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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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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).

HE— 2B SE KR G 2 h, IR RE IR E TS
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FHf SRS A E 1.5 h DLRAT 2235 B 28 1800 °C, 45
SRR XRD W A B AR Ak, HAE X
CaH, i JF ) I I B B I 5 42 (& 4(a)), 1A
FE ST B G . B S [ 2 KT 223 FE 1750 C,
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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.

—
&
Nasg
(=23
(=
(=}
—~
T
=

()
300
— 500 —~ 150 _
g = =
N ? Q
% 400 % %
N < 100 F < 200p
> 300 = <
2 > >
2 200f b £
% % 50 | £ 100 |
Q . Q ey Q \
© 100 — Coa_BWIHSE T | < — Sda_TAL 58Tk = —— Cla_#34f#
0 C5b_CaHs 0 S4c_CaH, —— C1b_CaH,
1 1 1 1 1 C 1 1 1 1 1 0 1 1 1 1 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
Temperature/K Temperature/K Temperature/K
(d) 350 (e) 100 (f) 150
—— Cbha FWHM = 1.5 K —— S4a FWHM = 1.3 K —— Cla FWHM =29 K
_ 800¢ — C5b FWHM = 1.3 K = — S4c FWHM = 3.5 K . — Clb FWHM =24 K
T 950k i :
g 20 4 2 100 |
) : :
- Y 50| -
G 150F =) =]
< < = 50t
Q|& 100 F Q& SIS
T | oo |
50 F
0 0 A . . . 0 . . . . .
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
Temperature/K Temperature/K Temperature/K

K6 38T 20" A R 5 T, 5 CaHy i )5 7] — B i SR 7R 47 5t (9 LB 3R BE 2R 1L AR (a) BHOF S 0145 B
PRURR Y P B R0 B 2R s () Tolk A58 TR U Al BRI 2 (o) SRR T iy Pl BB IREE 2K (d) 18] (a) B BH
TR B 2R BE 0 — BB (e) BT (b) e B R I BE il 40 IR EE 09— B B8 () B (c) A A BEL - TR E it e % TRLEE B — B S 4
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).

227404-9


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

B FH A5 B AR U 340 T A5 1) ) s, HL 5 AR
MREE (Teonset ) 290 7.3 K, BB (AT, = Tp900 —
Tpaa ) 29 2.6 K; 11 CaH, i JEASEIHIRE S Tt onet
H 7.6 K, AT, 1.9 K(IE 6(a)). EHEXTH & H
REL 2560 TR0 1 — I By (181 6(d)), o mT LA & 3R
B H A5 B8 IR U5 7E 8 T 5 A0 Ui B RN AR S B I
5 CaH, it JFAHY. MHELZ T, R R =2 80%E
B A R T B, Tl A B AR R R SR R
WIATRAFE T CaHy iR A8 FHERE. 7[R —Heni
IR i b, Tl FH A5 B AR U 3 T T 45 R 1Y
Teonset N 7.6 K, 5 CaH, i JF152 1 8 K AT, {6
H AT Uk 2.5 K, BE/NF CaH, WJFFERIT) 5.8 K
(K1 6(b)), HFHARM 2R (Kl 6(e)) #F—HAESE
T Tk 558 PRI AT LLSE L CaH, 38 Ji 3 4%
(R A S 1B O i i A B T A 1 345
. BRI E AR S AL 6(c)—(f) iR, 7E[A]
(a) Tl 45 T

% P '}

250 nm

— W TR AR S D) /ING IR R SIS R SRR IR
JE S it P L BEL 367 432 30 8 A i 11 2 72 IR E
EFFIR TR, IR ZORBIF /RS, H AT 4%
2.8 K, T W [ CaHy i JERR & I A BE 52 81 & H
RH., UL R LT CaH, MR JREE ).

T EAE A, Cal, 38 JFA [ Fif SR ARRE S Y
SR 4G 2 5 R IR T T BRAAR THASEAR B o 1Y)
225, ARFEMIRIRTIRAR I 2500, e Ty T
b FH 55 B AR U R AR i VR 3 D A R R T
CaH, it Ji s — e FEEEHR & T S 2 f PR, 16
A JE A 2 5 1 e, TR U5 SR AR XRD
WERLAHXT T CaH, W EEAT (K 5(c)), HEZAS)
HEAZ L B T2, R JFE sy

UEAN, XA IS RRE S AT R TR S RAE, I
VAT H R m A RLRE B LA T AL L. ani&l 7
R, R T Tl A B FARTE (B 7(a)) . A

(c) FHIFH S TR IR
355°C.2h

2.5 nm

0 nm

250 nm 250 nm

2.5 nm

0 nm

250 nm

250 nm

£ 2 ﬁﬂwww £ 2 MWW £ 2 L ()
ST T 5 s | £ s
3 T = = [ mwrss TR
il g o o1r
Q 5] S
0 1 1 ! 0 ! ! ! 0 X ) X
0 200 400 600 800 0 200 400 600 800 0 200 400 600 200

Distance/nm

Distance/nm

Distance/nm

B 7 3RE TR A T B A CaHy S 25 118 J5URE 5 (1 AFM SRR SR G5 R XTI (a)—(c) 3 PRI A T Brine AL 46 1%
R AMEER; (Q)—E) HEIRTIKARE TR L CaH, 3 FUFTE S L, B 4l RARR B9 18 S 250 nm; (g)—(i) 733 R 18 (a)
1 (d). (b) Al (e). (c) F () HHRL B A 2 1 o BE AR AROUF L. D (3 T %6, 2k AR B

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.
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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).
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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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