MWD, RESPEREEOZMIIG I KREREELZT L s TVS
[36]c &D7z. CagRuO4/LaAlOs (001) D FiE7% NDR Rt & (Figures 4.5 and 5.1a). #Eifi-
REREREE D BV D IR L ZEMD & (Figure 6.6). CagRuOy I 33— 72 IR 73 i HSR g
ENB, TDKDBRE—RIBEDHIZ. CagRuOy HRD L2 XD /N WREE (Bl A
20 pm x 70 pm x 100 nm, M B 3.0 pm x 10 pm x 100 nm) IER L TW3 e EZ 55, &
B, ZOETNATIE. CagRuOy4 (100 nm) FHEDOHEAN TN R X 4 Y HEERE Z R0 & 21K
EL TS, HAHRDOHTEEIZ ALV S CagRuOy TIERSNTWS 2 (1], #AE T LaAlO; 5
ROEANST AN DEMRED, R ORE FFIC KN &E R R -3, Z2oofnlixE B s
b, MEDMOMBITICHEL RV ZHDS I 2L —aryh bR L Twa,
ETHEBZ L wo Y REERTIE, NDR 28 24 v F ¥ ZEMRoBLRNRE, B
FEICHEOWT, BRFACADDEE S Z LIk > THRET 5 [38-41], CapRuO4/LaAlO3 (001)
DIFTRAREREIA Y FREROFRE EEBNICFRIEFETH 2720, ZOEHRAAL vF > 738
MEALIADICK > THRES 206NN H 5, ZOZ i3 5702, BRFALADEZEEIC
A3 Z 2T, CagRuOy HEDEE D L Thnax DRFEZLE RIS - 72 (Figure 6.9f,g), oD
JIERMFIT NDR FrED KB L BROBIRE D 212 [39, 410 TOE TV TIEIRFRTR L 228
12 2.20-2.86 ps D, EIRFACADDIE X 2 L RE L7z, Figure 6.9f,g ITRT XS, 2D X
BEAIMIE > T435 K b DIRE LADPEE 2 ZeHAREN, SHICRKHEOD ¢, ZRELL L =
1213 (Figure 6.10)y Tax/dRu BRALH DILZE DD Z TR (~ 950 K) [42] ITET 2 Z &b
Dotze XD, BIHATADDIRED HI1E. HEHAL v F ¥ ZOEWRENE LAY (Figures
6.6 and 6.8) 25 5N B ATREMEIZR WV, F7o, BRWRE. BUEREX I =X 2 ZEFEINCET LR
Wz, CagRuOy IR TDZERER T v T DIRGIA A v F 2 (Figures 6.6a and 6.7) Z &3
3 IFTERL,
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Figure 6.10 (a) Time dependence of Tiax (red line) numerically simulated for CazRuQO4
(100 nm)/LaAlOs (001) with electrode B at Ty = 70 K under pulsed voltage application
with the triangular waveform, Vimax = 10 V, and ¢, = 5.0 ms, assuming the occurrence
of current confinement. The current—time characteristics applied to the simulations are
plotted as the gray line (replotted from Figure 6.4b). From 2.04 ms to 3.00 ms (be-
tween the starting times of the abrupt resistive switching in the voltage-increasing and
-decreasing sweeps), the occurrence of current confinement was assumed in the simula-
tions in the same method as in figure 6.9f,g. (b) Internal temperature distribution of the
film simulated at 2.51 ms (the time when the current reaches the maximum current Imax

in the measurement).

ZOBUERRNTET VR, ZDIE»DOEBERICHEN TS Z e TiEmEED %, Figure 6.9f,g &
AR DB CiA® Z{R7E L T, figure 6.4b TOJRFMRE I & Thax OREZ L Z KD 72 (Figure
6.10), Figure 6.10a QKA DY I 2L — 3 VICHEHH L2 EBERTH %, Figure 6.10b
DIRFRDOFEIHANERIC, 2.04ms 205 3.00 ms FTEMBALIADRE 2 2HELTW3, 3.0 pm
WS AW T OERACAD ZRE L2 d DD, Thax (& 1040 K d DEIRICEL TV
% Zenbh oz (Figure 6.10a,b)s 2D &K 5 ZEim Tld CaaRuOy DL ET RS = 2 AIREMEDS
H 579 [42]. CagRuOy4 FEIRFFEECTEIRM LADIME 3 X H =X LA TE. ZOEIAAL v F ¥
ZERBHT B Z I3 LW,

DFIZ, figure 6.9d,e ¥ [FKEDOHIHEEZZE L T, figure 6.4c TOEBEDRE DL Thax OFF
M2z RfED o 72 (Figure 6.11), IR A v F > ZDOBALERA (2.57 ps) 206, WHLHWIHAME I
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Figure 6.11 (a) Time dependence of Trmax (red line) numerically simulated for CagRuQO4
(100 nm)/LaAlO3 (001) with electrode B under pulsed voltage application with triangular
waveform, Vmax = 9V, and ¢, = 5.0 ps at Ts = 70 K. The current—time characteristics
applied to the thermal simulations are plotted as the gray line in the figure (replotted
from Figure 6.4c). From 2.57 ps (the starting time of the abrupt resistive switching)
to 7.00 ps, the formation of a low-resistivity phase was assumed in the simulations in
the same method as in figure 6.9d,e. (b) Internal temperature distribution of the film

simulated at 7.00 ps (after completion of the resistance relaxation).

- T 0.15 ps 1 (7.00 ps) ¥ TRIETIRMEIEET 2 8ARE LTze T DEUEREHT 5 & CagRuOy
IR D BRI E, T RE T @R T O RIRTURB O REFFR R (te) XD B HRECRWI D
o7z 7.00 ps QU TEPUIBLCHIIEICRE > TV I BbH &3, BENDEWZ2DI12 23 K
DIRE EREMR 503 (Figure 6.11b)s 2D Z 225 CagRuOy HRTOHRBD t. 1%, HEEOR
AR Tl < RIEPIRHORRREICER L TwWa2 b D EZ 5N 5,

6.6 FHTNhZEREEF AT OFABEIE

REITIE, N2 CagRuOy TRIBIN TV 3 BEIMAEAIE D X I = X 212HESWT [1-3,
37, CagRuO, HETTFHINZEEME N XA VORI vt 2 E#Eimd % (Figure 6.12), 2L
2 CapRuO4 TOHED & KRIFFLDHEE T DER D AP 1Z (Figure 6.12 27 v 7i), &
MFXYVT7OFEARLZENF YV 7ER 2] & F¥ VUV THENCEI 20 LF—F v v TOPAE
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Figure 6.12 (a) DC current—voltage characteristics of CasRuO4 (100 nm)/LaAlO3 (001)
measured using electrode A under current-sweeping condition at Ty = 40 K (replotted
from Figure 4.5). (b) Current—time characteristics of CaaRuO4 (100 nm)/LaAlO3 (001)
measured at Ty = 70 K by pulsed voltage application using electrode B under the trian-
gular waveform with Vinax = 10 V (replotted from Figure 6.4b). (c) Schematic diagrams
of the formation processes of the metallic phase in the CasRuO4 thin films when the
occurrence of the current—induced phase transition with the same mechanism as bulk
CazRuOy is hypothesized in the resistive switching. The i—v numbers in (a) and (b)
indicate the measurement step where the phase separation state of i—v in (¢) is predicted

in the measurement, respectively.
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[37] KRR FT 2 EZ 5N 5, NDR BEFRLRBLREIIAA v F ¥ 700 TiE, BRI -
TEHNF YV 7OREPHERKTZZ2 T, XY K740 YT OEESIEZ 2 2 L THETE
5o 0D XD RIRITEDSNT, AFFEDEREOZEINCOWTHEL D 5, L2 CagRuOy T
F. BEADF v ) 7ERBICE > T, RBEHEFXA YOI E 2 2 L AHRE A TVS (1],
—77 T, CayRuO4/LaAlO3 (001) D EREEF v U 7 IFIEFLTH 27 (Figure 3.3a). BMAIE
ILERT 2 Z 2T, RIEHIRE R X 4 Y AOHETBED M E 5 & TN S (Figure 6.12 27 v
7)o TD XL T, MBI E o 7RG IRMEIE, BEAMI L2 > TRAAL U H 4 X
PERLTWE, ZO P XA VEFFEMECEEST 5, ZOEMICEREL 72557 NDR ZE50K
PR v F ¥ 7O T RICHIET 2 L B2 S0, B 2R SMEIRTURE K X 4 V3, SEREE
KXo TRELTVWSE e EZ 53 (Figure 6.12 27 v 7iii), 2OV RAEBERE TOETLRE N
BT, BiE v U 7 OBENRD T 5o, HRFIREEEIIR A v 5 > 7 OBERD 5/ T R
FTOMIHLRT S EZONS, T OEESRHEDHEREITONTIZNILY CagRuOy 12BNV
THHEBI RT3 TIED 300, EIEGURHEOBGRIE & FIEICF © U 7 IREZ O 2RI FMED &
% 3R, EARPIERE O W AFER D & 5E T 3 ATREMA S W (Figure 6.12 27 v 7 iv), A&
fiTid. CasRuO, HIETOELME & GRERMNT2 6. L2 CagRuOy D & 5 IAH5 % £
SEBEPRETVWAAEEE R L, ZHARESVTEREHE R X4 Y OFBGREICOWTERL /2,
Figure 6.12 OEFE #1582 7=9121X. L2 CagRuO, M D & @ ikl cirbhitn 3
£ 20T, MR E A E T MBI (1, 43] 2. EHIZX A v F ¥ ZHED CagRuO, #HED
FHEBESTICH LTI 2 PESREETH S, ZOZ2ITXD, \WIIRA v F U FEHP KX A
VIRBTRICE T 2 B R B L IR TR 5,

6.7 I\

V2 CagRuOy Tld. BB OIFFE R SEEORBRLHIRFE N TEH D, ETRIRERE
YO L CRIBRIEYIA A v F Y IDRBT 2D D 5, ATE TR, COXSIRERL L,
CapRu0y4/LaAlOs (001) OB ELIF LR FANT. OV REIE & FIIN L 7= BRI E 2 &
CagRuOy4 HIZ, 2ERIREFLAGEZ R AVICHED ST, BRFALIEGEICEOVTA
BISAEHIARA v F Y IDFEB LT DI R, BIRFBENEE DX A F I 7 25, BRI
CRHILTWAE I 2EKRT 5, k7. AMROHERDES AL v F 2 7 Tld. 140 ns D&
7ty & 1.85 us OHBD t,, BEEIENT, 2D vid, [BREREZRET 2o B/ B5H
TRl ORI & AR, R © A RO ORI 2 FDo 2 L Z2/RL TV S, &
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7ov 100 [\ ORE LIAIIAA v F Y BRI 2 e h o, REMNCKE L 75 &+
DI EDRE NIz, ARSI K o T, BRI TIX, Ty MIXEYSP=2—vVHRTTH
BRI T2 RIBRIRFIR A v F o 70, REFENEEO2EY (TCR) tMZLTELN5
ZEeRENT, O, @EEREKIEEO L 2 bu =2 ASHOEERIRT., IR A I
IVARHRTI2OICEERAA S0 THDTH 2,

6.8 RBERAFE

CayRu04/LaAlO3 (001) @ 4 i FHFTHIE, 2.3 mm x 1.0 em (T U 725k & Yy ERlE >
A7 2 PPMS(Quantum Design) ZHWTHIE L7z, D& ZHiARD Eiftld 100 pA OFfeREH
0.06s 12, BEMIRIZ 95 mV IZRRE LTz. BIZAA v F > ZOHIEICIE. CagRuOy HEFE LIC7 +
NV T T 4 TEMASR—VEERL (Figure 4.8), B2 IC X > T Au (100 nm)/Cr(5 nm)
(B A) & Pt (65 nm) (FEHl B) @ 2 FEHOHE AN AIEMZ /FH L7z, CagRuO4/LaAlO3 (001)
DEROEBR-BERMESL XUV ZER-RHE, BE-REREIZEEERATX—-27F T4
¥ (Keysight 4156C), 7 7 ¥ 27 > a ¥ ¥ = 3 L — & (Tektronix AFG 3102), > v zxa—7
(Yokogawa DLM2022) % fifi o THIKIR 70— 7 A7 —2 a > > A7 4 (Nagase GRAIL-20-305-
6-LV) IZCTHIE L7z, EEBWMEMATO 2 Wi FIRFI-RERYE (Figure 6.2) 13, vV F X —&X—
(Keithley 2002) 3 & N EREW (Yokogawa 7651). 754 A7 — 7 TR E N2> A7 4 THl
TE LU Tze sVRIER O SR AR 737 O A FRERMHTIZIE,. Pt (65 nm)/CagRuOy (100 nm)/LaAlO;
(001) DEAEE A LT, B FEREDOAER T — & & CaRu04[35] B & U LaAlO3[44]
OBRERE R R, HAIREREOSUIEZEH 3% 2 £ T, COMSOL Multiphysics ¥ 7
Y =7 B o T BUERNT R T o 2D I al—a YOFEER figure 4.7 TORRFEE
(~10° s) > BIRIE L7z,

COMSOL Multiphysics Y 7 b = 7 2o/ I 2l =2 a YHERDWTHFH L BN S,
JRE 100 nm O HHEEERIAD 100 mW OIFEABINCER LT, RFTREZ #7527 DE T
gL S 2 2 e B TE B, Figure 6.9b,c D & 5 IX¥— R BRI DZEMMILAH D HIUE X B
Y&, BOPHPREET D Thax & BIEFEEPIREETD Thax DE(LRTH B 0T 0y /0t 1E. 131 LaAlO3
DEMRIER | ¥ L ¢, ICOBMKIFT 5, BOFHRIREETIE. Tinax ¥ CaoRuO4 RHETH SN S LR
ELTe & EAEN (P) &3P 2 — AOMEE X, HRREICH 2 HER T —INORRE
HEEFIDES (Figure 6.13), D7, BFHEIKRETD Thax 13, 6.1a KD X5 ITES D
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_T=T,

_ max

Ca,Ru0, _-T=T

Figure 6.13 Schematic diagram of the measurement system for CasRuO,4/LaAlO3 (001)
considered in the finite element thermal analysis using COMSOL Multiphysics and the
relationship between the energy P from electrical input, the maximum temperature
(Tmax) in the temperature distribution of CasRuO4 thin film, the temperature at the
CaRu0O4/LaAlOg interface (T;) and the temperature of the sample stage used for mea-

surement (7).

TZ %,

ﬂ - Tmax Ts - ﬂ
————— = —kpaoA
tcro tLao

Z 2T T; 1 CagRuOy4/LaAlO; ORMDIRE, A FMENOBENEBMZERE. kero, kuao &
CayRuOy4 & LaAlO3 OBURER tcro, toao (& CapRuOy MR Y LaAlOs HIKNDE X 2R 7,
HZEZMHFTORETE., BROFSIEETE 21F/NE L, BE DY 2 — LB KRE W
DI T 2 Z N TE S, %72, tcro (100 nm) i tpao (0.5 mm) & D DR D /NE Wz,
6.1a RTE|T} — Toax| < [Ty — T 2 28Ty T3 1E Thnax CIEEF LR D, 2D I,
CagRuO, #EED kcro & A B, BOFHRIREE CEUEMAT U7z Thax WIEE ACTHEZ G202 L
ZRT 72, EEOEBRSEMFTIX 6.1a U 6.1b XD L 5 12 fiiig{b 52 Z 2 23T & %,

T, — Thax
P = —kppoA—S—Tmax (6.1b)
tr.ao

P v T, 33D S EHERE XN, LaAlOs © A ZBUEFE  SHMEICRD 2 N TE 57
B, 6.1b id kpao ICKERIRAEDZVIRD | BUEMNTIC X o TECEERRIED Tax % BYNCEHAT
TEHILZRLTWVS,

BIFFERRRE T, L2 CagRuOy DERTOD ¢, & kero DSHRE [35] Z#H L725tH 2 5.
M B O TD CaRuOy HRDOBRFER 7, = RinCin = cpdtcroV/Akcro (Rin, Cin 3
BB LOARE. 4,V IZEHEEELAE) 13, WAAAT 4ns EREH 22D TES, 20D
REER D & 6 ETOHREIXIIIIHE ICBFEEREICH D . IB2KROHREZIZIZLED TV S LaAlO;

(6.1a)
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ERTIE. BROEE LA ZRIXNE I LITh 5, Bohife Bl o8I ERTE 2

72, ARFFKOHE TIEIBIEEESRMFTOREZER 0T /0t DRFTE, 6.2 ROBHFERITK -

TELZENTE S,

8<8T d ¢, 0T 9/ 0T\ P oT
Vo) * oy (Fay) 5 (K5

ax "oz ) Ty \Fay) Ta\Fas ) Ty T adyy

(6.2)
LaAlOz 2D AFEIX CaoRuO, ML D 313220 ICKE VWD, BES I 21— 3 VOB
1362 XD k,c, 13 LaAlOs Db D ZHEH L 7zs £D 7. LaAlOs D ¢, & kpao DEIZKZ
IR D DILVIR D (0T ax /0t DFFITICK 7238234 Ui, AIFFETIE LaAlO3 DR KT
WaEEBICANT ¢ & kiao DI [44] ZFA LTV 270, ¢, & kpao ICK XD A
HBAREMIR RV, 72, ERTIEBRHOBENEE TORWE®D | Thax & CagRuOy @
LD RRE ~ 950 K ZBA TWRWEEZ 6N D, RIFFETIXEM A DK TD CayRuOy
(100 nm) /LaAlOz (001) OREFERICBNT (Figure 4.7). BARFER 7, =~ 100s TH oz &
225, Thax & OTmax /Ot ZRRIELTWS, ZDXSIC LT, BIAMRHTHE L EERiE% gy 2 2
PIZE 2T, Thax & OTmax /Ot DREEIIRKTD 30% TH2EZOND, Tz, RIFFEOEUHE
fRFT DRERIE. ~ 150 mW D AN T ~ 400 K D Ty Z RS > TV B, HkRIKEMN o FRIMED
TR OEERNT & D —F L T W3 [40, 45].
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7.1 4%

A EEHZ TR, CagRuOy TV X F ¥ v VIEIEAR 3 EIRALE OB i icon T,
Z DB\ OMHREIED 5 Z ¥ THRFISH O ATREMEZ 3l L 72, CaoRuOy DR X 7 =X
LEMRT 5 Z e RBFICHICIE, T EX X2 v VEBENDEARARTH o 7208, — i EZ2H
BRIE TR O Ru KIBIC X o TREGRKEeM R O $hnFE T 2 2 & T IREFHER R
TORHBRTH o720 RBIZETIZ. EUDICHE 2 B, S 4 BIBWT, JEEESLMT O
EDBEHR O Ru KIB L R RMEOMENCENTH 5 e FHIL, EHT YR F S v LEERZ#EA
52T, BRFENEREZRT CaoRuOy TV X v LEBEOEMEZRAT, 4 BT,
CasRuOy4/LaAlO; (001) IZBWCEMAEMEEORIUCERNT 2 e EX o5, BIREEDOH
KIHAF L 7B R IRPUR D 2 B 2 2 23T &/, 2D Ik D, CagRuOy % 5 72,
FERS BN D BRI [T 7= M E A T E B £ 51Tk o T20 F72. TEXRF S v LR E W72
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TR RS

M TERHC X o T LI TIEFANS 2 2 3T & dh o 72 SRS T OFHE THOBER
ZAREL L7z,

iz, 5 BETIE CaoRuOy EEDEMALMIES & T VX 3> v VI OBREHRNRTZ, Ly
CasRuOy TREWEFEFHEEMEICER LT, MROELIREIC X o TIHRAREI S 2 il
TEZAREMEAREN TV, ZOZ eI VRFY Y LEBICIT T2 e A TERR, 20
IEEFT v VBN K o OB ERR 2RI T 2N D 2, 5 BT ID IS LHER
Mo, Bz 2R FICER L7 CasRuOy 2B W TIEMEARER O Lk 21T o 72, Z DGR, &
MIEARED c MIEDOZ(LAIIHIE N 3 Z e A FHEINS [110] LA O TIE, IR ER D
BHEICHHE NS Zehbhot, ZOZ LD, CapRuO, OERFBELERICIX, T¥XF
S NEHDBKRERFER G252 2L LT, AISUC & - T, TR KIETHEEREA
DHFEITOWTEERMANIE SN, REFEE OEBME TN T - 7 I EEIR R O
A, CagRuOy TWEA[RETH B Z 2 RH L 7=,

BRIz, L2 CagRuOy Tl IRE. EHEIMC X > THARIN 2 BEME L IZRZ LD, B
Ko TH = RIEFHEIRRED SR RIS 2 2 L AR SN T Wz, MR ORISR REERME &
M-BERE L 2 HNL L TO S ATREMED D D . AR 2 13 B2 2 M TR X =X 4T, #HIR
A FYIDPRBT 2 e FHEINS, 6 ETIE. CagRuOy/LaAlOz (001) DIEFTZ A v F >
7 DEHE. MRAND OVZEEING & 2R3 EHE D STz, ZORER, CagRuO, R
. REFAEAERE D O OB CIXIEIIA 4 v F ¥ T ORBADHIRF T 2 R0 RIBTRIRE
FEZ R0 bbb o3, RBRIEPIR A v F Y VDR T L2 28 L7z, 2o ik JFE
BOEBEHE CIRREFENEEOX A F I 7 ANV L T, XA v F U 7B ohs L
EEWRT %5, AT X > T, XA F I 7 ROBRICEELRARZHE o0, Ty FEIF L
ZOHHEZRELNT2 2D TERLEER 5,
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72 HiEE

RETHLXOPREICH ). ThEFTHROIREL L TL X o 2087 L R E O HRICEHH
LETEY, FAIEBLeE L EEREOBHEENEET S, 7/ U TEHEREL L CERED
YA LD FE Uiz, EHD LI HIFEHE L L TEERERERADBIRSPHZEOMED /7, [
BO R ZHEANRFEII R TEEL, ZI06ILIKRIZTHS I ROMERETHT 2
FPEMBREBZ TR EZL DI 2% E Lz, MOT—<2HY T 2S5 EH» 51%. "CagRuOy
IV &Iy v VR R ' FAHEBRRIERE R RO 2 v S ROIFEE 2@ L T, b
RPE L 3, O XS BERAE»SED IS LTIV Y br=7 22 WS IHICHE %
JRF TV D Wwol, HEEL LTORENLD D TE2BATWELEF L,

FADIRIEENIZ K DHFICHZ LN TVE T, B LERIERE 3 Fr o8 ELZ L TWZE X
L7z F/ BFTAA REMREORN A L RRED L AeEr S, 2D Ihhzwk2
TFE Lo NREBRLBAB LR oTORIATTH, 20 X5 RRERFNCF ) ETF T84 2%
MREOHER WL Z ik, KERDLDOXZ R E L, HEHIIZILHEBT Lk
PREWETH, EROMITEMED TIIETRo T B3I N TEL L, By U TEMRR
OFTFFRANIE, B RIRETE L O E L RIMT 2R W0 20Tl MEEERRE
3D, THEMNBRMHRRELET 2 2L TEL OEMPBRRMEZIE L, 20X REE
BEEREVWLTE LI &AL BT E 3. AMROHEEICH- D, HETREEL TIHE
R LTOWEEE T LERETERYITHEERE MDX #f5tt > & — o FiEded, sbEHERA D
72 ZBIE L ARAD THREEZ W2 & ¥ LRREEHE O KHeE. TEM 85 Z8hhvie72
ZFELAARMRZOREATH DD T, WNKFO THEELICEHB L LFEs, Z7udvERK
W BEE HHEEMAICIE, MHAOREYAEL L T4 EMDORESICOEZ> TIXEWEEF LT,
FADRRADIFET L & PREICZ K2 B IR E W R T F L 2 B ICKREE#H L BT %3,

ARIFFLDOFERICREL TE, ZLDADSD IR ThE Wil & F Lk, REHEEROIHE
e v HEEA X PPMS 2B ICOVWT IS L S8R WEEEE L, 7/ 77 EEEOM
EBHRA L KIS A, T E A PLD #BI2OWTHHICHRKICR> TWEE X E LE, Adt
M OHEICHD, BHEEHE L L TIHREEZ WS E L/ L7 b=y AFREDOR
RS, MR TEIR Y 20 7 ATRICOWT I b SRER2 W& % L, R
BOT7 TAFELFMEZ AL S, 74 NIV T T T7 40702 RTONVTREBMHEEICRDEL
7zo TNET. BOMAOFEEZZ X TOARZEE LERIC, ZoLEBMHD LTE#HOSES

96



TR RS

BREE TV EET,
RIRICYFRICD D2 RVWAREATEE LA T ES o KK, IBIFICHRIEHN LT, =
ROLRVBOHEFE STV EET,

97



TR RS

7.3 HRFHBF

1) K. Tsubaki, M. Arita, T. Katase, T. Kamiya, A. Tsurumaki-Fukuchi, and Y. Takahashi:
“Significant effects of epitaxial strain on the nonlinear transport properties in CasRuQOy4
thin films with the current-driven transition”, Japanese Journal of Applied Physics, 63,
01SP03 (2024) (IF = 1.5).

2) K. Tsubaki, A. Tsurumaki-Fukuchi, T. Katase, T. Kamiya, M. Arita, and Y. Takahashi:
“Dynamics of an Electrically Driven Phase Transition in CasRuO4 Thin Films: Nonequi-
librium High-Speed Resistive Switching in the Absence of an Abrupt Thermal Transition”,
Advanced Electronic Materials, 9, 2201303 (2023) (IF = 6.2).

3) A. Tsurumaki-Fukuchi, K. Tsubaki, T. Katase, T. Kamiya, M. Arita, and Y. Takahashi:
“Stable and Tunable Current-Induced Phase Transition in Epitaxial Thin Films of
CasRu04”, ACS Applied Materials & Interfaces, 12, 28368-28374 (2020) (IF = 9.229).

1.2 EEBEYETay —7 4 V7R

1) K. Tsubaki, A. Tsurumaki-Fukuchi, Y. Takahashi, T. Katase, T. Kamiya, and M. Arita:
“Fast and Reliable Resistance Switching in CasRuO,4 Thin Films Driven by the Current-
Induced Phase Transitions”, Proc. 2021 International Conference on Solid State Devices
and Materials (SSDM 2021), pp.494-495 (2021).

2) K. Tsubaki, T. Ishida, Y. Takahashi, T. Katase, T. Kamiya, A. Tsurumaki-Fukuchi, and
M. Arita: “Current-induced insulator-to-metal transition of CasRuO, thin films observed

in local electrical measurements”, 33rd International Microprocesses and Nanotechnology

Conference (MNC 2020), pp.2020-24-4 1-2 (2020).

2. & (£ Dfth)
7L
3. B (2PN R fR)

98



1

7 RIS

1)

6)

7)

8)

9)

K. Tsubaki, A. Tsurumaki-Fukuchi, Y. Takahashi, T. Katase, T. Kamiya, and M. Arita:
“Solid phase epitaxial growth of CasRuO, thin films on various epitaxial stain conditions”,
The 9th International Symposium on Organic and Inorganic Electronic Materials and Re-
lated Nanotechnologies (EM-NANO 2023), PA46 (Ishikawa, 2023).

K. Tsubaki, A. Tsurumaki-Fukuchi, Y. Takahashi, T. Katase, T. Kamiya, and M.
Arita: “Two-Step Current-Induced Transition in CasRuO4 Thin Films Observed in the
Time-Resolved Resistive Switching Characteristics”, Materials Research Meeting 2021
(MRM2021), D2-0O12-02 (Yokohama and online, 2021).

K. Tsubaki, T. Ishida, Y. Takahashi, T. Katase, T. Kamiya, A. Tsurumaki-Fukuchi, and
M. Arita: “Current-driven metal-insulator transition observed in epitaxial thin films of the
Mott Semiconductor CasRuQO,4”, The Twelfth International Conference on the Science and
Technology for Advanced Ceramics (STAC12), P1-20 (online, 2021).

K. Tsubaki, T. Ishida, Y. Takahashi, T. Katase, T. Kamiya, A. Tsurumaki-Fukuchi, and
M. Arita: “Solid-phase epitaxial growth of CasRuQOy4 thin films with current-induced metal-
insulator transition”, The 8th Asian Conference on Crystal Growth and Crystal Technology
(CGCT-8), C05-01-03 (online, 2021).

K. Tsubaki, A. Tsurumaki-Fukuchi, T. Katase, T. Kamiya, M. Arita, and Y. Takahashi:
“Metal-Insulator Transition in CasRuO,4 Thin Films with a High Sensitivity to Electrical
Stimuli”, the 3rd Workshop on Functional Materials Science (FMS 2019), P21 (Sapporo
2019).

%A, fm R, A EE, A 53, e AR, &8 R [CayRuO, HR2VR T Bl
TR D IR EBRRITN T 2 IR & F > v VIR OFE ) | 5 84 [MICHYEY- 2T
MRS, 20a-P02-2 (FEA, 2023).

HE A, A R, I B, i IR, BH RS, 6 R TRUR LR R R E e AL
ZHi770 CagRuOy MR CHIHl S N7z End - i 8 HIR £ v 7 ZBIGR ) | 55 58 [EG
PP RACHRE SRR /56 19 [Ml B A RALHEE SR & F2A s ER, C-11-7 (=H, 2023)

& EE, R, S8 RER, A B3, i AR, A A TCagRuOy TV X ¥ v L fiR
2B 2 EMARIFIERERR O #5682 BSHYIH ARG EMGEAEE, 12p-S203-9
(BH&A 54 >, 2021).

KA, A B, (R R, R B, e AR, AH RS, &fF Bk TERAENSE
i A E CaoRuOy WIEDR I @ WEENEZ £ o T EHIR A v F > Z8E) |, 85 81 LAY

99



TR RS

H2ERRAZREAMTAEE S, 8a-Z07-6 (4> F 4 >, 2020).
10) ¥4 R&E], A 2, AHSUE, AU SR, e FR, GH EE, & B TERGESE
B 2 RS CagRuOy4 RO BIR-BERHEOFEL |, 25 67 [EIS MY RETEM#H
2, 13p-D411-12 (3L, 2020).
11) ¥ &), fait 2, A B, e Fk, Bl EE, SF FR TEHorx3s v L EE

CasRuO, HEIRIC BT 2 B KFEEERAIRFE OB | 25 80 [BISHYHE E KT A1k
2, 18p-E311-3 (#LI%, 2021).

4. G (Z Dfth)

1) A. Tsurumaki-Fukuchi, K. Tsubaki, T. Katase, T. Kamiya: “Nonthermal Mott Resistive
Switching in CasRuO4 Thin Films with Independence from the Temperature-Driven Tran-
sition Characteristics”, Advanced Materials Research Grand Meeting (MRM 2023, IUMRS-
ICA2023), D1-P304-25 (Kyoto, 2023).

2) A. Tsurumaki-Fukuchi, K. Tsubaki, T. Katase, T. Kamiya, M. Arita and Y. Takahashi:
“Observation of Field-Induced Resistive Phase Transition in CasRuO4 Thin Films”, the
26th International Workshop on Oxide Electronics (iWOE 2019), A28 (Kyoto, 2019).

3) fat =, #F KE], A ER, e AR, A IEE, SfF R TCasRuO, AR 3 RS
BEAEKARELBIEFE LR WVWEy MRS L v F 2 ZBIR) | 8 70 BICHY R BETY
eSS, 18a-A302-2 (HE &AL > 74 >, 2023).

4) fEHD JE, M B, S R, A B, e AR, B IEE: TCaxRuOy HIEICE 1T 5 JERE
REBRROEEL e NGB OSBRI |, AR 2021 £MF KR, 21aH3-8 (4> 7 A4
>, 2021).

5) fEih )2, #& ], A S, U B, M AR, AH IEE, S8 K TCayRuOy HFICH
\J % EIRAAEES R O Ru JABEKFE) |, 55 68 [H] JSHYHEREFEMERESR, 16p-Z33-2
(F¥ 74>, 2021).

6) fai =, #& A, A M, SiE ER, A B, M9 MK, Al EE: [CagRuOy =¥
£ x T v )VEBICE T 2 IERIUARERR ), AAMESER 2020 FF K=, 11pH1-8 (£ 5 A4
>, 2020).

7) fEMh R, #E EAE], A B, A EE, R ER, e AR, S8 R TCayRuO, M
2B 5B/ BEAES BRI OB | HAYBRIZERES 75 HHERXKRER, 17aB31-3 (H
B, 2020)

100



TR RS

8) M 5, # AT, H BUBE, RO E3, MO UK, AR MR, A IS [CagRuO, TEX*
> v LRDR T RS R SRR v 7 DI (L) | 55 40 B TR
2, 1C01 (> 4 >, 2020).

5. T
%L

6. %H

1) K. Tsubaki: “Student Award in the 9th International Symposium on Organic and Inorganic
Electronic Materials and Related Nanotechnology (EM-NANO02023)”, EM-NANO2023,
Jun. 7, 2023.

7. BEHEEOES
e EE]: S 3EE-S FE ABERYE T ey vy AL AM 7 -2y 7 (1EH - AD)

Pk

101



	第1章 序章
	1.1 研究背景
	1.2 強相関材料における金属絶縁体転移を応用したモット型デバイスとその課題
	1.3 電流/電場誘起型の金属絶縁体転移
	1.4 層状ペロブスカイトCa2RuO4における電流誘起型の金属絶縁体転移
	1.4.1 バルクCa2RuO4の結晶構造とその電気輸送特性
	1.4.2 バルクCa2RuO4の磁気輸送特性
	1.4.3 バルクCa2RuO4における電流誘起型の金属絶縁体転移
	1.4.4 バルクCa2RuO4が示す量子相転移型非線形伝導現象
	1.4.5 バルクCa2RuO4で予想されている電流誘起型転移のメカニズム

	1.5 研究目的
	1.6 博士論文の構成

	第2章 固相エピタキシャル成長法を適用したCa2RuO4エピタキシャル薄膜の作製
	2.1 はじめに
	2.2 固相エピタキシャル成長法を適用したCa2RuO4エピタキシャル薄膜の作製
	2.3 Ca2RuO4薄膜の構造評価
	2.4 ABF-STEMおよびHAADF-STEM, AFMによるCa2RuO4/LaAlO3(001)の構造評価
	2.5 小括
	2.6 実験方法

	第3章 固相エピタキシャル成長法を適用したCa2RuO4エピタキシャル薄膜の輸送特性評価
	3.1 はじめに
	3.2 Ca2RuO4薄膜の電気輸送特性評価
	3.3 Ca2RuO4/LaAlO3(001)の磁気輸送特性評価
	3.4 小括
	3.5 実験方法

	第4章 直流の電気測定による量子相転移型非線形伝導現象の評価
	4.1 はじめに
	4.2 Ca2RuO4/LaAlO3(001)の定電流、定電圧条件での抵抗–温度特性
	4.3 Ca2RuO4/LaAlO3(001)の直流の電流–電圧特性
	4.4 Ca2RuO4/LaAlO3(001)における抵抗スイッチングの安定性評価
	4.5 小括
	4.6 実験方法

	第5章 量子相転移型非線形伝導現象に対するエピタキシャル応力の影響
	5.1 はじめに
	5.2 エピタキシャル応力による量子相転移型非線形伝導現象の抑制とその評価
	5.3 小括
	5.4 実験方法

	第6章 時間分解測定による量子相転移型非線形伝導現象の評価
	6.1 はじめに
	6.2 急峻な温度誘起型転移を示さないCa2RuO4/LaAlO3(001)の抵抗率–温度特性
	6.3 Ca2RuO4/LaAlO3(001)が示す抵抗スイッチングの時間分解測定
	6.4 Ca2RuO4/LaAlO3(001)における抵抗スイッチングの繰り返し安定性評価
	6.5 数値シミュレーションを通じたスイッチングモデルの議論
	6.6 予想される金属相ドメインの形成過程
	6.7 小括
	6.8 実験方法

	第7章 総括
	7.1 総括
	7.2 謝辞
	7.3 研究業績目録


