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Fig. 1. An illustration of the crystal structure of cuprate su-
perconductors, in which RE denotes rare earth atoms:
(a) The crystal structure of hole-doped cuprates; (b) the
crystal structure of electron-doped cuprates; (c) the crystal
structure of YBayCu30+.
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Fig. 2. A systemic illustration of the phase diagram of hole- and electron-doped cuprates, in which SC, AFM, FM denote supercon-
ducting phase, antiferromagnetic order and ferromagnetic order, respectively, and green dashed line denotes the boundary of Fermi
liquid regime. In the left part of the phase diagram, 7" denotes the onset temperature of pseudogap, yet the disappearing temperat-
ure is still under debate. Charge and spin localized states exist in the underdoped region (not shown in this figure). In the right part
of the phase diagram, antiferromagnetic order, diminishes in a quantum critical point zpg related to the reconstruction of Fermi sur-
face, and the second quantum critical point z, is located at the edges of superconducting phase and ferromagnetic order. Two blue

dashed lines associated with AF order are determined from anisotropic in-plane magnetoresistivity (higher) and the upturn of res-

istivity (lower), respectively. Red dashed line denotes the boundary of strange metal area.
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Fig. 4. Phase diagrams of PryCuQ, . s on the basis of annealing and gating processes™l. Side view: the superconducting dome as a

function of the c-axis lattice constant; Elevation view: the superconducting dome as a function of gate voltage (SC I and SC II rep-

resent two domes in positive and negative voltages, respectively).
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Fig. 5. The magnetic field dependence of electronic phase
diagram of La, ,Ce,CuO, , s (z = 0.10).
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WA B, IF HEIRE (ny =V /(eRu(0)),
Horp VEBFHAT, Ry(0) JE4ME R TR IR R
) M-z BEAE R 1-2, X5 Ce 8241 SRR AH AR
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TGS TE z = 0.14 &b, TG I 5t 5 7E A8
SRINRE TS (2 = 0.175). PRI, 2754 AT fE
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[] .
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WEFE A Z AT i = G — A U0 F0 8 35 A 7). 3
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BARERPEEEINT, 2 INT 5 AT DIARES
MR R R R ILZ. HENTIE R Cu-0-0 [,
FERAT [ 5%, TERES T Rtk A i 7 7= KW IERE
BH. 12 IE G LB & A AE B T B2 )5 1091 B Sy 4
S 5T & IR 5 68 5 A A TR L E A G
B, TRAGATR S TR Ha BH P A Y B ).

AL %ot 4] S A 40 v R RS A 18 4 1 3 BT R

, R T, AR & 2 7 Y. AH B A7 A SR

YRR | BORWRAAR | SR 22 % R B A5 X3, A
& LT BB L BESE AN Rl AR L P oRE R
G, R, RSO AE | B ik | FEmAUN AF (AR SOR
TR 2 B B s R S I, XA R R
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PIAAERAME. X FEOR R T 58 2 R D[R] — A%
A, A5 E AR R R AR R, A A — X
AT RAEAE A il INPRAH R R RS, 45 5 5056
R ST, SET BT B B9 5 I T A o

3 WREEAE T ENGE

[ Jogt i AR SOV B e Bardeen-Cooper-
Schrieffer(BCS) Bt () i) Z i, AT Lhgs FAiT—
e R, BCS #USTEA: (1) B4 30 1 R IR T [l
RN A B, T [ 2550 1) 2 RO 3 DR
AR RS T — AR R A T, ~
M2 (M ARG R TR, HA 32002, AMEL
Yy s R Ik, A5 — 5 TG = R4
FALYAREIRIAR, ) — AR AW 248 48 B
HUuE RS T, ARy &, WES 2R
B« RN X i A E A R T,
B (ny) MAREEH. 1989 4, Uemura 4 )
USSR M & T 16 FhA T A9 4R S A & s 5
W\, RIAERBI X, T. b ng/m" (m"HETH
ST ) ZRMER N, TR A R 2R 2 [ — A
H# (Uemura’s Law), 241B724kS8 N, JF 46 I 25
Ak, BEUBAEE WELHER n/mEHS5KR
A ST 1) )2 500 56, 2004 4F, Homes %5 M P 5+
R S 1 S S 23 v B B R U o T EL U L
Oges FEHFFE T B2 | WUZ 8 E ALY FLE G T4
Nb, Pb BIFREE R (p, ~ 04.T.), FrA IEHR AR
BN R — A B L, B fnd B
e EAREMRES T Uemura’s Law, {Hif i Homes’
Plot #B-5 /K #52%i 2 [F]— R

2016 4F, Bozovicas ™ {f LA Y T84k Bl 4
AR, B N AEB 2B B A X gh T 42
HOTREAARER: FRRBTARCNIE o 5 T, AR
NI R (T. = Ty + apy), T T, =
0 BIPLE, KRB _IKIT (T, =7 /ps0 ). Zaanen!™
TE R0 A SR 48 45 7 PEAN 2 a2 e ] 2R b ]
BCS g LM, i — T, SIS MR HRICHR
BRE TE LB A A IR A AR R R
H RN EEAR YRR E . A1 Uemura’s Law fHE5 &,
A DL ERIFE N R B4 B a0 e s A E v, HE
R - 2% L 3 -4 8 i A AR A, T
peo AE G — LB R . X520 BCS #ig
HRT, BB R E TR it 285 B TC O W T 6 B Y
XFH, MR T iR S ML I AE S5 A (weak
coupling) 24 FHY BCS ML, 1] e feaifil & 251
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11 52% LSCO WA T 1) R G oE i it b g T
LAY, AN R it 0] 8 Jo AR S M A 22 ST 2ty
He g RN 22, 7EH AR AR SO A4 3] “call
for advanced synthesis techniques”.

AN, XFAHERT S &, 52 IRTAR S5 204k
PRI RIE R (Gl R HAER R [ or0r), AL
S A LA R 25 5345 3 il S )
H AT A, ME LA E AR 1 5 DX ) HEAff b
JERUHE; [, S 7 7EAH I b A i im R
PR R T BN, I S — P B £, $2 7
BTG BE, A Nk A o R X LA
IR,

SEIZ IR, AR il A SRR T
Z DY 4R AR R TR A M-70 IR
AP T hnsd At A Fn HIERE , 980 R b 6t
FEH A 71 4)” (materials genome initiative) i) =K
HARERZ —. Fl AR A 5 RIERARTE 1%
G5 2050 7512 ) B T30 D7k 1) e O b 47 e A R
Ja TR, HiZO B GBI iR
(R M 34X R “TFATALFE” A0 Y TAEAR 5] 2 [1]
S S 2 R A, SRR S B
BRI PR, R s RIS 0T S ST A
G, A ER RIS MR R0, 485 oE
TP 2 3 7 v 14 s - e R ] R v O
S S5 vt/ L

1995 4F, Xiang 55 77 ) Fi] 25 H A A M 42
T S5 AR AE [ — B 10 mm x 10 mm A3 F 52
BT 128 FiAS [ 453 1 B A AL & 0 1 TR NP4 T
JG, PR O 8t EAT S AR A o). TR AR
fill I, 1998 4, Wang 557 #F— ke T s G
AR (high-throughput combinatorial thin film
technology) F-K Hh T = M R #E (OB EUR LR
%M‘**E’Jmliﬁ%ﬂii, TE—H 25 mm x 25 mm B
fik )y B SEHL T 1024 FhAS [R) 253 1 [ P47 8
FEPeE M 2 1 BA B KOCHERERI AT R .
TR S A5 R 5T 53 e H e i 2 A R R N
MIATERG BSRAERCR, IS 1 RS )z
KIE.

e i T 2 S IR OR T — UM 5 Y L
Gy BN 220 BT 2H 3 RE i, HE A R £ 25 A
JUF 584 —20, WORHIRRR T AMER R T4, i
G el s SRR, T DATE— AR R & 1Y
SRS RLAASH = 2 o P, SRR

A R T R e AR, 7R F BB Y
ARG, A MR R AN AURIE T FE
i il B B — Bk, T EL R T R AR I 2
TR ORG B T L B, X TR T B AR A
Lay ,Ce,CuO,, 8 FH i 5 4145 IR A BE T LAl
% Cemi 006 < z < 0.19 A KN,
GBI R T ARG T IR A A (2 = 0.14)
TR S 30 A A5 — P IR A A (3, = 0.175);
AT LA B 18 B A 1 i A A5 W, AT ke 31
K E B X AR . BN, ZEKE RN 1 em /Y
WE FHl 4 Ce &4 0.06 < = < 0.19 4H 40
MBS, HA B FE Az = 0.013/mm; Tl & Ce & &
$0.16 < o < 0.18 AYLLA MK, HA Bk
Az = 0.002/mm. XFEAL /06 T LI LAY
T T S R R A LR I BRI IR
AWFFE R T RE.

4 H—RAGFEEKEAR

41 HETFHRHBHAETAWASEREK
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5 45 () ik vh 3O DT AR (pulsed laser deposi-
tion, PLD) A 325 A HIvEr 68 14 Ik 0GR b fE
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TED 1) 0 SO ik [ 28 A e, B T OO0 A 7 A e
IS BS TR, 55 B R TP Y B e R i R o
38 B A JE I 23 A AR 7 W R A IR 2R T A
PR A K. A WO T HRAMEROR & H AT IE
TE A B8 — R A W R . AR
PLD 52 SRR ARAH S &, 7T LS T
E R aniOBURsR (T E AT RN NI %5 % N W2 F e
A 79 Bk H B0) sk U R OCHR S A4 B2 A5
BHARZR H RIR T ARH) & B

BT — ARG TR R 1 5 Bl A SR AL A4 IS
Z )ik E R E SR S A AR . AR AR K R
&l 6 o 55— DTSR A, [l A AR A
) 7 DAERE 13 2 S 2% 5y, 0 Wl AT A )
IS, XFEAER IR IIE L A 5o BB B 4341, B
ZeBAT s, BE S AR B BT R 6 5
DTSR B, [l R Ak S AT ) Ze LUE
JE 1Y) B FE VB R% 2y, 3 M A e I 2 R A P
W, IXFERr B 2 R oA, B AAS ) 2632
Wb o =0 R EE IR, B AR i —E 1Y
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St ER T ], PRAIE P AR o 7E — A PR TR S
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T A By, RO EE 3 AT, SR )m AR R
S S 2 JAH 7 J5 PR A

*
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N

_
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K6 ELERS SRR A K T A RR B A )
Fig. 6. An illustration of a typical procedure of binary

combi-film growth by using moving mask techniquel™.
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HA B 3 mm x 8 mm.
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PRAESR I T b A (B —2H 2 WA ot B s ) 5K
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KPR EDR, WK 7(b) B, Sr iy DR E A 5
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T, Sr FUTAECRAE 10 mm MFEE EARL T 0.01.
IR S AT A Y, OB A A A2 A 28 A IR
A SR ) 25 (] LA R AR R 1Y A SR 2R TR
HORPYBREE, AT AR — X 4 i 2 17 45 T )
PRIR 72 A DR, 80 42 S DL 1 2 A R oA 2k 1)
DU AR B (7 B AR . s X RERYTT ik, Wl
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=
=)
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e 1 2
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Fig. 7. An illustration of combinatorial molecular beam epi-
taxy (COMBE): (a) The sketch of the distribution of atom-
ic beam evaporated from the source; (b) the spatial distri-

bution of the deposition rate calibrated by the quartz oscil-

lator.
5 s REMENERAR

1o 38 AR DT ] DUAE — oAb i s Bt
W > SR, I, IR e 5 Z DL IC Y
M R AR BRI 5 25 (8] 73 R, AT i
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T/K

€ 8  Fe-B —JCHi4r4H A Wi AY A [ Az 5 A i BEL-UR BEAR A DG 2R (b) 64 SRV IR ST 4 51 2238 0 vy B 4 3 8 Se W IR O () 2

HHO R DX S8 4 5 i A A< T 2R

Fig. 8. (a) Mapping of the temperature dependence of resistivity on the Fe-B composition spread film; (b) a 64-pogo-pin-array

probe; (c) diamagnetic signal measured by AC susceptibility on the same chip where resistive drop was observed!®.
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5 L BB 305 AR A PR BT U B iR 8(b) Ar
TR, IZEEEE L eom x 1 em MR 23T 64 4
PR, BREF Z BRI BE LS R 1 mm, 7] ;=4
16 4~ FLBH-E BE T, 1] 8(a) ML Z @S
D3P F BEL B O B AR O R . MRS R &R R
Fe 4% i X [ 2 SRS s e M & B 2 i X A8k,
A5 X 35 ) A A L BELZE 10 K DATR TN, 1%
JU LAY AUR FeB,y. 38 HMELR (K 8(c)) 4t
FCREAR 5 RSN 75 () R, BELA T A S E A Lk Ay
FHE. X TAESCHL T A5 R s T T
SR RUEEZS W) 439, 2 38 s B AR & I s Ak
(R — A BT 491

18 B E 20 H AR W] LA — 25 3 & i W 2
[ A3, [ 9 rh g T — ot R A T 2 T ik
TR AR, A E e 2 e HAR R T R K 2%
J¥ (Hall bar), HLIEF 7 HTEE KAE N, K
N 62 M4 5 LA RS . T8 o I S R X ) 5 | £k ]
(4 LR 22, 3 AT DA B AR FR S AS TRV 8 A
BH (B4 9 H A REfk s 1 AN 3 BiCX) R AR
BEL (Il dnde bl 1 A0 2 fioxt). KR KL MA S
W A48 2480 BE 0 07 AT, BT DO R 07

XL TR B2 B . AR G2 I B A Ll
A LA B s PR OB 2 BB OC R

Doping gradie,nt‘ 5

R N

/0N I+

Pl 9 i FH 3 2 TR A 0 1 o M 1 D' 220 PR 46
Fig. 9. The lithography pattern for the COMBE samples.
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8% (scanning tunneling microscope, STM) HJ )
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an B Bl /N | JCAE I o S (R, ax BR AR T
TE il B A A R . A 2015 4R,
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78I BE A 45 2 B A T PR, BUHRIE & = 0.19 19— PRI K5 (o) 28 ZUOBZIR HIBDEZ ERE; (d) 85 O %45
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Fig. 10. The results of electrical transport measurements for LCCO combinatorial film: (a) The pattern in the first step lithography;

(b) the R-T curves of different channels in the first step lithography. The T, decreases with increasing Ce doping; (c) the pattern in

the second step lithography; (d) the R-T curves of different channels in the second step lithography; (e) the pattern in the third

step lithography, where the nominal resolution of composition is 0.0002; (f) the R-T curves of different channels in the third step

lithography.
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Fig. 11. (a) The photograph of the combinatorial laser molecular beam epitaxy system integrated with low temperature scanning

tunneling microscopy. Inset: Schematic diagram of the combinatorial film deposition stages; (b) temperature dependence of the res-

istance of the FeSe film with gradient thickness; (c) thickness dependence of T, for a gradient thickness film; (d) atomic image of

FeSe film fabricated in the system.
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Fig. 12. In the bilayer of La, ,Sr,CuO,/La,CuQ,, the super-

conducting temperature 79, which is the onset temperat-

ure of T, as a function of the doping level z.
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z < 0.0612.
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SPECIAL TOPIC—Superconductivity and its applications

Combinatorial film and high-throughput characterization
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Abstract

Cuprate and iron-based superconductors are known as the only two types of high-T, superconductors. The
mechanism of high-T, superconductivity is the most challenging issue in the field. Building accurate high-
dimensional phase diagram and exploring key parameters that determine T,, would be essential to the
comprehension of high-7, mechanism. The electronic phase diagrams of cuprate superconductors show
complexity and diversity, for the strong coupling and interplay among lattice, orbital, charge and spin degrees
of freedom. It is tough to construct a high-dimensional holographic phase diagram and obtain quantitative laws
by traditional research methods. Fortunately, the high-throughput synthesis and fast screening techniques
enable to probe the phase diagram via line-by-line or map scanning modes, and thereby are expected to obtain
high-dimensional phase diagram and key superconducting parameters in a much efficient way.

In this article, electronic phase diagrams of cuprate superconductors that are obtained mainly by electrical
transport measurements, are briefly summarized in the view of cation substitutions, oxygen variation in the
parent compounds, electric double-layer gating (electrostatic/electrochemical manipulation) and magnetic field.
We introduce the preparation methods for combinatorial film based on the developed pulsed laser deposition
and oxide molecular beam epitaxy techniques, as well as corresponding scale-span. high-throughput
measurement techniques. These high-throughput techniques have been successfully applied in the research of
interface superconductivity, quantum phase transition, and so on. The novel high-throughput superconductivity
research mode will play an indispensable role in the construction of the high-dimensional holographic phase

diagram, the comprehension of high- T, mechanism, and practical applications of superconductors.

Keywords: high- T, superconductor, cuprate superconductor, high-throughput combinatorial film, electronic

phase diagram
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