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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??.

% (XRD) £k 4—E A i, 75 LaAlO4(LAO)
WE FAKT 5 UC LagNi,O, BE&h, T iE—2
FF G fb A 0T P DGR, AR 2B KR EE 34
760 °C, [F) s TR R R A2 6 A 100 °C /min, DI
PR SRS RS, 384> SLAO #HIER A LR
T AR ¥ LAO 5 SLAO i i %) i S ik, IF:
fE 1 atm (1 atm = 101325 Pa) T, F 1100 C i&
KALEE 2 h. 1B KJF 1 SLAO wH K BA 2K 327 41
() FTE A, TR AS [ S S A R AME A K
. LagOs, NiO, K&484% (La, Pr, Sm),05 #4143
A LayO5, NiO, DL Kb 2# 315 e He i) LayOs,
Pr,O; il SmyO4 ¥y A TE 1100 C FHEHE 6 h 345,
HHB4% (La, Pr, Sm),04 #UM & 281k 200 R
B, PRI 33501

2.2 FRUAFE

i/ SmartLab % X i 4k 417 4 {X (Rigaku
Corporation) 47 6-20 4 L K¢ X G2 i Sl 5t
DA I A At 1 S JEE R AT R A Horp, XA
RINZN 9 kW, K 1.5406 A. R FL A4z
TEMIA IO A R G AT, MR, A5 7 =5 A

FA AR R T B R 45 T B R Al 4% Hall
bar #EI [ Pt HLM. HEAN, FEA K, RHEED
B D A7 ST O g 2 T RS

3 METHFITERENDH

£ LngNiyO; MR AE K, B 22 m] 82 F-4R
AT i S PR BH B8 - A2 i e FH O vk Rl AR
L% EHE, RP A (00 4n+2) W HHE R M T
NiO, 25 LnO JZZ [ iy & EIFE, HAz 2] iRdk
PR /. B 1(b) 7R T 7E LAO %Ik B4
Kn=1,2 3, 45N 214, 327, 4310 1 5413)
BEALY) RP M La,, Ni, Oy, . B9 XRD 6-20 $14
GER 2 W DLBEE nAH ISR, (00 4nt-2) WEALHE
U] e A BE T 3, A B NiOo-LnO 22 Fhifl
[i) BEORE 2 0080/, IR 1(c) 19 RP AH AR S5 # 7R
BRI, AN o AR RP MRS FHA AL
Pk, HF B X BIFET M LoNiOy 25 H AN,
H U BT o Bl 1) bR R T () BE Y R g AR 4.
& 1(d) &&5 T LAO % iE EAR RP AH (00 4n+4-2)
W E Ln/Ni(A/B7) AR AR LR R, B 214

227403-3


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)

227403

FHAL, Hifth RP AH (00 4n+2) WEALFE A/B {7 el
I T UL B AR AR TR 327 A
iF, XRD (00 10) Weft) 2288 FiA B8 43 51 % i 214
F1 4310 240 7= AL X — BB AL T — o 1
S BH 8 A2 T i faf B n] A 707 ik
AAESE T E SLAO #E 4R K LngNiyO;
HEE. 18] 2(a) JE/R T1E SLAO #JE FAK I =4
3UC(La, Pr, Sm)sNi,O; {1 XRD 6-20 4i4h
BN AR R (ST, +7%) . B (S3, -11%)
FPH B T 2E A (S2). X T FHEs Tk2Eiti
S B RE i, H XRD(006) F1 (00 10) A7 i
Sy 1K 25.82°F0 43.74°, [FIRHZEEM BA (002) 2
(00 16) =21 327 AHAT ST, R AR &
ZhmT. B BRI TR 4310 Z%AH, H (006)
1 (00 10) MR 4> BIFS 2 25.6°F0 44.28°, L EHH
T By A BAEREE 5L (006) F1 (00 10) WAL 5N
T DU 5 BRI DU AH S, LU 2 A3 F 26.32°F1
43.68°, FRIAELE 214 Z4H. [T, BIA-FHES Ffh2e
T 5 O 22 PR ot 350 Bt A 8 10 S 0 1) f5fe 2 A iR
FET R, BB HES S B S . B 2(b) BR T
S1 1 S2 B 1 F BH-TRLEE (R-T) 2. & B A
FIH AL 4310 M & B AT R, FHAEATIR X H
LG R A ARG AR ;TSR S AR R X 3 2 8
YRR, ML T, BHE T2 P (La,
Pr, Sm);Ni,O; i S2 MEBLH T, ;e = 50 K HY

IR (] 2(c)). X = SR A ] 1 f B -5 %
i) JO7 A7 >y ¢ BH P S 1Ak 20 it 22 0T ER 40 RP AH
LR AR T LA .

RHEED EN R Wi K e B,
P35 B [RVRE T L R B B - P2 i I 2 P 5
Kl 3 s 1 I k2=t s texs (La, Pr, Sm)Ni,O;
R RHEED #1235 i 28 (/52 i FUAE . SCot 25 3k
B, DURBRAL A R 0 B T, TR R 4o
FHRZ R T [, 18] 3(a) FIE 3(b) R T FHEF
At ER AR S S6 1Y BUBLHRS it 2 K AR KT
JE ) RHEED [EIRE. Al DLIZRE S AR A Kot A
I 3 e o AR R e, LS 17 AR Y 2otk
AR, FEI T ARORLRE B A T 2 . At it
S3 ) RHEED k35 #h £k X H R s R B an ] 3(c),
(d) iR, Y PHE T FT T P, 58k 28
VOB, HAR 08 BER 0 25 5 T IR aA {8, Tife
SRR AR LT W TG L 3R B 1E H KF (A KNideficient <
AL norman) s LIS VAR M S22 IR 2 ik g e 34
X B BH B Tl i 2 A7 AE RN B T
A K RS T, IR 25 R BE R, Bk T KR
FE RS [ 3(e) RN 3(f) FE/R T BLRE S Y
RHEED i 7 it 2 S HL Ry Bk & ] LA 53t 22
S 200 SRR [FREAAAE T 5 R i A AR R
o UbAh, BB REDURRSEEZ )R, R RS
S ETHE R, TERHH AR 3], X —Ei g 5k

(a) = g
e e
—~ o o
(N
=) <
g 5 3
A 0
o ' —>
<
—
@ »n
g m
= — —~
. o ™
o) — —
=] o o
N S 2
¥ | 8
o5 =

SLAO (008
(00 14) { (008)

bl

W\M

(b)  S3MAIMX LK

§ 250
S
o
< 200
7

(”%%) M)M

“Ilﬁmﬁll ity

S2o

(T 100

o

A

50

(M)
ul I\llw)lum

0

20 30 40

20/(%)

K 2 (a) SLAO %K I

200
T/K

80 0 100 300

B T%(S1). B E T 23 E A (S2) A B4R 11%(S3)(La, Pr, Sm)sNi,O, £ 5 XRD 0-20 31 4t 45

(b) R-T IEHN (c) UG HE AR KU R & . FHE F ik 2= i1 il i 228 LnO, 5 NiO, $EA4 1) 25 o ik vh i L 5] 52 B0 3
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.

227403-4


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

—~
&
g

(b)

n
x
g
=
el
-
3
3
o
=
0 200 400 600 800 1000 1200 1400
i) /s
(c) (d)
o | AlNideficient < Alnormal S3 AlNi-deficient
= | ______ | e A
B L O
=z _
-
g
~
=
=
0 200 400 600 800 1000 1200 1400 100
i) /s iH) /s
(e) (f)
E \
: f
=
8
-
3
oy
F-
bl
0 200 400 600 800 1000 1200 1400 1320
1) /s Hf1a) /s

3 WA A (a) RHEED 4k % 14 & (b) 4= K EiTS RHEED fif 4 B SR 11% #E dh (), (d) FIE iR
7% i (e), (f) RHEED ¥k i 1M £ S X0 ORI 454 i b LonO, 2 B9 TR i RHEED 3 BE 19T B, 10 NiO,, J2 B TR I 2 fff

R BTt

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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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 LnsNiyO; thin films on LaAlO5 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 LnzNi,O;/SrLaAlO, superconducting film exhibits an
onset transition temperature (7T, o) of 50 K. Four critical factors governing the crystalline quality and
superconducting properties of LngNi,O; films are identified as follows. 1) Precise cation stoichiometric control
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
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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).
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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 SrLaAlQ, 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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