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Fig. 1. An illustration of the history of discovery of various superconducting materials
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Fig. 2. Phase diagram of electron- and hole-doped

cuprates [26]
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t < 0.86 1, BRI A AR, 5T A
I, T AH 454 o AT 2 2R O R Cu BB,
AFAH CuOg \H1AE.

KEMLI R, BT R8BS
SR T TG, I ZER 0T et
FasE TV A, MEF La®t, M Pr3t, Nd3+, Sm3+ 5§
Budt S8 7R B/ NI ot ER R A 5 15 2
BUNEIE, AR TR RIRREE ST M. =
& EEERBRE], M RoCuOy-214  (Hh RS2
Fiit 0% Pr, Nd, Sm B¢ Eu) fIEHA &, TiE5
56 R 1) 45 ZAH B SR T8 S S G AR . T
M LaoCuOy B H &, K H Ce & X La &% o
MRB A, BEB RSB TORBR X . B S
MR G, T, B Lot 4238 K Fhm BT Ladt 2
Bk, AR RIS M T, B, R —MES
S FE BT 5Tk .

AN 2 LagCuOy WA T2t = 0.868,
AbF TAHYE . RSB TR BN Cet T
43 BUAR Ladt a] LAy /N ¢, 46 T A0 Y 3036 B 7%,
HSZI K IMLCCOE 2 = 0.151, &RIRELA N
600 °C. [ [ B e 45 7 1l 2% LCCO AT i, 2
7330 4 b PR U B RE A BGRLEE RZI7E 900—980 °C
Z (8], WARA R 2 TAH. 1990 4F, Muromachi
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25 [9) i) % 7 T/ A Lay 5 Ceo.15CuO., {2 A Bt
RS HPE. HH 19944, Yamada 2560 A&
i A B S 5 T B A LCCO, Bl T4 sl &
IS, FEmasd AT, SRR, BN FE
AR IR N 30 K, & T/ MM i i, (H2 58
R B E RN 17 K, Z4ELIH 2 SR A
FIF RN T M. 2003 42 Oka 25 (01 FIAE 717
X (TSFZ) 4K LCCO H i, (H R A RHE-E S 1
T HH, 1X 5 PL B AH S50 4 B o — B0, AR B
G BT &, MRS BGR AT DURIR 2, 1M B
B (1) A K 22 H00e 9 P4 SR 1, A6 TT R AT HE DL B B
ERFPE IS AR TEASAAAE. BUA PR R A7 I A e T i
56 4 ] DAGEL 5 vy o1 R R IR AN T R MR &

£ 1 AR Lot BFHERE4% L KARRIN ¢ K71

i 5%)

Table 1. values of t factor in accordance with empirical

radii of various Ln3+ ions 78],

Ln3t r; (Ln3+(IX))/A Tolerance factor ¢

La3+ 1.216 0.8685
Ce3t 1.196 0.8618
Pr3+ 1.179 0.8562
Nd3+ 1.163 0.8509
Pm3+ 1.144 0.8445
Sm3+ 1.132 0.8406
Eudt 1.120 0.8366
Gd3t 1.107 0.8323
Th3+ 1.095 0.8283
Dy3t 1.083 0.8243
Ho3+ 1.072 0.8206
Er3+ 1.062 0.8 173
Tm3+t 1.052 0.8 140
Yb3+ 1.042 0.8107
Lu3+ 1.032 0.8074
Y3+ 1.075 0.8216

Manthriam 1 Goodenough (62 2 p& 3] 4 K b
WAL, Ln—O 8 Cu—O 84 & A R 1) #4
K 2R, B 7 M Ln—O B 3 Ik R B L L
PE Cu—O B R, F B¢ R 7 B B2 T+ s 1 48 .
TR AT O A ] R R S BT /T A R A A
Bl 4R T ARV T, 78 (000)-SrTiOs 1 &%
L g B T RS R E AL LCCO(x = 0.1) ¥

JEL (1) 0-20 F 3 5. MBI o] BUE 3, 7R 8 m BI T
TR 780 °C F A K1 LCCO 78 i b 7778 W B 1)
T #H (007) W, FH o5 ] 5 T/ 48 (001) Ve LL . BE#E
DURIERE B#A%, T 0 (001) U 1) 560 B S0 7 PRI, 136 B
VLI AR T A P L A3 o DR R P AR T R . TE DL
BURJEAKT 680 °C I, L MMIAS S T AHIE. KL,
TEARIE 25 d 1) il b, BRI AR KR B K A B
FIRAGE AL T/ AAE . (B[Rt S E = S, RTE
B FIT T AH I T B, B ) 3 2 53K
T/ #H (103) B Al HE 3.

* —LCCO(001)(T)
+ —LCCO(103)

LCCO(002)
STO(001)
o
LCCO (006)
STO(003)
LCCO(0010)

SR /arb. units

10 20 30 40 50 60 70 80
20/(%)

4 ARFEVIFEET, £ (001)-SrTiOg 1 & I il & 1)
LT B4 S Y Lag—, Cep CuOy (z = 0.1) AR
XRD 1) 0-20 H1 50

Fig. 4. X-ray diffraction patterns for Lag_,Cez CuOy
(z = 0.1) films grown under temperature ranging from
500 °C to 780 °C.

3.3 IRAXEBSHZ

FEHFNHRCLRR), X T T HEBIRAE
Wi AR B e b T 2N B Ak, — A
FEL) J DR e T DA 2 SR AR . TE iR
Mo FBea e T R B 2 A A AL M RE L (22 0
dr W), BRI ST A R T EER TS
B R (BRI ) MR K. IRE TSR BoR
IBKREER T RE R P AR, BN R AR A AR
RS 0.1%—2% 99, BAR R R BRAD—H 0
A, HAPRYIPEARL AN 2190 25 1.
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il 4, S 56 R B IB k 2 U A K R
TSR T A A R S L T B A Y IR L
S AR IR R AR A A — 5 (b g 100, JE
IR O BB A B R R 3RS Hall
RA 2 WA A B0 B AR AR I % 78 O IE
18, 23010 Ce #5244 & 190, Higgins & kB2
B O FE RS2 R B S L o B i Ce, 3843 5
ANEF O YaZW R T Pro_,Ce,CuOy (PCCO,
o = 0.15) FE S 0T P RERH, 2 0L 0 25 % Bk £ i
FHERGR K TS, B s R R S e (55 (O8], i
1) ARPES BF 7t 25 5 22 B 1R K Ab BRRE RS A% T 9%
KT R 25 R R I8 4B ST I 27 R B oK R g 18]
LB KSR TR A T4 — i S 4l 5eix
AN EFT T 05, ARRMERI A R

1) Kang 2 90 )\ 7™ 4% 44 46 2 B L
PLCCO Ff & R, K ILIB KT A S 4F 5 Cu
A AN N 1,73, TR K5 AR S X ME AR
1.66, X FiiE K AL FE 5| EE 1) Cu h B BBt 3 5
LCCO # JE v X it 2 0t fL 1 Re i (XPS) 45 th 1 45
R ), Kang 2 AR LB KA RS BT
Cufitk, Z IR 7RI T Ce B 22 IR, At
DAFE S AN T X e 2R 1) Cu R 7 7EIB K A2
BT RoOg B3 A AH 1 H BT 75 20 %0 42

2) Fournier 2 (U 7 il 5 F i 51 N Al &
f Cu, A ISR J8E G B il A K 2 2 A Ca BB,
ESEIG R, RIMEEAT CuBba, #5457 ZhE &
FUR KALFE A REFRAF B T M. AT R AR
KADE AR S R AELE D B T AR, 22 H R TS UK
DR L FRRER T EEROGT TR A, IR K A H
s £ T A CuOg J\ A H (1) T 5 %8 (apical O),
B S R AR T, 7S 2T £ 00 T 48 72
Radaell % [7] 5 Ndy CuO4 BEAIE KRG 5 T3
FTHT I 1) 45 AR IR KT AU A 0.1 B 2
0.04. Schultz 2 ™ % NCCO [ 7 s AT 5 25 5
HET ARS8 HRMEER ERE, &
FHB AN AR S T AHME S T A8 1R
TR — B0 (42 R R PUAN AU ). dn T3
fift I\ T AH 2 T/ AH A28 5 B R B — 3 A7 BT
A AT 2 AR 7 t, ROAE SEBR B RBR & R-O
JEAN Cu-O JZ 8] (8 F7. A1 T 2H 43 (6 T AR T A B
HRL P A BOR R 0L, A R A R T I T
FHEF, T AH A9 /0 V5 % 5 AH, IR K A2 BT DL R
THIF TR A O M CuOg J\TH R 235, BT LS H

0L TR K P RSB A A i A5
£ (R, Ce)2CuOy_s.

3) B UMRIANAERBRKIEERPAZ
T #H CuOg J\THI /& H 1 T 5 4. Richard & WFF T
PCCO g A () LT A0 S 1%, A AT R IR K I
RO BT AUA I RE, 7RI — N R e
e T HE R A ERBREXEREOQ2) ME
I (LKD), FEmB X ERE O1) M B A, i
AN IR A — AN FRAE T/ A0 B8 EH N 5T T8
AL, MR T IR S KR LT, A R T
S P R 7O

[N SSAS SS\E S0
e o
o®) @® cu
O(l)/o‘—#?'—#o“
@:

KI5 Ro_3Ce;CuOyys A& R 7]

Fig. 5. Crystal structure of Ra_;Ce;CuOy4ts (77,

PLEJLISWL s AR 5, EAR A 5B K
HRESEmEASE. HRDEFEN—ARERRT
WHASE CARGHMHXERESFHT
5T M8 #4825, Rotundu &5 F) F 4 WA TiE K
PCCO # 31 T/ AHIRB) 2 T M, XA 72 3% A T
J 4RI 23 ok, (R SIEIRL T 4AUHE )\ T 445 T A B i T )
155 7% 175,

B, FATTAE (000) 9 SrTiO3(STO) # & I, 4=
K T # AL 48 LCCO 5 SrCoO3_5(SCO) 1
#%, BI[LCCO/SCO)n. HISCH I T AR A KR
JERT LR LCCOM AR T/ 5 THM 4. JFN
b BT A B B A AR KR 720 ©C, i iR kB
Z AR T DUTE il A% 45 A A3 30 T A, FRATAE LR
PR AR A 2 100 nm (TSR, U H1GE SR
BN, B84 2 LCCO MSCO KB, b
JEHI% N (3K LCCO A T AH ELA7) 28 1 K.
N3 B, RE SR T A RIRIR KRR, TR
FIFLCCO g b FOWIIE] T A7 (WL 6). 1% =0k
# IR SO RN T T /T A e A% —
A ERR. SCO Z WM& At W N a = 3.82 A ],
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/NFSTO (3.91 A) MILCCO (3.99 A) MR (1. 72
AU LCCO R SCO i & 5 B 1 15 5, 386
JA S BORH 2 T 1 n i, 3 BLCCO % £ SCO
SR BT PN N . Seab gt R, M LCCO
RN RN D —el s, FABRAAIRED
ZoNREIKAN T AH ) T/ AHE A, DRk, F I8 Kol ik
FEBIBIEFEIE T B2 FE B FE 2 1 I 2R, nix 4R 3 1Y
INPAEIES

T T T T T
x —LCCO (T)
¢ —LCCO (T

STO(002)

—~
—
o
S
N
O
H
0

SCO(0010)
STO(003)

HEJF /arb. units

20/(%)

6  (LCCO/SCO) N it fi #% bt J& 1 %72 1k (¥ XRD
6—20 FHHE

Fig. 6. X-ray diffraction patterns (XRD) for the
(LCCO/SCO) N superlattices.

4 “pRPEKF| RIWAEEZMN

4.1 BFEHHBESIR

SR B L YBT3 5
IR KRG T e, X T B S h, —RZE 800 °C
F1900 °C, = H A B UAR TR K, i
I AT JLAN AN R 2R LR, TR T 3 A
BT H R I8 H KA 10 2500 nm, 7EIR KR4
AT 785, P a5 B 1A 52 (DA 43 Bhoit 2 22 BE 4.
RTTEEE I, WX Fh— D20 i IR KGE FERR A 2
B B AL SR K.

Brinkmann 25 ™1 SR B 5 E 3R AN [7] (958 k&
fF 4 B PCCO FE din. ARATT R A B8 & 1) 3R iR 2
(1080 °C) A1 T K (3R KB 18] (= K), 3RAG (1 AH K

HURTARIRMARKX . K7 "TLLE b5
FHSE A 235 % AR X35, IF Hz X 3 542
1 52 B A G 1 B e e e AR TR SR 2 1y, M PR
ARG DX 3 M LA (1) dome FEARAE Ay — A s il 2%
(BB 2 3G 0 50 T B ). IS4 B 1 i e 3R JOf i 5
DA AR At — D SE AR ?

30
oo [T¥m—]
bl e,
MR = O
v | ’
\U =1
SEEN
g
10}
A
0 0.05 0.10 0.15 0.20 0.25

x

7 Te-z FAES20BRN Brinkmann 278 PCCO _E[f)i8
KIER, 23 OB GER k45 5 7]
Fig. 7. T.-x phase diagram superconducting transi-

tion temperatures vs Ce concentration for PCCO sin-

gle crystals (791,

2008 4, Matsumoto %% [*? iz ] MOD (metal-
organic decomposition) 8 £ A K FH P 4218 kit
FE OLHEFRAE LR YIR K%, protect annealing) A %
L BB IR 4 E A (R B (T AH RoCuOy, R =
Pr, Nd, Sm, Eu Ml Gd), & 3@ i 1538 K &4+
A BHA M BE G (T, ~ 30 K). H51&4ti—2i8
KITiEM TG, Matsumoto 256 K HUH PR K, BL46 1)
800—900 °C FWAHB /4, 2) 400—500 °C H =R
K F SR e SR AR5 — 2 850 °C, 0.152 Torr
(1 Torr = 1.33 x 10% Pa) #A %, 25 =450 °C,
H4 < 107 Torr.

Krockenberger 25 131 | F &4k 9 43 T 3R 4 4E
FR, W PR KL FFESRAS T PCCO I BEAE
PryCuOy i 3. R 5E1E 750—850 °C,
7.6 x 1072 Torr %L FHEAT S — 2R K, RJE1E
e LI, 450 °C H 700 °C i B VI [ #EAT 2
TOPIR K, IXFEIRAR BIRE e T WAk 26 K, B
Ja R A BIFE T, AT D3RS 5 1 T A
LagCuOy B, Rl 22 R 0 78 AR bR BE At db 4T
i, R8T TV M LagCuOy, {H H ATE RS 2B T
(RRE i 151 T A A S R X F AR 214 254 REAA
S T MR E 2

I, FrA BB AR A A Y B AR B T
S HM, 454 Brinkmann ZFHI45 R, B TB 4R
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S BRI B B (45 A T A BN AR, i T
BB A Sy 5 T, 3BT T B, Weber %5 B2 il R
S5 B V7 bR N Bh 25 7 34335 8L (LDA+DMFT) i
BRI, 7 A5 2 A E A B B A PN W] i %
A, Mott [RERBEASFRRELAS . MBATIA N T 54
AR A T R SO TR AN i Mott 48435 3 U,
a0 SR T AR BEAR AN AT T A BEE (FH
B RO T), HEE WS Mott 8215 KA
KKK F. Horio %5 81 ) ARPES 556 7E 518
KERAF IR it o A B B S B 1) Bk v BT i Bt
MG, AERAE ST AL AT BN R . SRR K
T 3RAT R T B R AR A A T R PR R T AT
FIAIN, K AR R HbAE Bl % 4 B AL P8 T LB PR 2
AR,

{H, FEBE— 35 70 MR IR K TTVESRAT R
HL T 25 BT, BG4 A W5 IR Ka] DL
KRBT, IR R AR IR K RO AR R
B LR,

4.2 BARHRLIES

Tkt — LR R IR SR K ik, PR
KA, B I R R R SR R 1 O i
B 2R T BGRE 3 ) T AR A

ETH SR B PP IR KR LU AR i) — P IR KR TR
INAT 8K, AT REAE DR X FEAT 2RI i A A BEAR AT
A 48 A0 i E R ST PSRRI X T R B 2R A AL

VIHEIRE S, T R R A LGB KA 7R AT
TEAE 6 I TA] B G R SR AR K, XA 2
T4 (XRD) W 32 W ek 55; (52 M 45 A it 45
FRE MAAFAEIRFE DL, X U B R 3B 2 B AN By 2
FIFFATRE, SRS AR AN I 15 J 4 it AH R SR 150 5
FasE. BEAN, KI5 FE S I 5 B AR I (39,
2 B ) % B R A5 2 FE i TR A 42U THT A RT BB A FE R
ER

TEEBLS, AU A AR 48U 12 B TR 4 S X
P B3] Krockenberger 28\ N 7E P 45 1B G 2
B — 0 R AT D VRS AR A, 2R P
TO0 R U A% LD 8T N SRR I, IS5 10 E 2%
BT 5 — AR K L PHAE ORI B S (E]8).
IR, THI PN SRR B 2 0 B LR EE OR, (HR I SR A — 2
RERE AT T N SRS, IR A (B A3 PR5E I 2 TH R AT
AANBERE R, BT THHR 2 R 2R b b 1R ] S N T
REA R A ) Ak be, DRI B8 & B RE A2 2 — AP AE
850 °C [ iR K, A ST A AR DR A Sk B R A
A, AE RN 5] N AV BEHL A A B TR 28 =8
I H 450 CCIRH T 2 R AT, AT AL i
A (L9 FR). AR5 — 0 v 5] N VR T A
2B RHFE it FL BHL, [RIFF AT DL BE Krockenberger 55
RS . eI e B — R K S SRR 2 1 R IE
STV TS ] DAISEIX PR A F% A T SR AR
BRuE e, TSI N TR S G R S R . AHOR ) L
YEIEAEREAT .

102 102
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Fig. 8. The electric transport data of T/-ProCuOy4 thin films in cases of (a) as grown, (b) first-step

annealing and (c) second-step annealing. The as-grown sample is (a) insulating and the optimally

reduced film (after step II) is superconducting (c). The films just after high temperature annealing

(first step) are less conductive than the as-grown ones (331,

Jin %5 B #E STO 3 J il % 7 RCCO (R =
La, Pr) i fafs (2 & KB 2% KB4 RCCO
J2), RIVRBIZI T, BEW. R KI5 20
s PR A R PR BT THT A 48 Bk B T 2K 2588 3 L, T4 0%

AR ORI 3] )R T R R R U AN HE AR RE. LCCO
FRTHT PN &A% 5 U LT ANBE Ce OIS INTI AR 1L, 7242
T B I, RAB AT i AR A AE T A R B L P
— BN B AR L, T ] DUE S RS, T
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Fig. 9. Schematic and simplified copper-oxygen con-
figurations of the CuOs planes in ProCuOy4 (square

planar coordinated cuprates).
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Abstract

The high-T. copper-oxide superconductors (cuprates) break the limit of superconducting transition temperature
predicted by the BCS theory based on electron-phonon coupling, and thus it opens a new chapter in the superconductivity
field. According to the valence of substitutents, the cuprates could be categorized into electron- and hole-doped types. So
far, an enormous number of high-7, cuprate superconductors have been intensively studied, most of them are hole-doped.
In comparison with the hole-doped cuprates, the advantages of electron-doped cuprates (e.g. lower upper critical field,
less-debated origin of “pseudogap”, etc.) make this family of compounds more suitable for unveiling the ground states.
However, the difficulties in sample syntheses prevent a profound research in last several decades, in which the role of
annealing process during sample preparation has been a big challenge. In this review article, a brief comparison between
the electron-doped cuprates and the hole-doped counterparts is made from the aspect of electronic phase diagram, so
as to point out the necessity of intensive work on the electron-doped cuprates. Since the electronic properties are
highly sensitive to the oxygen content of the sample, the annealing process in sample preparation, which varies the
oxygen content, turns out to be a key issue in constructing the phase diagram. Meanwhile, the distinction between
electron- and hole-doped cuprates is also manifested in their lattice structures. It has been approved that the stability
of the superconducting phase of electron-doped cuprates depends on the tolerance factor ¢ (affected by dopants) doping
concentration, temperature, and oxygen position. Yet it is known that the annealing process can vary the oxygen content
as well as its position, the details how to adjust oxygen remain unclear. Recently, the experiment on Pro_,Ce, CuOy4_s
suggests that the oxygen position can be tuned by pressure. And, our new results on [Lai.9Cep.1CuO4_s/SrCoOs_s|n
superlattices indicate that more factors, like strain, should be taken into account. In addition, the superconductivity in
the parent compounds of electron-doped cuprates has emerged by employing a so-called “protective annealing” process.
Compared to the traditional one-step annealing process, this new procedure contains an extra annealing step at higher
temperature at partial oxygen pressure. In consideration of the new discoveries, as well as the 7. enhancement observed
in multilayered structures of electron-doped cuprates by traditional annealing, a promising explanation based on the
idea of repairing the oxygen defects in copper oxide planes is proposed for the superconductivity in parent compounds.
Finally, we expect a comprehensive understanding of the annealing process, especially the factors such as atmosphere,
temperature, and strain, which are not only related to the sample quality, but also to a precise phase diagram of the

electron-doped cuprates.

Keywords: high-T, film, cuprate superconductor, electron-doped, annealing
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