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Abstract

Abstract

As one of the key issues in condense matter physics, the charm of high
temperature superconductors is mainly manifested by two points. One is its high
superconducting transition temperature T., which enormously expands the
application of superconductors. The other is the strong correlation between its
electrons, which closely relates the high-T. mechanism with the core of condensed
matter theory nowadays, i.e. strong-correlated physics.

As for the research of high-T. mechanism, it now mainly faces two challenges.
One is that the strong-correlated system haven’t be well described by theory yet.
The other is due to the complicated properties of high temperature superconductors,
in which abundant orders such as antiferromagnetism, charge density wave and
nematic phase have been observed. As a consequence, it is hard for us to regulate
one of them without influence the others in experiments. So that, the relations
between them and superconductivity can hardly be well determined.

Therefore, during the research of high-T. mechanism, on one hand, we can
pursue theory to well describe the strong-correlated system or develop experimental
techniques to regulate the properties of the high temperature superconductors
rigidly.

On the other hand, we also can search clues for high-T. mechanism in other
superconducting systems. As we know, BCS theory built by Bardeen, Cooper and
Schrieffer in 1957 successfully described the superconductivity of conventional
superconductors, such as metal, alloy and simple compound superconductors.
Although the BCS theory cannot completely explain the high-T. mechanism, its
core concept that electrons are combined to form cooper pairs can still be used,
only the pairing mechanism of high temperature superconductor has not totally
been clarified yet.

The main content of my dissertation is to explore key information on pairing
symmetry. At the first stage, we have studied the paring symmetry of
electron-doped cuprate superconductors. At the second stage, we mainly

concentrate our attention on the superconductivity of spinel oxide superconductors,



R A A B R di A R SR 2 M R 9

which are complementary to cuprate superconductors. The main results are
summarized below:

I. We have studied the Hall sign reversals of optimally electron-doped
Lay.xCexCuO4 (x=0.105) in the vortex liquid region. Both quantitative and
qualitative analyses point to that the superconducting coupling between the electron
and hole band is weak. Moreover, in the absence of coupling, the hole band has a
higher T, at zero field, while the electron band possesses a larger upper critical field
Hc, at zero temperature. Such result supports the two-gap model of optimally
electron-doped cuprate superconductors: the pairing symmetries of hole and
electron band are d wave and s wave, respectively. Therefore, it also points out that
in optimally electron-doped cuprate superconductors, analyses on temperature
dependent superfluid densities should take this two-gap model in account.

Il. According to the results of the first stage, we have found that the
superconducting properties of spinel oxide superconductor LiTi,O4.5 are much
similar to those of the electron band in electron-doped cuprate superconductor,
indicating the unconventional pairing mechanism of LiTi,O4.5. Furthermore, by
tuning the T, of LiTi,04s from ~11 K to ~14 K via electrochemical gating of ionic
liquid, it is found that the T, of LiTi,O4.5 is closely related to its linear resistivity
behavior.

I1l. Through pulsed laser deposition technique, we have successfully
suppressed the orbital ordering in a spinel oxide MgTi,O4 with Mottness and
obtained superconductivity in it. This superconductor exhibits the following
features: Hc, at zero temperature surpasses the Pauli limit; T, is positively
correlated with the length of c-axis parameter. Those further indicate that the
pairing mechanism of spinel oxide superconductors is unconventional.

Compared to cuprate superconductors, the normal states of spinel oxide
superconductors are not so complicated and the growth is relatively simple.

Therefore, it is suitable for more groups to carry out extensive study.

Key words: high-T, superconductor, electron-doped cuprate, spinel oxide

superconductor, superconducting thin film
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Figure 1.1. The elemental superconductors discovered so far”.
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1.2.1.2 A& REBHKEYES

1E Hy s R B A S G A A, AMITHRZE7E HgAu, HgCd, HgSn
A PbSn 254 4Pl g3 7o S e iR, 31 1932 4F, KB m i &Mk &yt
KMBAEBEEME. X T Zuaa@S, AU T BT Mls T UK T
BHMITCERERN Teo HLUWIZE Nb (T=9.2 K)H1 0 A 20-30%[1 Zr (Te=1.1 K) "] LUK T
PermB) 11 Ko #R1T, 7E Nb HFRl 8%[1 Sn, 215 T FF{%H] 5.6 Ko X T —
TEWE S, MR, WA RESHEE TR SR A2 G AR
GBS, U0 AuBi. AN, BSR4 R DR o A B S,
T=10.1 K (¥ NbC. FEidk—3Dh, RS 4 )@ oM 48 2% 00 5t ] LU ik &4
S, 1 T=1.6 KK CuS UKLHFZIHE b &mbtkel, JeHIERMLY, &k

5



R A A B R di A R SR 2 M R 9

PIFERAC Y . dnlEl 1.2 s 80E 3] 1935 45, AT R & &M s
Wik,

Material T: Material T,
BigTl; 6.5K TiN 14K
Sb, Tl 5.5 TiC 1.1
NazPbs 7.2 TaC 9.2
Hg;Tl; 3.8 NbC 10.1
Au;Bi 1.84 ZrB 2.82
CuS 1.6 TaSi 4.2
VN 1.3 PbS 4.1
wC 2.8 Pb-As alloy 8.4
W-C 2.05 Pb-Sn-Bi 8.5
MoC 7.7 Pb-As-Bi 9.0
Mo, C 2.4 Pb-Bi-Sb 8.9

B 1.2: 1935 4F §i T R B & R B4k & 4 S 41
Figure 1.2. The alloy and simple compound superconductors discovered till 1935,
MET RS, &alWasyl e ma Emen T, ElRF7; M
XFF R AR B i, A e S AL S T A S DY G I 2 A
SRR RIS . GRS T 225 I, &4 &R p 0 EwiE S-S N
MBS LR E AL, 40 NDTI & S8 30 NbsSn 1k &Y Sl 2 - T ik
L F R E IR R

1.2.1.3 fAEHKIES

HAOE 22 M7 La-Ba-Cu-O A Rrh K SV J5, — IR AE S 5|
TAEMAREE, ETHFEZN (1986 2 1996 ) AMNTHURIL 1 E P EiL
WE SAT, 3T 1993 4E5k 7 Hg-Ba-Ca-Cu-O & &g T4 7% 1 F NS
B 133 K, X —id 3k =AW W HTRE, HH AT 0L 25 52400 S A Vit 98 2 ot o hah,
WA 2 HATME— 8RN T TR K MEEBARX (77 K §HES2ME, 2
FE™ ke 3 SRR Sk

A AR A5 N B0 T 2R 8 AT DLy 28 A S A R - 2R 4
ALY . EEANAE La,CuOg RO B Sr HU La JE A LazaSrCuOy Ja, La L&
AR Ty, RIZE La BN 1 280K, AITTRATTRR LaowSrCuO, v JR AL 4
. FIFEE, S Ce HUX La T TE LI LaxxCexCuOa BiFR Jy Hi ¥ AL 4 Ak,
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M. C.W. Chu 25 ASESCERI R B 51 T ie A NI BT R BN 2 7O A i
i 1.3 Frs:

LMCO-214type

Compounds Symmetry  Symbol No. of Max T, Max T,
Cu0, (ambient  (high
planes pressure) pressure)

LMCO-214 type

(La,M),Cu0,4 T 0201 1 36.2K 525K
LayCuOy. 0 0201 1 45K ~48 K
La;Cu04F, T 0201 1 ~35K -
(Nd,Ce),Cu04 T 0201 1 ~25K ~25(—dT,/
dr)
(Nd,Ce,Sr),Cu0y T 28K -
Sr3Cu0s.x T 0201 1 94 K -
Sty (Ba,Cu0y.s T 0201 1 9g K -
(A,A),Cu0;5_By,: A=Ca, Sr, A’ =Na; B=Clor F T 0201 1 ~46 K —dT,jdP
YBCO-related type
Compounds Symmetry Symbol No. of Max T, Max T,
Cu0, (ambient (high
planes pressure)  pressure)
YBazCus07 o] 1212 2 93K 93K
RBa;Cu307 (R =La, Nd, Sm, Eu, Gd, Ho, Er, and Lu) 0 1212 2 9B K 93K
YBa,Cus0s5 (o} 2212 2 81 108
YsBasCus045 5 o] 1212+2212 2 92? -
¥YSr,Cu;3057 (under high oxygen pressure) T 1212 2 G0 K -
(Cu,M)Sr2(Y,Ca)Cux0; M stabilized Sr 123 M = Li, Al, Ga, Fe, Co, Ti, Ge, V, Cr, Mo, T 1212 2 ~73 K +dT./dP
W, Re, Pb, B, SO, CO3, PO, (Bi+Cd)
LaBaCaCu;0; T 1212 2 ~78K
(La,Sr),CaCu,0g T 0212 2 60
(Ca,Na)2CaCuz04Cl, T 0212 2 49 K
(Sr,Ca)3Cuy04.,Cly T 0212 2 80K
NbSr3(Nd, Ce):Cuz04p T 1222 2 28K
GaSry(Y,Ca)Cuy04 0 1212 2 70K
PbBasSr(Y,Ca)Cus05 T 65K
Ru,Sr,Gd, Cuy0g T 1212 2 26K
RuSra(Lny.Ceq o )Cus04p (Ln = Nd, Sm, Eu and Gd) T 1222 2 40 K
Tl-based type
Compounds Symmetry  Symbol No. of Max T, Max T,
Cu0, (ambient  (high
planes  pressure) pressure)
Tl;BazCay, 1Cup0z44q (n=1,2,3,4):
Tl;BazCuOg T 2201 1 a0
TlsBazCaCuz04 T 2212 2 110
TlBasCasCus04g T 2223 3 125 131
Tl;BazCasCuq042 T 2234 4 104
TiBazCapn.1CunOznez (n=1, 2, 3.4):
TIBa;Cu,05 T 1201 1 <40
TIBazCa,Cuz0; T 1212 2 82
TIBayCazCu;0q T 1223 3 116
TIBa;Ca3Cuy0y, T 1234 4 122
TIBa,Ca,Cus0,5 T 1245 5 <100
TIBay(Eu,Ce),Cuy0q T 1222 2 <40
Hg-based type
Compounds Symmetry Symbol No. of Max T, Max T,
Cu0, (ambient  (high
planes pressure) pressure)
HgBayCa, 1Cu,02,.2 (n=1,2,3,4,5,6,7):
HgBa,CuO,y T 1201 1 95 118
HgBa,Ca;Cu;,06.x T 1212 2 114 154
HgBa;CazCus30g.x T 1223 3 133 164
HgBasCasCuy0104x T 1234 4 125 143
HgBa,CasCus0124x T 1245 5 110
HgBa,CasCugO144x T 1256 6 107
HgBasCagCu;01645 T 1267 7 <90
Hg,Bay(Y,Ca)Cu,05 T 2212 2 ~70
(Hg0.7Wo.3)Sr2(Ceo,58EU0.42)3CU201 145 T 1232 2 33
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Bi, Ph-based type

Compounds Symmetry Symbol No. of Max T, Max T
Cu0, (ambient  (high
planes  pressure) pressure)

Bi;SraCay 1Cu, Oz (1= 1,2,3,4):
Bi,Sr>Cu0g T 2201 1 <10

BisSroCaCu;0g T 2212 2 ~84 +
BizSr2CazCus0y T 2223 3 ~110 135
Bi,Sr2CasCuy042 T 2234 4 0
Bi,Sro(Ln, Ce)sCus049 T 2222 2 34
(Bi,M)Srz(R,Ce)Cu,0, (M = Cu, Cd; R = Nd, Gd) T 1212 2 ~68
(Bi,Sr)2YCuz 064 T 0212 2 75
(Bi,Cu)Sry(Ln, Ce);Cu;0, T 1222 2
(Bi»Sr2Cu0g)y(Sr2Cu05CO4),y (n=1,0"=1 0r 2) T Intergrowth 1 40
Pb,Sry(Ln,Ca)Cus0g 0 3212 2 70
Pbs(Sr,La);Cu,0g 0 3201 1 26
(Pb,Cu) Srp(Y,Ca)Cuz0y 0 1212 2 ~60
PbSryCa;Cu30, T 1223 3 115
PbSraCu0s, s T 1201 1 40
Pb,SroCe,Cus0gay T 3222 2 <24
Pb(Sr,La),Ln;Cu,0, T 1222 2 <30
Infinite layer and related
Compounds Symmetry Symbol No. of Max T, Max T
Cu0, (ambient  (high
planes pressure)  pressure)
Sry_xNd,Cu0, T 0011 Infinite 40
Sry_,Ba,Cu0; T 0011 Infinite 90
Sri_xCu0; T 0011 Infinite 110
Sry_,Ca,Cu0, T Infinite  ~100
ST CULOznages: (N=1, 2, 3,..) T n 100
Ca355rp5Cu5404, (6 MPa applied pressure only) T ~12K
Other distinct types
Compounds Symmetry Symbol No. of Max T, Max T,
Cu0, (ambient  (high
planes pressure) pressure)
St2Ca, 1CUO02nsFaey (N=2; Te=99K, n=3; T,=111K) T n n 111K
(Sr,Ca),(Sr,Ca),_Cu,0,(n=23,4) T 0212 n ~85
0223
0234
CuBazCay-1CunOznszixt T 12(n—1)n n 117
GaSrsCa, 1Cu,0y (n=3,4) o] 12(n— 1)n n 107 K
(Cuy(CO2))m(Ba,SrkCay 1 Cu0,m=1;1=2,3,4,5;x#00rx=0m=2;n=3, T m2(n—-1n n 117
4,5, x#0
BayCa, 1 Cuy(CayCuy)0g.s T 02(n —1)n n 126

B 1.3: 324 NI Br R BT A B AT,

Figure 1.3. The holed-doped cuprates discovered so far!”
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M B A, T AR S A T B R SR A f B — L, BT

S N=KZE: RoxMLCuO4 271 (R=La, Pr, Nd, Sm 5 Eu, M=Ce (% Th)¥},
A5 R,CuO4; (R=La, Pr, Nb, Sm, Eu, Gd)"*™ L) & EIREH S SrixM,CuO,
(M=La, Nb, Sm, Gd)™*, X DU AE B4 (L IR Z#E S SriyLacCuO, (x=0.1)
) Teo B, ATIEFI~42 KM, 364 RouCeuCuO,, HE RIS 2211 T WA P & 4

WHEHAWME 1.4 kR, R R EFHIRARE RoxCexCuO, [ S 47
R i 8
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Figure 1.4. The in-plan lattice constant dependent T, of electron-doped cuprates™®.

1.2.1. 455 &8 S

R AR 3 T A 3 A — A 7 1 B B, (LR LA I FH AR A
7 THHG 2 P A DU R i . FERFH b, DO A T O B A R, S
TEAE R TGN E )R, BTl BAAE A = Te, HEIXME
LIRS T8 5 B 45 DA S bR S 2R P o CEOOLER 5 T, AL A S 10 T 2 T
TEA IR SR RN, X T o 7 ORBAA R, — BH BN AL A 1R 4T i F it
PR

ik, RELE T =T 20 F, AIES A S LB F ik pg
MRS S )1, R 0 A B0 SR e T S0 T 4R I S R B s (0 S . BT AR
X TR S R Z VI AEZ )G, B ARE FRE.

PRI S IAE XA — AN R S T RLE T AE

2008 4E 2 H 23 H, HAMYHIE 75 HEDF 7/ NAIEHIB 24 1) La-Fe-As-O 1k R
ORI T 26 K (S EE, XS] TR ERE R IR . ERA R, R
AR S R AR 0 R B AR LR R B U 7V, A3 BRI I S P 4
BT 55 K, BN T AR AR TG 5B AN R SOK A AR R 7
Fo ARG T At AR H G, 3ok T8RS 7L 1 A .

I 1.5 B2 7 2012 4F DL REIE R 00 & LS TR SR RS, R RAT]
AT LA B i [FR) 2 AL BB S Ui 7 20 R T DUk, GEE T ST
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Ty S AAR F AR L At ia AR ARE MR8 A
OtR0aA0kE OXHO0 £
so—  REKE 77K

2
— v ¥ ZFeSe
A . %50

60 Ki=— SmFeAsO, {0 eFeAsOl

o . © GdThFeAsO
AsO.
L rFeAsO, PNdFeAsO, «Fx O cofrfesst g
| TbFeAsO
40 K— SMFeAsO,.f 8 DYFeAsd CorxRexFezhs;
CeFeAsO, ,Fl OO0 s K Fe,aAs ANOFhQ
1X 1:xRx €218, (#)
| Ba, K Fe,As.™ (K.T1. Rb),Fe;5€ o renso,
= G6dFeAsO, ,Fx Sr, L FeASF Bafeas, )0 «
o CaFeI_xCo,‘AsF () gEuFez(A} (%)
20 K— LaFeAsO, ,Fy La, Sr,FeAsO M(Fex.,%x)z"sz 00 Sr, Sm FeAsF Cajg uAsa)(FezAsz)s
| Li, FeAs Ba(Fe, Ni,),As, SrsScFeP,0,0 Cayg(Pt3Asg) (FeyAsy)s
| . Pr, Sr FeAsO ()
eoe
i SrFey.PdyA .
N T o s A Y e
= l B
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1.5: SFIERILEE G 1 RN 1) B I Sl S .
Figure 1.5. The discovering times and the superconducting transition temperatures for different

iron-based superconductors™.
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FEAL Gk 3 AR B T 2 TRV @S T — PR, D RAT I AT e e e LS it
Tz g,
1.2.1.5 EHERTES

HPOKE T, BB, REETAREIEE R (REHETRENILE

B BT B ER R AR A =R S R . A

1.6 i, BT AR K TBESHEN 25, K2 NEE Ce Yb, U %
Wi LB R KNSRI EY.
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e NEE] T:/K ¥ R BSSERFMAR
CeCuszSia 0.6—0.7 1000 ?
CeCusGes  0.64(10.1 GPa) 200
CePdaSia 0.43 (3 GPa) 65 — SC HHLE AFM il 5
CeMaoXo

CeRhoSis 042 (1.06 GPa) 23—
CeAusSis 2.5 K(22.5 GPa) —  —

CeNipGes 0.3 350 NFL, AR R
Celng  0.23 (246 GPa) 140 %k
Celrlng 0.4 750 27
CeColns 2.3 250 £k

SC HBLE AFM i1 5t ## n] 3517
CeRhlIng 2.4 (2.3 GPa) 430 —

Cep MimInzgnt+2m CePt2Ins 2.3 (3.1 GPa) 340 —
CezRhlng 2.0 (2.3 GPa) 400 —

CeyPdIng 0.68 550 4 NFL. & &R
CeaColng 0.4 500 —
CezPdIng; 0.42 290 WA AFPM(1.49 K), PSS
CePt3Si 0.75 300 & SCHBIAE APM i, 677
Ce AR LA T CelrSig 1.65 (2.5 GPa) 120 —
SRR S CeRhSis 1.0 (26 GPa) 120 — SC HHHLFE AFM 4 7

CeCoGes 0.69 (6.5 GPa) 32 —
CeNiGes  0.43 (6.8 GPa) 45  —

Jliiifgifﬂ CeaNigGes  0.26 (4.0 GPa) 90— SCHILAE AFM 347
CePdsAl  0.57 (10.8 GPa) 56  —
Yh 3 B S E YbRhoSis 0.002 — — SC T AFM M2 F, {Hn HEH E 1 e sk
UPd2Als 2.0 210 %k 90 5 AFM I
UNigAls 1.06 120 —
U 3 fie ki 54 UBei3 0.95 1000 7 Th #4¢ TG SC FH A B
UgFe 3.8 157
UPts 0.53, 0.48 440 4, SC HILTE AFM P, 15 Rl RS B 2hpiikis
UGez 08(~1.2GPa) 34 £ SCTE FM W3, B ¥ 17
URhCe 0.3 164 —
U SEREREE S0k UCoGe 0.6 57 J= SC £ FM i4 ft, [ILAF
Ulr 0.15 (~2.6 GPa) 49 — SC HILAE FM i 5t
UaPtCs 1.47 150 TE1E FM ki
U i URu2Si2 1.53 70 2 SC AT HO M, M it
PrOssShia 1.85 500 Wi RS AFQ, F1SC HIA E S
Pr &P F&  PrTisAley 0.2, 1.1(8.7 GPa) 100 — SC HHLE FQ(2.0 K) F
PrvaAlzg 0.05 90  — SCHHHLTE AFQ(0.6 K) T
PuCoGas 18.5 77 2k
Pulls G O 25 000 A RRIURHEFF; 117 SRS 7 8 SO
PuRhGas 8.7 70 F25
PuRhlIns 1.6 350 23
Np #5144 NpPdsAlz 4.9 200 NFL, AR BREPE
Yb i Gk B-YbAIBy 0.08 150  — AR BBEVEE; N ABKIE AT SC?

B 1.6: #0HE SK R GO A S B R i A,
Figure 1.6. The basic information and ordered states of different heavy fermion

superconductors®!.
M 1.6 FIEATHATLLE 2], HPFOKF#FH ToEEA S, KL%
FEORCBN L R SCX AN, Femi i PuCoGas [ T tHAX# T 18.5 K, iz A
i SEAC AR I
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(L SR8 5 2 AT ARERR 9 5 SR 58 = KKk, 8 A e N2 b
B, BEICK TSR R DL T H A BCS HEALHM F4 . 1979 4, 4&
[E Rl 25 Steglich 55 N R I SE—ANE oKl 5 CeCu,Sip J5 , X M HEREAT I & 5
RI, For 71 9 KR (Te~10 K)ZN T FRIEFFIR A (0p0~200 K), MG
EHE LR H-F TR S S R SE (Oo< Te) K MR . HoUk, Wl 1.6 P, H ok
KT HESHR TSR, EEFUEZHERAETAE, NS 7
ARFAZER KRR VARG, WAMFE TR E R A% .

1.2.1.6 KRENIES

RS RIS — T T2 W &R, 5 — e Bsh 2 B E 3d HuE
b o AHAN [E] TR AR 3 0l 5| AR FE AR SRR 5, BRSPS FEME ERAR T 1964
SEFLAE SITiOs R g B 1 P, HI7E J5 SR — BU 18] 9 U TiOKPAR LiTi,04%%
WROHA B FEME. A, BRKEYE SESM T HERINAE, (AR5
JEAE KRR, FEIF UG R 22 Mt IAE AT AR 2 -

|. Reyren & AT 2007 SFEAEH N4 )E LaAlO; F1 SITiOs FHHIAL 1) — 4T
SR P~200 mK B S LS, AT S A R S % 206 FLE S AL R
JRRELH T IR SR 268, — AR G AR 72 TAE R AR 75 B &4 [ 232,

Il BARRBEAREANYES LiTi,0 (LTO) HIZEFAXTEER I 51 40
BCS i@ Sk —FE N s 3, (H2 B T AR A 5 s i f el A 1V 2 4
Lz 4, BRI 22 51 i AT oG, (R RO B = /& o B R S R v, —
6] PHAS T NIRRT . 2012 4, Kumatani %5 AP 5t PLD s A: K
FORAERKH T R EAER = B8 LTO M, 5140 7 —BORat 7t LTO 15 i X
W, AR AATA LTO M Rt —2 8 i, RIS 23 1V 298 78 Bt i 8
B3], [MREHh, C. Zhang %5 AT 2017 4Fidd £ K Tio i, Hizid R0k Sk
FUREM~2 K 33 7 ~7.4 KO B35, 0.0 Xu 25 AT 2018 4E, @idAEK
TiO YKL, fEiZERTMER] T 11 K [l Flih e s e,

I E=4 (2017 4F3F] 2019 ) , L&Y TiO7. y-TisOs. Ti05 LLK
MgTi,04 244 2 (18 5 btk ik a8 DL 0 e R IR, A e B Bk A Ak o v
TR L A T ) BV 7
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AT FATE 23, BRAL SR ECN 0 54 S AR, (x5 20 5%
GBS0l R ERA L GO S IE A SR TSR T — SR

FETCER AR b, BT /T, AR XA TR AT B, FRATAT DA —
A WIAE , BRI T AR B ) BEATL ) BV 2 6 T A% G AR Bk R e Ak 2 TR
A 2RI FEER B TR, VR Dy FRAT T4 — REE AT my il B AL B A R 2
g

PR B R IRATAE B AP, X RN R A ALY 3
LiTioO4 FIAIT 7T H L7 3 Iy 57 !

1.2.2 BESHIE

Xt S HLER PRI FE R E0RT A A B B — B BUR T B, & 4 PAfR]
AL S TR AR T . IX e S A o 8] AR EL A F ) LR AN T
DL P AR G f P 3 TP 231 L) BCS BRIR TR « 28 i B JU 2 ol i AL AE
Yo Btk EIOR 75 B SR AT IT . XL R H TR SRR AN T 2
W, AR EATEE T R BT U 25 RS R ORI R T 2 AR, I H e
RAEH — N A NRR TATE SRR E . T, AP BRI 5L
SRR I BN TEA A4 o

1.2.2.1 ETHEGEBSHBSHER R MUIEL

HE- S RILLAR, MNIHE KA R R R0 7 i a. JA150E, 8BS RIH
20 eyl —MEERBEREN. SKbr b, BTE V2 TR R HE 2 5K a0 5% K
WrH AR TR NEY S S T RO 1S, {H R ST DL U &
To A, METHORERE S WA, 5 RIS E R Rl .

%, Gorter Al Casimir & T AR 52 th 7 — PMERE) AT : 18
AT HESEMES, BT HBSHRFIMIEIEFET, A2E5REHNRAEES
HF. %, 3% F. London A1 H. London 45 &M 7 15 22 70 i =5 5 FE IR
VO T LB ARG AR, SR T ARG T R A N R ) A AT . AT
RIVHMINE R e 58 2R SR ML) Inm HISGEHE P, ) HUARRE 1 18 M98 38 .
1Bl T i REVE BN 3, 3 F 1 R S B o 2 B A B 7 o F X0 3R T 53
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Figure 1.7. The definitions of superconducting penetration depth and coherence length.
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SRMMBING, W37 SN W20 KN FBTE o BSH
TR RGN AR E E AR N S TR Se, W 1.7 B

JET 1, Abrikosov 78 Te BT X GL J5 AT HTRAER I, 24 dou/éeo>1/V2
i, S5 IEESZE RS 0, XAE, NN T, SH—1
Hrif IEHSNE SRS AE - EINE, S arilfiRE S eE s .

IR, FEMEZRIR KR AR, ORISR AR 1R P AT .

BEE = TR R E, 1957 4£, H Bardeen, Cooper A1 Schrieffer Z 37K 1
BCS M2 HH K. BCS BIbHEH, W (A1) DU A2 # ki 5+ e
IRAE e 3 RAR BRG] o IX AR 514 45 iR 56 1 R 7 20 A SR AR T A2 2R OK T B 3
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FLEHF

RINENZS P, R XA TR PEHIN S B R AR AR, TR T it A 2 7= A= ' Bl
K g 2 5 5 E B SRR

BCS il A MIAZ% U2 S ARG B A i B IR S R o X —1E T Y
KADNRE T T KN, FESEFRMEREREMG. Tc 55 FZEFKRBEER L
TR TMP=5%, b M ZEBIE TR E. MWIXARIERBA TR 2,
IR T REBRE, TolE. B, AFAREETEERELEEES. HE&EREA
P, FREMBE SRS, B4 Ie%k e faE i) & ok, A, EER)
W/ NAAE AT LA E R 155GPa HHK i ok HaS @Ak 13 3 1 203 K HY#E T A2
51, i, XA RAE LaHy FPilid 170GPa R4k = ESEEL 1 250 K (1
%/35[46]!

1.2.2.2 ZRBSHIE

WMIATESCHTAN2H, HiRtES Y-Ba-Cu-O & R I SR (~93 K)E &zt
T F OKEAE BCS HESL ™ BTl 5 11K F P 1 22 5 oK 22 PR (~40 K)o Bk,
R T Te 4b, i S SALE S R T AT R . 728 1k a4 (1
W fE, AR SR S5 % 5 S R A B 1) BCS A S 4L
HAAERX .

1.2.2.2.1 SRBEVIEMRIER

i T 5% 4 BCS M LG, A2l Y. J. Uemura 5 ATEA A
PR RS T 5% 0 F AR o ZHH5 R PTsase i, i 1.8(a)
Ftzn, Y. . Uemura %5 A\ S BB 50 AN A (B S8 A 0k &R, RILEATT T EER
BARIX IS o IE L X — 178 T2 B A A 1 B R R Y. 3. Uemura 25
NI FR N Uemura plot) o RIX—#E S, 1D R 71 4
AR BT EERUEYE S, KR EhE 5 (Ba, K)BiO; (BKBO);
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Figure1.8. The relationship between T, and & (T—0) in different superconducting systems 742,
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Figure1.9. The doping dependent T, TF, T, for high temperature superconductors*®.
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Figure 1.10. Phase diagram of cuprate superconductors
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Figure 1.11. Phase diagrams of different superconducting systemst®*>"1,
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Figure 1.12. Temperature dependent 1/(T,T) for superconducting S-Fe; 0:Se under various

pressures and nonsuperconducting -Fe; sSe under zero pressure %2,
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Figure 1.13. The relationship between the slope of linear resistivity and T, in organic
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Figure 1.15. Phase diagram for layered selenide Cu, TiSe,*.
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Figure 1.18. Hall resistivity of La,.,Ce,CuQ,.; thin films with different doping!™!.
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Figure 1.19. The evolution of superconducting energy gap in k-space for optimally

electron-doped cuprates **%%,
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Figure 1.20. The evolution of superconducting energy gap in k-space for the hole pocket of
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Figure 1.21. Temperature dependent superfluid densities of Pr,.,Ce,CuO, with different
[85,86]

doping
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Figure 1.22. The relationship between T.and A2 in cuprate superconductors®’l,
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Figure 2.1. Detailed classification of vapor deposition thin film growth technology.
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Figure 2.6 Energy transfer diagram of PLD laser in metallic target.
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Figure 2.7. Schematic diagram of vacuum evaporation film formation.
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Figure 2.8. Brief introduction of vacuum™.
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Figure 2.9. RT curves for different superconducting titanium oxide thin filmst %424,
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Figure 2.10. Schematic diagram of Hall measurement.
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Figure 2.13. Different kinds of symmetry breaking at interface
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Figure 2.14. The influence of lattice constant on transition temperature of unconventional

superconductors! 8271
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Figure 2.15. The process that KTaO3 acquires superconductivity via electrostatic field gating of

ionic liquid™®.
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Figure 2.16. Temperature dependent upper critical field for MoS, system!:%2.
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Figure 2.17. The layered structure of MoS, and evolution of its carrier density in space after

electrostatic field gating of ionic liquid™®2.
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Figure 2.18. Structure diagram and atomic resolution diagram for SrTiO3/CaCuO,/NdGaO;

heterostructure*?!,

2.2.3.4 LazcUO4+5/L&1,558Y0,45CUO4 5‘?‘@

La;CUOy4+5/Lay 555r0.45CUO, Fi T A2 8 ik PR FARL I i AR &, RIS I iseny ¢
K B RETT I AN EL T L . A Gozar 25 N2 T~35K () La,CuOy.s A3t 15 2
AN T 0 & JB LaissSrossCuOs — 2 K 7 LaSrAIO, % 7 # B
La,CuOy-5/La; 55510 45CUO4/LASIAIO, izt (M-S) J&5, K3 T (=50K)iHd 1 #
# La-Cu-O 7% RFIML GV AT RRIL BIM e Te CBRAH Ty 40K) , XK
FHIEAE PR s — Rl B A B E SRR AR e T PER

JEK, St RN M-S 45 Lag s5Sr045CUOL/La,CuO,/ LaSrAlO, 77 Jfi 45

(I-M, | #8482 REA La,CuO,) PLK Lap,CuOg/lag s5Sr04sCUO,/ LaSrAIO, (M-1)45
(¥ ¢ BKE, MATRBLXEL Te B3Ny -T- S A2 AR & TS0 ¢ Fl i i
m (EXHRF LT ETHEEEY ¢ SKERAFHEMRGE -8 , wE
2.19 R,

50 | _,.M-S 1

40}
A,o'M-I

T, (K)

.S

20

e I-M
1 1 L 1
13.16 13.20 13.24 13.28
c,(A)

B 2.19: La,SrCuO, 1A R # 7MLk T ¢ Sk 2 e 02,

46



%2 B BeWEnERKRSEN

Figure 2.19. The relation between c-axis lattice constant and T, in different kinds of

heterostructures of La,.,Sr,CuQ, system:?°),
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Figure 3.2. The measuring results of electrical transport for La; ggsCeg.105CUO4.5 With the optimal

annealing condition.

AT ESCRTIR, ﬁé&‘ﬁ%&ﬁ@axy = o, + 050 X BF AR SR K AEAEREE TR
PRI, P DA A A 3 ORI DR oy, R AR 36 i)« D9 B AT 7 2 75 22 4R X
a;y/BBiﬁiﬂ%Eﬁ@é%E’J/}Mco ] 3.2(d) ¥ SR FTARIN, B IR A o, /BEEBR
EREEMIAEANE AR . XY IEH SRS G o, /BHAS KA,
BT CAFRATTR] DU IEH 35 Fogy, /BHEAT LA, SR HME BIRGEZS 5 n] LA
BIRGE I on, /B, FARIE Aoy, = o, + o, 57T I RIRB S K as, /BT

i 3.3(@)M(b)Frs, e S 153 2 A RN T ox,y, /BRERIZ I AL
2k, LARAFRS T oy, /BRI LR H 2k . Al 3.3(Q) T LAE 2, 1idios, /B
FER I AR DX A 1) I SR, R PT DA R 43 A = AN XD [7K, 12K] oy, /B s
[14.3K, 15K]"Hos, /BH IEA fi: [16K, 30K]Hog, /BNIE. [FFEH, Kl 3.3(b)H )
Wi WA A=/~ X3 [0.5T, 25T] 05, /BAIE: [3T, 45T]Has,/BH IEA
[5T, 7T]*Has, /B .

——————————
4
e
§ o
&
@
&
15, 14.6, 14.3, |
nl 12,10, 7K
| 1 1 1 | | 1
2 4 6 8 10 15 20 25 30

B 3.3: RIFRHFRE T of,/B.

Figure 3.3. 3, /B at different temperatures and fields.

332 EREATSHEAEEAIEFRTHATESEM

Xt T o R S, VS W EE R I G R S R AR LEACR, B
WA SO R R MR R A R ik, T2 A AR B R H R I

52



% 3 B mEBA R TR A RERR FIRT 5

B, BATERTEMIL, FE e ES . ik, RATA T AT HEIE
R

| B3OSR, FRATTHTAIE 7 0 V0 ] PR A RIS X, B AN X
SRR REGE S A%, RGE Z TR AR ELAE A RO, ok B R e ) 2 R
BERIETHL S, SHREE RIS EhHA A . 2 R A Seae O E i TR gk
B VS ) 0y AN S B A AR ity o B4 238 o AT R o 94 52 A8 A T 522« ] 3.4
7R, TEXT YBaCuzO7 Fl T1,Ba,CaCu,0g HH1T &5 T2 i, MM A Afilid K Rt
e B S R 0L, T BT R A (X 3 B ), T 2R T 200 [ B R e 5 (&
HfE) A RAH B,

500 (o ey e e e

of

-500
:
-1000 £

-1500 :_

L, (@ em?)
(o]

-2000 |
2500 [

YBa,Cu O,

-3000 | Cg
3500 bt i YL
82

G
y
w
~
[ %" N
0 Coo L
o] i
_"Q:Q ]

1500 [ 6,0

1000 | ‘ Zo.01 %,
L . - .

@! emy
o
Ip

F 1 10 1900
z 500 o, (i2em)

: g,
[ TI,Ba,CaCu,0,

[+

ol

IR P | N

60 70 80 90 100 110 120
T (K)

3.4: TNt iR A E A REE TRAS H oy HOBE M T,
Figure 3.4. The influence of impurities on a,,, in vortex liquid region**’.

. FAHEFI S A S BAFBFE S (SR S2) EIFJE 1 [RIFE A&
NETNHIWT A R BoR, i AR SR se i a i B B A AR R A S B AR
RHJARA . BT LA BN 7 ORIEIX LA [F) 405 B RE B S5 A O AR UL, JRATT R AE
BUINH A R SR S AT T

WK 3.5)F~, M S1 3| S3, T, M RRR #EE&ES: T HE, H T AFRE IEAR
K, FREATA G EZNHEEA K. [ S1—F, FATME | S2 A1 S3 EAF

53



R A A B R di A R SR 2 M R 9

Wi R Moy, /BREMRE AL 2R, Wl 3.5(b)Ri(c)frr. AILAEE], Hoed]
[ IEH A (B 9T MR IAT A 5 S1RER AT A —3, FoRENIER SN
B 5 W R A F AL o R SBIRAS ) 0y, /BB T T HITTHI AE ST A & b BT 11—
FEREAR . BRI, FRATLIRAE ST RS BT DT i, BB SR T X PR
oy /BIEANFIR BE T BERE 2 i 2, anil 3.5(d)M(e)Fras. B4R, [F 81—
B EAT IR 4% SR o5y /BRI IE U 0 A T =AM X @il oy, /BN
1B PalRBey, /BH LA T ARIEE oz, /B

IR RN, AT SE 2 AR — A TE A = T LR . A
1113 1E 5 B UEFRAT S50 25 AL (1 A Sk

(@)

20
Amar;

1 M I L
25 30 35

T T LI

_4.:.1.|
5 10 15

_'"'[‘-'w

o
[&)]
T

/B (Q.cm.T)”
o
o

S
|Xy

(6
o
(2]

/ 12,10,
| 86k

" AP WU WU TN R R -1.0 i 1 1 1 1 1 1 1
5 10 15 20 25 30 35 012 3 4567829
T (K) B (T)

B 3.5: AR KA TN LaggosCeo10sCUO s I HL NI Il 45 R .
Figure 3.5. The measuring results of electrical transport for La; gosCeg.105CUQ 4.5 With the different

annealing conditions.

54



% 3 B mEBA R TR A RERR FIRT 5

3.4 EREMEIESHOHSIE

3.4.1 BT NEEFRRIEME D

NPT BT, WEIE AR DX I o, B 75 A R REE (1 e 45 1 EL e A
K. — MM, W R X Be s 5 0 52 v DL 2 AT . BT DATE B RE B ak,
HORAR A RSB T, ASFNRE R T, HEIE W Re T 45 A& R AR,
MITAS REMAREFRAT] T B2 B (1 o), A2 G AR DX S K AR 5 B R

La; g95C€p.105CUO
Vortex liquid 1.895%-0.105 445

(e-i%‘ng)

0
HC2,h s

0
HcZe

/

Normal state

Vortex liquid
co bo

(e-pairing & h-pairing)

- \ (h-pc?’iing)
OL' \

T Tge Tg h

B 3.6: FfEA AR LaggosCeo10sCUOs 1 H-T AHE

Figure 3.6. H-T phase diagram of La; go5sCep10sCUO 4.5 With the oxygen content near the

optimal level.

X SR A B RER, — Ty T A EE 5 2% il 1 AR R AL D O BERRTAE K 22 1R O
ot ROTSSNG I T O d P, T s B, 53— TR A R AT A
SRSV T d I T S, ANTTERATT AT LA 25 7O ) Te LE i35

Pt AT LA — 25 HED 1] 3.3(b) R #8 73 Te M3k Rl 52 o 2 /e 1
PrULIE o, /BREE T2 Gl I GIEIE S, A sz Te WIEKog, /B2 IR

55



R A A B R di A R SR 2 M R 9

T T G B . A TTEATT AT A S 1A 3.6 Pl ) 58 A5 18 P iy 2 [ i
TR IR

MIXAFHE A, BA TR AT LRI E 2R R 7> He Mo, /BN
BN, RIREE He WIEKog, /B R 3t 3090, At R 47 1
R 3.3() T HISEIRIL R . Eat— P, AT LA R, 78 A) i s i i
AR DX (LD G bR KB Y, F T AR N O AR A AR, e Tal i 565
1oy, [BRAEFTSHINAL . X REFHFRE 1 3.3(@)M(b), i aliR BEAN
i BU BB RS X o), /BAT 1L T 14T 9

3. 4.2 E-TMER Ginzburg-Landau IBiRIEEIUE

BIRINEATE — B, ERUALE L, %5 BCS i o & A HidH
F R A A SR, ER MR GL BSR4 Had P e, i,
FEEESL T B 3.6 oA B2 5, FRATTSE i — 0 b 2 I AE 2 ORI | 5 32 5 T
A XS X o8, Moy, /B #LA IR MER ) Ginzburg-Landau BRI AT | & &1
U5

Hoxtof, ILEUT 5 ER R E oS, /BRI 7 i— 8. LA A X% 14
S IR W SCHRI®, LA g B 3.7 iR

FATATLAE B, ToiL R AE Tl 2 28 O 3 1 X8k, 4004 il 28 R s it
LR AF LU o AT UG AR B s s i i) Te ARG S5 5, B
B Teon=26.5K, Hiyp =10.9T; HLF 7 Te=18.5K, Hjy, = 14.3T (M

* dHCZ (T)
HC2 —_ _TC d—T ) o
T=T,

R4 WHH (Werthamer-Helfand-Hohenberg) 21 i 19145 it 38 F Il 5 3%
HY = 0.693Hy,, FLAE—B3EIHY, ), = 7.55T, HY . = 9.9T. MIXLEMAESHL
TATATLAER: 0. 27 Teo SR Too —30 HFAFAIHS, 5 TR 2
(RSEBR BRI —80 i TeoelTeon~0.69 5 3CHREN 4 Bai . X A S IT
—AHAEY] TS AT SR . A I TG I Teo K, B HIHY, =,
ME B A EEIRE 78] 3.6 TR AR I IE#f It . Bk Ah, iz S, BATIE ]
DA B LT Too A1 /N HE, IX B AE S5 FANRE B L2 3 (1) &

56



% 3 B BB T MR A EER BT 5T

12

T2y _

10}

1" 45,56,7,8T

\@
\

(o0}
T
¢ ¢ ¢

(mQ.cm)”
[¢))]

S
X
N B

0.)(

o

—

(Q.cm.T)"
s> 2

Xy

o /B
~

o

18 20 22 24 26 6 8 10 12 14 16 18
T (K) T (K)
3.7: WHLEAS o Mol /BIIILE L

Figure 3.7. Fitting results for oy, and oy, /B in vortex liquid region.

3.5 Ihgh

RN B AES IR LagsosCeo10sCUO.s WAIE A X Ioy), 28 5 I R E PE AN E &
MIwtse, JATEDL, Hr 7y 2 B i S & v Igi &, mafil 1 &
BT R A ALY S RE R, NAZACE B 99 & IOXURER, S8 T A ig e
I8 LT AR A ) 2 X BEBR R AR T AR 2 d 0K — i

it WA A REIR I, RESR A T RHEANIN ps BEiR
FERIHH, Nz 2HL d BN s BRI G O RERIAT . IS T 1.22
It ) - VAR A ps 5 T i /2 Uemura plot FIZ55R, g —HE b+ ps
5 TR AN 7otk soh, BATERIEERN, H5H) s PR CRT)
] DA B AEH AR BC X LA o

P
ZXX
T

57



R A A B R di A R SR 2 M R 9

3.6 MRS RE

| S TAEE B LS 2% SmyesCeo1sCUOLM I PrygsCeg 1sCuO, MO i fi i
WS IR ] 72K og, T IR . FRILZ AL, FATIFE ProglaCeo1CuOy
[ 7RI B R S B AR 285 51, ] 3.8 oo X R I FRATAEIX B Ffr g2 ST )
FHERA AT R B 45 2% L 7 J AR AL WD A T AR A

200 's Cr CO} @) 10 %, ——TT l(i:) T T T T
50} m; gsCeg45CU0, a) | | Pry g5Cep15Cu0, T (c)
100 4 15K 3T 2T

= s iy 4T 2 :

§ § - PO i

54 5 oL 57T )

< 2 3

& 5ot @

~x 10K

~100 ©

-150 F -5 |- PrpglaCeq 14Cu0, Ny

200 . ol f oy A R TP BPRR B e

0 1 H{Q'I') 4 0 1 2 3 4 5 6 5 10 15 20 25 30 35
B (T) T (K)

REA — > Te LERLRI s P00 L7117

B 3.8: A5 4 T RUG EUL A 5 0, FE RSB A 1728 5 41000,

Figure 3.8. The sign reversal of o, in vortex liquid region for different optimally

electron-doped cupratest***1*%,

1. ARYE 2 SE ALY Y BapCusOy.s I LI & Ol E 45 2R, Hor T

BRI, 2B, FATEESCHRI T R L T

Y BayCusOg ANFIR T oy, /BEERE R AR, R BB AR X I o, B2

FEARAR AR RE T A 2 o IE B0 B A8, IR R WX — A &I AT e TT AR e 21 H e 8%

ek R a7/ L

. FRATZ AT ZEARFER K& AE) ProglaCeg10CuOyes #E it b E /R & &

— £ ab A Y
N RIBATRAAAE T 7 323 T X3k
Prg_gLaCeo_wCuO&a
T T T L | T ] [T T T L | T T L | T
uD2 ] [ (b) uD1
d 0.00 -
’g N ] L
© ]1-0.041
g ] L
= —u.usTE ‘0-08_' ——0.09T]
0.07 T 0.07T ]
——0.05T ] L —005T "
20 ——0.037]-0.12F ——0.03T+
18 20 22 24 26 28 18 20 22 24 26 28 20 22 24 26 28
T(K) T(K) T(K)

3.9: F FANIAIR KBS ProglaCeq 10CUO s 1., TEMGHEYS T B il AR A0 Fr) il 25

58



% 3 B mEBA R TR A RERR FIRT 5

Figure 3.9. Temperature dependent p,, attiny fields for ProgLaCeo 10CuO,.; with different

annealing conditions.
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Figure. 4.3. The electrical transport results and magnetic property of LTO
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Figure. 4.4. The electrical transport properties of LTO grown under different oxygen pressures[%].
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Figure. 4.5. The relation between T¢,and RRR in LTO grown under different oxygen pressurest®,
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Figure. 4.6. The narrow bridge used in the experiment which uses high current density to suppress
the superconductivity of LTO.
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Figure 4.8. The variation of magnetoresistance and Hall resistance of LTO during the ionic liquid
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Figure 4.10. The linear resistance in RT curves of LTO grown under different oxygen pressures.
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Figure 4.11. The relation between initial transition temperature and RRR in LTO grown under

different oxygen pressures.
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Figure 4.12. The suppression of current density on superconductivity in LTO grown under

different oxygen pressures.
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Figure 5.1. Temperature dependent resistivity and magnetic susceptibility of MgTi,0,*%*¥7,
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Figure. 5.2. The structure and resistance of the film grown under the condition given by the table.
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Figure 5.3. XRD and RT curves of films grown under different laser energy densities.
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Figure 5.4. Rocking curves of films grown under different laser energy densities.
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Figure 5.5. XRD and RT curves of films grown under different temperatures.
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Figure 5.7. The upper critical field of [MTO/STO], superlattice.
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Figure 5.8. The atomic resolution diagram and EELS near the MTO/STO interface in
[MTO/STQ], superlattice.
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Figure 5.9. The optimal place for substrate.
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Figure 5.10. The relation between out-of-plane lattice parameter and T, for MTO
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Figure 5.11. The variation of Ti/Mg ratio from superconducting to insulating MTO thin film.
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Figure 5.13. The calculated density of states and distributions of Ti electron cloud for MTO under

different conditions.
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Figure 5.14. Rocking curves for MTO thin films grown under different temperatures.
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Figure 5.15. Phi-scan patterns and reciprocal space maps for MTO films shown in Figure 5.14.
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Figure 5.16. The effect of STO/MTO interface on the superconducting MTO.
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