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Abstract

Abstract

High-T¢ (high superconducting critical transition temperature) superconductors
contain two families, cuprate and iron-based superconductors. Nowadays, the
mechanism of high-T¢ superconductivity is still an open issue. ‘Science’ regards it as
one of 125 important scientific puzzles. Moreover, the high-T. superconductors show
great potential in various applications due to high superconducting critical parameters.
Therefore, the research on high-T. superconductivity is not only a challenging topic in
the field of condensed matter physics but a hot issue in application fields. The main
research objects of this paper are two kinds of typical high-T. superconductors, the
FeyTe1xSex and La>xCexCuOa, belonging to the iron-based superconductors and the
cuprate, respectively. The key research methods are the state-of-the-art combinatorial
laser molecular beam epitaxy (CLMBE) and micro-region characterizations. X-ray
diffraction, transporting measurements and angle-resolved photoelectron spectroscopy
(ARPES) have been utilized to reveal the composition dependence of evolution in
structure, electronic state and physical properties. In this way, detailed phase diagram
of these two families can be figured out, which supplies ‘big’ reliable data for high-T¢
superconducting research especially for the phenomenon near quantum critical point.
Besides, we uncovered the practical value of FeSe film in superconducting radio-
frequency cavities. A brief introduction to the results is as follows.

(1) The enhanced lower critical field (Bc1) is observed in the superconducting
heterostructure, FeSe/Nb, which exhibits 10 times higher Bc: than both FeSe and Nb
films. The calculated superheating field (Bsh) is higher than that of bulk Nb, verifying
the potential of the iron-based superconductors in superconducting radio-frequency
application.

(2) We utilized CLMBE to grow the composition-spread FeyTeixSex film on
single substrate, with Se doping x ranging from 0 to 1 and uniform Fe concentration

y=0.8 across the film. Then, a two-dimensional phase diagram is quickly established
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via the micro-region characterizations of such a film. Furthermore, by subtly tuning
the growth parameters to change Fe concentration (to y=0.74), a three-dimensional
phase diagram as functions of x and y is established, which lays the foundation for
exploring the precise quantitative relations.

(3) Benefitting from the optimization in the growth and post-annealing processes
of single-component La>«CexCuOs films, the systematic electronic structures of Lao-
xCexCuO4 were obtained by ARPES measurements. It is found that the long-range
antiferromagnetic order was suppressed in La,xCexCuQOs4. The results of electronic
structure are important supplements to comprehend the mechanism of high-Te.

(4) Combined the composition-spread Laz.«CexCuOs films (x ranges from 0.1 to
0.19) with the micro-region electrical transport measurements, a precise quantitative
scaling law T.~(x — xc)0'5~(AID)°'5 is found, where, x. is the critical doping level in
which superconductivity disappears and AlD is linear-in-T scattering coefficient per
CuO2 plane. It is striking that the scaling law can be extended to other unconventional
superconductors, such as hole-doped cuprate, iron-based and organic superconductors,
suggestive of a common underlying mechanism governing both the strange-metal
behavior and unconventional superconductivity.

(5) We obtained the relation between T¢ and zero-temperature upper critical field
(Bc1(0)) in the composition-spread La>xCexCuOs4 films. Moreover, a quantitative
scaling law &(0)~T.~* was uncovered, where £(0) is the coherence length at zero
temperature. However, the power exponent deviated from -1 while T. below a
characteristic temperature. The quantitative law will be important to comprehend
quantum critical phenomena in high-T. superconductors.

The high-throughput synthesis and fast screening techniques of the composition-
spread epitaxial films are playing an essential role in establishing precise phase

diagram and quantitative laws related to superconductivity in a much efficient way.

Key Words : high-T. superconducting film, phase diagram, quantitative law,

superconducting cavity application
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Figure 1.1 The zero resistance (a) and perfect diamagnetism (b) of superconductors.
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Figure 1.3 The relationship among critical parameters T, Jc and Be.



8 15 5 E GBS

112 BSRENAI

FIAM RN R FENE R o EmAEErh B i, 1973 4
MITRIL NbsGe ) Toia#] 22.3 KM, 4 fEmics. AT FHRER T
Sk, AT GE=J0 LB Z o &4, 1972 4F T. Matthias /NHARE
T =I0HE) PbMoeSs 11 ToikF) 14.7 K. B G 5 £ MR & Wk K I BA 8
S MTFELY, AR SITIOsTE 0.4 K LR HHILE S, 1454 Nb i &
PR TPl 1973 4F, SE— AN EA RSO LM ITE S LicaTizOs K,
H T4 13.7 KB, 1979 4 F. Steglich 2 AN KB 1 5 —MNEFHK TF# F14K
CeCuzSiall, #HEH LFE IR T PUB S, R T —DRKR. REXE
AN Te Am, (HMENERCECHE AR, HA S MR 2= 50 51 A
MIRIREF . — )\ HEAR), A HLE S (TMTSF) PR BRI, LG K&
E DL FARARRI. Bk 1986 47, BN T V19RAE R 40 K 1)
McMillan B FR, PR T8-S RN T, (0K TR AR FHRE S Tmsh /.

1986 “EFii 1Rl 5K J. G. Bednorz 1 K. A. Mdler 781 4 Hb ] Ba Jo 2 &5 43 HX
RAGHEAD) LaaCuOs I La iz, KT Termik 35 K K SHM, JHA
TR SEAC D AR B S AL, A, 3G Houston TR AR 2R AR N d it
I 75 74§ La-Ba-Cu-O 4 & (17 ST aa 6 AR i FE 42 = 42 52 KIL, rhfs} g 4 2
PRS0t BROLIRSEAAE La-Sr-Cu-O R RHFAIL T 48.6 K [y T, jxubgh i
#RAE T McMillan BRI, 2 SR, XA BER A AN e 48 G R 4 43 Sl A ST
Hi A AR Te miik 90 K 19 Y-Ba-Cu-O il Tk, KB 54 28 L MR 20 X 42
B TR X B AR T Tesmid gk (<134 KD 4R e S Ak
Sk Hg-Ba-Ca-Cu-O {34141,

2008 4, H. Hosono /NHER T Teik 26 K ) LaOi—FxFeAs #8 S4ALS], 5]
ERHEF 2 B SRR, BV T AT DR R SR K T R AR
TSRS, 2008 45 3 H, i EBFEROR R E I FRALESE AL doRpE
VIELFTRRAR &« AR AE NS & 1 To #8id 40 K 1) Sm[O1xFx]FeAs Fl
CeOrFxFeAs 3. [F4E 4 H, Rk Yy e 8 5t HBAR R M o R
BRMER SN E RIS, R S Todgm B fd3%m 55 K8, 5%
G T McMillan AR FR o 33X 18 ol AT 2k 88 Sk il A B S8 A 0 5 R MR 2 S T 5
AR S, TR T AT BRI S I T G . R, K

3



i T AL VR () S PRI AT

FIBRELHE R SR IR T 2 T JLEE, AATT N s IS i 5 320K — e S i 3
FOEHE Tedm® 250 KWL, X uegE QUE ATE S T HE N ERBESNAE, 4
HSFUUREN 7300805 B 1.4 JBoR 1SR SBR[ 5, SE 2R
f AR RAKIRAG 12308

T /. T T T T T T T T
300 fooooeeee Freeenn B Feeeennen oo Feereenens e ERTEEPRRETE e R RTERRE RoomT
: : : : : : : . CSH Q 270 GPa O
250 b= ........ .......... .......... ......... .......... ........... ,,,,,,,,,, . LaH]O C/ 17OGPaO .
200 b e, e, e, e e SN e - ‘as'i'g'«; ,GPO .......... ]
: : : HgBaCaCuO @30 GPa : 29 & a :
150 - ooveeee e L TlBaCaCuO / ‘V HngBaCaﬁuO ...... T .......... ST .
: BiSrCaCuO : : : : : : lig. CFy
Z 100 : : : : HgBaCaCuO : :  FeSe Im : :
= : : © YBaCuO ; 5 : : : : ,
RS : ASrFFeAs P : : lig. N,
) L : : : : : : : : : ol
5075 e Peeeeeiiaiais R R [ R P R LR e R e
E : : : : Cs3Ce0 : : : : :
© : : : : @ 14 GPa MgB;
5 : : : : :
T T e A R v ........ O il -
E* : © Lasicio RszC(,0 > :
2 : : LaBaCuO : : : : : : :
Tu 30 Foeeeeeeens F L S D O e L L B
o : Nb3Ge g BKBO : YbPd:; ZB »C : LaOFFeAs : : :
'E NE3Sn OF : : o: PuCoGaS f : : :
@) 20kt Q ..... T T v ....... B Y SRR e fe e e B lig. Hp
wn @y Ko uenead  ar/ § §
10 P B S S S S L JuRGa A Naxo x|
Nb : : ; : - diam¢nd : : :
© ‘CeCu,Sip : UBer UPts UPdgAly . CeColhs AL oFep: : : lig. He
0 Hg 1 T > I 2 4 ) CNT 1 | 1
1900 1940 1980 1985 1990 1995 2000 2005 2010 2015 2020

Year
1.4 1900 4F % 2020 o) TR EER . [9] A48 [ RN

Figure 1.4 Important discoveries of superconductors between 1900 and 2020. [From wikipedia]
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Figure 1.6 The crystal structure of cuprates. (a) Hole-doped cuprates. (b) Electron-doped cuprates

and (c) Infinite-layer cuprates. RE represents the rare-earth ionsf®4l,
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Figure 1.8 Doping dependence of scattering rates in over-doped LayxCexCuQ4,
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[ 1.15 BaFe:As, (a) Fl FeSe (b) Bifi45 44 Fl % i Al Al 4,
Figure 1.15 Phase diagrams of BaFe,As; (a) and FeSe (b) as functions of doping and pressurel’l.
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ST EUE T AT . FeSe AR RN ELACR IR, FEH KT B RIS AR LR

17



i T AL VR () S PRI AT

BRI (I 115 (). REZSIRUE T fbg B A & 1% 450
AR — S 2=, (5 S PR, I b & A e AR S B AR O LT 1] B0 A
Forb e B i B R B AH AR IR B) R R AR VR RR R, TP A R AR A 2 R
M7, SREGFHA, e FUAH Bk v ZEAH B AT DS AR AR AR, X 51K T — N A,
B [ B AR AE X SR AR P A AT 4 A 0 881, LA, SRR MR
TR CLLhn FeTewxSeo) RILH AT e 25H909, TATRILH & A +h
WG, W ABE-ZESUE MRS EBIAkh e (Dirac) A2, HTHEA
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bulk materials electron-doped FeSe on STO/BTO substrates
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Figure 1.16 Tcevolution in FeSe-based superconductorst®®l,

b4, FeSe-11 AR REFCNHIAEH 1) Te BEFEIM A2, WK 1.16, Hufk
PR FeSe ) Ty 9 KP7; iy i i l98 991 g -z t100 10U ey g pplioal
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7N 124 3R T R A E B T VR 2RI P P S FL . JUAR M ) FeSe SR ) 98 K T
T RS ESR M SR LS4 K, 11 ARPES &5 RRHHE FeSe
(LiosFeo2)OHFeSe RAGH T IH4E, MNAAEINILE (Al 1.17) RO, R} 4
FAR K 1 BRAL R BN i IR 8 YRR R R Be ks FeSe HLEA 1 Te &Y 9 K
WL 48 K, ZidFELEBEE Lifshitz AHAZ0O), [Rtk, RZ AYCAHTKHE
SERIRARAAE T R E R, X T 82 FeSe R il fEF/E L 70 K Te, D. Li
SN 40 K B 70 K (¥ TeXE3EJ5 T FeSe [ H T FN4FJE SrTiOs (175 12 [
IR G . ik, AR T FeSe Ml SrTiOs MM MM 45K, FEUNZEEHITT L
RIF R FeSe MM T, &%) FeSe 1A R TIREMINLEL, ZEAHWAKRS
—MAR, IEE RS IR AT

Wy Uy FeOHFe, Se T-41K  (F)  Single-layer FeSe/Simid, T-85K W {T|,Rb),Fe, Sey, Te-32 K

B 1.17 (Lii«Fex)OHFer,Se (a). .2 FeSe (b). (TI,Rb)FexySex (¢) M #AK M HE5H4)

[106]

Figure 1.17 Fermi surface topology of (LiixFe)OHFe1,Se (a), single-layer FeSe (b), and
(TI,Rb)xFe2.,Se; (c)08l,
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S, UCARE AR 1. B 118 BHI T miik i A N T E B R
SEELN TR, 2014 AR R B T AT R — PR T 2 0 E S EH A,
HIEH S BB 2% SrxKiFeaAsy PIEE T F KA1, 4 R Bom iz i
SN, AEBER NbTi A NbsSn 48 SAM = RH SY: (K 1.18
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ETIL 08, REARERCHRN2, A3 i 8 K RS4RI 23— 35 FeTew
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Figure 1.18 Examples of the application in high-T. superconductors. (a) Iron-based
superconducting wire with 100 m length!°€l, (b) Cuprate superconducting magnets'®l. (c) YBCO

axion detecting cavities™'%. (d) Cuprate superconducting filter!!*2l. (e) High-T. superconducting
maglev trains15],
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RO A AR N FHTEE SR & R b, Science 2K H R RIEHTH G 51k
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A X — X
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L 3 ' 3 4 /
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22
=
B c g =
1st generation 2nd generation 3rd generation
Natural composition spread Spatlally addressable library Layer-by-layer controlled array
(1965 ) (1994) (1998)

B 1.19 =AEHREORIE, (a) R HR; (b)) FEFFERELAR; (o) AEHOtn T
WAME
Figure 1.19 Three generations of combinatorial films[*®3, (a) Co-sputtering. (b) A series of

physical masks. (c) Combinatorial laser molecular beam epitaxy.
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2.1 EIRHIEEA
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ST HRAMER A (molecular beam epitaxy, MBE) #-F-7£ 20 {4 60 FE4CTT
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R B CanfE 2.1 (@) ARG T HRE S B R B, R FAERTR
TR VR A TR SR A 1 B R NP2 B AR, fdk
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(a) MBE (b) PLD (© LMBE

Faer Windim
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Larget Holder

B 2.1 =R KEAR. (2) 0 FHAME [51H Zeljkovic lab]. (b) Bk EOETIR. (0
BOtsr T HRAME [5] B Pascal].
Figure 2.1 Three kinds of film-growth techniques. (a) Molecular beam epitaxy [from Zeljkovic

lab]. (b) Pulsed laser deposition. (¢) Combinatorial laser molecular beam epitaxy [from Pascal].
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Figure 2.2 Schematic diagrams of the growth (a) and structure (b) of composition-spread film.
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Figure 2.3 Schematic diagram of RHEED electron gunf4°],

RHEED
screen

reciprocal
lattice rods "\,

azimuthal
rotation

incident ’ - ; ey
@ beam \ 5 - transmitted
[100] e beam
[010]
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Figure 2.4 Schematic diagram of RHEED1,
T FL - SR 2 DUR/NI A RN S, T R ZE A i o ) 2 I R

l
d= 3 sin 6 (2.3)

DN TENEESR T8 B B, SASEFRAEE N 15 keV 1% 150 A.
RS f0~2°, dZ)v 5A. LA LLIAAY RHEED U (s Bk @ R i L4
R 2 MRYE IS E ) VAT DA S R AR K

4o 12.16856
JV(1+0.977789 x 10-6V)

R TR KRN . — Sk RHEED B9 TAEHLEZ) 10-30 kV, M3k K >y 0.069

(2.4)
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Figure 2.5 Reciprocal space and Ewald spherel'#d, (a) Two-dimensional reciprocal space and

Ewald sphere. (b) Three-dimensional real space of RHEED, reciprocal space and Ewald sphere.
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Figure 2.6 RHEED images of different crystallographic surfaces!43l,
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Figure 2.7 RHEED images of different surfaces in single-crystal films*4°l,
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Figure 2.8 The film thickness dependence of RHEED intensity.
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Figure 2.9 Four growth modes and the corresponding evolution of RHEED intensity44. (a)
Layer-by-layer growth (Frank-van der Merwe). (b) Island growth (Volmer-Weber). (c) Layer plus

island growth (Stranski-Krastanovs). (d) Step flow growth.
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Figure 2.10 (a) Schematic diagram of AFM. (b) The relation between tip-sample distance and

atomic force.
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TE I 5 A0 SRAE 3 A8 102 X BT Z6ATHHX (X-ray diffraction, XRD), %{*5
7= HA Rigaku A& SmartLab (9kW), FHH(& 7 X ERA: . X Sk 2iE
AR P TSR, B Thes ke Mk =FRFIEIE L. XRD T
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5 ERAAE R g &, I RAE MR X S50, e Ak S R R i,
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mm K (120 G B 3R 25-100 MR 2

LR T R AE KR TAE A XRR BASL, B A R 4B (scanning
electron microscopy, SEM). AL SEM & H A ] Hitachi SU5000. H
SEM AT DAL I JHEFEASE it R AR T, AT 75 380 B ) 52 2

223 RS

A SCAE IR 0 b T B =, JRRONERE & 55 B TR RS X CGinduced
coupling plasma-atomic emission spectrum, ICP-AES). X Hf 2k 68 & & # ik
( energy-dispersive X-ray spectrometer , EDX ) F1 X & £k ¥ K O # i
(wavelength dispersive spectrometer, WDS). ICP-AES 1 s &K i (1%),
A A K2 HOoT R, SR aURRAE G B BT, B R Y e a4 A
IR TCRICE . EDX A WDS — Mt /8 T SEM R4, Bl ERER, -
TAIRES, EarRICRREECR. HELZ T, WDS B #i3tk EDX B84
—L, JRAEH EDX 5i WDS 75 #r B2 Jp i, Bl 2H G v RAN [R] DX A RO
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(7) BRIZ: ZIhaE s, P TR B 25 R T G 21 e

i 211 (a), FATATLAE—ANMH-EHEEE EARTG 135 MR P 4k Hi il
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CFM (IR EE¥F &48, Cryogenic Aw]) k& MIRAS [F]18 8 (1) HLFH 2

211 CRE L X GAH R E (@ M (b,
Figure 2.11 The metallographic capture (a) and photo (b) of the patterned film.
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3.1 FeyTenSe ERMAHEINE S

FeyTerxSex 1 RE G AL A R A R B4y, RGBS RERE
Fe(Te,Se)s, {HII 1.2.2 AR, FeyTerSex Fiil & FeSe I AR ME,
Te B8 LT LA 9 K 5B 3 B 2 B 65 K DL b, filt, FeTeossSeoas 14
FZHPOWMET Majorana AR, AHbETIFEIRM TIERT P, Fi,
AR R H KI AR — B AR SR 5 5 Th I TR A

311 FeyTerSex Rt FE R FNEPR 1

2008 ©F M. Wu /N B IR AFE [ B ET S K 1K B-FeSe K R KT 1 Te ~ 8 K i
S, HETERI MR, =R NEREA PAnmm (i 3.1 (@) F1 (b))
o7, [—4, M. Fang 2 N&H T R51 Te B2 Fe(SeixTexosz 2 fiky K141,
AT I, ¢ B0 a Bl i B B Te B4 nmi g K CanlEl 3.1 (d)), 7E Te
BT 0.15 1 0.3 Z (A X3 XRD (6 — 204 R H B IER, RFELL
XA R RE AR AEAL A 0 B (Tl 3.1 (o). MAMNGIS L R, HMSEET
Tet58 N 0% 0.9 X1, i Tl T Te4s2% 0.6 fHin (Wi 3.1 (e)). fF FeTe
AR RN TI, p— T (LRI T AL HIZAE 75 K T T
OE AT (kink), ZiEy — T (AL BEIEE T KAL) a7 U sE
G OSTT DLW Kink BT e 5 B A FE S Bk (long-range antiferromagnetic, LR-
AFM) #AZRE T, HAEREERIEICT Ta i, S5 MY PA/nmm 2 iE
AT AT . T LA AFII SRS FeyTe o Fe & & y AL,
Yy KT 112 1), FeTe fEAHR TN IEAZ S [AIHE Pmmn; y /T 1.12 i, FeTe {£
I TV BB P2i/m. M FeTe 3 Fah, B Se MB4%, TnIZHIE/DN,
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Figure 3.1 The crystal structure and T, of FeSe-11. The stereogram (a) and the overhead view
along the ¢ direction (b) of FeSe crystal structurel’l. The XRD 6 — 26 data (c), the lattice
parameters (d), the anomaly temperature in magnetic susceptibility (Tma) and the superconducting

transition temperature T¢ () evolution with Te doping level in Fe(Se;—«Tex)o.s2 polycrystalS],
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Figure 3.2 The normalized p — T of FeTe;Sexl*7).
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Figure 3.3 The structural transition in FeSe. (a) The superconducting Feio1Se undergoes a
structural transition in cooling process, which is absent in non-superconducting Fe1.0sSel*4el. (b)
p — T curve of FeSel*9. (c) Low-temperature synchrotron radiation XRD of FeSe (220) peak. (d)

Low-temperature Mossbauer spectrum of FeSel48],

N 3.4, HARECE SSRGS R A S FeTernSediln -2 K. A
MEREM G R L Z B TIRZ 5577, s s 2 i DSIRE 1 #E0.6 < x < 0.945
FRIBAAFAEA A 43 B X3, AR T 0Z XTSIt e, s i ar
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Figure 3.4 Phase diagram of FeTe1.«Sex as a function of Se doping levell08],

3.1.2 Fe,TerSe ERERIE
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MURDL, HEHRAE P AR 53 B 15 2% DX o e — By 5, Rl £, A
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FeSerTex FERAE 1152 198, (H15 12, FeSeixTex s Tc AIA 23 K, XfJ
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FE R B 5 TH A AT 5

a Phase Sepa'ratioﬁ - .

@) 20 " in bulk samples I
. ® 7™ offilms

© 7" offilms

- a T:m‘ of bulk samples
Superconductivity

in films on CaF; * @R

T(K)

Metallic

04 0.6 0.4
Se content x

Bl 3.5 FeSerxTex A, (a) A1 (b) 7357y S. Dou /NHISUAT A, Maeda /N R IE R,
Figure 3.5 Phase diagrams of FeSei.xTex films reported by S. Dou’s group (a)l*>4 and A. Maeda’s
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FeAs il FASHHILE As, 1 FeTenSe NS HELER, “atEEmE; HIK,
FeSeixTex E 5L T 1 Je 3 ERFF i 7KF, 0 L5 A4 IS A 82 1 R 5 70 T 6k
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Table 3.1 Nominal and actual atom ratios of FeyTe1.xSex targets.
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3311 HEERAEKERE
FeyTerxSex IANFEIVIAH TR B B 8B S, RBATFEESRAIM. FAE 20
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Figure 3.6 Chemical synthesis phase diagrams of Fe-Te (a)!**4 and Fe-Se (b)[*%%],
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Figure 3.7 /20 data of FeSe/CaF films under different growth temperatures.
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Figure 3.8 Comparison of FeTesSeos films under different growth temperatures. (a) XRD 6/26
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Figure 3.9 Comparison of FeTeosSeos films grown under different laser energy densities. (a)

Temperature dependence of normalized resistance. (b) Se doping levels.
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— ki, LMBE k# PLD [ AEKiER L MBE URZ, %% F8H
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S. Haindl 7£ (lron-based superconducting thin films) B —AN/NEETINAE T
PR S ) RHEED Ml &5 SR I4, K@ & 7 FeyTerSex i HEAR &F (1)
RHEED 4% (anfEl 3.11). X1, EEAFH LMBE WLIEkE R i 5
RHEED #ik37 45117, a2 LA B VR AR

R - 2500wt 14, 0o

3.11 Fe(Se, Te)/LaAlOs i A A A KB BE A AFM Al RHEED [,
Figure 3.11 The AFM images and RHEED patterns of Fe(Se,Te)/LaAlOs films in different growth

stages!'®],

FEFk K FeyTerSex il RHEED k3% 2 1, FAIGZ AR AT MERKIE
i8] B 1) A 2R ——SrTiOa/SITiOs WK, FAH 4 F A )i AhAE o FRATT 5 7 b Ak 1)
SrTiOs 41 JECEAT T kb EE: (/] BOE MK (HF 5 NHaF #%AN A LR & 1
J8D) BRACBEASIR, WGBTS L 950 CIBk 3 /M. BAKRFE R DL 2
A B R 1 R 22 1 B A S 1000, SxRE SrTiOs M T LLRBE RS TiO, Ak
LT A, RHEED KRR EAPR (il 3.12 (b)). EAKHRT,
FATSE A BOCINFAAE 650-800 C TIR-K SITiOs #fIF/Nif . R4 TZH
R, WATRHA 850 CAKIEE . 1 Hz BokAiZ. 300 mJ #okAER . 50 mm $E4H4-
fob JEG ) BEFR) SR A A 4G SITiOg IR, DUl 31 RHEED #k (W& 3.12 (a)).
— ARG AR SITiOs I — AR, R PAT SR H 26 T SITiOs
R AE K% 0.01562 nm/s. aiF 3.12 (b) sk, RHEED EIEAEAEKT
FEFADRFE SR GOR, WA MBI RIE, WHEREKER LS. REH
BEAAR I N S, SITiOs Wi A S 1 4h 78, RHEED ki 1598 #5 4% 100 4>
FIRACA b, PRUEHBA B ik AT RASE, AL T M E AN SrTiOs wh
EIRIMEA K
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Figure 3.12 The RHEED data of SrTiO3 films. (a) The RHEED oscillations in the growth of
SrTiOs film. (b) The RHEED patterns before and after the growth of SrTiOs film. (¢) 100 RHEED
oscillation periods.
fEA K SITiOs MBI I K al b, ATZ k=l K FeSe 1 15 I H

RHEED SEI Mo A IR (3SR FAXS P B SrTiOs 44, A KRy 300-
350 C, HthEE Y 350 ml, FUA - JRIFIEE Y 50 mm. AR AR PR R 0T
FERT LA AL NI 3.13, NI HIX AN SRR A AL R -

(1 AEKAT, SrTiOs #ALEL TiO NEUEE S TS, 4 650-800 C
TR KN, X RHEED J 7w AR G (¥4 T S A4 o

(2) FERATRIREE 2 300-350 C, LA 1 Hz BBk iR K FeSe. T
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RHEED KK — B ARFFR IFFIAT ST 4540, E. Bellingeri 25 AT W. D. Kong 28 A
MM RIG, ATV A KR BIRAEK T, BRI 5T
JERIRAEKZHT T, AMATH KRS, RIEREPE, ImREREL TR
WAEKBA TR FeSe 5 SITiOs BURM fis RELRE, DLK FeSe (3G 48 PL/R i
A R

(3) 1E 1 Hz BBOCHIERT, ATH %8 i— B RFFEI =D 900 kit )a
(JEJEZ) 30 NEMERD, (HiXA RS RHEED S#EE WSS, Ry thhEz
B, IR AT RE I /DB & . RHEED 9Bk F] LARRZE~30 M)
Mo —/MNMRG AR FeSe I— N EMERE, HHIGTHE HIZ &M T FeSe #ifi
AR A2 0 0.0222 nmis.

(4) 2K BOCIERIE NS 2 Hz, 75 %8RRI, RHEED 3RfEA
55, W7 BN R AR T AR AT B A R AR T B IT 6L 1m) R- B iR A K

(5) GEEIBOLIIRE 3 Hz, U ELI 0 S IRHE, 2K 8UR 5
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Figure 3.13 The RHEED patterns in the growth of FeSe/SrTiOs.
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Figure 3.14 The RHEED intensity oscillations in the growth of FeSe/SrTiOs.
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VFZAPRHB I T S H (A0 TG 5 88 1891 S il 3 70172 s a7 R s TR
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transition, SIT) D751, SIT {31 fif R 06 201 RUER S e I8 DG 3 336 I g ¥ < 1 Il
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BC WOk rh BN AR (A2 s, AT RAE—/M10 x 10 mm? ] CaFz #f ik B4
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S5 e T AR AN FRATT 0 22 YR RS ) £ R R AE S 06, FRATT R I e AL 1 5
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Figure 3.15 Schematic diagrams of growth (a) and structure (b) of the thickness-spread film.
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Bl ¢ FRISb — SO RIS . 456 1 50 5 B MR AN AR IX S5 /) 3R AT, FRATT AT
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Figure 3.16 The thickness of the thickness-spread FeTeosSeos film. (a) The photo. (b) Micro-

IS

region XRR data. (c) The position dependence of thickness.
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Figure 3.17 The crystal structure of the thickness-spread FeTeosSeo s film. (a) Micro-region XRD
data. (b) The thickness dependence of c-axis lattice parameter.
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Figure 3.18 The electrical transport of the thickness-spread FeTeosSeos film. (a) The pattern for

micro-region R-T measurements. (b) The micro-region R-T data.

3.4 FeyTer,Se/Nb BB Sz N AR

H A iz 47 M AE @ i) KB 7 ok 28, K 2 Bk H OB 3 5 K
(superconducting radio-frequency cavities, SRF cavities) 15t i 5 kLT,
I i T DA AR T I R O . R H AT, I 2 A
S, BPHOM Nb, & Sk A — e BT, A SRR . FRAT
TP FeyTe1xSex/Nb B Z5 IR FE, Hie v 1 3 BEIe B FH0M, Ik W vas T 3 )
R Ao 45N RIATE N S IR 0T 708 U, S8 )5 A A IRATTHI AR
R, BoRMNE SRR T R

341 BEEMRIINN

3411 HBEEERIRA
AR R, 5 5 4 e 2 38 o it 0 22 A8 B 37 ok G A H R, AR R
Maxwell 772, A HEIGSERAAN =AY, WK 3.19 fin. AEUsEF|

57



i T AL VR () S PRI AT

TEMRERIE R S o b3 VR B R I8 30 7 MY, R34 VAT T s N EE . HUbF Nb
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B Te (<9.25 KO MR A NG (Ba) I8 (2) Nb MEAIE RAFH
IR RE, AT 5 T Hl&E AN . HS ke B WA B8 AR I
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Figure 3.19 Schematic diagram of a superconducting radio-frequency cavity.
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Figure 3.20 The stability of the Meissner states under magnetic field at zero temperature. The
dark blue areas represent stable Meissner states (B, < B.;). The light blue areas represent
metastable Meissner states (B.; < By < Bgp), Which can be changed into more stable vortex
states182,
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XA F7HE vortex HERIEE SARA . J5H Fe(xo) 2T S vortex IAHEAEH . 11
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2T pgA2-2x,

(b))o KT Jimg (o) K EAR THEL R DL S % SCER IS, 2 vortex £z T 3 1 I
(xo = &), AILIGH]
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Figure 3.21 Bean-Livingston barrier. (a) Semi-infinite superconductor model. The surface of

superconductor is parallel to the y-z plane, and perpendicular to the x-axis. The magnetic field Bo
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is in the direction of the z-axis'®?. (b) Schematic diagrams of the forces on vortex closed to the
ideal surface. The top panel shows the attractive force from the image, and the bottom panel

shows the repulsive force from the magnetic field[921,
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ﬂ:BO = poA(0), B, = .uo/Umax,LBz‘

g =2 _1 —B. = 0.71B, (3.7)
VI amE 2 e '
HrhB, = Tom Afij**“jj%ll WA . EAFEERE, ST SR

FHH AL A 223k . £E London BRigrh, 715 H HAEFE vortex ZFiFE I THA & SE
Yrit. BRI, vortex ZEiE I ) E XA N, DN London Hig 2N | HL i &
FESHERARAS RN, HEARAERIE R SRS 1 vortex 55, BTl By A
eon MBS g Bon IV, DRIG, B2 ITE Bon, /0 GL BHIRZ L0
L.

fEH G-L BB THE Ba i, WAIRELET = TAM, g — R 51 EES,
AT LA 3]

5 5
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Figure 3.22 The ideal S-1-S structure. The thicknesses of S-layer and I-layer are dg and d,

respectively. The coherence length and penetration depth of coating material and substrate are
(&,,1¢) and (&,, 1,), respectively!'82],
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Figure 3.23 A vortex at x = x, and the images for satisfying boundary conditions at x = 0 and

x = dg 192,
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B =B, 1d /11 y 1 (0<x <ds) (3.13)
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_x—ds
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B, sinh ds)l— X4 % cosh dsl— a
J= ) 1ds /112 A 1 (0<x <dy) (3.15)
o1 s 4 A2 o 8S
cosh T, + 7, sinh 7,
_x—ds
] 5o e = (dg < x < ) (3.16)
= X (0] .
HoA2 ds A2 s °
cosh 7, + 7, sinh T,
WA R % E s 2 K W 3.24,
() Magmebe field (b) Current densaty
1.0 1.0
0.8 08
4 ~
= 0.6 =06
E' 04 -_: 0.4
o (.0 —s—— &= .
-5 0 S0 100 150 200 -5 0 50 100 150 200

Bl 3.24 S-I-S Gkt A i iR B L o0 A o W3 F Bo A —Ak, RIS B ) 51 Ak ) R VR B
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Figure 3.24 The distributions of magnetic field and current density of S-1-S structure. The
magnetic field is normalized by B, and the current density is normalized by J; at the interfacel'82,
The assumed parameters of layers are dg = 60nm, d; =4nm, A, =120nm, and A, =

40 nm.
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Figure 3.25 The evolutions of y factors with the thickness of S layerl182,
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Figure 3.26 The By, of NbN-I-Nb as functions of S layer and I layer in units of mTI[*8, The

assumed parameters are BN™ = 230mT, 1, = 200nm, BS'Y = 170mT, and A, = 40nm.
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Table 3.2 The theoretical parameters of alternative S layer materials and corresponding research.

Alternative material T,(K) A(nm) By, (mT) References

9.2 40 200 IEEE Trans. Appl. Supercond. 19,1394-8(2009)

. Phys. Rev. ST Accel. Beams 13, 121001 (2010)
Nb and its 16 200-350 190 Appl. Phys. Lett. 102,102603(2013)

compound Supercond. Sci. Technol. 32, 085005(2019)
18 160 450 Phys. Rev. _Lett. 115, 047101(2015)
Supercond. Sci. Technol. 30, 033004(2017)
40 140 160 Phys. Rev. ST Accel. Beams 17, 012001 (2014)

Sci. Rep. 6,35879 (2016)

FeSe 9-12 400 385
Iron-based FeSe,, Te, 14-21 400-1300 513
Bay (K, ,Fe,As, 36 100-200 1852
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Figure 3.27 The FeSe films on Nb polycrystals. (a-d) FeSe/Nb bent at different angles. (e) Curved

FeSe/Nb. (f) XRD data of FeSe/Nb.
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Bl 3.28 FeSe/Nb/CaF, il Nb/CaF; [)45#31E. Nb/CaF2 (16 — 26k (a). SEM i [
(c) Al AFM K& (e). FeSe/Nb/CaF, 116 — 209k (b). SEM HE#mi & (d) Al AFM &
(o

Figure 3.28 The structural characterizations of FeSe/Nb/CaF; and Nb/CaF,. The 6 — 26 scans (a),

SEM cross-sectional image (c) and AFM image (e) of Nb/CaF,. The 8 — 26 scans (b), SEM cross-
sectional image (d) and AFM image (e) of FeSe/Nb/CaF-.
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] 3.29 FeSe/Nb/CaF, 4y S-S 5 IHE. Nb/CaF, (a) A1l FeSe/Nb/CaF, (b) AL T
) R-T. (¢) Fig#k (ZFC) Mizre (FC) BT HIE R —ALHiAE. (d) FC BT ER
VE—ALRERE sy, kR S 548 () Nb/CaFz Fl FeSe/Nb/CaF; [FIB, BT [f1745 4k
WA BELEH T ARBL(T) = B, (0)[1 — (T/T.)?]-

Figure 3.29 Verification of S-S structure. R-T curves of Nb/CaF- (a) and FeSe/Nb/CaF; (b) under
magnetic fields. (c) The normalized DC magnetic moment under ZFC and FC modes. (d) The
differential DC magnetic moment under FC mode, where the arrows refer to the superconducting
transitions. (e) T2 dependence of B., in Nb/CaF, and FeSe/Nb/CaF,, which are fitted by the
formula B, (T) = B.,(0)[1 — (T/T.)?].
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Figure 3.30 B¢ results. The in-plane m-H curves of Nb/CaF, (a), FeSe/CaF, (b) and
FeSe/Nb/CaF; (c) at different temperatures. Bc1 of Nb/CaF,, FeSe/CaF, (d) and FeSe/Nb/CaF- (e)
dependence of T2. The lines are fitted by formula B, (T) = B.,(0)[1 — (T/T.)?].
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Figure 3.31 The in-plane m-H curves of Nb film (a), NbN film (b), and NoN/MgO/Nb (c).
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Figure 3.32 The R-T (a) and m-T data (b) of FeTeosSeo.s/Nb/Al,Os3.

0 100 200 300 400

d (nm)
3.33 A[AIA T FeSe/Nb ] Ber B FeSe i JZ 52 FrIAR AL o
Figure 3.33 The thickness of the FeSe layer dependence of B¢ in FeSe/Nb with different A by

simulation.
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Figure 4.1 The growth of the composition-spread Fe,Tei..Sex/CaF, film. (a) RHEED intensity

oscillations for the growth of single-component FeSe/CaF; films. (b) RHEED patterns before and

during the growth of single-component FeSe/CaF; films. (c) The schematic illustration of the
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composition-spread Fe,Te1xSe/CaF, film synthesis procedure within one period. (d) The
schematic illustration of the composition-spread film after several growth periods. (€) SEM cross-

sectional images at three different positions of the composition-spread film.
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Figure 4.2 The compositional analysis of the Fe,Te;xSe./CaF; film by EDX.
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Figure 4.3 The compositional analysis of the composition-spread FeyTe1.xSex/CaF, films. (a) The

marked locations for film compositional measurement. (b) The Se doping level (x) and Fe content

(y) mapped across the composition-spread film by EDX.
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Figure 5.6 The 8 — 26 scans (a) and R-T data (b) of La,-xCeo.1CuQa4 films with different Ce
doping levels.
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R 5.1 U EALIAT A it A%

Table 5.1 The lattice parameters of some oxide substrates.

I A1 A i 1 AMAE R 5 ] BR(A) an ks R ECIE (%)
SrTi0); {001 a=h= 39050 2.7
Nb:SrTiO, (001) a=b=3.9050 2.7
LaAlO, (001) a=b=13.7920 5.6
(La,Sr)(ALTa)O, (001) a=b = 3.8680 3.7
Me() (001 a=h=42110 4.9
(La.St)AlO, {001 a=b= 37560 6.9
(a) (b) 1
E
g
o
-
i

LCCO 006 (T)

Intensity (a.u.)
<
R(£)

RHIE B I|I |

35 % 80 100 160 200 250 300
EE{deg_) T(K)

] 5.7 La19CeosCUOL/LSAT [0 — 20 (a) FIR-T (b) #i¥fi.
Figure 5.7 The 8 — 26 scans (a) and R-T data (b) of La1.9Ceq.1CuO4/LSAT films.
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5.8 48 nm JEf) La19Ceo1CuO4/SrTiOs. (a) XRR %#i#E. (b) XRD 6 — 20%t#i. (¢) R-T
Figure 5.8 48 nm-thick La1.9Cep1CuO4/SrTiOsfilm. (a) XRR data. (b) XRD 6 — 20 scans. (c) R-T
data.
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Figure 5.9 40 nm-thick La1.9Ce.1CuO4/SrTiOsfilm. (a) The XRR scans. (b) R-T data.
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Figure 5.10 ILG of the Lai9Ceo1CuQ4 films. (a) Schematic diagram of ILG in the positively
gated situation. (b) Illustration of the operation of ILG. Circles represent the gating. Filled (empty)

circles indicate that an electrochemical (electrostatic) process is involved. (c-d) ILG gating

conditions and the resulted temperature-dependent resistances of the two samples (S1 and S2).
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Gray and blue bars in the middle panels represent the gating time period and the time spent for
ramping Vg. (e-f) R-T of sample S2 in certain gating conditions. The numbers represent gating
sequences in (d).
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Figure 5.11 The electrical transport properties of Lai.9Cep.1CuO4 ILG. (a) R-T of sample S3 in the
corresponding gated states. (b) R-T of the pristine and the recovered samples. R-T (c), Hall
coefficient (d), and magnetoresistance (f) of Lai9Ceo1CuO4 (S4) before and after positive gating
at 2'V, 300 K, for 25 min. (e) Phase diagrams of the electron/hole-doped cuprates.

iz B 50 AT DA S IEf T LawsCeoaCuOs Y HL T8 70K F . K 5.11
(c) E7n 74E 2 V IEfE. 300 K FHFEE 25 704l JE # R-T 4k, Wik 5.11

(d), MRERh S4 JERTIIE/R R Ry (Ry = 22) BRIRFEHLATLAE ), Ry
fE 60 K KA IR 5 i, R BEB 2t e mo, s, - F e
R, ERIIESREA RaNIE, Ui BRSO R 3 B SR TH B A 0 (xe=0.14) Z
R, UL R A g AR, Ry B RIIAT N R BT ARSI T B
BT Ce B28x > 018, B, b THidBa (il 511 (e)). K,
ILG J&—FhE e S A #E 2 B 2 KIS A 057 4%, B RER R 3
JFE S EBA B R R R Z L. i, Ce i#B24M Laz«CexCuOs
SR FORARAT v, TR ILG PR IRER R AR T S @- 4258 . 5i4b,
TF i V4 (R S IR 48 2 AR LB OB PELA Ty, sl 511 (F) B XF)
R L BEAT A LART RE R B IR B 2, 388 5 KT B kg s i v 220,
SR LI UL FEAE ILG il 828 Xt tH I, SRWIZR SRl B o, AT RE
BT HY 3 T IAEE S B

ILG B2 GBI LaxxCexCuOs X S IE M BLE H G50 o 0 T
B LazxCexCuOs, B Ce SEMIIM, c ffMSHHIR/N: X T ILG
IErEES, o Blf i B k. B 5.12 (a) (b) &ar 1 S5AEA ¢ il &k H Kbt
PR, Hb (@) BN VoA RIMELL XRD, () KR k il
55 1 SRR ZE . T (006)ig B R AL /N A BERE S, ¢ il diA% 4L
WK, BUERIG Vo BIE] 0V, ¢ Hds s SR LLyIaE MR, R\ WREERE
Gy R RE . HE—2BE] Vg=-1 V I, (006)U53% 57 ) = A1 A2 80, 1 5.12 (b)
XRD 585 [

104



5 5 5 LagxCexCuOq B TR A2 A L 1 £5 K 35 A2

(a) LCCO {008} STO(0D2) (b) [h=t4
S5 44
I'II.U . " | L |
i
Wlf h-: II1 | 1° I
S NN
= ., | 0K B
E Mf%mmwwiﬁ' '-.\x 0. |
- [ TR ety At M N —
= " | i —mj; L
-
2 m;ﬁ NJos|
- J_(J"_‘- i, S 12 -
H\rﬁﬁ'\'\\r{—p\.ﬂ-‘"ﬂ /:|I f: - 12 L
,—F‘/f Hx“‘—mlmd:— i f,'l Il?w 31 17e - -
s | oa f
0.4
1 1 1 da 49 43|||1|||||||||
44 46 3 10 15
28 (%) Sequence

(c) pristineg 1.2V, 3min 0.2V, 30 min  (d)

E S6
~10 i
= -
s e Mw
= c
£ C
5
= - =
102 feom o
i 180
L 1 L 1 1 1 i L i
0 150 0 150 0 150 i S
z(nm) Z (nm) z (nm) Q{f?ﬁ:};i rb'?-"@
N grb )

5.12 La19Ceo1CuO4 i ILG = FEH L HI AN K 73 70 4. (@) FEdh S5 AEANFIHE HLE
T XRD H4fi. (b) %8 k> XRD fZR 55 1 MR ZEE. (o AR RE N TOF-
SIMS #ffs. R4 Cu M1 Ti JCER A AT AR 3 H B C R TR DX IR AR € (R A JEE X 3. (D
(c) " H B 1A 180 B AEAN T 1 # 0 B i) H — Ao 5
Figure 5.12 The structure and composition of Lai1.9Ceq1CuO4 by ILG. (a) XRD scans of sample
S5 at different gating stages. (b) The absolute difference between the XRD data of the kth gating
sequence and the first one. (¢c) TOF-SIMS data at different gating stages. The white (grey) region
represents the film (substrate) according to the distribution of Cu and Ti elements. (d) The

normalized intensity of H ions and 80 ions at different gating stages in (c).
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Figure 5.13 The ARPES spectrum of early LazxCexCuQ4 film[2341,
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Figure 5.14 XRD scans (a), R-T (b) and SEM cross-sectional images (c) of La,xCexCuQOg4 films.
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Figure 5.15 RHEED patterns of LaxCexCuO4 before and after annealing.
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Figure 5.17 Phase diagram and electron doping levels of La,-xCexCuQ, after annealing.
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Figure 5.18 The electronic structure at electron doping level n~0.06.
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Figure 5.19 The antiferromagnetic energy gap of optimal doping Nd,-.Ce,CuQ4 [2%],
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Figure 5.21 The Fermi surface reconstruction position of La,-Ce,CuQy 2311,
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Figure 5.22 The evolution of antiferromagnetic energy gap of La, xCexCuOQa.
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Figure 6.4 The Ce doping levels (x) mapped across the composition-spread La,.xCexCuOa film.
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