Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 22 (2025) 220102

Tl REESMRHERE

REBSMRARTARE R

DOI: 10.7498 /aps.74.220102 CSTR: 32037.14.aps.74.220102

B PR I, i i SRS TTRE TR 5 1) IRAGR R L, A CH B THE 7R
T R ) LR, O 1 R T A AT R L Y . BRI A O — B B ST, e
JUFENIBAS T R BT FERE . Bln, XUZ B ALY 7e 5 7 S AR it B R W s a5, 1T G RR JZ= A
XUZ B 1A 22 0 e S 5 DU S B 1 TIOR3, DB 00 6 B . ) BV TS R TR RIS, 338
B AN RS2, X Sk A BILA = Y AL R L OB

SR, HATERE A S OT T TS 2R 5, MR 5 A FBON TR, B b S 52
LA B TR A, XA —E R B BRI 1 X RARIBESE. R, U A B i A
JIt T i, AECRE- S ML AT B AN B, i s O B ) SR T A B M. LA, 5 AR A i R A L
BRI R PORL R Tl FUELE T, i BORSETH =S ], Wl it —2P4R e T, RN A TR R A e i
Bl .

ST MR I TR — 1 BT R ELE R A RV e, (B ) AR B
SPRIRFTRE I L, AN s B I T U ) B BT T TR, PR A A i S A B 1 B 1
BFSE A Zid WL AR R, DL ROAHSR i SE 9 AR FNIF S T k. FRATTH Bt s AR L, sk — 2Pt ik
XU R AT ANTRA K.

(B TAE hoRss; WoEsr  hilokss; R P EREEEAR R )

SPECIAL TOPIC—Research progress on nickelate superconductors

Preface to the special topic: Research progress on
nickelate superconductors

DOI: 10.7498/aps.74.220102 CSTR: 32037.14.aps.74.220102

© 2025 FEYIEFS Chinese Physical Society http://wulixb.iphy.ac.cn

220102-1


http://doi.org/10.7498/aps.74.220102
https://cstr.cn/32037.14.aps.74.220102
http://doi.org/10.7498/aps.74.220102
https://cstr.cn/32037.14.aps.74.220102
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 17 (2025)

177401

T REBSHRER

=R

SEk L33N1207 Eﬁiﬁg;ﬂ

HYJE 77 4k i

K5 BiE BB G

i i3t 4 U1

E 3 4!

1) (HBIRTE RSP B T FE2E0e, BB 273165)
2) (B KEYHEDE, BAME Y A F A0, F 210093)
(2025 4F 6 7 30 HH; 2025 4E 7 A 23 HUEMERH)

X1 F XZ Ruddlesden-Popper FHEE R EE LasNi,O,, T SLIRR R, HR S X, MiEE kK, Hil
SEANRRE M 18 GPa JE /I T HY 83 K BAJH TR, I HIL H M =ML B SEARE-EHME, 55840y
BRI SR B AR N TR E TR B S KA. ﬁﬁﬁﬁfi%*ﬁlﬁ]ﬂ%ﬂ“ LayNi,O; i 8 S AL

BERHE EE?EE?E%AHL%'J%EE%’#F S CE R NS G R
i B 19 e g S L 3 HIEL@?*S’E‘?;@A@S'E&HXT% o 7 o AL PR R

Bk, R B S

TR, PRI, A SCOM 3 Hi 5 1) B e 1]

X4$#17: Ruddlesden-Popper FHAUZEIREL, 8 FAHHIE, 7 RESEALAE, iU TG, Rl A TERIE

PACS: 74.20.Mn, 74.20.Rp, 74.25.Dw, 71.27.+a

CSTR: 32037.14.aps.74.20250696

2019 4F, HriHAE K= Hwang B\ 1 B2l 45

T Nd gSroNiO, i, I 2 2y 15 K i S5
JE AR AR, IR IR TE AR S A v WL 21
ML ME. 2023 4F ) Sun %5 B & B2 Ruddlesden-
Popper(RP) ] LasNi,O; 7£ 14 GPall FJE I T &
PR EEAR IR T, 9638 80 K A S HL bk, X— &
SEEPIR ST B g B0 gy (1620500 5
RP MR £h LagNi,O, B XUZ Ni-O /\ i iR 4%
F, Ho ) BRI S NPT (3d78),
AT 3d® 1 3dT Z M TR & M AL BROK BB I
3dgz _p2 A1 3dy2 e BUIE 3 1) S B OE 0L JE AR A
1/4 5. %R EA 3 9ok AR Z PE FE

DOI: 10.7498/aps.74.20250696

PE, LagNi,O; B2 TEHE F IR IEIE. Mtz
T, Jo B2 R R I R A e T 4, B R Ni-

O JiVizht. Pk, HARHRTAIADY Ni' T (3d7),
BB T R £ B Cu-O 5 - i 45 44 1Y cu®t

(3d%)L51. HAT, £ LagNi O $ H (1 B AR A %
B, Ni [ 3ds.2 2 B [H5RE 0 I B2 R A XHE
R FIRT A AR, 0T BB B so D BE XX AR
Al‘i [21-23,28-30,33,36,37,42,43] @z d ?BZ'@EX;J—X#%T&I— [32,35,44745,48].
HHT, LasNiyO; M- LKA JoE . A5t R,

ST SRR A HLHIS R B SRR E T 0 K2,

TSI 560 75 0 S 722 Ui 88 e Az i i MeMiillan 1:&
BRLBSL PR, T DLHERR 5 RLAY HL R R A AL 3
(BRI B 7 2 B T3 H T [ 123430458 Bt )
ﬁﬁéﬁﬁ@/{% 29,33,34,47,59] }F@ Zhou # [60,61] D KO %‘:,F [62]
53 0 kI AUZ RP AR 3R (La,Pr);NiyO; i

* EFHRBE RS JEHES: 12074213, 12374147, 12274205, 92365203, 11874205, 11574108), [H 5 & i & iR (S
2022YFA1403201) LR FRFIARE G B RIERITRI H (kS ZR2021Z2D01) ¥ By EREL.

t BIEVEE. E-mail: hylu@gfnu.edu.cn
1 BIEYEE. E-mail: ghwang@nju.edu.cn
© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

177401-1


http://doi.org/10.7498/aps.74.20250696
https://cstr.cn/32037.14.aps.74.20250696
mailto:hylu@qfnu.edu.cn
mailto:hylu@qfnu.edu.cn
mailto:qhwang@nju.edu.cn
mailto:qhwang@nju.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 17 (2025) 177401

H1 LagNiyO; HRRAEF R T 1 S 1R i AR T 58
% 40 K, #5778 FR 5R BN 4R AR 3L | BRIE 2 IR 1)
55 3 R R A

i, Li 45 914 LagNiyO, 8 e SE 3o i e
JIEEY B ZE 104 GPa. 5L, 75 0—14 GPa
FEF{E, LagNi,O; B 4a g Re1E; 24 H it
14 GPa i} tHLZ5 ) AHAS , 7E 18 GPa i i T 4% 42
B2 f s, 83 K, Fifi 5 Bl A 7 148 R B i
Wk, T RGE T = A T -JE SRR (1), iZAHIE
5 AR SRR R h B A R T
1K) 25 TR R S T B G AR T] 64661, i B2 I 5 M
EIXF 87 LagNi,O; [ S HLH 2 X EZ. A1
AR L MR ARy A e PR %, 3R S
AR YR BE WY R RO M. R vz eR R AR A
(FRG) R ABIGE T 3l 7 EUR T R 6

150

=
g
3
3

I4/mmm
W T ryn 1 O TR run 1
A T run 2 AT ryn 2
@ 7ot run 3 O 7™ run 3
® T2t ryn 4 O T run 4
» Tt run 5 D> T2 run 5
T2 run 2 T run 3

X

o

T7° run 4 10.5 5
c 2K
~

<

100

T/K

: Metallic

50

GG BR bbb

Bl 1 LagNi;O; N HEF] 104 GPa FE JJ (18 54 & 193]

Fig. 1. The superconducting phase diagram of LazNi,O;
single crystals under ambient pressure to 104 GPal®.
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Fig. 2. (a) Conventional cell and primitive cell for LasNi,O; under high pressure; (b) band structure and (¢) DOS under different

pressures for primitive cell, the insert shows the DOS near the Ep 7.

177401-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 17 (2025)

177401

H T Ni [ 3ds.2_,2 Fil 3d,2_,» FLIE 7E 54
S IX A 35 B BHER BT, B, FETFRk
JRiig At Wannier pRECT ¥ O, FATHIE 7HET Ni
JFF 3ds.2 2 F 3d,2 2 BIRUZ FPILTE R AL

Hy = Z tgbCIaG_CiJ,_(Sbg— + Z sacjaaci,w,

a0

(1)

id,ab,0

Hor ) 190 ORI 0 B o BB S5 05, i+6 1) b BB
ZBIMBRIEHE T, o (REATE, eo N o FUEITE
fifig. MRLIER, T3 o 1 2 20 B 3d,e_
M 3dz.2 2 FLIE. ANFIHES T BITEN BE L ERIT 25K
HIFEE 1, Horp 2 e E@Eﬁ}%rﬁl@’ti{tzzoé) SR
R, X5 LagNiyO; B FFT 45— 5 20222357,

3 Wigew FHEMB
T {1388 o8 7 A5 T 29030 e A TSR B
GERL T IR, FOARE 1 PG S 32

H= >

i,a<b,00’

/ T T
(U NjagNibe’ + Jncmcibacib(,/ciaa/)

+ Z Uniarial + Z JpcIaTc;»erib¢Cibm (2)
i,a#b

Hrhr UZR#1E N Hubbard HEFR#, U’ K5
FECHEAER, Ju 2Bt R il G, Jo HECK BRI AH
HAEH. M4 Kanamori 5¢ 2 10 #1380 HEFr 9%
U =U+2Jy, HHUGE B BRE Jy = Jp . i
1 LY A TC R AL T AR SAS 2 U ) RRAE

%1

a

9 2.0—3.4 eV, FHHE T KB4 T rf 458 i
I, AHFST B A N Hubbard HEF3# U = 2 eV
Ml U= 3 eV T

21 AR R A ALEE (SM-FRG) J&—Fl Sk
T 2R 2, AT ATE R A PR S (SC) .
H e B (SDW) FHLfar %% B (CDW)3 /Nl
B B 4 S A ECAR FH, 755 28 v SR B o BE Y R P 2L
HHIFHTHEEE R 20T OTETX Wetterich
Ty AT AT A, 15 3 SRR AN T 24 DU A T A PR
B ry BB LMW RERR A LAY B RS (2
H A5 IE AR RAR A ). b Iy i =
SC, SDW #il CDW i & - #1474 fff, 7l 3145
BRORF AL FAT 0] (R FBCR R . 38 3 126 AR Ak I
SRR, FATAS B REAR ) I B fo 1 25 S {E
Sa. 2 S FEFAEE T YO L, AR A AR
B4 % A AR P RS 2 R S B A AR
E, FARIRE T, 1F L F B HURERS A . SM-FRG 1
PEATE TIHFE R T 5T U5 Y [m] B 15 2 A ARG
(RGN RFATERR, BN T, |8 S B W FRTE | %
FEW P EOE SR, 25 1, SM-FRG JrEANUBEDS
FAEA BRI T RER A A, A R A
TE T, ~ A L H. I, BATIR A& A2 6
ERALEE (SM-FRG) FiE ke R My, H£
B AT B2 3R [57]. F SCK A e R 3 il
RUREOL T B FRG TS5 R, 4kl REE04E T, 1 &
TIRAS M.

ARSI LagNipOq BUZBUPLIE AR AR ITERLRE e SERTRUY ¢80 SRR (L o M 2 05108 3d,2_ 2 /

3ds,2 2 BUH, FEHZFEBEN 1/2). JEHBLHN GPa, o 5 180 A eVET

Table 1.

On-site energies €, and hopping integrals tgb of the bilayer two-orbital tight-binding model for LasNi,O; under

different pressures. Here, z and z denote the 3d,2_,2 /3ds,2_,2 orbitals, respectively. Note that the vertical interlayer dis-

tance is assigned as 1/2. The unit of pressure is GPa, and the unit of £, and tgb are eVP7,

Pressure Ex €z t%lxoo) tflzoo) t?foo) t?&o%) tféo%) tzclzlo) t(zlzlo) tg(glzoé)
14.1 0.728 0.402 -0.470 -0.118 0.235 0.008 -0.623 0.071 -0.018 -0.036
16.1 0.737 0.407 -0.476 -0.119 0.238 0.009 -0.629 0.071 -0.018 -0.037
19.7 0.747 0.411 -0.483 -0.121 0.242 0.009 -0.637 0.071 -0.018 -0.037
21.3 0.749 0.412 -0.486 -0.123 0.243 0.008 -0.640 0.071 -0.018 -0.037
25.7 0.761 0.416 -0.495 -0.125 0.247 0.009 -0.647 0.072 -0.018 -0.037
29.8 0.769 0.417 -0.501 -0.126 0.249 0.010 -0.651 0.072 -0.018 -0.036
40.0 0.803 0.426 -0.521 —-0.134 0.259 0.009 -0.674 0.071 -0.015 -0.040
50.0 0.833 0.437 -0.535 -0.139 0.269 0.010 -0.698 0.073 -0.016 -0.042
60.0 0.847 0.435 -0.552 -0.145 0.273 0.011 -0.703 0.075 -0.016 -0.040
70.0 0.871 0.447 ~0.566 -0.149 0.283 0.010 -0.723 0.073 -0.017 -0.041
80.0 0.896 0.453 -0.580 -0.153 0.287 0.009 -0.738 0.072 -0.015 -0.045
90.0 0.918 0.461 -0.593 -0.155 0.293 0.008 -0.753 0.071 -0.016 -0.046
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Fig. 3. (a) FRG flows of S~1 versus A in the SC, SDW, and CDW channels of LagNi,O, respectively, at pressures 14.1, 50, and
90 GPa with U= 3 eV, Jg = 0.4 eV; the left subfigure present the gap function on the Fermi surfaces, the right subfigure presents

the leading negative S(q) in the SDW channel, both subfigures are the results at pressure 50 GPal”; (b) phase diagram of super-

conducting T¢ versus pressure of LagNi,O;%7 the T and T™d are extracted from the experimental work®3l for comparison, the

DOS at the Er ( Np) versus pressure is also shown for comparison.
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SPECIAL TOPIC—Research progress on nickelate superconductors

Pressure dependence of superconducting transition
temperature in bilayer nickelate LazNi,O-:
Itinerant electrons and local spin picture’

LU Hongyan T WANG Qianghua ??
1) (School of Physics and Physical Engineering, Qufu Normal University, Qufu 273165, China)
2) (National Laboratory of Solid State Microstructures, School of Physics, Nangjing University, Nanjing 210093, China)

( Received 30 June 2025; revised manuscript received 23 July 2025 )

Abstract

Recent experimental studies on the bilayer Ruddlesden-Popper phase nickelate LasNi,O; have shown that
in the superconducting region, its superconducting transition temperature decreases monotonically from 83 K at
18 GPa as pressure further increases, exhibiting a nearly right-triangular temperature-pressure phase diagram
that is different from the dome-shaped diagrams observed in cuprates and iron-based superconductors under
either doping or pressure. It is important to understand this anomalous phase diagram in elucidating the
superconducting mechanism of LasNi,O,. Since the electron-phonon coupling mechanism cannot account for the
high superconducting transition temperatures in nickelate superconductors, in this work, the pressure
dependence of the transition temperature is investigated from the perspective of the itinerant electrons picture
and the local spin picture. By combining the density functional theory (DFT) and the unbiased singular-mode
functional renormalization group (SM-FRG) method, it is found that the pairing symmetry is consistently an
s+ -wave, driven by spin fluctuations that become progressively weakened under pressure, thereby decreasing in
the superconducting transition temperature, which is in qualitative agreement with the experimental
observation. On the other hand, we estimate that the pressure dependence in the local spin picture contradicts
with the experimental result. Therefore, the pressure dependence of superconducting transition temperature is
more consistent with the itinerant electrons picture. Admittedly, we only made a rough estimation based on the
local spin picture. It is expected that further and more detailed research will be conducted on the pressure
dependence of superconducting transition temperature from the local spin picture, providing deeper insights into

the underlying superconducting mechanism of LasNi,Oy.

Keywords: Ruddlesden-Popper phase nickelate, superconducting phase diagram, functional renormalization

group, itinerant electrons picture, local spin picture
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(a) (b) Ambient  Pressurized

Pressurized

(¢) Ambient

B 1 WEMESETRPHBREZAMY (a) )2 LapNiOy; (b) BUZ LagNiyOy; (c) 3 )2 LayNigOy 19 sai& £544; S K A
L1 (A /NER AP AR EE La, Ni fil O JR T, MO RL BN T 2 2H 32 E P Ni—O NTRW ¢ J5 a1 BLUH

Fig. 1. Crystal structures of R-P phase layered nickelate oxides at the ambient and high pressure: (a) Monolayer La,NiOy; (b) bilay-

er LagNiy,O7; (c) trilayer La,NizOyy; the green, gray and red spheres represent La, Ni, and O atoms, respectively, the black dashed

lines indicate the distortion of the Ni—O octahedra along the ¢ direction in the bilayer and trilayer systems.
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Fig. 2. Orbital-projected band structures of LasNi,O; under (a) ambient pressure and (b) high pressure, calculated by density-func-

tional theory (DFT)I'®; (c) schematic illustration of the electron configurations in different orbitals®¥; AB represents antibonding

band, BB represents bonding band.
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Fig. 3. Band dispersions of LasNi,O; measured by ARPES at ambient pressure: (a) 3D plot of the electronic structure of LazNiy,O;
band dispersions along the (b) 'S, (¢) I'X, and (d) XS directions. The yellow curves are the DFT calculated band structure

after renormalized by a factor of 5. The white dashed lines are guides to eyes for the experimental band dispersions, indicating the

orbital-selective band renormalization!'?”. The experimental temperature is 18 K.
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Fig. 4. (a) DFT calculated three-dimensional Fermi surface (FS) of LagNi,Or; (b) two-dimensional projected calculation of three-

dimensional FS; (¢) FS map measured by ARPES at 18 K, the orange lines are the BZ of the conventional unit cell at the ambient

pressure; (d) F'S measured using a 7 eV laser at 40 K, the calculated FS is overlaid for comparison!'?7.

177402-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 17 (2025) 177402

(b) 90

180 180

270
Angle 0/(°)

270
Angle 0/(°)

@, gy . 999 Z
e, K. 1t

N~ —

/
~

5 (a)—(c) BB LagNiyOq BYG AL T35 B X AR, BRI AR 10 B B 2 7R 1Y 90 K I 4 5 A BE 7 1] 1) 05 59 %, LH ALV 4y
TR KT AN H AR AR, () 1055 Ni Y e, HUIE 09 A 2K R AR Y BEILEE L (b) 20 DN A5 09 D' v 7 BB 35 15 A [R) 7 1 19 54
(c) B 425 Ni 1 e, HLIEFI O 1Y p HUIE MY A BCE RSB B O BIZE AL (), () (RI&) Feokim b e 3 i Ak iy % el BOR B A (206
55 @R AR AR AL, 21 /R Ak IR A ISR O/Ni R ); (R R (), () Hk I i BRI 480 1) ARPES — J] {4 P {5 %5 (LV-
LH); (e) (_F1&1) 5238 Al f #% 5< et 55 187 PR B3 A9 AR X BB ; (TR J&T) S 9 ARPES — ] (4 {45 45 1199

Fig. 5. (a)—(c) Simulated symmetry of photoemission spectra of LagNi,O; using linearly vertical (LV) and linearly horizontal (LH)

polarization, the distance from the center defines the magnitude of the signal at a given angle along the FS, (a) an effective tight-
binding model with only Ni e, orbitals, (b) experiments, and (c) an effective tight-binding model with both Ni e, and O p orbitals;
(d), (f) (top) schematic illustration of wavefunctions at the indicated momenta along the FS with relative phases in red and blue (O
and Ni sites in red and silver, respectively), along with (bottom) the simulated ARPES dichroism (LV-LH) from the same model as
in (a), (c). (e) (top) Experimental geometry, showing the polarization vector of the light with respect to the in-plane orbitals, along

with (bottom) the experimental dichroism measured by ARPES!'].
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Fig. 6. (a)-(e) ARPES measured band structures of 1313-structured LagNi,O; along high-symmetry directions, momentum-distribu-

tion curves (MDC) near Ep are shown on top with Fermi crossings marked; (f) calculated Fermi surface structure, the primed sym-

bols corresponds to the reconstructed bands(3.
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Fig. 7. (a) Experimental FS of La;NizO;, measured by ARPES. The BZ is overlaid as indicated by green lines; (b) FS measured
with a 7 eV laser corresponding to the blue dashed area in (a); (c), (d) band dispersions along the high-symmetry directions of
(¢) I'X and (d) I'S, data in (d) were collected along the red dashed line in (a)l*4.
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Fig. 8. (a) Comparison between ARPES measured band structure of LagNi,O; thin film (left) and bulk crystal (right)?%);
(b) ARPES measured band dispersions of LagNi,O; thin film with different orbitals characterized?'; (c) the superconducting gap
along the diagonal of the BZP'; (d) the leading edge shift of energy-distribution curves (EDCs) of the a band at selected tempera-

tures indicating the formation of the superconducting gap/2'?.
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Fig. 9. (a) Photoemission intensity map of the infinite-layer nickelate superconductor LaggCay,NiO, film at Ep measured at the
(a) I-M-X plane (k, = 0) and (b) Z-A-R plane (k, = w); (c), (d) photoemission spectra along the (c¢) M-I-M direction and (d) M-X-M
direction measured using 107 eV photons (k, = 0), the MDCs at Ep were overlaid to show the Fermi crossings/2'4.
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Fig. 10. (a) Fermi surface map of PryNizOg which emphasizes the hole pocket centered around the zone corners; (b)—(d) high-

symmetry cuts taken at temperature T = 22 K, the purple lines are the MDCs at the Fermi energy, band dispersions extracted

from the peak positions of MDCs (red dots) are plotted in the spectral?'fl.
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Fig. 11. (a) Schematic FS of LagNi,Oy; (b) band structures measured along momentum cuts Cutl marked in (a); (¢) EDC stack of

the flat band ¥ from (b); the momentum region is marked by the arrowed line on top of (b)[!32.
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Fig. 12. k-dependent spectral features of (a) LagNi,O7%! and (b) LayNizO(® in the ambient pressure phase from DFT+DMFT cal-
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Fig. 13. Band dispersions of LagNi,O; along the I'S direction measured at selected temperatures, data were collected using laser

at 7 eV,
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position of the EDCs as a function of temperature; (e), (f) temperature-dependent ARPES spectra of La,NizO;y at kf and kE

along I'S at different temperatures, respectively!'4,
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Fig. 16. Temperature-dependent transient reflectivity changes AR/R of LayNizO,y: (a) The false-color plot of temperature-depend-

ent transient reflectivity data of La,NizO,y; (b) typical temporal evolution of AR/R at selected temperatures. The black curves are

the phenomenological fit to the data; temperature dependence of the (c¢) amplitude and (d) relaxation time of the transient reflectiv-

ity change in LagNiyOy, red lines represent the fitting to the Rothwarf-Taylor modell

124]
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Fig. 17. (a) Temperature-dependent transient reflectivity data of LasNi,O; (b) typical temporal evolution of AR/R at selected tem-
peratures, the black curves are the phenomenological fit to the data; (c), (d) temperature dependence of the (c) amplitude and

(d) relaxation time (7) of the transient reflectivity change in LasNiyO;, the inset of panel (d) shows the temperature dependence

of 17424

177402-15


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 17 (2025)

177402

- (a)
m Rt
é 18 * *
: 8
g 12 B L
H 0
e

=]
10 20 30 20

Fluence/(pJ-cm—2)

3.5 +

L 4
2 4

.530- +

s 4y

A

© 2.5} +++

Fluence/(pJ-cm—2)

()

++
.-++++

[}
T

B
5| 1l4-
B
ol m

0 20 40 60
Fluence/(pJ-cm—2)

Amplitude/arb. units

(d)

= =
[V =2}
T T

Relaxation time/ps
©
o

Ad,

0.4

0 20 40 60
Fluence/(pJ-cm—2)

18 (a), (b) LagNiyO7 HHR I I 52 55 5 AL AL B R IE () FIB0 TN [E] (b) Bl 'G3E & (9 A8 #; (c), (d) LagNigOqq TR HAY ST

FARMBIIRIR () FRIRT ] (d) BEGIE b i A3, Forb () P B 4L 6 i 2 S0 B 05 45

80 K HLE T 5 2 12

s (a)—(d) T A s e
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Fig. 19. (a) 532 nm Raman spectra of LasNi;O; and La,NizO;,, measured at room temperature; (b) AR/R of La,NizO;y at 80 K
showing the observation of coherent phonon vibrations, the inset shows the oscillatory part of the signal after subtracting the single-
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3.87 THz, the inset shows the corresponding vibration of the atoms with the red arrows indicating the vibration directions. For sim-

plicity, La atoms vibrating mainly in the ab plane are not shown; (d) temperature-dependence of the coherent phonon frequency of

La,Niz0;, measured using ultrafast reflectivity and Raman experiments!'24.
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Fig. 20. Temperature dependent pump-probe spectra measured at different pressures: (a)—(h) Corresponds to 0, 4.2, 8.2, 13.3, 16.7,
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Abstract

Nickel-based superconductors have attracted widespread attention due to their electronic configuration
similar to that of copper-based high-temperature superconductors. Recently, the discovery of superconductivity
with a transition temperature as high as 80 K in the bilayer nickelate LasNi,O; under pressure has not only
reignited research interest in nickel-based superconductors but also opened new avenues for the study of
unconventional superconductivity. Layered nickel-based superconductors are similar to copper- and iron-based
superconductors in crystal structure, superconducting properties, and electronic structure, but they also show
significant differences. A deeper investigation into the electronic structure of nickel-based superconductors is
expected to reveal the mechanisms behind these similarities and differences, which will further offer critical
insights into developing a unified theoretical model and deepen the understanding of unconventional
superconductivity. Moreover, the study of nonequilibrium ultrafast dynamics offers new perspectives and
regulations for unconventional superconductivity, which has become a vital tool. This paper focuses on the
electronic structure and ultrafast dynamics of Ruddlesden-Popper phase layered nickel-based superconductors,
systematically reviewing the successful applications of angle-resolved photoemission spectroscopy (ARPES) and
ultrafast optical spectroscopy in nickel-based superconductivity research. Specifically, the new properties of
different nickelates are compared, including strong electron correlation, Hund coupling, non-Fermi liquid
behavior, energy gap formation, and ultrafast electron dynamics. These advances offer important experimental
insights into elucidating the mechanisms of unconventional superconductivity and characterizing the properties

of their normal states in these materials.

Keywords: nickel-based superconductors, electronic structure, electron-phonon coupling, electron correlation,

ultrafast dynamics
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Fig. 1. (a) Crystal structure of the copper oxide superconductor YBa,CuzO; , (YBCO); (b) crystal structure of the nickel oxide

superconductor LagNiyO7; (¢) superconducting phase diagram of LagNi,O; under pressurel®).

2007 ALk, —E SR AP LaONiP ]
LaNiOAs['0 ¢ H 3 5 24k & LaNiAsO, F ' 7£
IR N Bl &k AT R S, 2019 478 3 1 5 45 sk
PR E B, Li 55 08 EERIRER (SrTiOs) JLK I
(14 Nd gSr oNiOy LI H E YOULIN B S 5% A8 Tt 32
2515 K MM M. IO R 40 Fgh iy 5 To R
ZHE ALY CaCuO, M) H g Z MU Z AL, L5~
K K Ar AR + o0 R 112 4143 IR 2 4588
ALt AR R T P02 AN el & B
() SmNiO, 55 P2 HEA AR MM R 5, R
PR AR AE TR Z T, B LA
PRSI IR AE & 2 Hp 23291, 2023 4F, BRIt
AT B T OB R, Sun & B BT OB AR
JZ LagNi,O; Bk, HmE T T, &k 80 K, &b
TWABLIX. 1EL45H |, LagNi, O 8 Sk 540 A1k
WA R IX ), I 1(b) B, HiBEAS by i 2A T
S A IE 4 NiO, 11, i1~ NiO, 1 i J2 [|] Ni-
3d.> PLIE A O-2p, PLBE I LK o s AR, 7
LagNi,O, M b, i JE &8 3d B F P e
BB, B 3d,2 . FLIE N 3d. BB Z ARG AEHZE A
K, TE 9K T B 3 HR A A R A . (‘) S 1k L
MR ATE], 3d,. PLERER AT L 3d,2, FLEAL
1—2 eVE). LagNi,O; B, Ni [ 4 LM &~ +2.5
#r, A2 TR, 3475, %8 3 Bk gL LU
T by, FUEILIFE 6 AT, W] e, BIE (3d,2_ e
M 3d, ) — A5 1.5 F. RIS Nify 878
ey FIE FAFHE 2.5 D250 (3d,2 2 /3d,2 FEASHLIE
P 1.25 D)), $i BRALR G A AL UL A,
HFEHOT I TR BE T 25% M2 B2,

EBAKE X B T, HOCHR RSO 455 1 i 45 4%
X, X —4% 5 LagNi,O, (05 T, -S4 fE7E
Mo AR TER R, LR 8K BT, LagNiy,O;
AR TR 2.5 MRS A N A, TR
AN [FL AN S TRV - HME. & RN S
N, MIREE R D) Bl i 22 1], BRI A IR &
AR B3 BT LA, LagNiyO 1Y RUZ 25 F4 FER 1
&, NG M BERE, WG AR AL AC
WEPE T b 5 8 S AL A — 2 B IX ), LagNiO, 7]
REELAT LB R 1 8- HL AL

2 LagNi,O, B2 # FHANHE A
5EwSHE

5 (La, Ba),CuO, (& B I & i 5
PBE) —#F ) LagNi,O7 & 84 B & —Ff R-P (Ru-
ddlesden-Popper) 25419282 RE L) Bl R-P AH
1AW ARG B U ¢ T R 38 B HE B 0 A 2R
H (ReO) ZFEGELT B (ReTmOs) EHI L, HA
Re,;1Tm, 05, Bz, H Re B +ITEK, Tm
FidVEG 4R OTE. 1E R-P AR A L, i
FBFRMIEE n = 11 LayNiO,, n = 2 i) LagNi,O;
Ml n = 3 LagNizOyg, VA S n—>o [ LaNiO,. £
R-P M EALY T, NiOg /AR A T 5 8 5 5
%, s m Ni I SRR G M. Ll LagNi, O,

G IR-LEGARRE , XA B MR
PREE (DFT) BT b B3 A R B FE S
., LagNi,Or M4 a3 =s AR /I B, ARERS
E i o5, —TH iR LB AR i AT B0
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2022 4F ) Liu 4 BTl i e 22 1% KA R m AR UR )
TS R, IR B AR T U R A
RPN, B, AT R IAE 14 GPa W
F, LagNiyO; )2 [8] Ni—O—Ni 4 1 ) 168°7% Jy
180°, KA MK T M Amam M 17 & & T B
Fmmm MHECE 14/ mmm AHRYZ5FAR7E , [R] L0 21
T 80 K ZEA7 R f b 229 &l 1(c) i, Jesk
W5 KB, LagNi,O, B ER T 402 /Y 2222 Y
A, AR )5 = R MRS Y 1313 #H B, X
— KRG R T RS 5 HIer R AT B,
AR AE RS M) FUHAY LagNiO; A Hr iy
AR S R T 22220 BRI XUZAH. BEIE
THE BT 3R], BUZS5H L )R- = B A5 1 B
A HEARAYRERE.

LasNiyO; 7 5 JE T B9 8 5 B4 900 il 2] )5
Al S 55 2H A RH 4 2E AH S AR A5 2 F B 14647
WEoE &3, 72 LLES (Pr) B0 La Ji 76l £ 19
La,PrNi,O, 1, Z5H 053] 1 W24, iR
AR R L S E S, JFRABERIE S
BRI, B T RUZEEY LagNiy Oy, 7EEA =2
NiO, 45411 La,NizO,o% 50 Fl Pr,Niy0,,71% ]
FEXLIE T8 S . teAh, HAWHR Lo R B aen
HBSHERL, W Lag Nd.NiyO,5 Fil Lay,SmNi, O, 554
W B L il 2%

H A, B U A 2 8 3 H P T A
JE T ARSI, X AEM BERAEASE BB TR
PR, VAR 22 295 L 0 A A 1 A% I 4 3 AR U J e e
i i) iz HIEIR S IS Z [A] Y di g R L, 7T DA
POREAILY Y ¥ S8 R Qi DN VA N 2 S NN
SRR A B . Wang 45 P08 7
i LagNisOy, LaoPrNi,O; Fl Lay gsPrg 15Ni,0; 45
ARG, RIS RGE TR R T SR, Ko
P X T (LaAlOs)g 5(SryTaAlOg) 7, LaAlO; Al
SrLaAlO, = Fi ik | 2E K 1% LagNi, O Wi, &
BT, 52755 T P db A% R Bl N A T G
BACKES T, AT ik 42 K. Li 25 B9 (9 8F 58 & 30 H:
2 WIS AR F AT RS Sty TR LSRN 25
FAB, AIREXTER S LR A . 3,
Hao %5 [0 7€ Lay ,Sr.Ni,O, HARFSZIL T 42 K #Y
TR (2= 0.09). M TR IMTERIE RS, A5
fi2s thBIAE NiO,, T, X SR &2 i 2241
AR N TR TS A LA A [R] (14, Fan 45 61
e SrLaAlO, %K Ll £ T La,PrNi,O, # 57

JEE, Jfiz A4 % 18 0 785 (scanning tunneling
microscope, STM) W DIl & T i FHEFR. Osada
% 2] ¥£ 20 GPa Eﬁ?ﬁﬁ@%ﬁﬁﬁﬁ‘, '@i LagNiQO7
TR T, Bl o/ a SHLLIG R, B 10 K FHE & 60 K.

S E ALY AR EI A, BRI AR A AR A
REZ FIERE, BAZMB 6785 R
BIGHIE. LagNipyOy b i e Az il & 57
KB, HLBHLRAE 110 K A 153 K A7 76 B (1 %
Pl (kinks), 5 BRI S5, #1585
FIWr 153 K BT 19 555 BRG] Be U5 T Ha 1o 4% B2 U8
(charge density wave, CDW) 5 H Jig % B¢ (spin
density wave, SDW) BJJE .. pSR Ml & LA N 7E
T LagNi,O, s Z e i, fA7E 154 K i
PAT S SDW A Jy 681 RIXS 5 WL 21
PR AL B HETS SDW B RGERE, &8 T 1
MR Q = (0.25, 0.25) (r.lw.) FIRECIRBLE, TA
N FGEAE 150 K LR AT BB A XL A JE 4k 8045
(double spin stripe, DSS), ¥ H Ji€ HL fif 2% 2L 45
¥4 (spin-charge stripe, SCS)®4. Z 5 % — 41 pSR
WESE R, AR T iy S — 2% B 7 40 2
NASE Y SDW A1 CDW, L 2 3 H AR I 1)
TR R 0, g R 1% 2% (nuclear magnetic
resonance, NMR) #F5E#fiiA T 150 K LIF Y SDW
A7, WA TEAR SRR IR 09, )
TR PG WS T — ARG E -5
BRI, W BoR, BEE RIS R, AEETT
() SDW FeZ i il 75 13.3 GPa I 2506055 ,
% 26 GPa I 5E 2H 6. K1 TH 2 29.4 GPa L)
LR}, B —AN T 58S CDW A B84 B 1 67,
XS SE i 2E AR i (0468) A B EQE TR R iR P
FEAER A R LI, (B TR G S B A
Th, Feanss A 1y 0y s (A1 2548, Wk A2 i 3 R/ s
PALTHAE, H AT A S — B0 L 0108, (75—
PERY R, THEH TR B2, 5 2R 40 i AR L
FEEIA P v MY 4 285 BE A e 09701,

R R R ATE IE A TR R TK
WARAT A, L a5 A S A Py s o S 3 R
RN A A7 S 4 Jm AT A0 BB A R BH 3R P L 2
LA [p(T) = py+AT, T HIESE |. LagNi,O, 4
s LR MR B AR RE A 58S T, 1
ORI 161 33— S I M 5 A AT W S R o0 5%
I BLRARPER T, BEAh, =2 IR LayNizOy
o R RN & = & B AT WL (EARE R,
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Il Liun 55 P9 AR R Ge v, AT 1 SR iATT
N IE R SRS TR BT, SO AR IE R SR
ABRI B, 1] e SIZ MR G v BEF AL T 2%
KEERLLT A K.

WAk, FATHDEHTRERS (angle resolved photo-
emission spectroscopy, ARPES) SZ 55 S 2] 7
T LagNiyOy B 3d,2_,2 HIE e 7E 420 98 K BEGR
(Ep) IR B SRR REBE A AT Jy 2 % 16 15 1Y DU
WA T LagNi,O; MG REBIIL S, WF5E# AN
HATREIRT Ni- 3d,.. HUIE U AR SR, B %
BE U S REHT IR G A g DR . R e R e,
ARPES 2] 7R85 ORI I REBR It 4 1741,

3 LagNi,O; Wy 6 4 £ 49 5§ W F X Bk
MR S

TE 1 R ARGE LagNi, O 5 L 1 1y 18 30
Sun 45 P 4@ I R 4 HUB S PR AT RS o
JRERE BEA Y B e AL O A 8. M1 DFT 3155 i
R, AEH R TR 3d.. 5 TR 2p, BLIE 2RI A A
EAET (BRI o 0B BE A ) 76 22K i LT, i e
(>14 GPa) i, B IR R, s AT |
TH3] 2% K fE i 4 J& 1k, 5 Shen 55 T30
3d.» UHEHLFIRAE A H B AP AT B T HL R

HBLAY “FF 7. Luo %5 17 2853 DFT 1A AL 4
Br, $ T — D 3UZPIPLERRERLAY (bilayer two-
orbital model): A&l 2(a) Frx, ¥ E 89 p HLiE A
A RN E, LagNi,O7 BIXUZ NiO, V145 %A —
A 3d,2 2 FLIE BEH . — 4> 3d. PLIE BT, B2
NiO, ¥ 1 38 i3 4 [ A9 3d.- $L 8 /9 J2 18] B 1T
(~0.64 eV) SCIRAR, TN 3d,2_,2 5 3d.. BliH
Z (B WA — A AS /N 1 Z2 405 A BLTE ARG
(~0.24 eV). TELAHEAEHTEN T, 3d.2 U BT
BRPEAE (i gi~1 eV), fEfm R N LA gd 9K g
e, L M S [k = (x, m)] BT — 3 2k O
8, BREWH B EZE K, WK 2b), (o). T
3d,2 2 FLIE W LA B0y i S8 ME (5 $E ~4 eV),
TE e IG5 2 2 9 oK T, R E TR o, B 18
i B — A 4 B, TR LT 5 R
LayNi,O; F LAY 3. X — BRIV LT DFT 14,
FET o BB TE S E T AR, HiEhE,
R8N T2 R E B O, F 2 R S e I FEUE T
AR SH T X — A,

7 LagNi, O (R SR 11, Ni- 3d» B8 i
P FKRES, AR s HAE R /1 R e R 5h
HARRZL. A2EE%1ES] DET+GGA MEHTE T g
fIA T REBR, TAH B = R T 8 54, Ni-3d.2
BCEE R Y T A P REE PR BB LATE 78], 7E 5K

E/eV

U\
|

«

N
N AL

—T T

Kl 2 LagNi,O; W FHIEL M S5HEH  (a) LagNi,O; 9 X2 NiO, I 45 14 7 B &, 20 6 EE SR 3d,2 B, i A EDIE R R
3d,2_ 2 P, TR UL LA T 200 B BRI B IR R, VARSRTTN 3d,2 2 BLIE AN 3d, 2 LB A, ¢ 058 3d,2 LT Z[H]
HR BRI, ¢ /2 3d,2_ 2 LT P ABERIT, ¢ /2 3d,» HL T PRI 4BERIT; (b) DFT HHAAS 21 A9 & )R T A IRREREA £S5 F
(c) Wi T I B R T ), 20 AR A 3d,2 2 PLIE X BEAF A9 TTHK, 1138 G AR 3d,2 BLER TTIL; 25 R BoR, 7Em KT v BEAH i
AR BT -, B o JE R Y 4 IE Ak

Fig. 2. Electronic orbital structure and dispersion relation of LasNi,Oy: (a) Schematic of the NiO, bilayer structure of LazNi,O, the
red and blue shapes denote the 3d,2 and 3dzz,y2 orbitals, respectively, several key electron hopping terms are labeled: V de-

notes hybridization between the in-plane 3d_2_,2 and 3d,2 orbitals, ¢, represents the interlayer hopping of 3d_2 electrons, t;

-y

is the in-plane nearest-neighbor hopping of 3d,2_,2 electrons, and tl is the in-plane nearest-neighbor hopping of 3d,2 electrons;

-y
(b) low-energy band structure of LagNiyO; under high pressure (>14 GPa) obtained from DFT calculations; (c) Fermi surface un-

der high pressurel™; In panels (b), (c), warm colors indicate the contribution of the 3d,2_,2 orbitals to the energy bands, while

-y
cool colors represent the contribution of the 3d,2 orbitals. Results shown here demonstrate that under high pressure, the v band

crosses Fermi level, indicating the metallization of the o-bonding band.
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57 I, Yang 45 M X} % FEHe A #E17 ARPES
i, 45 R BN EE T LagNi,O, iy BEAF Y TH 7E 2%
KL R 2 50 meV, 5 DET+ U HE S5 R 5415
TRYF. (285 T Y LagNi O, e 2540 F1 2 K T
RFAE 7 S 500 T R . 55—,
Christiansson 4B ##17 T H F LagNi,O; i DFT
DL B 29 3 Jg B AH 3 B TH5. (constrained RPA,
cRPA), it THHES TS5 SEL

TER R T W R 5 L )5, Wang &5 P
1 Li 45 P9 3 BIE LaogPrNiyO; Al Lag g5 Prg 15NisO7
W R T #E4T T ARPES W 4. b Li 4 59
ARPES S5 WLIN 3] v G877 3 BLAE 2K T B X
ZH SH AT IS AT RHER 2 SrLaAlO,, FHif P S ks
£ 3.75—3.77 A, X T8 R AR (a~3.81 A,
b~3.85 A) J& T 1 P HE4E 7. EOUL LKA, 1P 4
HFEF IS o BT 48 LB S
Ghse. By, W T N ESE, o Sl 2 ] Ni—
O—Ni S IR, 2 350 2 17 ) Y 22 Tk 557,
3d.. BB AR PR, [HE Li %5 59 5286 2% B 34t
Sr LR A FIRBZL AL S J&+2 1, Sr &1L
+3 M La J& T2 70824, S SOKRARI T RE, v
e BB BRI L. #0552, DE TG 293
MR 18 Sr Ay ks 7B 4, W R 500 y ey
R4 BALIY, 5 Li% PIARPES LAY A .
A N R R, AR T AH ) 9 A OIS A R
Wang 45 55 ff) ARPES &% 52 2175 b 1 2 7 Ty fig

i AL T 2K LA T 29 70 meV. [EAEJRFIX
LB R Z [ 25 57, S — DA T R ) [R) .
DI JE L FRE A 5T . 5 TR A BAR
HIEF, 73— AR AU, LagNiO; HEYHL ¥
RN A2 A T oA 5 1 A2 SRR DX R 7 HOGIME:
o 5 ICR R B4R AR, 508 5 — > Eni A A 4
AR L ) S R D2 B ARV, 55—
B IR BLRR 28 2R NiO 2540) B 4 A Ak Wy 1
A BHE T L faf 8% (charge transfer) 7 {5545
ARk (S ILIE 3), M JCBR 28 E AL N — gk
)& T Mott-Hubbard %1 Gk HL T2 5950,
A5 E M T 55 R2 (determinant qu-
antum Monte Carlo, DQMC) Fl3j Jj 2% 4 17 B
1 (dynamical mean-field theory, DMFT) {18 T
A1 F AU PUE Y 11 B 0E A A BT A i K R
(tight-binding) #B843> F] DFT A48 5 7 A0 H.AE
IR U = 7.0 eV, ARG J = 0.10—0.2U.
X — A EAE S B 57 T PR 2 8 3 R i 22
HACR A B Wa 58 BT ER I, TR E Y
6] Ni—O—Ni A HAEH, R4E 3d.. LT Z A7
TEAR R Y 2 0] SR md DGR, 5540 S Ak e T N s 2k
T RIRER A LL, I 3d,2 J2 (R fG JCHK 5 B B R AR 2.
M LagNiyO7 JZ N 3,2y FL T~ 22 [] B fi i 40 i G
B, BARAHLL)Z] 3d, IRERBEOCHRE/ MR 2, [HH
LTSRS ] 22, HR/INA RE 5 A b e 42
Z DX [H] 9 232 N S R fR6 PT EE AL, X — 25 R P

(a) (b) ® d-orbital
® p-orbital
UHB
i
>
%D U: : A
] T T
= Py B
1 1A
Vo
LHB i
+

LHB

Kl 3 Mott-Hubbard 44 % /& Fll charge-transfer £ 2% {4/~ & &

(a) & UM BR T ) Mott-Hubbard 48 4 fh; (b) K UH R

charge-transfer 46 2 {4 ; (c) 7£ SZBr A B v 2% B 45 22 W d-p SR B HL 7 25 0 B for 76 B8 B SC IR L F BE A, 7 9% K11 B 3T, Zhang-
Rice JAZSREMT HH B, J0h UHB {43 L IG 0754, LHB /AR T 184, CTB A F M w55 B4, ZRSB 13 Zhang-Rice LA REH

Ep R TR BESR, A RN AT AL HE I

Fig. 3. Schematic plots depicting the Mott-Hubbard insulators and charge-transfer insulators: (a) Mott-Hubbard insulator in the
large- U limit; (b) charge-transfer insulator in the large- U limit; (c) charge-transfer type correlated electronic states in real materials,
here the doping induced d-p correlated electronic states are considered, near Fermi level, the Zhang-Rice singlet band emerges. UHB
represents upper Hubbard band. LHB represents lower Hubbard band. CTB represents charge-transfer band. ZRSB represents
Zhang-Rice singlet band, Ep represents Fermi level and A denotes the charge-transfer gap.
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LagNiyO; JZ2 N 3d,2_ 2 BB Z 0], LLJJZ ] 3d,2 #1
T8 2 ()R DGR AT BRI R B, #0430
ST 5Ty i, AR RS TS
O 2= AR R IR N, AT & RS B 2R, A3
ST EE AN O 1 2p,, 2p, HUE, DL
TS O 1 2p, BUiE, SRJG /& Ni Y 3d,2 2 BULIE, T
3d,> P LS AZS 70 PR AunT, MG DL
b, LRI 3d.. PUIE. BRI, 3due_ye
BUEFOCHER Y O-2p,, 2p, HUEZN 1/4 M7, W/R
T — AR 55 M RE , 11 3d.» PLIBIH AR
TR, HAT B R 4 G Ni- 3d,2 Fil O-2p, X
I BB 7F % K 1 BT /R Y MY Zhang-Rice MU
REHY MR far FE AL BEPR (S LR 3)187). BRI &, X
—IHFSE 7R LagNigOy [ I o B i 4230 . oy
R RIRH E AL, 115 Mott-Hubbard %4 ) JoRR
R A A B R 2200 B, 3 AT R R B A B
HE AR I RN . e 5 R g R M R A
PRARLT, M FREIRJCIE S2 50 1 R B LagNi,O;
PR T H fer e A AR ) i S S AL R AE

SC G J7 i, ARPES M & 45 R ™ B oR, 1F
LagNiyO; H' 3d,2_,2 L B A /N — 26 1) i 7 5
AR (m*/mg~2—4), T 3d.» B8, 70| BLA H 5
() 5 BE RN (m* ) mg~5—9). DFT+DMFT #y it
AR 289 FILT AN A 0 S50 10 0 & 91 3d.,2 FLIE I
3d,2 2 PUIE EATAN A ) IR B

LagNi,O; [IREH &5 9% DFT 1R 77R UG,
A I PEAT T % B IR P A A LS AL
TCHUAHEL (random phase approximation, RPA)
LRI, RERALFREA 5 3d, PUEAHK
) Q = (0.25, 0.25) (r.lu.) HesRIE. FF5T#H iz M
DFT-+HSE06 iz s T 5 gt 4544, 45 & F #1138
WAL, G0N REAEAE HL g 2% B D AN B T
WIIEE LY, A REEE S I R WA BT 78, A
DFT+U %5 & 5 M R B BRITHE P R E R T
LagNiyOy s BOBHE R ML /D I, 3L DSS HE,
MR A 6 W, 5T 8, FEAS 2 A
JEBL DSS H1 SCS [WAFE, X — A5 AT LR AT-
f RS0 A B 104, H R RS B i R U AT
B A ] DETE29), RPAD B8 3% 4501
Bt % R akTE RO BN R, AR Al
fili / EL AT A P AR AR R S . B A R S 56 T AL
MIZER, LLANAS ) 25 B U 7 i e AR IR B Ty 55 1Y,
B8R SE—A~ A BRI R A BRI ] .

4 LagNiyOy # 5 3 #1 b fn g 7 38 16

TR RS, B ECN RE PR R A(K)
AR m B OB Z —. fEME L, A%
FETEP PG OUT , BOXS X ARPE — i 222 A~ B
RUE: — BB HL A 500 | T0 AR e S5 (]
Baras A EEHE; 2 PRI I ARFE. 2408
SRUR AR s BERCXT, FCXTRER RS A(K)
XA S kB BRFRYE, B REpR e 9ok
[T b/ v DM =R A 7 RS R NG LN SR R TS T
W IEAR Cu 8 i 22 (8] 1Y SR B DI T 3K 5y, 255
HARRIZEIE R A KT, HL RO R BRI
BAY AR d ¥, B A(k)~A(cosk, — cosk,) .
IS b, X T HEAZ 2B ZHELSN RS,
S - I T | BRI AR S () R B J2 ) /
BB RIS, FCTCX X B i 1] TR A AN [ 9%
KT b RERR pREUE 5 1Y s iR 39.96.97),

LagNi,O; #8 S b 3d,2 2 L8 Al 3d.2 FLiH
H R BUAE SR RE R BT, L nT BE B A Bl
- NSRS ARAAAR S, #1751 NiO, T8
it 3,2 FLIE 1Y 8 A B AE AT RS, D B Te] —
Ni JEF | 3d,2_ o BB 5 3d,2 B8 Z 8] 1Y HE R HE
4, HF7E LagNi,O; AT B2 A7 3 HAA AN [F) ok
TR 2 AR . 76308 1, X EOR[R A A BLAE
FHER i 2 [RIVE AT B S 3 2T AN R RE M L AR (R
BeXF BE B pREL A(k) B8 . — TS, 3d.-
BUIEZ 0], BOF 3d,2 2 BUIEJZ ] 2Z 8] i S 06
TS5 ] Jry el ), HE S0 P TR0 X6 X6 R P A )
T B, M) 2R 3d,2 2 BUIE AR QB AL i I )
A RE ST A 1Y d BRCXT.

TE LagNiyO; i FECA X BRI 7 1T, Yang
G108 ia iz B ACEE (FRG) L5 173U
Hubbard 8, 728/l & rh 45 B 1 AH B.AE HI 58
FERE, BT ATERk IR S s RO EERAN G
FAET, MATA RS S b 8 JR X BT (pair
hopping) 45 3d.» HLF "% B J7 [a] A9 )2 (0] B e 38 e n]
REERF L FAC 0T Y £ AR — 2T RPA 96t
¢ 1990 )25 b 3d,2 2 1 3d.2 BUTE AR AR BUZ
BB, WASE T i A BERkTE RSN s RO
PRYE. A VF 2 BT D010 #-EE 0] 1 s P
BEXTXIHRPE. BR T s IR BCXT AR, A BFIE 3 HAD
A ECRRFRYE, AN dye e /dyy 1), B0 d,, 5
s U 2 [B) B B 2 H00MT A T 1 T (1061081,
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TESH T, T 58HT LagNiO, # T HL k2
FERG R R B, 6T LagNi O Ms ATk 55t
FRPE ) S 6 38 LA R ). Andreev Jz 5 5121 109 i)
N, RGUTAEEZ AR I RERR, IHA BEBRAT 5
SRS, BB Lay,PrNiyO, R g o8 1% S0 50
AL B XL BEBRZE A8, AR EEE R TN 45 a]
SeME s W, SCRF s BT O 55— T 8 S R
ARPES Il it & 30 1 AT 19 55 A B PR 74,

8 75 58 U8 18 &, 76 RPA 8 35 3k V% 38 4 31 o)
(fluctuation exchange, FLEX) %5554 & Blig 115
B, A FOX X S K TH A RRAE AR A R R, Bk
Ifil % 5 K48 (nesting vectors) A BE 2% 55 F1 b 52 i
BCX XS FRTE. ©&f 258 A B, R L+
REHT 285 R4 U mT LA | RS X X () A A [105-108] 4y
R T ORI, BB A X SETE X X B )
WAL, FERAR d,, B, H0 R UG <R HL T 1Y
BOXT, RETAEA R B S B B H R . AR
MEHIeTHE I, Az HEET
1 (RMFET)MO {58 T XUZPILIE t-J B8, 2551
KW O H 3d,. JZ2 AR OCER IR B 1Y s Pl X BA
5 Fe E Mk, % & 3d.. PLBJZ MRS J =
0.18 eV I}, - FHE A8 IR B 59 W) 7,~80 K
AbF R — B . TS T 3d.2-3d,e 2 FLIE
B2 V- N e R AR . AR, A
15 FE N Y LagNi, O KB T 208 B 1) i {45 42
X Y 3d,e_,e BB I FEN, TN
FIRE SR, R R TP AT REVRBE d P AN d + is KT,
DL 4.

£ LagNi,O; # S FIE J7 M, Yang 55 M2 421
T W4 1Y LagNiyO, i 5 Bt X #iE (two-com-
ponent theory). HHIBINA, 7E LagNi,O; - T4
. 3d,2 BB R LU 2 ] SOBR R G R Ge 4t
—MRRAECXTRE, (2R THARH A, TR
PEIR, 3d,2 B LT S I UK R AH 61 A
T AHE, AT DG o 5 R 1/4 SR
3d,2 2 YU, BZIE ARG TR S0 T,
FLIGY T ) A A AR RS s, e BRI X Y
AR, L TE AR A AR SR AL Y R TE X6 BE 1Y [+
i, AR ALK I K i R TR, iR T,
A DA 3R T 35 3 Be i 4551 D8 e i e B
LagNi,O, BRI 8AG WAOCHE A — 2 3d.2
HL T IO MIRRE S 3 BE AR, IR 2L o RUBEEREATY 1Y
R . & 3d. I 3d,e e Z
[ — G RN AR L. 5ok DMFET
AR, SUZPHE Hubbard BLRI7E 5 44 8HH
PRI CA I SRR AL WO N

Lu &5 MT U AN 3d,2 Fl 3d,2 2 HL - Z [] b4
MG A, 6t 3d. WL 2] 1Y SOl Gk mT LA
id e, BUIE 22 6] A R S 15 08 B )Z 3d,2 2 B
. B 3d,. BT HiE A RS, MBA14 3] T
— N HET 3d,e e FUIE B FALIE XU 6T AHY. i
it slave-boson J7 A, M1 T E M s AT
XEZNE d PR, DL s + id IIRA RO, B
PRRBC R IR X S 0 A SR R CHR /
2 P SCTR ) LA DG, (HAS UL A2, FEILHS
B, JoR o BUERET 48 VR T n a2,

|
N ]

B
L

s 1

- U

—T
us —T T

Bl 4 —SEORTR]E S PR IR TE XT BE B PR AR B LagNipO7 BRI LIMETR  (a) s, (b) dy2_ 2 + s, (¢) dy2 2 3, 40

Y

BFRIERITCN REBRAT S, I R RO REBRAT 5, 1@ AR BE B 22 719 i DX 3 02 R AT 22 A [ 52 25 i) /L 7
BC X (pairing bonds) FEAFIN, BERT bR K AT AE 23 LU IR A9 T A2 A%, REI T o 1) o7 BB 7T BB Ak 10°)

Fig. 4. Projection of pairing gap functions with different symmetries onto the Fermi surface of LagNi,O;: (a) s,-wave, (b) dj2_,2 +

Yy

is,-wave, (c) d,2_,2 -wave; here warm colors represent positive pairing gap sign, and cool colors represents negative pairing gap

Y

sign, the white regions denote gap nodes where pairing gap vanishes. Note that the gap function may become more complicated

than illustrated, when multiple real-space electron pairing bonds coexist, potentially altering the positions of the gap nodes'*l,
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Fan 25 1161 | ) LagNi,O7 HA 5 XUZ il %1k
YA B A TH S5 46 1) £ BE &, IR TE LagNi O,
1, 3d,. fIKRE A R BE AR & AT RERR AN TR 22, DU
UL R FERE A T — N 3d,e e AU HA 5
JZ IR B A XUZ -t - TR Al iTdE AR
3dg2_y PUBIEIT 1/4 J5E, 0 3d,2_ - BliBE T 5
3d. M Z2 0T8I A REHY (6 BEATY) W] LAE 1R
IR ECE KB 2R, FHEAT Y )2 DG AT LA L H2 K
. AT RMFT R0, RSN A
A d + is PR S, o d PG 3 S [
B HAtb b ST 45 S A RS Ak LagNi, O Hhi
SR T A A A gy 1,

Zi bmiE, Bl AR E ST EET
LagNiyO; Bt 8RS sk, KA =K. 1) Bt
HL 2 3d.2 fIRBE A B2, BCXTIR 3 T e 3d,2 J2
[ AC 4V E T, 303 J2 18] A BEmk & #2425, e anmg oy
. X JOIETRE o BUEHLE R 4 )E L
i M. 2) RO HL AR SR 3d,. kBB A
R, PR FAXE 32 3d,e e HL T RO AR, X BRZh
JIVET 3d. JR B SC I, 22 e, BLIE Z A] Y LR
FIA AL 3d,2 2 T 3) BT HELFRAE A B
P 3d,2_,2 BT F AR, HC X 3K 3h 7 B3R R T
3d,2_ 2 TR NECE JZMOCHRELN. A TIACh, X
RSN RE T 20 ZMEEH AR
FER S RGBT, N1Z EIFA—E e E
J¥, 7EE Y LagNi,O; # 3 41B A AT REIX 3 b
BT R A3, BUE BAE AN [A] (1) LagNi, O A5 F
(g SN N TiOEY/BL:E S Lo S Rl i i3 G e N i)
L. AR FE B HLE] T A B AN SE, JF42
AR G AR . FEERSIT TR, Hln RMFT,
5 RPA s k3, BEE YIS E U, e an
3dye_ye, 3d,2 FLFHIREAYAIR], S EON AT LI7E
AP FETF RS (3d,2 J21] L 3,22 )2 W)
Z I A4, et , — T DMFT #F55%F LagNiyO; #
SR W E W i Kanamori-Hubbard 55 %Y
TS T, 8. ZI SRR A 1R R Y
LT, B 3d,. 25 /BRI, KRG
PAFIAS [R]85 FEH 1828, BiH 25 7B 4R
/N (R o BUEEHLE A £ @A), REHH—4
SRR G AHOC I A, T2 B AR (H]
o BUEHE S B AR, BiE S — o S A8 R,
T — il TS BRI, H 5 3d,2_,2 1 3d,2 Z[H
2t VA BRI OC R . XA 528 1Y

w T ARG, BB R G 7B ARAR L, WIE ] LI
el FH A E 2L X — & BAF AT LLCA LagNi,O,
HlBFEY o REERLE 48 L2 B oC R —
NG — I [ 15 01200,

KL TR X B R ey T, 2
WFFE A BT T R BRI, KR oE & BLH
FHLA TR EPC A2 LU RESCI U 2 i 80 K
R AR R (120124 A RS WU TE A EPC S5 H
- HH ELVE A O R A AT g SRR T
R PRI ] 43 B A B Sk S48 0 e e 200 ) A T
LagNi,O7 Fl Lay,NizOqq A HLF-75 R4 5 45053 71
4 0.05—0.07 #1 0.12—0.16, £ T -5 FHES
T T X6 35K TR 8} A R -2 S5 5 T R X 587N
B2, RIS R S ) TR T B AL Ry
A FUECT, S0 TERR 28R S A HEL Y 2 e (1260,

5 OBE. B W N
it

LagNi, O 15 &N 18 T L g R LK, 56
— PRI IR B RS TR K i ], i ETEA
RSB I = T LagNiyO; M5 T A
FITHL —FBE 1 JoT 1) 722 A 196127128 5 T R 2% i ]
SEELE T B S . E R R R
P R AR S B, LagNi,OF HAA 2L
AL 2l —3& Amam B Fmmm UL X 1 /mmm 1)
ZEAARAR 129, R IR T 2] o AR BRI 4 )8
k. K¥#45r DFT HHERX PR R AR e e
T B SR R SE . — 3 DFT 53T
R0 Amam B Fmmm ) S5 #1248 JL-F 5¢ 4 H
b %l AR H RO BN T SE B, A TR R U b A
F) B0 e g, B T PN R T R S B 25 R A AR
7iA Qin A1 Yang!" $2 | Al i 25 /B A SR
¢ Sl fin B4 ) LB F+ LagNi, O, 1) T, B 5
Huo %5 (1281 2% &z FH U o Bl (9 20 %0 1 ) ok 52 81
o BRI 4R AL, F8 A ¢ il 2 GPa Bl )
i RIAT ARy gl th BEAE SR OK Be gk, W] e sE B
S 3K — Fe A LK s S B 1 i B
(>14 GPa) ZiK.

W52, WSEEL o B &R AL A BESRE , TN
JEARRAFIH R, T ¢ 4had sl = 46 2 ook
JE B B 128N Besh, A VF 2 DFT A&
IRTH Lo RERIB AR, IRFAE T TR T 6] Ak e
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AR o S AR AL, LS RN I S,
WEERSES T, —WEi T AR ITR
(Ce-Lu) 1L La B HLFREH G5 H9 A8 4k 131, JEF
W 52 B0, A3 0 5% & 11 I T R AR
T, WRG A 5 Sm BRI LagNi, O #1kHA]
DABRER 7052138 SR AT RFSEH Ce Lu LA Y, Sc %
JCR5EEEAC La, AN ThyNi,O; 7EH JE T Al fE H
AR 139, 55— DFT 3158 & B AcsNi, O
1 La,BaNi,OgF A I E7EH K FSZ8 14 /mmm P4
745 AH, I35 Y AcyNi,O, 2H 2075 5] 7 T Ak
14 30 GPa & & T 1Y LagNiO 139, — I 52 56 Fn B
WA A I TAE LRI, B 1R N FH S
TR La B0 RB S 755 5008 1Y 1F 3SR AR, AT i
B = 1 ) A RE S B R DY 7 A B S5 A AR AR 1T
RER BB E 40 Sr2+af Ba? MUt La+ I AJ fig &
BT S T AR 8 — R AT A7 ) i AR (190,

M2, RGTER DET AR, 1N AR
AFTF Ni—O—Ni # AT 180°, Mk Amam
] Fmmm/ Idmmm B528 B2 HIE/N o, b3
PRI 2GR ¢ R BE, {75 3d,. UEHEPLERER T
K, I B BROK I (7). 7R R Gyt oi b, W4y
W3 F K BAE LaAlOg(a = 3.79 A) Al ik i A8
SrTiO;(a = 3.91 A) BAL A ALY DFT AF58 45
AV T 3X — 8 B¥(F T LagNi,O; 11, a =
3.81 A, b=385A). HiiA DFT iIE &K, ¥ &
T4 Sr(+2 1) ) LagNi,O; 7€ 1E 22 M (Pmma/
Amam) W UFGEARAE ), A& SR o B
HIH.

[l 1] S0 1) 71 B8, 2 P 00 e Y B S 16 (5601
B, o BT 4 )R b AE R LagNiO, 5
BRI “FF O X —BAR LT 32 21 T PR, fedl S5 i
7, AL AL F 1IR3 5 R Y LagNiyOr , Ff
nnTE R T R, A RR W IUJT AR ZE A LA,
FEAZE LagNiy O M SIS ZEA R 140, 7E LagNiyO,
PR RL B A e v, B A | AR R B
FREHT I O G e R M A B K H
HATh & — N R 1 ] .

6 HRELH5RZ

N SR SR LagNiy O, B9 & B AE
R AR RIS R RE T — SR ). i T
fr g BRI AE LagNi,O, AW J5 1 48

KA T R, (R WA 2 A fr g
77, H IR 56 T LagNiyO, S H PR 0 4 B A I,
ARG —E B

H A B T & m T — > HoA 26
WL 2RIk A S RS L YT
ARSI, ML 3 R 1 S ALK
(i) 2 T L V5 B . PRI IR T 7 R R A A
FEASECN B AT A8 T, T A
BFAZA T RA BHE B BN AN S B
TS UL, N TRIRE S B R SR 0 5 A IR ) e 2
SR IUE. FUn H AT E T LagNi,Of ki
b S UNIESI PR 38 d I SRy N R ibE /B iS e
S, 2SR Ry L R R 5 A8 A 2 8 B 0 S A ) T
S EAE B SRR o REERET RS Rk
W Ek PR A S T A BRSO B
FHIE I M85 53 A [ 17 0 B 22 4 SIS0 W8,
XSG T B T U MR Ry TRIRRAF 3 2
. 75— 7, ISR B & sk ik, Ak
RERUAL A B S E B e — A S . e
N LagNi O L FA5ERY HL 2 Py 2 8] B 7 AR A A
B JHSREE | A HUHE M 2R T TR e, HLEZ [H]
HLRERR G B R/INAE. X Be S N R mT A 31)5E
M, KA R T A B ul R — e Rk
O Eh a1} % = N P M ok SPUMITESIT RN
[FIORTEARFIE . IR T R LagNiy O - FAHE] )
o St BANHNIE RGN AR R 00 S i
SR [0 22—~ ol [a] @ B LagNi, O
Ak (18 T R A U B R S AL

S 30k
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SPECIAL TOPIC—Research progress on nickelate superconductors

Recent advances and prospects in theoretical study
of bilayer nickelate superconductor LazNi,O;"

ZHENG Yaoyuan MO Shicong WU Wei

(School of Physics, Sun Yat-sen University, Guangzhou 510275, China)

( Received 3 June 2025; revised manuscript received 10 July 2025 )

Abstract

The high-temperature superconductivity in bilayer nickelate LasNi,O; under high pressures, which was
discovered in 2023, has spurred intensive theoretical and numerical investigations. These studies aim to unravel
physical properties of LasNi,O; from various aspects, with particular emphasis on its pairing symmetry and
underlying superconducting mechanism. Moreover, significant effort has also been made to explore and predict
novel nickel-based superconductors related to LasNiyO;. This article reviews these recent advancements aimed
at elucidating the physical properties and superconducting mechanism of LasNiy,O;, whose multi-orbital
characteristics and intricate electronic correlations have spawned diverse theories for its pairing mechanism. In
this article, the recent findings on LagNi,O; are summarized regarding its macroscopic models, pairing
symmetry, normal state characteristics, and the structure of spin and charge density waves. Particular attention
is paid to the debate surrounding the role of o-bonding band metallization in superconductivity. Finally, this
article also presents an outlook on future studies crucial for advancing our understanding of LasNi,O;

superconductivity.

Keywords: nickelate, unconventional superconductivity, theory of superconductivity, strongly correlated

systems
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(2025 4E 5 A 8 Hk#; 2025 45 5 A 27 HUREMERR)
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LR T )2 6. b Rh A R 1 XUZ S5 1 T HAS [F] T4 B AR i e A R, R LR
WFFENE. 230 R IR R DA f e %5 B % 5 FE % Bk )F, TR S S B F LR, IRARR L
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A Won R R AT, FIRES CDW B SDW
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DFT 5. 1553 # >Rkl PBE(Perdew-Burke-
Ernzerhof) 22 - Bz pR PO, ST )% BE & Ak W 1%
B 520 eV, Z5 B oR UL L ARCh o 1
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TEMEERE FITE DMFT 4. F)H Wannier90 %%
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WE 1(a) Frzs. AR5 3] 1 25 2 B8 43 A a0
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Fig. 1. (a) Comparison between the DFT band structure and the low-energy Wannier-projected bands (black solid lines); (b) orbital-

resolved density of states.
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Fig. 2. For V =0: (a) Spectral function, inset shows the details of the multiplet excitations features; (b) real part of self energy;
(c) imaginary part of self energy; dashed lines in (b), (c) show the linear fits of ReX'(w) ~ReX(0) + (1 —1/Z)w.
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Fig. 5. Spectral functions in the parameter range 0.48 < V' < 0.56.
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Fig. 6. Spectral functions (top) and self energies (bottom) for representative values of V, where A(B) denotes the majority (minor-

ity) occupied sublattice. Insets show the details of the lower Hubbard band features.
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SPECIAL TOPIC—Research progress on nickelate superconductors

Charge order driven by nonlocal coulomb
interactions in LazNi,O,"

DU Zhengzhong! LI Jie? LU YiV?t

1) (National Laboratory of Solid State Microstructures, School of Physics, Nangjing University, Nangjing 210093, China)

2) (Collaborative Innovation Center of Advanced Microstructures, Nanjing University, Nanjing 210093, China)
( Received 8 May 2025; revised manuscript received 27 May 2025 )
Abstract

The bilayer nickelate LasNi,O,;, a member of the Ruddlesden-Popper series, has recently received
significant attention due to its superconductivity under high pressure (above 14 GPa) with a transition
temperature of approximately 80 K. Its unique bilayer structure results in an electronic configuration
significantly different from those observed in cuprates and infinite-layer nickelates. Consequently, understanding
its correlated electronic structure and superconducting mechanism has become a topic of major scientific
importance. Recent experimental observations have further identified the coexistence of charge and spin density
wave orders in LasNi,Os, suggesting a complex interplay between various competing electronic phases and
superconductivity.

In this work, the charge order in LasNi,O; is investigated using a low-energy effective model that explicitly
includes the Ni-e, orbitals. By employing a combined density functional theory and dynamical mean-field theory
(DFT+DMFT) framework, the influences of the nearest-neighbor Coulomb interaction V on charge ordering
and electronic correlation effects are investigated, with nonlocal interactions treated at the Hartree
approximation level. Our computational method features a newly developed tensor-network impurity solver, in
which a natural-orbital basis and complex-time evolution are utilized, facilitating efficient and accurate
evaluation of the Green's function on the real-frequency axis.

Our analysis indicates that for interaction strengths below a critical value (V < Vi1 &~ 0.46 eV), the system
retains sublattice symmetry, resulting in minimal changes of the spectral function. Several high-energy fine
structures identified within the Hubbard bands correspond to the residual atomic multiplet excitations, enabling
the extraction of effective Hubbard parameters. When V > V., the sublattice symmetry is disrupted and the
system transitions to a charge-ordered state. Spectral features systematically evolve with the increase of charge
order, providing a clear benchmark for quantitatively evaluating the degree of charge disproportionation based
on experimental data. The quasiparticle weight Z exhibits a nonmonotonic behavior with the increase of V,
reaching a minimum value of nearly V = 0.60 eV in the more populated sublattice as it approaches half-filling.
When the interaction further increases beyond Vs = 0.63 eV, the system becomes fully charged polarized,
characterized by one sublattice becoming almost empty and the other substance being nearly three-quarters
filled.

These findings underscore the critical role of nonlocal Coulomb interactions in driving charge
disproportionation and regulating electron correlation, thereby providing new insights into the low-energy
ordering phenomena of bilayer nickelates.

Keywords: nickelate superconductors, charge ordering, dynamical mean-field theory
PACS: 71.27.4a, 71.10.Fd, 74.70.-b DOI: 10.7498 /aps.74.20250604

CSTR: 32037.14.aps.74.20250604
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Fig. 1. Crystal structure and superconductivity of pressurized LagNi,O;. (a) Side view of the crystal structurelll. (b) Pressure-in-

duced structural phase transition, the interlayer Ni—O—Ni bond angle changes from 168° to 180°l!l. (¢) Temperature dependence of

resistivity for LagNi,O; under 20.5 GPa. The inset shows a magnified view of the zero-resistance region at low temperaturel.

(d) Temperature-dependent magnetic susceptibility of La,PrNi,O; under different pressures, using FeSe as a reference. A clear dia-

magnetic signal emerges when the applied pressure exceeds 17 GPal?l.
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Fig. 2. Experimental probes of density-wave properties in LasNi,O;: (a) Temperature dependence of resistivity under various pres-

sures, with arrows indicating the density-wave transition temperaturel'”; (b) RIXS intensity map along high-symmetry directions

[14]

where red solid circles mark the peak positions of magnetic excitation intensity; (c) real-space schematic of the spin-density wave

(SDW) with wave vector (w/2, /2)!17.
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Fig. 3. Temperature-pressure phase diagram of LasNi,O;
covering the full pressure range from ambient pressure to
100 GPal¥l.
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Fig. 4. Structural schematics and superconductivity-pressure phase diagrams of LayNizO,y and LasNizO;;: (a) Crystal structures of
LayNizOy, at ambient pressure (left) and under high pressure (right)!¥; (b) superconductivity—pressure phase diagram of La,;NizO /")
(c) crystal structure of LasNigOy; (left) and stacking units of single- and double-layer NiOg octahedra (right)®; (d) superconductiv-

ity-pressure phase diagram of LasNizOy,®.
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Fig. 5. (a) Structure of (La,Pr);Ni,O; thin films grown on SrLaAlO, substrates?; (b) superconducting gap distribution on the
Fermi surface of (La,Pr);Ni,O; thin films on SrLaAlO, substrates measured by ARPES*; (c) STM measurements of (La,Pr);Ni,O;
thin films grown on SrLaAlO, substrates!’), where the black curve shows the raw data, the red curve indicates the background

signal, and the blue curve represents the background-subtracted spectrum.
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Fig. 6. Electronic structure characteristics of LagNiyO;. (a) Band structure and orbital-resolved density of states at high pressure
(29.5 GPa)ll, with black arrows indicating the bonding d,2 band; (b) corresponding Fermi surface pockets from panel (a), with col-
ors denoting orbital characters!*; (c) band structure and orbital-resolved density of states at low pressure (1.6 GPa)l!, with black
arrows marking the bonding d,2 band; (d) Fermi surface pockets corresponding to panel (c)!¥; () ARPES evidence showing that
the bonding d,2 band (v band) lies below the Fermi level at ambient pressurel™; (f) schematic of bonding formation between Ni-
d2_y

electron occupancy of the two Ni atoms in the unit celll.

> and Ni-d,2 orbitals via hybridization with O- p5 and O-p, orbitals!; (g) schematic of the 3d energy-level splitting and
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Fig. 7. Band structure and the Fermi surface of LayNizOyy, and the Fermi surface of LasNi;O,;: (a), (b) Band structure and the pro-
jected density of state calculated from the experimental resultsi®; (c) Fermi surface in the first Brillioun zone corresponding to the
tight-binding band structure in panel (a), in which there exist five pockets, with the color representing the relative weight of the
d,2 andd,2

d,2 andd,2
58]

g2 orbitalst”; (d) Fermi surface of La;NizO,;, where the color of the left half represents the relative weight of the
_y2 orbitals, and the color of the right half represents the relative weight of the monolayer (SL) and the bilayer (BL)
parts
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Fig. 8. The angle-resolved photoemission spectrum (ARPES) results of the (La, Pr);NiyO; ultrathin film grown on the SrLaAlO,
substrate. For whether the Ni- 3d,2> antibonding band crosses the Fermi level forming the v pocket, different experiments give dif-
ferent results: (a) ARPES results, and the Fermi surface corresponds to the darker region’?; (b) Fermi surface obtained from the
ARPES resultsl®; (c) band structure along high-symmetric line with the 3 and 7 bands labeled®. Top of the 7 band is located at
the blue region, indicating that the ¥ band does not cross the Fermi level with the top of this band below the Fermi level). The in-
set is the zoom in of the rectangular region in the dashed box; (d) Fermi surface obtained from the ARPES results??.
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Fig. 9. Random phase approximation (RPA) results of the pressurized bulk LagNi,O;%8): (a) Distribution of the largest eigenvalue of
x* in the first Brillioun zone. @1 markes the wave vector of the strongest spin fluctuation mode. Q2 and Q3 mark the wave vec-
tors of other relatively strong spin fluctuation modes; (b) pairing eigenvalue A for different pairing symmetries as functions of the
interaction strength U; (c) distribution of the gap function of the s* -wave pairing on the Fermi surface. Here Q1 marks the nest-

ing vector of the Fermi surface. which is just the same as the wave vector Q1 of spin fluctuation shown in panel (a).
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Fig. 10. (a) The fluctuation-exchange (FLEX) approximation results of the prussurized bulk LagNi,O;™. A (corresponding to the

critical temperature Tt of superconductivity) increases when removing the coupling between the d,2 and dy2_,2 orbitals (green,

~y
blue and red lines). (b) Density of states of bulk LagNi,O; under high pressure (HP) and at ambient pressure (AP)["l. The dashed
line marks the Fermi level. (c) Pairing eigenvalue A of bulk LagNi,O; at AP as functions of particle number 87" The dashed line

marks the particle number without doping.
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Fig. 11. Relationship between the critical temperature Tt of superconductivity in bulk LazNi,O; and pressure: (a) Relationship ob-
tained from random phase approximation (RPA) study™. The cyan dashed lines mark the pressure under which the structural
phase transistion happens; (b) relationship obtained from functional renormalization group (FRG) study!™. Here, the results ob-

tained from different sets of parameters (inverted triangles) are compared with experimental results (wine squares and circles).
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Fig. 12. Effect of the apical oxygen vaccancy to the superconductivity in pressurized LasNi,O; obtained from random phase approx-
imation (RPA) study®l: (a) The interaction strength U-density of the apical oxygen vacancy § phase diagram. SC and LMP repres-
ent superconductivity and local moment phase, respectively. The blue solid line represents the critical interaction strength U. ;
(b) the real space distribution of the magnetic moment with the color represents the amplitude of the moment. The red dashed

boxes mark the positions of the apical oxygen vaccancy; (c) relationship between the critical temperature Tt of superconductivity
and 6.
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Fig. 13. Spin susceptibility and superconductivity of La,NizO,, calculated by RPAF7: (a) Distribution of the RPA-renormalized spin

susceptibility x*(q) in the Brillouin zone. The maximum of the x®(q) locates at ¢ = @y; (b) the largest A of the various pairing

symmetries as function of U; (c) distribution of the leading pairing gap function on the Fermi surface, @ is the Fermi surface nest-

ing vector connecting «; and ¥ pocket; (d) the largest A of the various pairing symmetries as function of doping level 6.
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Fig. 14. Research on the TB model of La;NizO;, without oy pocket: (a), (b) The Fermi surfaces nesting and the distribution of pair-

ing gap function on the Fermi surface calculated by FRGIS! and RPAP, respectively; (c) phase diagram of La,NigO,, with respect
to the filling level and Jy, calculated by FRGP); (d) the pairing eigenvalue A calculated by FLUXP for La,NizO,, (green line) and

LagNi,O; (pink line) are plotted as the function of filling An.
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LasNizOq; as the function of pressure.
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Fig. 16. The RPA calculated results of (La, Pr)sNiyO;/SrLaALO, film®): (a) The hole-doping dependence of the leading pairing
symmetry. (b)—(d) RPA results for § = 0.1: (b) Distribution of the spin susceptibility x®) (k) in the BZ. The maximum of the
X(S)(k) locates at @; (c) the largest A of the various pairing symmetries as function of U. The leading s-wave pairing throughout
the range of U indicates the realization of s-wave pairing superconductivity; (d) distribution of s-wave pairing gap function on the
Fermi surfaces, and @, is nesting vector. (e)—(g) RPA results for § = 0.23: (e) Distribution of the spin susceptibility x) (k) in the
BZ. The maximum of the x() (k) locates at Q,; (f) the largest A of the various pairing symmetries as function of U. The leading
dgy -wave pairing throughout the range of U indicates the realization of d, -wave pairing superconductivity; (g) distribution of

dgy -wave pairing gap function on the Fermi surfaces, and @, is nesting vector.
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Fig. 17. Other calculated results of (La, Pr);NiyO;/SrLaALO; film: (a) Distribution of the gap function around the Fermi level, cal-
culated by the combination of DMFT and RPA, where the colors represent the relative values of the gap function and @ marks the
Fermi surface nesting vector?; (b) distribution of the gap function on the Fermi surfaces, calculated by FRG, where the color and
size of data points represent the sign and magnitude of the gap function, ¢, marks the Fermi surface nesting vector!".

TR ¥ 430 T 300 64 77 1) 2 BT A HL M X3 R I, % H BRIk 8 ARy DA% FRERRACK
BT, FITFIR MR AR Z iR E, 55 HAF AR o HA% ERBEBE/ N * 0T
B F Bk B B HARYS v HARZ A B R (1 17(b)), 5.
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Table 1.  Summary and comparison table of weak coupling theory research on RP-phase nickelate superconductors.
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Fig. 18. RPA results of LagNi,O; at ambient pressurel™. (a) Band structure of LagNi,O; at ambient pressure. Band structure of the
TB-model (red line) is consistent with the DFT band structure (black line). (b) Fermi surfaces in the folded BZ. The FS nesting
vector is marked by @. (c) Distribution of the spin susceptibility x*(k) in the folded BZ. The maximal value of x°(k) just locates
at k= Q. (d) Schematic pattern of SDW. Each dashed oval represents a unit cell. The length and orientation color of the arrows

represent the magnitude and sign of the magnetic moment, respectively.
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Fig. 19. RPA results of La,NizO,, at ambient pressurel™: (a) Fermi surfaces in the folded BZ. @ marks the FS nesting vector;

(b) schematic pattern of SDW in real space; (c) evolution of the distribution of x*(k) with Jy when V = 0. Bright spots indicate

the location of the vectors of SDW; (d) the largest pairing eigenvalues A as a function of doping, with fixed Jy = U/6.
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SPECIAL TOPIC—Research progress on nickelate superconductors

Weak coupling studies on pairing mechanism and related
properties of Ruddlesden-Popper phase layered
nickelate based superconductors”
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1) (Zhejiang Key Laboratory of Quantum State Control and Optical Field Manipulation, Department of Physics,
Zhejiang Sci-Tech University, Hangzhou 310018, China)
2) (Institute of Theoretical Physics, Chinese Academic of Sciences, Beijing 100190, China)
3) (School of Physics, Beijing Institute of Technology, Beijing 100081, China)

( Received 30 August 2025; revised manuscript received 25 September 2025 )

Abstract

The discovery of superconductivity in Ruddlesden-Popper (RP) phase layered nickelates under high
pressure has opened a new avenue for exploring nontraditional pairing mechanisms beyond cuprates and
iron-based superconductors. In particular, LasNi,O; exhibits a superconducting transition temperature (T;) as
high as 80 K at ~15 GPa, making it the second class of oxides that achieve liquid-nitrogen temperature
superconductivity. Subsequent experiments have extended superconductivity to related compounds such as
LayNi3Oqy and LasNizOqq, as well as epitaxially grown thin films at ambient pressure. These findings have
motivated extensive theoretical efforts to elucidate the microscopic pairing mechanism.

This review summarizes recent progress from the perspective of weak-coupling theories, including random
phase approximation (RPA), functional renormalization group (FRG), and fluctuation-exchange (FLEX)
approaches. Density functional theory (DFT) calculations reveal that the low-energy degrees of freedom are
dominated by Ni 3d,. and 3d,>_,

band produces the 7 pocket, enhancing spin fluctuations, and stabilizing superconductivity. These fluctuations
+

2 orbitals. In La3Ni,O;, pressure-induced metallization of the bonding 3d,-
support superconductivity through interlayer 3d,. pairing characterized by an s* gap. Hole doping or
substitution may restore the 7 pocket and achieve bulk superconductivity at ambient pressure.

For LayNi;O, theoretical calculations indicate predominantly s*

pairing from interlayer 3d,» orbitals,
with weaker strength than LasNi,Oy, explaining its lower 7. and showing little sensitivity to band structure. In
LasNizOqy, composed of alternating single-layer and bilayer units, superconductivity mainly arises from the
bilayer subsystem, again dominated by 3d,. orbitals. Interestingly, the interplay between inter-bilayer
Josephson coupling and the suppression of density of states leads to a dome-shaped T -pressure phase diagram,
differing from the monotonic behavior of LasNiyO;.

Epitaxial (La, Pr);Ni,O; thin films display superconductivity above 40 K at ambient pressure. Theory

predicts doping-dependent pairing: s*

symmetry is favored at low doping levels, while d,, pairing emerges at
higher doping, in agreement with experimental indications of both nodeless and nodal gap behaviors.

In addition to superconductivity, the experiments reveal the spin-density-wave (SDW) sequence in bulk
LasNi,O; and LayNizO,, at ambient pressure. Weak-coupling calculations confirm that these SDWs are driven

by Fermi surface nesting and that their suppression under pressure gives rise to strong spin fluctuations which

* Project supported by the National Natural Science Foundation of China (Grant Nos. 12234016, 12074031).
# These authors contributed equally.
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act as the glue for Cooper pairing. This highlights the intimate connection between the density-wave parent
states and high-pressure superconductivity in nickelates.

In summary, weak-coupling theories provide a unified framework for RP nickelates, highlighting the key
roles of 3d,: orbitals, interlayer pairing, and spin fluctuations. They suggest that pressure, doping, substitution,
and epitaxial strain can optimize superconductivity and potentially achieve high- T, phases at ambient pressure.
Key challenges remain in clarifying orbital competition, the SDW-superconductivity interplay, and strong-
correlation effects, requiring close collaboration between advanced experiments and multi-orbital many-body

theory.

Keywords: unconventional superconductivity, pairing symmetry, nickelate superconductors, weak-coupling

theory
PACS: 74.20.—z, 74.20.Rp, 74.70.—b, 74.78.—w DOI: 10.7498 /aps.74.20251179
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Fig. 2. Superconductivity of LagNi,O; single crystal under pressure: (a) Resistance curves of LagNi,O; measured with solid as pres-
sure-transmitting medium (cubic boron nitride)?; (b) the a.c. susceptibility of LagNi,O; under pressurel?; (c) the zero resistance and
strange metal behavior of LagNi,O; with liquid as pressure-transmitting medium (Daphne 7373)["); (d) resistance curves of LagNiyO
under various magnetic fields'”); (e) superconductivity phase diagram of LagNi,O; under pressurel?!
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Fig. 3. Superconductivity of LazNi,O; polycrystalline under pressure: (a)—(d) Resistance curves of LagNi,O; (solid state reaction)
measured with solid as pressure-transmitting medium (cubic boron nitride)?2?%; (e) resistance curves of LagNi,O; (Sol-gel method)
under pressure with liquid as pressure-transmitting medium (Daphne 7373, glycerol)?4.
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Fig. 4. The oxygen vacancies in La3Ni,O; single crystals and superconductivity of La,PrNi,O; polycrystalline under pressure:

(a) The oxygen vacancies in LagNi,O; single crystals; (b), (c) the phase histograms from distinct oxygen sites with different oxygen

vacancy concentrations®”; (d) the stacking faults of LagNi,O; polycrystalline [%l; (e) the long-range orders of Lay,PrNi,O; polycrys-

tallinel*’; (f), (g) zero resistance and diamagnetic signals of La,PrNi,O; polycrystalline under pressurel*.
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Fig. 5. Superconductivity of LayNizO,, single crystal under pressure: (a) Resistance curves of La,NizO;, measured with solid as pres-

sure-transmitting medium (NaCl)Pl; (b) the d.c. susceptibility curves of La,NisO,, measured with gas as pressure-transmitting medi-

um (neon)?; (c), (d) the zero resistance of LayNizO,, measured with gas as pressure-transmitting medium (helium)!”; (e) resistance
4N13U10 g g

curves as a function of pressure under various magnetic fields (helium).
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Fig. 6. Phase transition of La,NizOy, single crystal under pressurel’: (a), (b) Synchrotron X-ray diffraction patterns of La,NisO;

the lattice parameters (c) and cell volume (d) as a function of pressure in LayNizO,g; (e) the enthalpy between the space groups

P2,/a and I4/mmm as a function of pressure.
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Fig. 7. Superconductivity phase diagram of La,Ni;O,, single

crystal under pressurel.
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Fig. 8. Superconductivity of PryNizO,, polycrystalline under pressurel®?: (a), (b) Resistance curves of Pr,NizOy, polycrystalline un-

der pressure; (c) superconductivity phase diagram of Pr,;NizOy, polycrystalline under pressure.
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Abstract

The recent discovery of high-temperature superconductivity in the bilayer nickelate LasNi,O; under high
pressure has drawn significant attention, further catalyzing intensive research on nickel-based superconductors.
Systematic comparative studies of unconventional superconductors are vital for advancing the mechanistic
understanding of high-T, superconductivity. In contrast to cuprates, bulk nickelates exhibit significant
differences in crystal structure, electronic properties, and physical behaviors, and their experimental

investigation faces specific challenges including the influences of hydrostatic conditions on the measurements of

zero resistance and diamagnetic response, oxygen
. . . 112 thin films
vacancy defects in single crystals, and pressure-induced

structural phase transitions. This review comprehen- Nickel-based La3Ni,O7
. . . L. superconductors

sively examines high-temperature superconductivity LasNizO1;

and the related research challenges in trilayer nickelate Ruddlesden-Popper phases e

. . . . , LaadN13U10 |

bulk materials, and provides experimental insights for ! !

iPr4Ni3Owi

future studies on nickel-based superconducting systems.

Keywords: nickel-based superconductors, unconventional superconductivity, high-temperature super-

conductivity
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Fig. 1. (a) Schematic diagram of GAE; (b) XRD 6-26 scan results and (c) structural schematic diagram for RP phase nickelates
with n = 1-4; (d) dependence of the (00 4n+2) peak position on the nominal A/B-site molar ratio of the RP phasel??.
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Fig. 2. (a) XRD 6-20 scans and (b) R-T curves for 7% Ni-rich (S1), cation-stoichiometric (S2), and 11% Ni-deficient (S3) (La, Pr,
Sm);Ni,O; samples on SLAO substrates; (c) an enlarged plot showing the onset of the transition. The cation stoichiometry is con-

trolled by the pulse ratio of the LnO, and NiO, targets.
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Fig. 3. (a) RHEED intensity oscillations and (b) diffraction patterns before and after growth for the cation-stoichiometric sample;
RHEED oscillation curves and their zoom-in views for the (c), (d) Ni-deficient (-11%) and (e), (f) Ni-rich (+7%) sample. For all
samples, the deposition of the LnO, layer corresponds to a decrease in RHEED intensity, while that of the NiO, layer leads to an

increase.
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Fig. 4. (a) XRD 6-26 scan results, (b) X-ray reflectivity profiles, and their corresponding (c¢) R-T curves for samples with layer-by-
layer atomic coverages of 116.0%, 101.5%, and 100.0%, respectively. The layer-by-layer atomic coverage is controlled by proportion-

ally scaling the number of laser pulses for the LnO, and NiO, targets.
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Fig. 5. (La, Pr, Sm)3Ni;,O; thin films grown on as-received (S7), annealed (S8), and pre-deposited buffer layer (S2) substrates:
(a) Structural schematic diagrams; (b) RHEED intensity oscillations; (¢) XRD 6-26 scan results; (d) R-T curves. The ozone partial
pressure during growth was 1.2x10 2 mbar for sample S2, and 2.0x10 2 mbar for samples S7 and S8, while all other growth para-

meters were kept consistent. The lower T, of S8 originates from over-oxidation.
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SPECIAL TOPIC—Research progress on nickelate superconductors:COVER ARTICLE

Preparation and optimization of nickelate based
Ruddlesden-Popper nickelate high-temperature
superconducting thin films"
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3) (Department of Physics, Tsinghua University, Beijing 100084, China)
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Abstract

The discovery of ambient-pressure nickelate high-temperature superconductivity provides a new platform
for further exploring the underlying superconducting mechanisms. However, the thermodynamic metastability of
Ruddlesden-Popper nickelates Ln, Ni,O3,,; (Ln = lanthanide) poses significant challenges for precise control
over their structures and oxygen stoichiometry. This study establishes a systematic approach to growing phase-
pure, high-quality LnsNi,O; thin films on LaAlO3 and SrLaAlO, substrates by using gigantic-oxidative atomic-
layer-by-layer epitaxy. The films grown under an ultrastrong oxidizing ozone atmosphere are superconducting
without further post-annealing. Specifically, the optimal LnsNi,O;/SrLaAlO, superconducting film exhibits an
onset transition temperature (7 ;) of 50 K. Four critical factors governing the crystalline quality and

superconducting properties of LnzNi,O; films are identified as follows. 1) Precise cation stoichiometric control
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Construction Program of Shenzhen, China, China (Grant Nos. SZZX2401001, SZZX2301004), and the Science and
Technology Program of Shenzhen, China (Grant No. KQTD20240729102026004).

1 Corresponding author. E-mail: chenzhuoyu@sustech.edu.cn

227403-9


https://doi.org/10.1038/s43246-024-00478-4
https://doi.org/10.1038/s43246-024-00478-4
https://doi.org/10.1038/s43246-024-00478-4
https://doi.org/10.1038/s43246-024-00478-4
https://doi.org/10.1038/s43246-024-00478-4
https://doi.org/10.1038/s43246-024-00478-4
https://doi.org/10.1038/s43246-024-00478-4
https://doi.org/10.1007/s11433-023-2329-x
https://doi.org/10.1007/s11433-023-2329-x
https://doi.org/10.1007/s11433-023-2329-x
https://doi.org/10.1007/s11433-023-2329-x
https://doi.org/10.1007/s11433-023-2329-x
https://doi.org/10.1007/s11433-023-2329-x
https://doi.org/10.1007/s11433-023-2329-x
https://doi.org/10.1007/s11433-023-2329-x
https://doi.org/10.1007/s11433-023-2329-x
https://doi.org/10.1007/s11433-023-2329-x
https://doi.org/10.1103/PhysRevB.63.245120
https://doi.org/10.1103/PhysRevB.63.245120
https://doi.org/10.1103/PhysRevB.63.245120
https://doi.org/10.1103/PhysRevB.63.245120
https://doi.org/10.1103/PhysRevB.63.245120
https://doi.org/10.1103/PhysRevB.63.245120
https://doi.org/10.1103/PhysRevMaterials.6.055003
https://doi.org/10.1103/PhysRevMaterials.6.055003
https://doi.org/10.1103/PhysRevMaterials.6.055003
https://doi.org/10.1103/PhysRevMaterials.6.055003
https://doi.org/10.1103/PhysRevMaterials.6.055003
https://doi.org/10.1103/PhysRevMaterials.6.055003
https://doi.org/10.1103/PhysRevMaterials.6.055003
https://doi.org/10.1103/PhysRevB.104.184518
https://doi.org/10.1103/PhysRevB.104.184518
https://doi.org/10.1103/PhysRevB.104.184518
https://doi.org/10.1103/PhysRevB.104.184518
https://doi.org/10.1103/PhysRevB.104.184518
https://doi.org/10.1103/PhysRevB.104.184518
https://doi.org/10.1103/PhysRevB.104.184518
https://doi.org/10.1063/5.0018934
https://doi.org/10.1063/5.0018934
https://doi.org/10.1063/5.0018934
https://doi.org/10.1063/5.0018934
https://doi.org/10.1063/5.0018934
https://doi.org/10.1063/5.0018934
https://doi.org/10.1063/5.0018934
https://doi.org/10.1038/s41535-017-0022-y
https://doi.org/10.1038/s41535-017-0022-y
https://doi.org/10.1038/s41535-017-0022-y
https://doi.org/10.1038/s41535-017-0022-y
https://doi.org/10.1038/s41535-017-0022-y
https://doi.org/10.1038/s41535-017-0022-y
https://doi.org/10.1038/s41535-017-0022-y
https://doi.org/10.1063/5.0036087
https://doi.org/10.1063/5.0036087
https://doi.org/10.1063/5.0036087
https://doi.org/10.1063/5.0036087
https://doi.org/10.1063/5.0036087
https://doi.org/10.1063/5.0036087
https://doi.org/10.1063/5.0036087
https://doi.org/10.1063/5.0036087
https://doi.org/10.1002/smtd.202200880
https://doi.org/10.1002/smtd.202200880
https://doi.org/10.1002/smtd.202200880
https://doi.org/10.1002/smtd.202200880
https://doi.org/10.1002/smtd.202200880
https://doi.org/10.1002/smtd.202200880
https://doi.org/10.1002/smtd.202200880
https://doi.org/10.1007/s44214-024-00066-0
https://doi.org/10.1007/s44214-024-00066-0
https://doi.org/10.1007/s44214-024-00066-0
https://doi.org/10.1007/s44214-024-00066-0
https://doi.org/10.1007/s44214-024-00066-0
https://doi.org/10.1007/s44214-024-00066-0
https://doi.org/10.1007/s44214-024-00066-0
mailto:chenzhuoyu@sustech.edu.cn
mailto:chenzhuoyu@sustech.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 22 (2025) 227403

suppresses secondary phase formation. In an Ni-rich sample (+7%), the thin film forms an Ln,NizO,, secondary
phase, and the R-T curve correspondingly exhibits metallic behavior. In contrast, an Ni-deficient sample forms
an LnyNiO, secondary phase, with its R-T curve indicating insulating behavior over the entire temperature
range. 2) Complete atomic layer-by-layer coverage minimizes stacking faults. Deviation from ideal monolayer
coverage induces in-plane atomic number mismatch, which directly triggers out-of-plane lattice collapse or uplift
near bulk-equilibrium positions. 3) Optimized interface reconstruction can improve the atomic arrangement at
the interface. This can be achieved through methods such as annealing the SrLaAlO, substrate or pre-depositing
a 0.5-unit-cell-thick Ln,NiO -phase buffer layer, which enhances the energy difference between the Ln-site and
Ni-site layers to promote proper stacking. 4) Accurate oxygen content regulation is essential for achieving a
single superconducting transition and high T, .. Although the under-oxidized sample demonstrates a
relatively high T, . (50 K), it displays a two-step superconducting transition. Conversely, the over-oxidized
sample exhibits a reduced T, 4 of 37 K and similarly manifests a two-step transition. These findings provide
valuable insights into the layer-by-layer epitaxy growth of diverse oxide high-temperature superconducting

films.

Keywords: nickelate superconducting thin film, Ruddlesden-Popper phase, gigantic-oxidative atomic-layer-

by-layer epitaxy, surface structure
PACS: 74.78.—w, 74.70.-b, 74.25.—q, 81.15.—=z DOI: 10.7498 /aps.74.20251080
CSTR: 32037.14.aps.74.20251080
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Fig. 1. Schematic diagrams of the reduction setups: (a) Schematic of the lab-based RF plasma source integrated into the PLD

chamber; (b) schematic of the industrial RF plasma source and the thermal gas cracker integrated into a separate chamber.
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WBJFZR A 355 C 15 340 C 40T i JRU Y v BH 284 1T 200 12

Fig. 2. Optimization process of reduction conditions using a lab-based RF plasma source: (a) XRD 6-20 scan results for optimiz-
ing the reduction temperature and reduction time using LaNiO; samples under fixed conditions, RF power of 200 W, H, flow rate of
3 mL/min (stand conditions); (b) corresponding resistivity—temperature curve under the same conditions as in panel (a), resistivity-
temperature data for L2a and L5a were not measured due to the XRD result; however, data from Lla (more under-reduced) and
L6a (more over-reduced) capture the overall evolution of resistivity from the most under- to the most over-reduced state; (¢) XRD
6-260 scan results for optimizing the reduction temperature and reduction time using LajsCa,NiO5 samples under fixed conditions:
RF power of 200 W, H, flow rate of 3 mL/min (stand conditions); (d) resistivity-temperature curve under the optimal reduction
condition (355 °C) and 340 °C using the lab-based RF plasma source.
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Fig. 3. Optimization process of reduction conditions using an industrial RF plasma source: (a) XRD 6-26 scan results for optimiz-
ing the reduction temperature under fixed conditions, RF power of 480 W, H, flow rate of 2 mL/min(stand conditions), and reduc-
tion time of 1.5 h; (b) corresponding resistivity-temperature curve under the same conditions as in panel (a); (c) XRD 6-26 scan res-
ults for further optimization of reduction temperature by extending the reduction time to 2 h, while keeping RF power and H, flow
rate unchanged (480 W and 2 mL/min (stand conditions), respectively); (d) corresponding resistivity -temperature curve under the
same conditions as in panel (c); (¢) XRD 6-26 scan results for optimizing RF power and H, flow rate under fixed sample temperat-

ure (310 °C) and reduction time (2 h); (f) corresponding resistivity—temperature curve under the same conditions as in panel (e).
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Fig. 4. Optimization process of reduction conditions using a thermal gas cracker source: (a) XRD 6-20 scan results for optimizing
the reduction time and cracker filament temperature under fixed conditions: sample temperature of 310 °C and hydrogen pressure of
1 x 1072 mbar, the inset in the upper right corner compares the XRD peak positions of these films, the dashed line indicates the
XRD peak position of the CaHy-reduced film, corresponding to the expected 112 phase; (b) XRD 6-26 scan results for optimizing
the sample temperature and reduction time under fixed conditions: hydrogen pressure of 1 x 10~% mbar and cracker filament tem-
perature of 1750 C; (c¢) XRD 6-20 scan results for further optimization of sample temperature under fixed conditions: hydrogen
pressure of 3 x 107° mbar, cracker filament temperature of 1750 °C, and reduction time of 2 h; (d) corresponding resistivity-

temperature curve under the same conditions as in panel (c).
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Fig. 5. Comparison of XRD 6-260 scan for the same precursor sample reduced under the optimized conditions of three atomic hy-
drogen sources and CaH, reduction: (a) XRD 6-20 comparison between the optimized lab-based RF plasma reduction and CaH,

reduction; (b) XRD 6-26 comparison between the optimized industrial RF plasma reduction and CaH, reduction; (c) XRD 6-26
comparison between the optimized thermal gas cracker reduction and CaH, reduction.
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Fig. 6. Comparison of resistivity-temperature curves for the same precursor sample reduced under the optimized conditions of three
atomic hydrogen sources and Cal, reduction: (a) Resistivity-temperature curve using a standard RF plasma source; (b) resistivity-
temperature curve using an industrial RF plasma source; (c) resistivity-temperature curve using a thermal gas cracker source;

(d) first derivative of the resistivity-temperature curve in panel (a); (e) first derivative of the resistivity-temperature curve in panel
(b); (f) first derivative of the resistivity-temperature curve in panel (c).
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Fig. 7. AFM surface morphology comparison of samples reduced under optimal conditions using three atomic hydrogen sources and

CaH,. (a)—(c) AFM surface morphology of samples reduced under the optimal conditions of three atomic hydrogen sources;

(d)—(f) Morphology of the corresponding precursor samples reduced by CaH, for comparison (scale bar: 250 nm). (g)—(i) Height pro-

file comparisons along representative line scans taken from panels (a), (d), (b), (e), and (c), (f), respectively. For clarity, the curves

have been vertically shifted.

227404-10


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 22 (2025) 227404

R 1 AT EGRET AR AT T B TR Z B A e S B P B B, (B9 ik S 20 B 4 < P
Rar, EAT 207 SRR, AT M ARIRRTIRRZE Cal, S JEURE S PR

Table 1.  Summary of the physical properties of infinite-layer nickelate samples reduced under optimized conditions using

different atomic hydrogen sources. (In the “superconducting properties” row for each reduction method, the upper entry cor-

responds to the sample reduced by the given method, and the lower entry refers to the same precursor reduced by CaH, as a

reference).
. PR SEAPER FHEIEH WIS
HET —
T. /K AT, /K TR 5 CaH b IR 22 57 /(%) RIKHBERE R /nm I FUREE/C

Tl A B AR 7.6 2.5 . 0.124 310
CaH,y(Xf Eb) 7.6 4.2 0.188 340
B 7.2 2.8 0.138 330
CaH,(Xf L) RSEIERB RS 0 0.170 340
FHRIF A5 B AU 7.3 2.6 . 0.145 355
CaH, (% Hr) 7.6 1.9 0.172 340

fif s (& 7(b)). BHIF A B TR TE (K 7(c)) DA K
A3 AR RTIRAR CaH, 385 (] 7(d)—(f) 544 F
AT B RE i R T 5. M R B X 2 T I 50 v
b a4 ff B UE AT — 2 THE. FE 3 R R F &L
J 7 2 Hp, B2 B P R A% R T T 6T I A R
JEE I T, A R R AR R T R
(8 7(a)—(c)). ML T, RAIFERR T2 1 £ 3
EIEITIY CaHy AT ST il 45 (R FE &, JRAE L
I Jer Yk AR X A A, AT 2 3 o ) % v A R
(I 7(d)—(f)). BB 7(a)—(f) HAH R BE X 35
{14 [ — 5 v T ) 2 T v B 4 ) o 3l 0 A 7 T L
(K 7(g), (h)), AT A E B LR A J5 07 GE i s
A R AR K. Tl & B PRI IE R 5
(4 112 AHARE & R E R AR /N T A LAA JE 75
1M CaHy 38 J5 FARR i 2 TS AR d5 P I

XA BRI 3 MR E R &= A0 L R
H e B 5 AT il 25 14 TG R 2 B S AL P R 1Y)
YIERVE R T R G LS. 19 T AT RT
PAFHOCHY PR S, I S5 LS Cal, iR ik
ek Ak R ) i 08 A T 25 1) AR A 5 SR A T 1k
ELAHT.

M PE TR A, FATR T T 3 F T4
FEAE T (RO A5 B AR . Tl 45 B A U
FFAGRIR) Pl as BB AR T JCRR 2
BUEALIRE S PE— LA AR TR AT IR AR i ) 3 R
SERTTLLUZ I, Tl F A5 8 T IR A A I T i
JEAE it 1) 2 R BEL YR 347 v 4% 1 [ A SR 44 R
CaH, iR JF Y455, FIAX A A 5 7 X138 )5
AR, BLAh, SR =TI 5 R 4 S 51
BT 2.5 KAl 2.8 K [ AT, , ¥/NF52Z5%F L)

CaH, b JR45 5, 3+ H/NTFRAH&EAE EZEE R
Nd, Eu,NiOs & & Frdig & 1 AT, 19, 5 H A5
P A FH A PR I Lag ¢St oNiO5 A R IRTEAY
AT HIE (~2.2 K) 222333 350 3 B R 35K 79 30 Ji
I I SR AR b B B R R X A . AR () R T
BT, A F AT, 3 FET A
Jit 75 2 £ BORE A, R TETALRE B (R,) S0t
INT CaHly 38 JFRE G, 2B H T 40 A 26 1 SF e e
I H. R, AEBEE LI S5 A e SRS (1 T 5
TR R T 3 T A A AN S
ML FALG Y Cal, 387 8% 4 8 7 55 210 Rk, i
PR FEGR 5 (TCIe R A =X 7E4 At
TV TS 2 R S Wb 25 3.

4 % W

RTAEERRGIRR T EXF 3 Fh 20" 4
FENAE SRS R, i R T R
LGP (BUT 22 ) LSRR Il RE 5 ),
454 XRD Hiiwger Mt S R XT H o, 453 2
145 A RIS R

TEMCEER E, FA KRS T 3 A1 Sk I T B
TESAE A 0 B ] A6 TG BR JZ A S A R A4 2
R, -5 HAR R sl 25 B AT AR AL 48 CaH, 4
KB JF LS RAEATH L. 85K, Tk B+
AR DR 3 197 00K, BERSAE B AN IR
AR BRTA A, [ PR A R A AR RS, R
T CaH, b JEURE T T 3 JRURAE A A PR RE (FFHE
BELIR T, A AR /)N, HLad S A Y
R IADREDRE IR IR IR REAS S BT Jin7E 73 ) ide

227404-11


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 22 (2025) 227404

Ji, 3 5 P 2 PR BEL IR B A P 4t R A5
TR JFUG RE A R FERE S CaHy 8.
[, 3 7 &8 R T BE X 345 T AT CaH,
I JEBE I 174 5 3 T AELARE X 1 B R S R
PP TR T P Uy T LA R AR
PRI i ) Tl FH A B AR, SR R R
B, 2 R E ST AR, RS
ST R, A7 BT AR B AR R 1

(HASHE B, BAR T AR AR TR 53
fRIE TR B LT CaHy FIRHIF 25 5 A JE Y
W R RE Ty, AL — 25 Ak 2 )5 A 1 i ) 22
) ARPES 5230 kK 5, 38 35 % L AR [R] AT SRR T
AN]SR T BT il A i Y 0 e 5 9 oK R
BT %) B, RS B TR B 19 B Y I 2 I
SO TSR T 4T

i1, A REMER RS S SRR
AR, A TAE N B TR E A b
WA AR T — AT R AR AR, oS
SR T 2R T AU I T BEITF R 1 T a5 M 5 4T
T RAFR SRR
A ii%ﬁ%%ﬁ%&ﬁ&%ﬁ
77

Al RRERFHRUTR

FEXT 113 AR ALY SR T8 SR AL B s B,
TR ) B o TR AR T ORI RE S R R RO, L, AR A
LaNiOy Jebt YRS, 2 HACHT ) 22 82 Tt 200 °C (1 &
TR, LaNiOg 232 #7430 % Ni F1 La, 0584, i, i i
T IO MR R U B Y R AT (D SO AR
& R AETE T, DIARRER NiOg /\TH A S5 44 i T
PR XIS RS0 A e B, AWFIR RGN Ak b
0%, DL IEGE B R A

e, W O S R, AR R R ST R
(CEF RT3 B AR ) sk 220 BE (BT XS AR IR ), DATEASE
IR LA AR A HIT B T AT S i iy 7= 8. X — P
O H S8 DA S —— i 7 U A R 78 2 LI M, AL
T RE A% R0 AT 00 R S0 25, L I sl e J 5 e
SRIAFRE. IR, SR SRS, IREZAT
AR, FF IR HRAR TS BRI e B S R A S . e At 2%
PR E B IL R, B SRR B TR SRR, TR Al
JE SRS TR JE N B Sy 2 B R R, R A AR
N, BT R R R RO S TR b i RS BT R BRI 4 ()

FF 3 e 4 I SN 5 A S5 A R IR

B, FETI0E Hh R XD, FRAT T3 —28 Al Ak 4% id
JER P, R A ) — BT SR AHARAE b, EEBCAR 1A
BESAE TR XRD WA A1k, PPAIER IR IROR . B4k
WA 113 AHIRTR R 112 A5, BT NiOg /i i
S 3B, JL o Bl BORIAE T 113 AR 883080/, 7ER
WJEIEBHLN, BT AR B 58 4 R BRET, SRR T Al
1 ¢ Bl SRS B R TR E 112 ARG o b ks 8 i AE
TR RGBT, NiO, V- Ifi N 2 R4 7= Ak S 25 07, FHARIY
Nd 8¢ Ni JEF 30 11 N S A AL, TFIRE S T30 o b
AR HBOR TARUE 112 AR S 242) B, @43 XRD I
SRR AT AU, TR AE R RA R . AR UE, XRD
AT S W (g U S 1) 658 s R RE (ML) A7) B8 3, R R W TIUA
S SRR 43, DR AR RO A T AR M . 3k el
WAEAT P AR A A R S AR AR L T 4 LT S A BRI

T, FRATTE K 3 5 f VRS 1 e BB RN R R S
N EBNER G TR, AR | e i R BB R
AL, DA K e TR B2 ST S S50, 0 B4 S e 1 s vy
Bt FUAFEDRIIE S SEOC PR e b ik 2 TR AR E R T
T, A REHE AR R A R B

AR, WS HY 112 MR T LIS S, 5
FIORAR 113 ARG (Holn Ni/Nd TR ) SETEE 2839,
# 83| CaH, S H A K HSEH OB, il CaH, i
JELJE AR it 5 LA R R, R A IR A T e ) T
WirbruEz —. FEAPFTE T, FITA =R Sl R AR
BT RAAHE S S VI s 155 03 /N, Horp—HeR I ge—
) CaH, AR B, HARAF45 R FTES ZhniE. %3k
JEAE 38 5 =X B BIE B T T PR A S 3 5T 5 1 A1,
FLARARES F3dE T B SR i, [R)Befth A B S 30 [ 340 Ji
J5 22 BB LA T L, P FH T AR5 1R SR A
flit .

A2 REF*E

AHFEHT IR XRD AR AT Rigaku SmartLab 4t
SER, AN Cu-K, ZHZ (A = 1.5418 A) fEH
X B IR. Bz i 7F Quantum Design 24 &) ) PPMS
Dynacool ‘- & F#47. AFM JESi FME% ] Park Systems
NX20 RIV R G, AR AN R, TTEABIRE SR
TP HTHE T AR A 0 20 W = AR R, O s 23 v sk
RIS RS

S 0k

[1] Keimer B, Kivelson S A, Norman M R, Uchida S, Zaanen J
2015 Nature 518 179
[2] Norman M R 2016 Rep. Prog. Phys. 79 074502

227404-12


https://doi.org/10.1038/nature14165
https://doi.org/10.1038/nature14165
https://doi.org/10.1038/nature14165
https://doi.org/10.1038/nature14165
https://doi.org/10.1038/nature14165
https://doi.org/10.1038/nature14165
https://doi.org/10.1038/nature14165
https://doi.org/10.1088/0034-4885/79/7/074502
https://doi.org/10.1088/0034-4885/79/7/074502
https://doi.org/10.1088/0034-4885/79/7/074502
https://doi.org/10.1088/0034-4885/79/7/074502
https://doi.org/10.1088/0034-4885/79/7/074502
https://doi.org/10.1088/0034-4885/79/7/074502
https://doi.org/10.1088/0034-4885/79/7/074502
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 22 (2025)

227404

3]

(4]
[5]

(6]

7
]
9
[10]
11]
12]

13]
14]

(15]

[21]

Anisimov V I, Bukhvalov D, Rice T M 1999 Phys. Rev. B 59
7901

Lee K W, Pickett W E 2004 Phys. Rev. B 70 165109
Poltavets V V, Lokshin K A, Dikmen S, Croft M, Egami T,
Greenblatt M 2006 J. Am. Chem. Soc. 128 9050

Poltavets V V, Lokshin K A, Nevidomskyy A H, Croft M,
Tyson T A, Hadermann J, Tendeloo G V, Egami T, Kotliar
G 2010 Phys. Rev. Lett. 104 206403

Li D F 2021 Sci. Sin. Phys. Mech. 51 047405 (in Chinese) [4%
FHIR 2021 rhEREEE: Py J)2 KIS 51 047405

Li D, Lee K, Wang B Y, Osada M, Crossley S, Lee H R, Cui
Y, Hikita Y, Hwang H'Y 2019 Nature 572 624

Kawai M, Inoue S, Mizumaki M, Kawamura N, Ichikawa N,
Shimakawa Y 2009 Appl. Phys. Lett. 94 082102

Crespin M, Levitz P, Gatineau L 1983 J. Chem. Soc. Faraday
Trans. 79 1181

Levitz P, Crespin M, Gatineau L 1983 J. Chem. Soc. Faraday
Trans. 79 1195

Hayward M A, Green M A, Rosseinsky M J, Sloan J 1999 J.
Am. Chem. Soc. 121 8843

Hayward M A, Rosseinsky M J 2003 Solid State Sci. 5 839

Li Q, He C P, Si J, Zhu X Y, Zhang Y, Wen H H 2020
Commun. Mater. 1 16

Wang B X, Zheng H, Krivyakina E, Chmaissem O, Lopes P
P, Lynn J W, Gallington L C, Ren Y, Phelan D 2020 Phys.
Rev. Mater. 4 084409

Catalano S, Gibert M, Fowlie J, [fiiguez J, Triscone J M,
Kreisel J 2018 Rep. Prog. Phys. 81 046501

Yamamoto T, Kageyama H 2013 Chem. Lett. 42 946

Wei W Z, Shin K, Hong H, Shin Y, Thind A S, Yang Y, Klie
R F, Walker F J, Ahn C H 2023 Phys. Rev. Mater. T 013802
Wei W Z, Vu D, Zhang Z, Walker F J, Ahn C H 2023 Sci.
Adv. 9 eadh3327

Ding X, Fan Y, Wang X X, Li C H, An Z T, Ye J H, Tang S
L, Lei M Y N, Sun X T, Guo N, Chen Z H, Sangphet S,
Wang Y L, Xu H C, Peng R, Feng D L 2024 Natl. Sci. Rev.
11 nwael94

Parzyck C T, Anil V, Wu Y, Goodge B H, Roddy M,

[22]

23]

(24]

[25]
[26]
(27]
(28]
29]

30]

(31]

(32]

33]

[34]

(35]

227404-13

Kourkoutis L F, Schlom D G, Shen K M 2024 APL Mater. 12
031132

Sun W J, Wang Z C, Hao B, Yan S J, Sun H Y, Gu Z B,
Deng Y, Nie Y F 2024 Adv. Mater. 36 2401342

Sun W J, Jiang Z C, Xia C L, Hao B, Yan S J, Wang M S, Li
Y Y, Liu HQ, Ding J Y, LiuJ Y, Liu Z, Liu J T, Chen H H,
Shen D W, Nie Y F 2025 Sci. Adv. 11 eadr5116

Zeng S W, Tang C S, Luo Z Y, Chow L E, Lim Z S, Prakash
S, Yang P, Diao C Z, Yu X J, Xing Z X, Ji R, Yin X M, Li C
J, Wang R S, He Q, Breese M B H, Ariando A, Liu H J 2024
Phys. Rev. Lett. 133 066503

Han K, Xie M M, Mei Y F, Lin R J, Xu L Q, Chen P F, Yin
P H, Zeng S W, Ge B H, Ariando A, Song D S, Wang X R,
Wu W B, Huang Z 2023 Appl. Phys. Lett. 123 182601
Nomura Y, Arita R 2022 Rep. Prog. Phys. 85 052501

Kitatani M, Si L, Janson O, Arita R, Zhong Z, Held K, 2020
npj Quantum Mater. 5 59

Lee K, Goodge B H, Li D F, Osada M, Wang B Y, Cui Y,
Kourkoutis L F, Hwang H'Y 2020 APL Mater. 8 041107
Tonks L, Langmuir I 1929 Phys. Rev. 34 876

Hemke T, Eremin D, Mussenbrock T, Derzsi A, Donké Z,
Dittmann K, Meichsner J, Schulze J 2013 Plasma Sources
Sei. Technol. 22 015012

Satritama B, Cooper C, Fellicia D, Pownceby M I,
Palanisamy S, Ang A, Mukhlis R Z, Pye J, Rahbari A,
Brooks G A, Rhamdhani M A 2024 J. Sustain. Metall. 10
1845

Tschersich K, Fleischhauer J, Schuler H 2008 J. Appl. Phys.
104 034908

Sun WJ, LiYY, LiuR X, Yang J F, Li J Y, Wei W, Jin G
J,Yan S J, Sun HY, Guo W, Gu Z B, Zhu Z W, Sun Y, Shi
Z X, Deng Y, Wang X F, Nie Y F 2023 Adv. Mater. 35
€2303400

Puphal P, Pomjakushin V, Ortiz R A, Hammoud S, Isobe M,
Keimer B, Hepting M 2022 Front. Phys. 10 842578

LiYY, Sun W J, Yang J F, Cai X B, Guo W, Gu Z B, Zhu
Y, Nie Y F 2021 Front. Phys. 9 719534


https://doi.org/10.1103/PhysRevB.59.7901
https://doi.org/10.1103/PhysRevB.59.7901
https://doi.org/10.1103/PhysRevB.59.7901
https://doi.org/10.1103/PhysRevB.59.7901
https://doi.org/10.1103/PhysRevB.59.7901
https://doi.org/10.1103/PhysRevB.59.7901
https://doi.org/10.1103/PhysRevB.70.165109
https://doi.org/10.1103/PhysRevB.70.165109
https://doi.org/10.1103/PhysRevB.70.165109
https://doi.org/10.1103/PhysRevB.70.165109
https://doi.org/10.1103/PhysRevB.70.165109
https://doi.org/10.1103/PhysRevB.70.165109
https://doi.org/10.1103/PhysRevB.70.165109
https://doi.org/10.1021/ja063031o
https://doi.org/10.1021/ja063031o
https://doi.org/10.1021/ja063031o
https://doi.org/10.1021/ja063031o
https://doi.org/10.1021/ja063031o
https://doi.org/10.1021/ja063031o
https://doi.org/10.1021/ja063031o
https://doi.org/10.1103/PhysRevLett.104.206403
https://doi.org/10.1103/PhysRevLett.104.206403
https://doi.org/10.1103/PhysRevLett.104.206403
https://doi.org/10.1103/PhysRevLett.104.206403
https://doi.org/10.1103/PhysRevLett.104.206403
https://doi.org/10.1103/PhysRevLett.104.206403
https://doi.org/10.1103/PhysRevLett.104.206403
https://doi.org/10.1038/s41586-019-1496-5
https://doi.org/10.1038/s41586-019-1496-5
https://doi.org/10.1038/s41586-019-1496-5
https://doi.org/10.1038/s41586-019-1496-5
https://doi.org/10.1038/s41586-019-1496-5
https://doi.org/10.1038/s41586-019-1496-5
https://doi.org/10.1038/s41586-019-1496-5
https://doi.org/10.1063/1.3078276
https://doi.org/10.1063/1.3078276
https://doi.org/10.1063/1.3078276
https://doi.org/10.1063/1.3078276
https://doi.org/10.1063/1.3078276
https://doi.org/10.1063/1.3078276
https://doi.org/10.1063/1.3078276
https://doi.org/10.1039/F29837901181
https://doi.org/10.1039/F29837901181
https://doi.org/10.1039/F29837901181
https://doi.org/10.1039/F29837901181
https://doi.org/10.1039/F29837901181
https://doi.org/10.1039/F29837901181
https://doi.org/10.1039/F29837901181
https://doi.org/10.1039/F29837901181
https://doi.org/10.1039/F29837901195
https://doi.org/10.1039/F29837901195
https://doi.org/10.1039/F29837901195
https://doi.org/10.1039/F29837901195
https://doi.org/10.1039/F29837901195
https://doi.org/10.1039/F29837901195
https://doi.org/10.1039/F29837901195
https://doi.org/10.1039/F29837901195
https://doi.org/10.1021/ja991573i
https://doi.org/10.1021/ja991573i
https://doi.org/10.1021/ja991573i
https://doi.org/10.1021/ja991573i
https://doi.org/10.1021/ja991573i
https://doi.org/10.1021/ja991573i
https://doi.org/10.1021/ja991573i
https://doi.org/10.1021/ja991573i
https://doi.org/10.1016/S1293-2558(03)00111-0
https://doi.org/10.1016/S1293-2558(03)00111-0
https://doi.org/10.1016/S1293-2558(03)00111-0
https://doi.org/10.1016/S1293-2558(03)00111-0
https://doi.org/10.1016/S1293-2558(03)00111-0
https://doi.org/10.1016/S1293-2558(03)00111-0
https://doi.org/10.1016/S1293-2558(03)00111-0
https://doi.org/10.1038/s43246-020-0018-1
https://doi.org/10.1038/s43246-020-0018-1
https://doi.org/10.1038/s43246-020-0018-1
https://doi.org/10.1038/s43246-020-0018-1
https://doi.org/10.1038/s43246-020-0018-1
https://doi.org/10.1038/s43246-020-0018-1
https://doi.org/10.1103/PhysRevMaterials.4.084409
https://doi.org/10.1103/PhysRevMaterials.4.084409
https://doi.org/10.1103/PhysRevMaterials.4.084409
https://doi.org/10.1103/PhysRevMaterials.4.084409
https://doi.org/10.1103/PhysRevMaterials.4.084409
https://doi.org/10.1103/PhysRevMaterials.4.084409
https://doi.org/10.1103/PhysRevMaterials.4.084409
https://doi.org/10.1103/PhysRevMaterials.4.084409
https://doi.org/10.1088/1361-6633/aaa37a
https://doi.org/10.1088/1361-6633/aaa37a
https://doi.org/10.1088/1361-6633/aaa37a
https://doi.org/10.1088/1361-6633/aaa37a
https://doi.org/10.1088/1361-6633/aaa37a
https://doi.org/10.1088/1361-6633/aaa37a
https://doi.org/10.1088/1361-6633/aaa37a
https://doi.org/10.1246/cl.130581
https://doi.org/10.1246/cl.130581
https://doi.org/10.1246/cl.130581
https://doi.org/10.1246/cl.130581
https://doi.org/10.1246/cl.130581
https://doi.org/10.1246/cl.130581
https://doi.org/10.1246/cl.130581
https://doi.org/10.1103/PhysRevMaterials.7.013802
https://doi.org/10.1103/PhysRevMaterials.7.013802
https://doi.org/10.1103/PhysRevMaterials.7.013802
https://doi.org/10.1103/PhysRevMaterials.7.013802
https://doi.org/10.1103/PhysRevMaterials.7.013802
https://doi.org/10.1103/PhysRevMaterials.7.013802
https://doi.org/10.1103/PhysRevMaterials.7.013802
https://doi.org/10.1126/sciadv.adh3327
https://doi.org/10.1126/sciadv.adh3327
https://doi.org/10.1126/sciadv.adh3327
https://doi.org/10.1126/sciadv.adh3327
https://doi.org/10.1126/sciadv.adh3327
https://doi.org/10.1126/sciadv.adh3327
https://doi.org/10.1126/sciadv.adh3327
https://doi.org/10.1126/sciadv.adh3327
https://doi.org/10.1093/nsr/nwae194
https://doi.org/10.1093/nsr/nwae194
https://doi.org/10.1093/nsr/nwae194
https://doi.org/10.1093/nsr/nwae194
https://doi.org/10.1093/nsr/nwae194
https://doi.org/10.1093/nsr/nwae194
https://doi.org/10.1063/5.0197304
https://doi.org/10.1063/5.0197304
https://doi.org/10.1063/5.0197304
https://doi.org/10.1063/5.0197304
https://doi.org/10.1063/5.0197304
https://doi.org/10.1063/5.0197304
https://doi.org/10.1002/adma.202401342
https://doi.org/10.1002/adma.202401342
https://doi.org/10.1002/adma.202401342
https://doi.org/10.1002/adma.202401342
https://doi.org/10.1002/adma.202401342
https://doi.org/10.1002/adma.202401342
https://doi.org/10.1002/adma.202401342
https://doi.org/10.1126/sciadv.adr5116
https://doi.org/10.1126/sciadv.adr5116
https://doi.org/10.1126/sciadv.adr5116
https://doi.org/10.1126/sciadv.adr5116
https://doi.org/10.1126/sciadv.adr5116
https://doi.org/10.1126/sciadv.adr5116
https://doi.org/10.1126/sciadv.adr5116
https://doi.org/10.1103/PhysRevLett.133.066503
https://doi.org/10.1103/PhysRevLett.133.066503
https://doi.org/10.1103/PhysRevLett.133.066503
https://doi.org/10.1103/PhysRevLett.133.066503
https://doi.org/10.1103/PhysRevLett.133.066503
https://doi.org/10.1103/PhysRevLett.133.066503
https://doi.org/10.1063/5.0173508
https://doi.org/10.1063/5.0173508
https://doi.org/10.1063/5.0173508
https://doi.org/10.1063/5.0173508
https://doi.org/10.1063/5.0173508
https://doi.org/10.1063/5.0173508
https://doi.org/10.1063/5.0173508
https://doi.org/10.1088/1361-6633/ac5a60
https://doi.org/10.1088/1361-6633/ac5a60
https://doi.org/10.1088/1361-6633/ac5a60
https://doi.org/10.1088/1361-6633/ac5a60
https://doi.org/10.1088/1361-6633/ac5a60
https://doi.org/10.1088/1361-6633/ac5a60
https://doi.org/10.1088/1361-6633/ac5a60
https://doi.org/10.1038/s41535-020-00260-y
https://doi.org/10.1038/s41535-020-00260-y
https://doi.org/10.1038/s41535-020-00260-y
https://doi.org/10.1038/s41535-020-00260-y
https://doi.org/10.1038/s41535-020-00260-y
https://doi.org/10.1038/s41535-020-00260-y
https://doi.org/10.1063/5.0005103
https://doi.org/10.1063/5.0005103
https://doi.org/10.1063/5.0005103
https://doi.org/10.1063/5.0005103
https://doi.org/10.1063/5.0005103
https://doi.org/10.1063/5.0005103
https://doi.org/10.1063/5.0005103
https://doi.org/10.1103/PhysRev.34.876
https://doi.org/10.1103/PhysRev.34.876
https://doi.org/10.1103/PhysRev.34.876
https://doi.org/10.1103/PhysRev.34.876
https://doi.org/10.1103/PhysRev.34.876
https://doi.org/10.1103/PhysRev.34.876
https://doi.org/10.1103/PhysRev.34.876
https://doi.org/10.1088/0963-0252/22/1/015012
https://doi.org/10.1088/0963-0252/22/1/015012
https://doi.org/10.1088/0963-0252/22/1/015012
https://doi.org/10.1088/0963-0252/22/1/015012
https://doi.org/10.1088/0963-0252/22/1/015012
https://doi.org/10.1088/0963-0252/22/1/015012
https://doi.org/10.1088/0963-0252/22/1/015012
https://doi.org/10.1088/0963-0252/22/1/015012
https://doi.org/10.1007/s40831-024-00915-1
https://doi.org/10.1007/s40831-024-00915-1
https://doi.org/10.1007/s40831-024-00915-1
https://doi.org/10.1007/s40831-024-00915-1
https://doi.org/10.1007/s40831-024-00915-1
https://doi.org/10.1007/s40831-024-00915-1
https://doi.org/10.1063/1.2963956
https://doi.org/10.1063/1.2963956
https://doi.org/10.1063/1.2963956
https://doi.org/10.1063/1.2963956
https://doi.org/10.1063/1.2963956
https://doi.org/10.1063/1.2963956
https://doi.org/10.1002/adma.202303400
https://doi.org/10.1002/adma.202303400
https://doi.org/10.1002/adma.202303400
https://doi.org/10.1002/adma.202303400
https://doi.org/10.1002/adma.202303400
https://doi.org/10.1002/adma.202303400
https://doi.org/10.3389/fphy.2022.842578
https://doi.org/10.3389/fphy.2022.842578
https://doi.org/10.3389/fphy.2022.842578
https://doi.org/10.3389/fphy.2022.842578
https://doi.org/10.3389/fphy.2022.842578
https://doi.org/10.3389/fphy.2022.842578
https://doi.org/10.3389/fphy.2022.842578
https://doi.org/10.3389/fphy.2021.719534
https://doi.org/10.3389/fphy.2021.719534
https://doi.org/10.3389/fphy.2021.719534
https://doi.org/10.3389/fphy.2021.719534
https://doi.org/10.3389/fphy.2021.719534
https://doi.org/10.3389/fphy.2021.719534
https://doi.org/10.3389/fphy.2021.719534
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 22 (2025) 227404

SPECIAL TOPIC—Research progress on nickelate superconductors

Optimization of infinite-layer nickelate superconductors
via three in-situ atomic hydrogen reduction methods”

GUO Nan AN Zhitong  CHEN Zhihui  DING Xiang LI Chihao
FAN Yu XU Haichao PENG Ruif

(State Key Laboratory of Surface Physics, and Advanced Materials Laboratory, Fudan University, Shanghai 200433, China)

( Received 9 July 2025; revised manuscript received 9 September 2025 )

Abstract

Infinite-layer nickelates, obtained by removing the apical oxygen from perovskite precursors, are the first
nickelate system to exhibit superconductivity and provide a platform for exploring unconventional
superconductivity. Although the traditional CaH, sealed-tube reduction method is simple and effective, it is an
ex-situ process that tends to cause surface contamination or degradation, making it unsuitable for surface-
sensitive measurements like angle resolved photoemission spectroscopy (ARPES). To address this issue, we
establish three different in-situ atomic hydrogen reduction methods in an ultrahigh vacuum chamber—namely,
a lab-based RF plasma cracker, an industrial RF plasma cracker, and a thermal gas cracker. The key
parameters including hydrogen flow, RF power or filament temperature, reduction temperature, and timeare
comprehensively optimized using each of the above methods. Structural evolution is monitored by X-ray
diffraction (XRD), surface morphology is characterized by atomic force microscopy (AFM), and

superconducting properties are examined through electrical transport measurements. The results show that all

“‘o
o o

from the same precursor, highlighting their clear 3580‘;0
00

o

three in-situ methods can achieve reduction and
superconducting properties comparable to or better

than CaH, reduction. Moreover, all atomic hydrogen

approaches yield lower surface roughness than CaH,

advantage in enhancing surface flatness. Notably, the
industrial RF plasma source, due to its higher

hydrogen production efficiency, enables sufficient

reduction under milder conditions, resulting in even Lab-based RF
plasma source

Thermal

smoother surfaces. This study also provides a detailed gas cracker

Industrial RF

summary of the parameter optimization for each plasma source

method, providing valuable guidance for the controlled reduction of high-quality infinite-layer nickelate thin

films.
Keywords: infinite-layer nickelate, unconventional superconductor, in-situ atomic hydrogen reduction
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Fig. 1. Crystal structure of (a) La,1Ni,Os,.; and (b) La,1Ni, Oy, .
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Fig. 2. Signatures of superconductivity in LagNigO7_g !
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Fig. 3. (a) Schematic diagram of the diamond anvil cell; (b) schematic diagram of the pressure chamber; (c) photo of the pressure

chamber under a microscope.

jﬂ:T La4Ni3010 (39] %l] La5Ni3011 [40] %ﬁﬂ%ﬁ%ﬁ%
PR A ASSORE ] B AR 2 7 LagNi O,
77 TR Y — LT 5T e

2 DACEFAETHEHIZNER
LasNi, O #2 5 % i [ #y & 3

R T T i AR I, S
() e 7 45 2% 1 45 16 2E-[A 13 X R 7 i (piston-
cylinder cell, PCC), K7 fili KAL (cubic-anvil
cell, CAC) ., fii L7y 2 X§ Wi fili £ 71 i (Bridgeman-
anvil cell, BAC) LS BWIA Tk i (diamond-
anvil cell, DAC) 4. Hr, fif =2 H Mo n] DLk £k
KB AR S, T DAC 32 BR T 4 K A7 fil T 18 F1
WE HAEA AN A ORI RE . 2R, 15235 T4 NI
A7 )R v 5 R B A K /N B T TET AR, DAC 1]
AR B 58 T = a0 0 KRR

FESROCHR TR ZR T, MR S R T 34 5)
PR3 H 25 FU R i T DA SR ORI T A )
PR, R AR — SR R R P R
BEAh, RAFIER K R PREE A BRI i BB i 4L
(7= A, AR AR AT B 45 5 R i 1
SEAEPE, DT FRVE LI B AAE (1) | AR B 18 T 5 A8
FRIE. B, $K AT PR R E AT E S
CERCES e

1E PCC Ml CAC JE J1 4585, AAT38 % 2
WAL FRA T (U 3E JEWE T . REH . H AR
RAWAE). BT X2 7™ A i FR s AR X AR,
RIEZEAR IR AR F F A 2B S A R OK . 725G
FIBF5EH, BAC Al DAC 3 25 THUAG T 7 i 3 5
PEH] NaCl %5 [ &AL A BT (7 A L4885 E DAC

D R A 1R/ N R AL A ),
HFOK EAE 22, AR TAEH B 25 1R
D). ARSI AR OGP PCC #iK
RS DAC b, IF B T S AR HIE R
W T2, EHCRR I SOR OR S ARy 1),
YR G A {87 P T A S 3R AT R ARG ) g o rELRHL, 2 5 P
BELIN £ 1 mT 5, I AR i/p AR T i &, i £ e
SN L. B 3 R T AR DAC
e BN B B LR B AR T AR r R S SE R SE
H TR LRI E AR R A T, SR AR T K
JRE MR T 1 A AR DU A g X)L

BT R R R DAC MR KRR AR, 3T
RGN T H Sun 55 P LAY LagNiO; . A
i O RS2 PR, R T 2023 4F 6 H BIRAE 40 K
DL U0 20 48 25 d PH R 4, HOHR % AR X Ja) 2
IEH SR EFRALERBLIT R (B 4(a)2, X
W2 A B W R I LK T S A e A A IR A —
20 B A

0.3} LagNi207
S1-1 (DAC)
20.5 GPa
0.2
G
~
=
onse 't -
0.1
T.—
0 — T/K
0 100 200

Kl 4 LagNi,O; B g 7E 20.5 GPa JEF1 T, L BHLBE TR 1948
et ¢ 21

Fig. 4. The R-T curve of single crystal LasNi,O; at
20.5 GPa 4.
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Fig. 5. Resistance curves of LagNigO7_s single crystal samples S1-1, S1-2, and S1-3 under pressurel2!.
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Fig. 6. Resistance curves of LagNiaO7_s single crystal samples S2-1, $2-2, S2-3, and S2-4 under pressurel24,
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Fig. 7. (a) Evolution of superconducting transition and linear resistance behavior with pressure, for clarity, the resistance curves

have been shifted equally in the vertical direction 2¥; (b) relationship between normalized v/ A’ and critical temperature T 4.
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Fig. 8. (a) Resistance curves of LagNi,O; with pressure from 0 GPa to 2 GPal?!; (b) the differential resistance curves. For clarity,

the curves have been shifted equally2!.
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Fig. 9. (a) Resistance curves of LagNi,O; single crystal at 13.7 GPa, where the red curve represents the heating process and the

black one represents the cooling process!; (b) resistance curves of LagNi,O; polycrystalline sample under ambient pressure, it un-

dergoes a structural phase transition at 550 K.
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Zero resistance and strange metal behavior of
high-temperature superconducting material La;Ni, O,
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2) (School of Physics, Zhejiang University, Hangzhou 310058, China)

( Received 4 September 2025; revised manuscript received 9 October 2025 )

Abstract

In 2023, signatures of pressure-induced high-temperature superconductivity with an onset transition at
80 K were observed in LasNiyO;. However, the absence of zero resistance cast doubts on its superconductivity.
By using a recently developed quasi-hydrostatic pressure technique based on a diamond anvil cell, our group
successfully observe a sharp superconducting transition with a zero resistance below 40 K, providing a crucial
evidence for establishing the existence of high-temperature superconductivity in LasNi,O,;. Furthermore, a
pronounced linear-temperature dependent resistivity is observed above its superconducting transition,
suggesting an unconventional nature of its superconducting pairing state.

In addition to the discovery of zero resistance, our transport study also revises the pressure-temperature
phase diagram of LasNi,O,. It is found that LasNi,O; remains metallic under pressure and there is no evidence
for a metal-insulator transition if the samples are properly handled during preparations. Upon increasing
pressure, the density wave transition, observed near 130 K at ambient pressure, is quickly suppressed. At
approximately 13.7 GPa, evidence for a pressure-induced structural phase transition is observed near 250 K,
followed by a superconducting transition with an onset temperature at Ty™" ~ 37.5 K. T; initially increases
with the increase of pressure, reaching a maximum value of To™ ~ 66 K at 20.5 GPa. On the other hand, the
slope A’ of the T-linear resistivity above 7. monotonically decreases with the increase of pressure, showing a
relation of T, oc VA’ above 20.5 GPa, which is similar to those recently observed in the cuprate
superconductors. Furthermore, the inverse Hall coefficient 1/ Ry, derived from the Hall resistance measurements,
reveals a notable increase at pressures above 15 GPa upon entering the high pressure phase, suggesting a
substantial increase of the carrier concentration in the superconducting regime, which is further supported by
band structure calculations.

In this work, we present a brief summary of our research advances, and compare them with those observed

in other nickelate superconductors.
Keywords: nickelate high-temperature superconductivity, zero resistance, strange metal, pressure

DOI: 10.7498 /aps.75.20251207 CSTR: 32037.14.aps.75.20251207

* Project supported by the National Natural Science Foundation of China (Grant Nos. 12494592, 12034017) and the National
Key Research and Development Program of China (Grant No. 2022YFA1402200).
1 Corresponding author. E-mail: lin.jiao@zju.edu.cn

1 Corresponding author. E-mail: hqyuan@zju.edu.cn

010704-12


http://doi.org/10.7498/aps.75.20251207
https://cstr.cn/32037.14.aps.75.20251207
mailto:lin.jiao@zju.edu.cn
mailto:lin.jiao@zju.edu.cn
mailto:hqyuan@zju.edu.cn
mailto:hqyuan@zju.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

	1
	2025-220102
	wlxb-2025-17_online_merge
	双层镍酸盐La3Ni2O7超导转变温度的压力依赖: 巡游电子与局域自旋图像
	层状镍基超导体的电子结构和超快动力学
	双层镍氧化物La3Ni2O7超导体理论研究近期进展与展望
	La3Ni2O7中近邻库仑相互作用诱导的电荷序

	wlxb-2025-22_online_merge
	Ruddlesden-Popper相层状镍基超导配对机理及相关物性的弱耦合理论研究
	三层镍氧化物高温超导研究进展
	镍基Ruddlesden-Popper相高温超导薄膜的制备与优化
	三种原位原子氢还原手段对无限层镍氧化物超导体的优化


	1-20251207
	1 引　言
	2 DAC准静水压下的电输运测量及La3Ni2O7超导零电阻的发现
	3 超导与奇异金属行为
	4 修正后的压力-温度相图
	5 总结与展望
	参考文献


