Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 12 (2025)

128701

T PR R SR B4R S I SR 4 MO P T B B

FnE WAMH MHLH

R

"R EBWHE KK

(BBOF YR S5 BHORUITERE, RO B A5 S D RE R B R TR R SR =,
RS R BRI R i, G 230601)

(2025 4E 2 A 11 HUk#; 2025 4E 4 A 7 HiEIENR)

TG BRJZEL E ALY Nd ¢St oNiOy W i 8 S B PR G R B0, #5717 59 — 28R % RS S i, L &% 4y Fn el 7 i
X 7 SR A AL SRS AR T S AR 1R, TORR 2R S ALY AR WA R R B TS
PE, HAp B gE 14 . S0 1B 2% T B2 45 10 45 TR 2 02 B A v 8 ML ol A S . TR b, A 5 e R 22 T ) B v
S0 X 8 B A R e (A R AT TR 9, R T B R S AR R T R SR Nd St o NiO, 7 5 T8 45 44 1)
X B 5T 38 A R it A SCERE TS S B H AR, L Nd ¢S ,NiO5/SrTiOg Fll Nd ¢St ,NiO,/SrTiO; A
FEHFIAT G, I T B E A Nd 5Sr oNiO,, THEREE 28 J5 T J A 20 A 0L 100 485 4 7= A A 28 Ak, O30 81 3L o Ak
JTCRIRA . AT G B LA S 5 B S B4, TR & B0 T8 8 Ak Nd oSt ,NiO, W I 7F 52 30 At i b 1—2 2
B PN A Bl S8 4 A R 5 TG PR S A . AR AT SR R TR AR Nd 5ST oNiO, AR 5 A JEE 22 7] S T A R
A TR HIVE R, S JC PR R O T 454 i B T SR T B

KA TR, AR, TRZEHY

PACS: 87.64.Fe, 74.78.-w, 74.62.Dh
CSTR: 32037.14.aps.74.20250171

1 3

Wit A SE ALY = R RSO IR A, N
IO F SR FRILS I 0B TR, B
PRLH 5 4 S A R S AR S AL ) S AR e, - 25 09
SR T BN, 1999 4F Anisimov 45 4 18
HHIS AR LaNiO, 18 44 A L Ak 1)
Flr ] BeHA SRR, DO TEEY A
76 Nil+ SIS L CuHIRU 3d° HLFHIIL R,
LAY - T DU 1B 4544, Crespin 55 L Fl Hayward
85 16 p Ty i) £t — R B TCRR 2 45 I B b
1% LaNiO, Al NANiO,, {H7E X L8 A b ¥+ 4
HIf AR R M. A 2019 AFZE PR 1 B

il

* ER A RPIERS (S 52173215, 52473226) YEBIEILE.

t iBfE1E#E . E-mail: hankun@ahu.edu.cn
1 BIE1EHE. E-mail: dsong@ahu.edu.cn
© 2025 FEYIEZS Chinese Physical Society

DOI: 10.7498/aps.74.20250171

YR IR A AL Nd, 5S1).Ni0,/SrTi0; 5 H
SLHE S, Fof Sr B AR AR 0.125—0.258 2
[ T i 25 5 AR Nd g1 oNi1O, T iy
o, TR E A 7 15 K LR P2 S I 4,
AR A TR A AR5 AL
BALY I AR B IRAE Nd 451 oNiO,
JESAE G b R B, BF9E 8 R 2R 1= 4 @ o R Ut
M5 IAZS VLS TR IR B 00 TCBIR 2 2540 45 7 T
KARFTH M SR Beob, W b 7450 5 S
HLPEZ [ SR R, A BLUSTHE I R W]
T B 5 T L) 2 X B A P A s ) S N A T Ak
FEFE R 200 7 %6 B 1 4 H X (two-dimensio-
nal electron gas, 2DEG) mi HoAth 1 F A58 5 PR
B . Goodge 55 B 525 1 UL%E 31 FL 1 A0 TE 1 1Y

http://wulixb.iphy.ac.cn

128701-1


http://doi.org/10.7498/aps.74.20250171
https://cstr.cn/32037.14.aps.74.20250171
mailto:hankun@ahu.edu.cn
mailto:hankun@ahu.edu.cn
mailto:dsong@ahu.edu.cn
mailto:dsong@ahu.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 % 3R Acta Phys. Sin. Vol. 74, No. 12 (2025) 128701

BA—JF 2 Nd(Ti, Ni)O, 4544, 454 STEM-EELS
SLEFN DFT+U 35 R W] Ndg ¢S ,NiOy/SrTiO;
W A AL Ni R SRR 15 2DEG
I . 5340, BRTTE Ndg ¢Sty oNiO, ek il 5 Y
I i oA IR Sl 4 0 AR, AT HBFSEN
OB AL 2 BOR 5 A E AT 1 52 v 2 S B 4 A A
455, AT RGP K F] 100 pm JEFN A HAT
- At S TERR R AR R Nd g1 oNiO, 55T
B 12, A ) TR TC R 2 B A W S AR
SRR RS AR5 — )5, AUZ A LagNiO;
TE AR R h S BRI T B4 1514
1L BRI T La-Ni-O {AZ i AR A . 2025 4F,
Ko % M 5@ 1 7 LagNi,O W5 F Tt iy g, & 3K
FRRIEH T BA 26—42 K i S5 E .
IR, T A 01 @ s R OTR Pr B7%L) AR
5T A 46 NS T, TE Layg ¢5Prg 15N1,07/
StLaAlO, WM S T H TR T 45 K B8 4642
3X 2 B R SR Ao] TG S Jo 245 A 22 (1] 18 L T A4 i 116:17)
TEARE AL I R 45 T SRR, SRR A w4
FAAE Y S5 B RRE A S PR AR, B
PLIBFFE AR A T 1.

A FH R 22 A5 A 0 451 4325 5 Fl 7 8 B
(scanning transmission electron microscopy,
STEM) X i J5U{ /5 i 8L A AL Nd, ¢St oNiO,, #
JBE5) SrTiO3(STO) Fof Jig A i &b i) J5 ¥ £ A kAT T
TEAN R AE, 5250 25 5% R F L) Ndg St s
NiO,, W FSEAE A4 MA 52 T I 1) 3 B3 Hh B T
LRSI T HREILR, i€ T RZSH
B Aa. 454G R AMIERE 1% (high-angle annular
dark filed, HAADF) , 532253 A 0 A BE AL (inte-
grated differential phase contrast, iDPC) Fl )5 ¥
Fhegm OB X B G (energy dispersive X-ray
spectroscopy, EDS) 55 F-BiiATHE 4 434, WLELH
WAL S 1—2 JE RN RS Ad e, I HL
FAE TR G MRS AR S AR, XS 25H A B T
T il 57 LT ) SRAR AN LA BT HRTY TR
16 Nd ¢St o,NiO, WA AT 5 A 454 1Y 221k

2 RSk
2.1 HERFERHE

AEFRARF, 5 SR KO TR DT EETE (001) TH

() SrTi0; 4B _FA= K Nd, ¢St oNiO5 HEEEE S, &)
JPC IR B RN 48043 R 43 I &R 600 °C Fi 150 mTorr
(1 mTorr = 0.133 Pa). DI E G, R
FME LSRR (F CaH, A1 Hy S50 771 2268 NiOg
S\ TH A 1 7R A 160 3 280) Nd ¢St oNiO, 78 i
i, B — A R AF R Nd, ¢Sty oNiO4 #F i P
2.5 mmx5 mm KN R, 84— A Pa i £ 22
TERSET, SRE 529 0.1 g CaH, MR-G5 EL2s %5
TEMABIEE T (/1< 0.1 mTorr). LA 10 °C/min
B PR A IR 260—280 °C, FFAEMIEE T
5455 4—6 h, i) L 10 °C/min A8 RS #1375
T, ISR HA TCRIZ S5 Nd St oNiOy Ff k.

2.2 ESHEREIE KGRI

S0 I FH 2R A5 B8 T R - T RAOR FL R (Crross-
beam 550 L FIB-SEM) il #&i& 45, SR 30 kV
HL AT 0.1—7 nA HLJE, X AR S 2R T UORR L SR8,
e DU R0, AR R EE SN 50 nm 22 A7 3 R T
N 2 kV, 10 pA % H HL T 2 BRFE & 26 1m0 19 E A
R )2, HAADF, iDPC #l EDS 1Y 14 Fi%L
PE el FH G 2 R ET AR 1IE 28 ARG A IE 89 Thermo
Fisher ) Titan Themis Z &5 T BHEAE 300 kV
TR TSR 5 R FE I Atomap R
Wl & BT AR AL RS B 2 6 HAADF Elg
B PR RIT

3 #XR5it%m

e EAYSIINE T Nd S19 oNiO3 1 Ndj 55102
NiO, 19 L BH 5 Bl it B i A8 1k, A&l 1(e) B, &5
RARH] Nd, 5510 ,NiOy HEAE T = 14 K B4 T
T, HAE 9.8 K B HLBHAAZ 0, 11 Ndg gSr(
NiO, i Pt 7 1 B2 R B AIR — 1 e B s 4 e Rk
WA I R, o T R A b R R A A
Nd, ¢St oNiO,, {8 5 5 L 45 4 1 A8 4k, 3RAT]
XS (NdgSr)oNiO,y) FIFEHE T (Nd sS1),NiO3)
P o R T AR 5 R R AT T TR A Y 4 AT
Nd St oNiO5 FEAHZIE L4548, 25 [BIHE A Pbnm,
KNS 7 S G SECN a = b= 3.808 A, c =
3.805 A. JCKRJZ 45 M ) Nd, §SroNiO, Jhy PU J5 45
I, SASECN a= b=3.92 A, ¢ = 3.34 A. SrTiO;
BT EANT )7 4540, 25 A Pm3m , HE S 21
Ha=b=c=3905A. o TR IE A &I

128701-2


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 12 (2025) 128701

5 nm

(c) Ndo.s51r0.2NiO2 (d)
© 0 O
o=@ o9 o9 o9
© 0 O

o 0 O
-® o © o @ o ® -

[010]  SrTiOs

5.nm

(e) — NSNO,
— NSNO;

Resistivity /(mQ-cm)

HOHMW;&OT@\IOO
LI B B B

0 50 100 150 200 250 300
Temperature/K

Mix phase

SO
1.0

NSNO, 5 .

STO

Kl 1 (a), (b) NdygSrgoNiOy/SrTiO, JEFHIEE K XA 1 HAADF EHE; (c), (d) NdggSrgoNiOy/SrTiO, JE FHLEE KX 3 1) HAADF
15 (e) NdggSrgoNiOy/SrTiOs, NdgSrgoNiO,/SrTiO, 1t Ay BH 2 B ik B 19 22 4k 5 (f), (g) NdggSrgaNiO,/SrTiO;, NdgSry oNiOs/

SrTiO; B LA AL IAT, BEHERRIC YA RP A X 3R

Fig. 1. (a), (b) Atomic structure model and HAADF image of the Nd;gSr;,NiO3/SrTiOs; (c), (d) the atomic structure model and
HAADF image of the Nd;gSr;oNiO,/SrTiOs; (e) the temperature-dependent resistivity profile of NdggSry,NiO,/SrTiO3 and
Nd gSrgoNiO3/SrTiO3; (f), (g) the geometric phase analysis of Nd;gSrgoNiO,/SrTiOs and NdgSroNiO3/SrTiOs, the RP phase

regions marked by yellow boxes.
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Fig. 2. (a) HAADF image at [100] orientation of the NdgSr,,NiO3/STO interface and corresponding EDS mapping images; (b) the
EDS integrated line intensity analysis corresponding to panel (a); (¢) the HAADF image at [100] orientation of the

Nd, §Sr»NiO,/STO interface and corresponding EDS mapping images; (d) the EDS intensity analysis corresponding to panel (c).
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Fig. 3. (a) HAADF and iDPC images in the direction of [100] of the Nd,gSry,NiO3/SrTiOs; (b) HAADF and iDPC images in the
direction of [100] of the NdggSr;,NiO,/SrTiOs; (¢) HAADF image of atomic steps appear at the NdgSry,NiO,/SrTiO; interface;
(d) spatial variation of the in-plane (a) and out-of-plane (c) lattice parameters across the NdggSr;,NiO,/SrTiOs; (e) the magnified
iDPC images and structure model corresponding to regions 1, 2 and 3.
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Electron microscopy study of interface structure in infinite-
layer nickelate-based superconducting thin films®
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Abstract

The discovery of superconductivity in infinite-layer nickelate Nd ¢St ,NiO, has established another type of
unconventional superconductors, whose structure and electron pairing mechanism are similar to those of cuprate
superconductors. Unlike in cuprate superconductors, superconductivity in infinite-layer nickelates has only been
observed in thin film samples, where heterointerface structures, elemental doping, and the infinite-layer
configuration are critical for epitaxial systems. Therefore, the film-substrate interfacial effects require
exploration for understanding superconductivity. However, comparative studies on the interfacial structures
between superconducting and non-superconducting Nd; gSr; 2NiO, nickelate thin films have not been reported in
the literature so far.

This work focuses on NdgSr;,NiO3/SrTiO; and NdgSr),NiO,/SrTiOs, and the phase distribution and
interfacial structural changes in superconducting and non-superconducting nickelate thin films are characterized
in detail by using scanning transmission electron microscopy (STEM). Further analysis of the corresponding
atomic high-angle annular dark filed (HAADF), integrated differential phase contrast (iDPC) and energy
dispersive X-ray spectroscopy (EDS) maps reveals the phenomena such as elements mixing, atomic steps, and
changes in lattice parameters at the interfaces. These results also show that in the NdgSr;,NiO, film, the first
1-2 unit cells near the interface are not fully reduced to the superconducting infinite-layer structure. Such
findings contribute to alleviating the strong polarity discontinuity at the sharp interface.

This study also emphasizes the atomic reconstruction and the modulation effect at the interface between
the substrate and the film, thus enriching the understanding of the structural properties of the NdgSrj,NiO,
films, and providing crucial experimental evidence for understanding the interfacial structure of infinite-layer

nickelates.
Keywords: electron microscopy, nickelate superconductors, infinite layer structure
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