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Abstract

Abstract

Nowadays, the origin of unconventional superconductivity discovered in high-7.
superconductors remains challenging in the field of condensed matter physics.
Numerous puzzling phenomena or problems in high-7. superconductors originate
from the complex behaviour of 3d electrons. The 3d electrons also play an important
role in titanium oxide superconductors (TOS). The family of TOS possesses many
novel properties, such as spin fluctuations, charge/ orbital ordering and pseudogap,
analogous to cuprates or iron-based superconductors. Thus, it has been considered as
an ideal candidate for a contrastive study of high-temperature superconductivity.

Titanium oxides are characteristic by complex compositions and structures, and
many phases are found to be unstable. Thus, it requires careful control of growth
condition and comprehensive characterization . My dissertation mainly focuses on the
preparation of high-quality titanium oxide superconducting films. Through systematic
structural characterization, a new superconducting phase has been discovered and
confirmed. The basic physical properties of this superconducting phase is also studied.
A brief introduction of the results goes as follows:

(1) By optimizing the growth condition, the zero resistance transition
temperature (7c0) of Mg-Ti-O/MgAl>0O4 (001) films has been enhanced to ~ 3.5 K. In
the process of adjusting the stoichmetric ratio, we find that a decrease in Mg content
will lead to the coexistence of spinel Mg-Ti-O and other titanium oxide phases.

(2) We deposit superconducting Mg-Ti-O films on MgAl>O4 (MAO) substrates
with different orientations. The Mg-Ti-O films have shown significant orientational
selectivity in phases and compositions. Notably, a single-crystalline film with a highly
reduced Mg content and an unknown structure is formed on MAO (011), exhibiting
highest 7co (~ 5 K) among all grown the films.

(3) Detailed structural characterizations, including Raman spectra, wide-range
reciprocal space mapping and HAADF-STEM reveal that the film on MAO (011) has
the same crystal structure as a binary titanium oxide, orthorhombic TigO19. Such a
structure, denoted by Mg: TisO10, is unstable in bulk but favorable on the
(011)-oriented MAO substrates via epitaxial stabilization. Therefore, my work has
introduced a new member to the TOS family. It’s also found that Mg: TisO10 possesses
a quasi-isotropic and relatively high upper critical field (B~ 13.7 T), resembling of
other titanium oxide superconductors. It’s inferred that the same structure unit in
titanium oxides, Ti-O bond, might play a key role in the superconducting properties in
TOS.

(4) The growth phase diagram of Mg-Ti-O films is systematically studied. A
phase evolution from insulating spinel Mgi«Ti2.xO4 to superconducting Mg: TisO1o

has been achieved by adjusting the growth condition, such as the deposition
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Abstract

temperature.

These discoveries indicate a more intensive research may forge closer ties
between spinel oxides and binary titanium oxides to search for some crucial factors
dominating the mechanisms of titanium oxide superconductors. Besides, the new
structural characterization techniques applied in this dissertation will play an
important role in the discovery of novel superconducting phases and other metastable
phases.

Key Words: Titanium oxide superconductors, New superconducting phases,
Structural characterization
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Figure 1-1 (a) The superconductivity in mercury; (b) The Meissner effect!®.
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Figure 1-2 The formation of the cooper pairl.
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Figure 1-4 The crystal structure of LiTi2O4.The Li-O tetrahedron and TiO¢ octahedron are
also shown.

LitnTi.Os R RAE 0 <x < 1/3 X B N ER AT AORFER SR A AH, (HBEHE x (1)
B0 R A T B 5E AL T FE AR, 5 I R R AR 2 A BB 4 N . —
KR ST R IR S22 BN x = 0.15 BT o LireTio-Oa 44 58 R 1E 5 251 5t
a5 x B3GR &8 - A AR, I A E A x=0.12 &b FEEC,
B IX PP A B AT RLE S N LTO, EIESR A 52 mi i, 8 B “ LiroTiwO4”
Y “LiTi204” %5,

1.2.1  LiTiOs FYE B F MR

1k 50 SERNRANIRER, I AE LiTioOq H 7 S AL A0 A1 J5T0T 7 77 T
37 FEMWRE, BN T LR (1) LiTiaOu & —Fiii A o 2 s f Al A 55
ff) BCS it F iAo LLAGIIEDS36, HupB7381 /5 EOO01 3 2 A 5 TE % . Andreev JX
S PO 45 2 BER 2A0Vks T = 4.0, 23t BCS Bt Ul (3.52) o Rk
FEABIN ARG REZIIN 0.6 L4, FIFES R BT PN, 25—k
BRURSEESTE AT B4R B (ORI LR IE S IATIE SR M EIFR Y LiTi204
FE R (A R RN OK 2 B R4 SRIAN LiTiaOa s 0k 4%,
B T L AR B 2R R OB Andreev ST T B 78 H 2% 11 ]
PERERT. (3D LiTi2O4 5% —Fh S 155 G SR, HARTEARFR B4,



KA T AH I R DA LR 7T

1.2.2  LiTi;O4 BYBETE 544

AT E LA LiTiOs , TiF Ti*OKE DA 1:1 LR B 3LAE, B — A T3
WA 14 3d 1. T & mEMHI TR 3d i1 EAR L EPUERIES: HR
f A S R R AR RS TS bR T 0 TR v, 330K 5 /S T I R 0 e R A BE 2 1)
B, T =E T o SR E TN eg o eg SMAER L g & 1F 2.5eV /&
H, B d B0 A e A o BOKTHAL T tog BB IO E o LiTi204 3 HL
PR )\ TR 507 AR TV S A% T R, LiTiaOa FOPE BTt 2B Ti-O J\ A4 N 4% (1)
TEOLRE o W1, LitnTiOs KR (0<x<1/3) HBEHE Li/Ti LL3G o B S
-2 S AR LIRS A T 2 R 2 AR Lt N IR (16d) AL, BEALHLEL
RIEARERE -, Sy i@, 5IALF, Hib&SBrrfgs)tee, 5
Ab, tog BEAFHE AN — M2 AT, M ART 2 eVEL, WK 1-5 () FiR, XA
LiTi2O4 138 FL - L1 R R A tH I B 58 1 HE Al

L A I A X Z W K
a ; F B b
@ M
LiTi2Oq |
spinel
1
4, 25° :
) S —— ;
o
‘ \‘ .
25’ 1 o
4 ¥ s
2’}, 15" ——— L
& =¥ le' 1 =
& 1 T — -
§O 3 t A
5 1
i 12 Er
15 |
! : '
.4,3._ 25 3
3’2\ 15
L - /4/-_ Z o
35-31- 15 o
ot me —~="
P 12’ %
|
25 3 ——]
1 1
8
1
L A By A X z w K
k

Bl 1-5 LiTi:04# (a) BEWLEHWIF (b)) p-d L1
Figure 1-5 The band structure “!(a) and p-d hybridization!*?! (b) of LiTi2Oa.

Tk, BEAT TSR A2 Lt Tz Oa 18 SR HEEK I B AR A3 H AR 110 2p
BEZr TS tog 77 R Z [MAFTE— 1 ~3 eV HIRE = [A] B ; Massidda #t—2DigH, Ti
(1) 3d SIEH O 1) 2p P 2 [RIAEAE R 20402, W 1-5 (b) P BEfE
SRR, botn x A GIrilighfey) Wficiieoso, 3R1G 1 IX Rl p-d ZRAGEL S BEZ



PEALH Ti-O HA A% B SRR IR o AW A R S L B 38 515 Ti-O0 )\
TR ) =ML, BEMT R LiTiaOs BB G5 FI14 1, LiTiOq FIX L8 BE 7 45 F)KF
RIS AR AFAE— 22 NIt Ar Y ARH PRI, I8 N ORAE T S0 T DL IR

1.2.3 LiTi204 BIAEE R 4014

123.1 BF-BFXEK

FAE EA 80 4EAX, B 70 E Wl K IWAN[F] 777245 tH 1) LiTiaO4 B K 1H B 738 %
FEAAAAEHE Z R . 40 Satpathy F1 Massida FH G815 T 5 10 77 2015 21 28K T H
STERE G, PG T RE 1 B EL AE s B e S R S o LI, 49 3 R AR AR B 0
[EEE 1.8, X ORI 1 SRS LKA BCS B OL K ER., T2
Edwards £ Rt FL A8 1% 1 2008 I 42 tH LTO 6 &R N S B0 & 5 2 S Prag
TR A AR AN S S B - B OR BRI SR FE DD ANG2) . Bear v AR, BT EE
k& RS H . PEOAH AR A A RVB HLIER AT 68 01 #k FL - L [R] S RI41421;
Tunstall B RZ B EARIMIES]. Chen 55 NI X S 2RISR/ AR S LR x 2k
S REEONU 25 tH T LT - FE T ORIR M SRR UEHE o 3500 TAEIE AN LiraTizOs T IE
WA RS- AR RIS B - A AR Y R — 2P R AR R B
K F-HFRREEEARITT A FAEMNRX L ASESIENKR. XI7MHP
KRG ALREZ, BARKERSTA: Chen 5 NKI B AL VI HIB IR
IR DR K T HE 2 P 1 [R] I [0 i) 1 3 sELVE A d-d F T B0R M) Ttoh HORX T
SEHRIN R B T8-S0 T8 5t 75 58 5 1) 7% A EEL ORI 380 s B L DR IR R L )38 R 54
Harrison"#1 Ueda 25 NMWOAREALRAT ot 7ARIR T T T B
MR A 76 B B LiTiOs WL T TR AL 5B F R R MHEERA T
2015 4F Jin 55 AN TAER,

Jin £8 A\AE 100 K A1 50 K BT 7 A A0 1 SOk H k& AELTE A S AN
UEYE . 7E 100 K P &I : (1) R0 2l 25 fE A e g, il 1-6 (a)
Frss (20 HMILEA ZEH AR BERRE . X34t 7 HEMCE P/ ARRT
HE: 45 G A SA ALY TP AR I GBI TS, R 100 KB R M IR RS E
PewiE kg . SOK MHEMIEE: (1) BEE BRI i) (5] 44% 70E RH ] % 1)
FYEIERR RIS, WK 1-6 (¢) Frax. (2D [H PN s A H BE A0 PR B R RR M 2
EA R, [N I R I R R S W SR S T AR MR AR R &R, ] 1-6
(b) ; SEHWRIUE, WX —MHIEMHSCERNMAN. B 1-6 () B/ T Jin
LNFRIR T T SHEE.



KA T AH I R DA LR 7T

(b) _
(% 1.0 o0 T=2K
iy O T=6K ]
3 % V T=10K A
s = 05 i
~ < + T=2K
¥ T=6K il
0.0 1 1 I 1 | 1 1 1 1
50 100 150 0.0 0.5 1.0
T (K) (81,802)2
(c) TRELIELEE N TR N R O (d) 100
G ] @ B/ab, B/
L iy L2<] B/ab,BLI
n-MR
- L1 2 gi:ﬁ ] = Spin-orbit fluctuation
£ 00813 8 3
% g g 50 === o e
é: 0.04 - 3 i i - 5 -
p-MR Orbital related state

000 ¥ -
AR, ===

o041 o 1 4 ¥ 5 1 g ) o | :
20 30 40 50 60 70 80 0 15.2

T(K) Magnetic field (T)

Bl 1-6  LiTi:O04 F#8 31k 5 B 7 T REKHI R R,

(a) BUER-EEXFR; (b) BMHTHRESER: (o BE-BEXR: (O BRFHAE.
Figure 1-6 The relationship between the superconductivity and electronic correlations in
LiTi,04°\. (a) The correlation between the magnetic susceptibility and the temperature; (b)
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Figure 1-13 The formation of orbital ordering in MgTi,Q410%107-10%,
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—Fh—FrAHAE . B 150 K A 125 K T & A AR 53 7Bk A v i AH 28 AR IR AH A,
PR A7 735 it v TR RIS TR DR R TR o LRI AR % (%) A8 1 i o PR L ) 8 A8 PN 5 )
AR, HRA 2R BB AR o X T O AR FRRE mOME DL 3 B T R AL
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B T R I EAR R R . 10 B0 R B T I ELAR B i W AT RE 51 3d LT

PR T R aR FAAL B, AT B T P QBRI T 2 R RO Y 3d LT 3L

(1290, 3 o 73 A AN [R)IR B N B S HE A A 8 JE B, Marezio 8 NN, 1E 150 K
Kb, TE-TEAMEAEL, B RE R &8 A EREYE R B RS T 125 K AL

IRFARNI N T TR -Tid RS K AR AT 77, IF 51t — 20 f iy R st (R i A2 300,
Lakkis 5% N I8 o 446 3 A0 EE G & 2t — 2D WA 13X — B R, BRIy i AR AR X6

Ti-Tid Boxt =28, B REHAT AL AERRAARR, Te-TiH Tiv % B

R MEELA ¢ BOTIRPPAT ARG BEE, Wl 1-15 (d) Prost3l, 3X AT 9 g ix

XA T AL o PIRARAR AR ARSI T BUAT P« B P S AR 5 A LA 1321,

1.4.1.3  TiO; B FEEAHI & FESHEE A E

2017 4, Yoshimatsu 55 NIEId A KR, 7F TO; H3R15 7 3 K B0 F 1%
T MR ) R D R OB R AR K AURIAE T o 24 E 1 X107 Torr B4R E FAEK
I, TisO7 WA I H AR 1 4 i - 21 B FAGRAT A (150 KD« 47E 107 Torr
GUE FAEKR, BRI, EFEERER. EEERT 2] 107 Torr B,
P32 K 2 BB SR, 4568 P MAZHEEE/RITHZE Ra & TuO7 H
kg U XN, DN B SIS TR, HIES T TETEOA . XUR T
DA K 4 B - G AR R, R T S B, 5K T. Soma 55 AT HE 5
T35 3] 3.5K, X4 TiO7 1k R K i a0 3134,

R T PR AL T ARG R E R, Sekiguchi £8 A F 1 TisO7
AT T IR S S . B SR AIIE N, & -4 AR, AR 150 K
EFEN 180K, FEBER AR SHERIEHEH . XA TAEMNS —A M EIEH 4
JER -4 5 AR 1) R S 6T TiaO B SRR T2 RN, By E R @ 77 A 1) 46
0] DL 30 0 58 XU AT BRI 0 1 = 38461351360, T, Soma 7E Yoshimastu
TAER A EU3), S TiaO R (1 A K ik FEHEAT T 58 JI0RS 200 1) A K S e 15, LA
BT SRR A G SR R RIBEEE RN 3d BT EHEZ,
MURRAL T2 TR () L P R A VE B IS5, &8 -G Rg R ], JLRRIEIR M 150
K 2 %3] 100 K T, @BSrEmil. H2, %434 frkEdmE. Ut r
A EEIGE, BRI TR, R TSHEEF, 8BS TAEXT 3d T
W FEREARAR T S TRAEAR . X 0E B — iR AR 50U AL 48 ELAE F T TiO 14
RN T M A R34,
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=10 E eta - [ h U.! 150
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Figure 1-16 The electronic phase diagram of TisO7 superconducting films''33.A moderate
bipolaronic transition benefits the emergence of superconductivity.

142 TiO MBS MR

1.42.1 RMPrESH

SLTM TiO. B 3 A E, A NaCl B4, L7 &5M ] LLTE x =
0.80~1.25 M IX [A] A fRFFFEE T, el 60 454%, Hulm 28 ATEEAF 4 & B
SLJ7AH TiOx £E x = 0.85~1.20 HIIX [A] NAAAEE T 1, T Te £ESAUNS o & 115 Il
T (x=1.07) BB EE, L8 1.0K. Bk LE, TIOMRRM T.5 O/Ti Ll x 2
EAESTMMKR, XIEH T Ti. O A0 &&EX T SR M, Hulm %
NHENN A S BRI TA S 7 AR ES M, R T 2K AR B RIS, AR
I, Banus 55 AEXS TiO. A SRR, KIE'SF T 5 x fFAEIEAHR KR, x~ 1.25
B, T T 2.0 KI3,

IR GE R 2 R AT RERYE T R R R Ti O PR R T B HE AR SR A
AIFE, XPSAA AT T s 51, Watanabe 5 N E I, FELEfE
HUF, WAEILJTAE TIiO &b 110177 m)<x IR = o Bk A 1K Ti-O g4l S — )=
Tiv O A7 FA L F] 50% I HREG fb A BAAER IR . HT Ti. O FALHEF,
(110) &7 T 2 1] {4 & T ) 26 B R AR ] . Watanabe 25 A XX FAEAE S 00 A 775
(RS2 77 AH TIO HEAT 1 s B AR FE A B, K FE SR 73— PR RES5 4 TisOs1127) . Reed
() TAE3 R 7 SR TisOs AEE~1.28 K B S, XiiH “BAgFa” M
HRAEAE— T B R4,

2017 4, Wang 55 N\ LVEK 4 8 A KC1O4 7B A JE AL, K ILAE 900°C MR A ks,
fil&H TS T8 5.5 K B TiO # R, [ f5 Xu & A4 T TiO 49K MkL,
X REBAT RS, KI8T MR RS TiO. RIH NI E T TiOw [

26



gk o ARSI FIREE RS, RIEEE LM ZIE Te~ 11 K 1 FARN2,

1.4.22 TiO @S ERAHI Z IR

2017 4, R E B AR R 2RO IR B ik E 1385 PLD 7748 TiO1+s
ARSI TAF . 28GR 4 AE (0001) B 7] a-ALOs 4 & S28L 1 (111) B 7] 57
J7AH TIO W4k K, KBS T.IA3 74K, KB THMETREME R, 5
BN PR E A o IEE TV 2 R RS E NP PR BUE, a0 1) [F P F il
Fithy G 13T) « X—TARNAASERMEL A XA (O/Ti~1.11-1.25)
DA Ao JER IV 0 - Ao B S T P 75 A G S B IR IR ), T e A I & T
T E R R 042,

bEJG, ZEBGHTTULENT TiO o E, AT T S MPER RGRAL:

(1) B, TiOn s IRAE Tk ~ 130 K AL F I —Fh e PHEE 37474, Zhang
A Liu 25 N\ 3k ey i &0 T X F s BHEE B S50 5 1 56 RO, & SN
R INEI~2 GPa, FVER RS, FiEFIpEE, (S ThEESMISEm
B 1A B AR T BCS BRI TR, axX o T FAmATL ) i S E M TR R e
BEE RIS, Taw BT, HBRAEATAT R S, 7R IX P e S 4 AT o0
SRR, WK 1-17 (b) Fic. Liu 28 A CAHEIN & I8 {2 3E TiOr s
WIS AR 1 BT A, # T BN TR G X AL S TisO7 N [F]
P 1] BE 1] 8 5 RV R R AL T 3 AR A T AN [ 136,

(2) 15 BhREIZ RO S HIR Je M, R I TiO o 76 I HP 1) 38 3= I8 1L 5
BF BRI T35 B A8/ (R 3 T AT B T R AR AT FLAE R, (RIS TiO -+ I P 38
FEAE — P e LR B 3 A AR 044,

(3) ERLEMA SRS R R A I SR F W 2 & T Griffiths AHAZ4S,
TR T IEF SRS BRI E SN A G BLE T Griffiths B2 K& G0 Al

(4) I Mg> BB 4%, 1£ TiaMgO HRIL 7 — P S THTAR 168 T AH 1461,
Mg 45 44 1 A2 7 J0 5 B 1A 3 S AN 8 AL -9 B ) R BT TiO 1+ I 3 T A7
(E52MA . Fak, B Mg B0 BB R, BREEE R IR R, ORI S S
TR AP e =i

(5) JER A KL, ELLETT T TiO T A A& &, 24 O/Ti
WHNE 117 B, KR T RABZ-SEAE, BIRAWEA: O/Ti ¥ 1.22 i,
RAEER-AEMT;, FESNATE TR, TiOuEIALMIT N, 8 FHRES]
R A G EMMEI AT Z T I8 BTG I 1 = I S Y
471, ZRR G IR 22 1 A& & PR MEANARAZ (1) TIO R A AH 04T, 4
1-17 (¢) Fizme
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B 1-17 TiO 858 [ W PRI g7 1142-143,147-148]

(a) TiOBENB AR, (b)) TiOnJHME 100 K ALK BN (c) BIEH

B (d) EHEEEK Tio MERMEFEE.
Figure 1-17 The study of TiO superconducting films!!4>143.147-1481 () The enhanced

superconductivity in TiO1+; films. (b) The resistivity kink for TiO1+; films in the vicinity of

100 K. (¢) The superconducting phase diagram for TiO1+s.(d) The superconducting transition

in stoichiometric TiO films

2021 5, Li A2 7 RAMET VA% 1 AT R LU 58 Tio Ik,

KILTIO FEIEFH AR ST N, BT 7. 2AHF 049K, 5&J8 Ti M4, W
Kl 1-17 (& PR, M2 T, 2RO A S 1 TiOHEHE T T. &
FIG R, A AT RE AR T Aok R R A SR AE TAE oA AT R AN I =
S22, T NaCl 2 s P 480U 7 2 8] LR AE B AR 550481, R A B E PR

SESCAD Ti-O AHELAT H A G simts 21 1 e dhils S MR .

143  y-Ti;0s B S ERAVHIZFFIMHIRER

Ti305 éﬂﬁﬁ’/"ﬁ‘@fﬂﬂjxﬁ%*ﬁ ((X,-, B'y 'Y" }L-;FD6-) [149-152]1 ;H;‘EP'Y'TBOS
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H A B 45K . Yoshimatsu 25 AR PLD J5 48 a-ALOs (000 1) 4] i _F3R15 T #8
F0)y-Tis0s B AL BN, H T fl T 208 7.1 K f1 5.8 Ko 5844y-Tiz0s
1E 240 K RILH G5 A AN, y-TisOs AR 350 K BRI & 8- 4G, I
5 100 K FRE AT 58 12 SR -2 SR AR . S /RS, K3 100 K 1Y
HA BEL 38 A R LB 2R AL B H BT RS A B R AR . y-TisOs [ S L
HIATHEHERNII A

144 IEZRHE ThO: BSHE L MAIERIE

TixOs H 7 WX g 2 PR EE A, o e WM R 454 (e-TiOs)
EIET =7 AR R3e FEE, 7RI TRA HIUE S 2018 45, Li AT
i PLD 4K c-TiOs HMERT, KIS RIER S G, R8T —FiER 48
TiOs # (0-Tix03) , FEFRILH T 8 K KR S LM B g 8 . Li £ A
WA Tiv O JRFEHHE R 155 40 Sa 5 R EL T /N 0-TihOs 7E S PR IR FE T H
Pis T 1A AH A B B SR P R RS R G DR R A S LA B R 053], 0-TiOs
FIH 370 K AL ()4 B -4 325 FI~100 K )2 Ak -2 SARELAR . Li 25 AN AR
B BH % AR AT S 5 MgTi04 HH I T T 5 HL IR B 1 & @ - 48 5 i A7 10 2%
DIB R, X WP 0 R TR AR — ek S E P B 1 (1A £
P,

1.5 KB

i EXMIN A, AHERIL, REAREE T LTO. MTO RILHF
B Z B LR, 0 T-T IR0 XUHRAL T ARAR IS A
5 SR AR BRI SRS [FRE L ek S A SR,
Horp s Kz —72, Ti-Ti M Ti-O A5 B AEHAER S AT B A AR 1 R 45
A = FIEM . [RIE, IR SIE B B R A HLE RN B ek v A
TCER BB AR b R IE B EAE R, 5 LTO ARISS), [RAEAR S TAE S, af
DA JnER A AN AR di A RS i AR I e Skl ok, R B AR FE A
H.

111 PHRS SR AN ER S AL 8 T 7S ST 2 ] SR A3 B 75 2H 2 R B — W0,
B G 2 FHAR VR A T U BT . H AT IUAT 2 R B — ek AL 08 T4
H =Ff (y-TisOsv TiuO7+ 0-Ti203) AN LA () A7, H HAR 2 38 ik
MEOETTA (PLD) VE3R1F: X TR AEREME SN S, MeTihOs 1S
PR 0 ASCTE S A B s TR o R s D3 BB B LiTiaO4 ) PERFF AR 2 7E 2009
- Chopdekar 55 A\ PLD JM& LB S MBI &4 2 J5 R T E R, bk
W FRAIL T BL PLD 532 AR B IR AR O FR AR R A A R S0t 7 Hp 1) G
B X TR B ZIHh R AR L PLD J7 v AR M B B FE A S R A K S
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KIS RAL T IEF A& € Tl BATRAES “FHE P A X & AR .

30



2w AR SRR

£ 28 HREKSRMERKR

2.1 FodEsenFR (PLD) $ERERIE. & FRERN

2.1.1  BomEAAIR (PLD) HIZMERFRE

2 HT R T B & BOR AT LA RS AR TR (PVD) Ak 22 AR TR
(CVD) 5. Hrh, Y3~ HHITAR A RE 32 2252 LR S BUa B HR Y i, @
MBI R AT O, K BESERESY RN, R, XS
AE T BIE R, #%—&0 NPURBR . Bt Y3 =TT R AT DR RS
AR A B AR =AM B DA BRSO DTRR SR 2 9 A () 2% M 7
AR X ) BARIAE S TR 2 e b, e B 2T R N z= K 7
AR R T ) 5 WIS D7 R I re g B B AR R R AR
AL, R 5T 3R AT RE R TT AR -

kO UTER (Pulsed laser deposition, PLD) 5 vAE & Y3 S AR TR I R /G
Rl B R AC SR B < S P A v D R T AT s R RO kU TR
T REE A #e, FEAM R IR SR BT, s AR IR, 4558 5 P 5T it 25
FEM 3 B oK, 7P AR S B A o T S 25 B ARV BEA SR T IR 2T 1m) [l A EZ K
TERBORLT 1 2 [ e 1 B s A2 & Aok 11 RAT kRt b, AR AN AT BhRg AT LA
DR D 5 M 2 A R s Aok A lE 4 55 A ELAE R T o 84k s fe — AN B
SFE AT R, BRI, Sz, KREIRE, 46K
IR SRS SRR, 3% — @ H AT & b R S A . Bk i2
W R AE ] 2-1 Hrisel,

& 2-1 PLD JEHE E1sel,

Figure 2-1 The schematic diagram for PLD process!'56,

PA_E A5 PLD JEAE R — o . SEB b, AR 22 HAl PR 3R sl B mT
RESZI PLD A%, JFRtmusymnyd B ah i & . WA LS AL . B, &
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REWOCK I RE R 1A% 05 sUR 5 IB IR (1 22 57 7 5 PLD ik LU AUE B KT
ARG GARTEAEY, TAE & T IS 25 55 3 AR i i i), 2%
FRLT [ RAT LR, S5 8 1 ORI I LA TR 5 BE A A B A S AR A R &
U571, FERL T RERE . AR, A RIREESFE AR MM T, B A KAt 2 A7 A
DA, A =4I R RIRAE A LUK B IRV & A KA

PLD JjikAEYERF IR ANREHR (O 2 00— Bk EHAA RIS . 75k, BN
PERSSE B ¥%, IRV RTE AT, Kb I SITE MRS e PEGT, SEoe A %, (Rt
PLD PEREAE 0 T . SR IR T eURTRLLE P (10 5% A ) Jo £ 7 ) 5 v 6
BELRE 5T 2810, - BOCCHE R AR SR AP LR MAA R, PLD
77123 CATE i 46 K T AR SIS (1 B ik PRAIE 3 200, DRI, & B AT E & SR =
W

2.1.2 BowEseniR (PLD) $ERRIZ&ZEN
BAVE ) PLD 9% B 158 4% ] DUMLIG Rl 43 B 25 s AR RO R G4

2.1.2.1  BABSERARAE AR E /T

FA AR R EL R LR L R R

B 46, NUMEE A>T RN ER -G AT DUORIE AR L 25 DIRAS RS M IR A
o MUBREE Bl LAAE i = LA FE 3 3 X 10 Torr ML 43 1 2 14 48 [
Pfeiffer(:% &) 2 7 177 B TMU262 856 X7 1282, %00 128 LI 5% # (1000 Hz)
BT, AIPMEEAEILT 1 X107 Torr.

B ORAMAS, — AR R TN TR, 7B T I 4
YERF, AITESCAINUCEE AN > TR PPIRAS N A dB A m 4l 2R, =S E L
RIS R REASE, SRR DA, AT HUGR IS . BEM SRR . B mT R
i 5B Ar. O S ARNIEE NI, VENBER SR KIS,
ALIE AT DL A R T BT I R 2 DA

5B E RN RS, Rt BB 22 n#k i 7 T A A A R R,
fi AR IR W 7E 25 1 & R T 4o TS AR AT TR] L 08 380 8 S O OB LS » P BH 23 i B
OB (feedthrough) AN FRIREEHE N2 PSR AT, Sk &R IEGHE,
AR B v PR D9 850°C,  {H JGIZEAS AL A i FEE XS . (R I 4 FL A

FIR TG . G Bl DRI 2238 2 s, it spLIKa), vl LA
IR R RIS AT, X RO ARAIE T R4S . MR AR K AR P
Tk o AT SRR HRBEA 1) R, B G R e SO kb B AR TR R T F — 7
B, R — AL B IR R AR S b, SRS EEAA 2R 1T R IR VA R T I 55 S
SREEB TR E M. BhAh, AR ETE RSN ESM . B LG TR RS
&, fEHAH——FR.

32
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2,122 BFesI/FAEE N

HMIFIEOE RS AR AL P A Re Ok, R FLE S MO A o R )
Fal RES, WBEREMEERN. SOtk BBotsE~4. % HMH7T PLD
BERR O AR B AE 7 T HOBES . kih Nd: YAG Bot#s . fikrd CO2 ot#s BL
R A CRPBOGAR IS8 AR SCHE AT 22 KoF #E5r 06 as, H TR 248
nm, JKHEAE 10°s B, MK BOLREE R @B 500 mI. Bk E0E AEOE S H
R MG, BT ORI EAL R T ) B B AR AT, AT D
Nz 5 E—K e, BB &E TRy, RE PO B E%E
B HAr A3 51 5 o ARBBOCIR AP BRI BAA A E, TURE —Es®
T8 SR, WG BARTT IR, RO KRG WA BE R o —, B
PRI ) S0 8016 ' B T A M SRR BTG 100 mm? DL P2 3] 55 # R IF F~10 mm2,
IR —ifEr, WotRe % H 2 BF LI, IARIR M. SLILAE S Tk
2Kk WOLA I RESRREEE, —RERST —mEGEENEE, ME4TE
FEA R TH

WO Rk 5 A R T 1 OV A& PLD P IR 2 S o B I B 2 —, DR
PEIPIRES B YoE WA KR E B R 25 . ROSER LT LA (1D M3 RIE
WO HFT B &M EE S (O eBRBRAN) (3R, P VR 5 I 2 B 7 W 25T,
WER AR SHEYCBEA RIS B IR A . (2) BWOGCBE R FT E G 2% B R 1)
Hb AL B AL B S IO SRR AR X GBI S A e A R, DASE IR GBI T AR
(3) MAZRFFE R R AE R PR, ST REATSSPNEE, R
BEAT R ERIPRGIE Ve R A KR b B R & B K MR 3R, i Sel'56),
Lil09145, B 4 7E AR AR 5 S i i e i i 1 B A T 1

2.1.3  BkHiEsEinil (PLD) $ERERIZ

PLD J5 AR KA it AR AR R B F

(D) Wik AT AR K. EBST/KEEEBE, 5 H S AR ROk
WEAESE R B AR o R I R R B CRAE A I R AR AR B E 35T TS, LAt
JERANFG RENR A o FEITHEE T8 Ay, ARIHHET, Wije EREHE
&, FTHISEUEE . SN IS R SR E] 1 X107 Torr LARE, DI HLIK
RITESS S, RS, s,

() R TEREEFENTH 1X10° Torr I, JFETHEFERF, HESGRE
FEEIHH R UTRR S . FT{E~200°C FRIVESEFS, BB M, HERREREE Pl
REATAE I

(3) Ffei SRR BARREE S, R B8 R 2 4k sl
HAE] 2X10° Torr AR o TR EOLRES, WEBOEHZERA | Hz, #IAGEIR
A, WEFEEPIERTR. DEGEIZE CERH 10 Hz) X FT R 3ET 5-10
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GBI TR ST o TN SR A 32 A T B L 2 RN AL R P A AR A R T
2% 50« BURLER K Z8 S, B ik b ) o 7 % B ot v o o 55 B A ) 7 A N
JEH .

(4) TG4l )G, a3 68, MiAEE. R EREE, HEE0L
B/, PR IEA PSR, EiENAEKEEE, WREFRIER K, Hiisimn,
ol R B SRR - ARPEFRA TS K I 250, BRI 1o DL TR IR
WEALE 600°CLA o A4 7E KL 400°CLL_EFRIR B, 3#HFE KLH 30°C/min.
B8 L Ak PR, PRIEE R AE R . el N 800°CIEMK R 100°C, K&
T BN . ATTERR IR ) 200°CHHE B T U6 BAR > T2 50E, S5 350 T8 F6 8
FEAREIZ . IR T2 60°CHY, T LISCHANIIRGE, WA AR, ST HURE
B A I TR A

22 EBEMRIESE
22.1 EH XRD 3R

22.1.1 EINR20FNE

[ 4M0/20F 1 2 T A HE AR I G M RAE T Be . — o e BB Rl 2 A bk
A BIRA PR E X SR TAT AN EERT, NS AR —5% X FEIAER
T AR R AR AT, o — %% X TR ZF B R, FTRITEEAME T M E) R — 2 ST
b, RABRTI T o BRI AME J5 1) T BE A o, T SR PR 2% PAT XS 2R )
WREZERNCN 2dsind. M FEZEIE B X F MK MBEE RS 5, AT IE58 . [RIUL/Em
SROROFTRE T, HILAT S 0 (10 00 SR A A RS AH 1) i T RD PR o AN S A7 O3 /2
MHikg 72 2dsing = nho FEMRE TR, g5 G4 RIS OO FE M F AT = 1A
o FRURMES, ENSHOFESIMER, SR SR 205D LAFREF NS5
HE I 5. 02040 T EBE T AN M E S, BRI TAN 7 i
RO S G S, JE ] DA RBR AW A AR A AE . (A UL, X ERE)
VLR P B R IR 2 A A R R, NAZAEREAT 0204 FE I E My R IX R, BE
RHRGEE, DI ISR, 7B b A AR AT S I VR AR T o B vp e DA 43 %

FEb, B X W ERATHACGERL &R WX AR, @ RN X
Whek, AT LRI B RN X (RSFZITE 0.1-1 mm) FI90AH . 3847 il
FEMAEACT T B3N, AT DL SRR AN [F) A B () 25/ 1 0. eI A K
B A3 3 TR AN, IX AR Ty AR AR B . W AR I
AN DR B i LS R A o Al B AR AE BRI I, AT XX £ X 3
BT UK SR &, DAFIE J2 T A7 AE AR AH B 2N o
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22.12 EIEHhZ

THI/MOROF I I AT R 2 TR T X S 2R I B T s 5 X AT S8 =Rt A
JRFR R . BERZIEOT, NFMAIEAET RS M £ N — REATH LA
H, A AR N0, ASES RESGIR A E N 20, EXMNFREHE, Ao
5OE M. I /MA RS 2 JE T AT 2 fE, AT DL E BRI A 205
A, NS Ao fEOE TN AR, FHS5R015 BT IR AR, B4
P TR S KA BAOR [ R4, X P s 2URR A 445 Hh 42 & (Rocking curve) .
I SE AT H AR — PR RR AL I 5 B2 (PRI T8, FWHMD AT @ EXT LG, g
A TEREN, AT, RS, R . ARSI E T, ETRE T AT
POCIRA S B3 808, FExE 5 () #A T BFIRR: 78 AR R AT
S en RIS IS, WA i 0 X B A (]

22.1.3 HEMReHE

Q¥ — P LI SR AIE R A AEVE T B B W 3L R A2 VP A A 1 T
WXTFRME . LA SrTiOs (001)3 91, B 8458 =) SrTiOs (001)FH B N 7E % iR T 38
WRSETTEWYTTA Ca=b) T REEANETT A1 2 SrTiOs [ —Ff U B X FR Al ,
RN ESAE M NE R (WK Ch Ak ASFEN A 0) ESIUEMEES) o2 ¥ )5
Ehe L, oHfE I ETT TR R ARYE MR AR AR (5] 5 B AR SR M H
T S S A T, Gl WA S (RIS 6D fTIX — Al T b T ACTIRES, A
S5 B RT RN 285 A ) T [ 2 B 3K — it T PRI RT ST U PRI OF T 200 B o 2R ok, SR 1%
BT Cofl) HFE A5 360°. WM EAINENE R, At AR 2t
SRAFHUAN S5 w5y HLS5 1R PR 06 o D& (%) 50 pb A DU B TR PR PR I R = G0 i il B
BNERFRAER, Wi, R BN E AT E, AL RIFE 60°.

22.1.4 NE X SR ETE

X B DL A FRA B R T I, SRS S R A — IR R
SR Fr i et NG, A AT JER - Ve R S T 44 2 A O RIS . RO
PRI ZE DAL AFAEFELLR NS N, O X B8 2 R AT B s AR /e
FE NG, HIT W EITRN . RSO 6 RI5R 5N M 02 A7 AEAK
KRR, X LR (XRR) | H L E B I 4805, sebs b+
FEUVIRE SRS . RIS . MEMMEEHA LR HHT XRR &
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Figure 2-2 Ewald’s sphere!’.. The crystal structure is shown by the purple spots.
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Figure 2-3 The limit sphere of two-dimensional X-ray diffraction!'>],
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Figure 2-4 A photograph of SmartLab system equipped with the 2D detector for the
wide-range reciprocal space mapping measurement!'®”, Red and blue lines represent incident
and diffracted X-beams, respectively.
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Figure 2-5 The geometry of wide-range reciprocal space mapping measurement!'". The

region of wide-range RSM measurement is painted in red.

(XA AT LAZE W A A bR 2R PO 4 RURRRAE SR, — I s hR R, FR i X
y RFFATHFS R G 20) , RIS E AR AR RT T 5mE . 5—
G G AR, HEELHME S%E. B 2-6 (a) « (b)) 407 LUA BEAA AR
FE 5 AL bR B 7R B T A SCAE 25 A5 K1) BaosSrosTiOs (001)/MgO (001) B i, 78 i
(BST/MgO) 1)) 3k RSM RAELE R, Hl~F47F MgO [010].

XTI B () e — (hkd) G TR 5 5 ARRIX — Al TR S5 B AN 8 7 1R IR R A, IX
— 3 A AR IE A ) AR H T as by c AREBITE R A ke 15 H RIE 20
HE, BT AR AR A% A 2 5 H (R & TR BRI EE. dies diia FIRESZ as by e hs
ks [HIRREL. R BRI FRALBR RERS AT DU E AR AL

39



KA T AH I R DA LR 7T

120 ‘ 1 — ; : —
(a) BST (024) BST (042)
i 4 o )
BST (004) . MgO(024) BST (033) MgO (042)
100 <= BST(014) .
MgO (004 - <BST (032) 7 [y
- EEE0Y) BST (023) 1D
. 80F BST (031) -
=T\ BST (003) = o
- e BST (013) BST (022)
=, ,
S of M 0((;22) I
g BST (021
| BST (002) BSI_—,("HZ) 4:( .
= a0
40 -
MgO (002) BST (011)
L
'BST (001)
20 i 3 4 3 4 3 - 3 = 3 = 3 = 3 =
10 0 10 20 30 40 50 60 70 80 |
|
x (deg' ) B l04
(b) = T r
BST (004) BST (014) BST (024)
10 F — - & .
L MgO (004) MgO (024)
st BST (013 -
. BST (003) i ) - -~
£ BST (023)  BST (033) 3
: = ]U
S—
= N
\E BST (002) BST (012) BST (022) BST (032) BST‘TIMZ)
Q 5 » A
= 4F MgzO(002) MgO (022) MgO (042)
BST (011) ST (021) BST (031)
= A\ N}
0 2 4 6 8 10
q,/2m (1/nm) Intensity

Bl 2-6 BST/MgO S & #EBEKT 5 RSM EZL R
(a) AEERX; b BEISER.

Figure 2-6 The wide-range reciprocal space mappings of BST/MgO thin films in (a)
goniometer or (b) reciprocal coordinates.
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Figure 3-2 The (a) schemtic structure and (b) XRD characterization of the
STO/Mg-Ti-O/STO multilayers.
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Figure 3-3 The electrical transport properties of STO/Mg-Ti-O/STO multilayers. (a) R-T
curves; (b) The evolution of superconducting 7.; (c) d(InR)/d(1/T) plot.
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Figure 3-4 The (a) R-T curves and (b) thermal hysteresis behaviors of S5 and Se;
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Figure 3-5 The relationship between the out-of-plane lattice parameter of the Mg-Ti-O

layer in STO/Mg-Ti-O/STO multilayers and the testing temperature . A structural
characterization is discovered in the vicinity of 100 K.
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Figure 3-6 The RT curves for (a) Mg-Ti-O films and (b) Mg-Ti-O/STO heterostructures.
The resistivity transition has not been found.
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Figure 3-7 The optimization of the superconductivity in Mg-Ti-O/MAQO (001) films. (a) The

application of a thermal baffle on the surface of the substrate holder; (b) MgTi,Os target;
(c)A commercial MgTi,O4 target. It’s found that a small amount of Ti.O3 impurity also exists

in the target; (d)The R-T curves of superconducting Mg-Ti-O/MAOQO (001) films after

optimization.
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Figure 3-8 The phase formation (a) and superconductivity (b) of Mg-Ti-O films at higher
deposition temperatures.
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Figure 3-9 The structural characterization of Mg-Ti-O films with deposition temperature
from 680°C to 800°C. (a) XRD spectra of §/20 scanning, (b) The relationship between the
out-of-plane lattice constant of Mg-Ti-O thin films and the deposition temperature.
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Figure 3-10 The electrical transport properties. The (a) R-T curves and (b) d(InR)/d(1/T)
plot for MTO thin films grown with various deposition temperatures from 680°C to 800°C.
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Figure 3-11 (a) The comparison between different resistance transitions; (b) The
-d(InR)/dT plot.
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Figure 3-12 The RSM results of Mg-Ti-O thin films grown at (a) 630°C and (b) 650°C.
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Figure 3-13 The RSM results of MTO thin films deposited at (a) 680°C and (b) 720°C.
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Figure 3-14 The phase separation of superconducting Mg-Ti-O films. (a)-(c): The
RSM results of single-layer Mg-Ti-O films. The deposition temperatures are (a) 750°C, (b)
780°C and (c) 800°C, respectively. (d) The RSM results of [MTO/STO], superlattices.
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Figure 3-15 Physical properties of Mg-Ti-O films on (001)-, (111)-, and (011)-oriented
MAQO substrates. (a) Structural characterization; (b) Electrical transport measurements; (c)
The Meissner effect of Mg-Ti-O films on (011)-oriented MAQO substrates.
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Figure 3-16 Physical properties of Mg-Ti-O films on (001)-, (111), and (011)-oriented LSAT
substrates. (a) Structural characterization; (b) Electrical transport measurements; (c)

Compositional characterization.
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Figure 4-1 Methods of the structural/compositional characterization of binary titanium
oxide films!1331421531 () Reciprocal space mapping; (b) The microstructural characterization;
(c) The determination of the valence state; (d) The surface morphology measurement.
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Figure 4-2 The electric property deterioration of Mg: TixO,/MAOQO (011) films after being
exposed to air. The metal-semiconductor transition in the normal state disappears.
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Figure 4-3 The Raman spectrum of the Mg: Ti.O, phase (blue line) . Four distinct
Raman modes are extracted at 241.4, 299.2, 436.0 and 611.9 cm™'. The Raman spectrum of
the MAO (011) substrate is also displayed for comparison (purple line). Inset: The surface
morphology captured during Raman measurements.
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Figure 4-4 The Raman spectra of (a) TisO7'%71, (b) Ti»03"53 and (c) y-Ti30s(190, phase.
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Figure 4-5 The in-plane XRD measurements of Mg: Ti.O,/MAO (011) films. Two
peaks belonging to the film appear in the vicinity of MAO (400) and (04-4) peaks,
respectively.
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Figure 4-6 The unit cell (a) and density of electronic states (b) of TisO1o phasel'*3l, The Ti 2a

and O 2c positions are filled by vacancies of 75% and 50%, respectively. No vacancies exists
in Ti 4g and O 4h positions.
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Figure 4-7 The indexation of Mg: Ti.O, phase based on the ideal TisO1¢ structure without
any signal of impurity phase.
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Figure 4-8 The microstructural characterization of Mg: TisOQ1¢/MAO (011) films .

(a)HAADF-STEM image captured around the interface (denoted by a blue dashed line)
between the film and substrate; (b) Zoom-in HAADF-STEM image of the film region. The

bright spots and dark spots are labeled by red and gray spheres, respectively; (c) A
schematic illustration of the atomic arrangements of the TisOQ10/MAO (011) film.
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Figure 4-9 The upper critical field for Mg-Ti-O films on MAO substrate with different
orientations. (a), (b), (c): The RT curves under various magnetic fields for superconducting
Mg-Ti-O films on (001)-,(011)- and (111)-oriented MAO substrates. (d): The upper critical
fields, B.2(0) are extracted by the WHH theory!%3,
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Figure 4-10 The upper critical field of Mg: TisO10. R-T curves under various magnetic

fileds vertical (a) and parallel to the film (b) , respectively. (c) The upper critical fields, B(0)
are extracted by the WHH theory!s.,
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Figure 4-11 The Mg: TisO1¢/MAO (011) superconducting films with similar 7. and different
electrical transport behaviour in the normal state. The metal-semiconductor transition(red
line) and semiconductor-semiconductor(blue line) are discovered, respectively.
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Figure 4-12 The thermal hysteresis of Mg:TisO10 films with different electrical transport

behaviour in the normal state. Films with a metal-semiconductor transition show a more

clearer hysteresis.
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Figure 5-1 (a)The three-dimensional network of corner-sharing tetrahedra formed by Ti
ions and (b) the TiO¢ octahedra in TisO10. The blue and blue-white spheres represent the Ti
atoms located at 4g and 2a positions, while the red and red-white spheres denote the oxygen

atoms at 4h and 2c positions, respectively.
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Figure 5-2 The 0/20 scanning of Mg-Ti-O/MAO (011) films grown at 600°C. It’s found
that (011)-oriented spinel MTO films has been obtained.
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Figure 5-3 The wide-range RSM results for Mg-Ti-O/MAO (011) films grown at 600°C.
All the spots can be indexed by either the MAO substrate or the spinel MTO film.
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Figure 5-4 The XRD patterns for Mg-Ti-O films with grown temperatures from 620 to

690°C . As the deposition temperature increases, the Mg:TigO10 phase gradually appears.
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Figure 5-5 The 6/20 scanning (a) and wide-range RSM result (b) of Mg-Ti-O/MAO
(011) films grown at 740°C. The Mg: TisO1 phase coexists with the spinel MTO.
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Figure 5-6 The 0/20 scanning for Mg-Ti-O/MAO (011) films grown at 760-820°C . As the

deposition temperature increases, the spinel MTO gradually disappears, and a pure Mg:
TisO10 phase is achieved in the film grown at 820°C.
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Figure 5-7 The evolution of (a) the electrical transport properties of Mg-Ti-O/MAO (011)
films and (b) the lattice constant b of Mg: TisO19 phase as the function of the growth
temperature.As the growth temperature increases, an insulator-superconductor transition
occurs and the h-axis of Mg: TisO19 phase elongates.
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Figure 5-9 The phase evolution of Mg-Ti-O compounds under various oxygen pressures.
The Mg: TisO10 phase tends to disappear when the oxygen partial pressure increases.
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