FERE: ¥IB% ¥ XX 2023 &£ H 53 % 5 12 H: 127412

SCIENTIA SINICA Physica, Mechanica & Astronomica

Wk EEMBSMHSIIEEE

(b EREE ) Atk
SCIENCE CHINAPRESS

physcn.scichina.com
CrossMark

& click for updates

SANEARANUIESHFTINEEZER

ad s ¥
IRIHE, R, R

AL TR B 2R, SRR 611731
Bt % A\, E-mail: liang.qiao@uestc.edu.cn

WA F39: 2023-07-29; 4352 H: 2023-09-27; W45 H ik H 391: 2023-12-01
H X AARBEIE SRS 12274061, 52072059, 11774044)F170 1144 B2 H AT B H (45 2021IDIQ0015, 2022ZYD0014) % Bl

WE AMEFHFIREWNTE, FAZHRAEHEMKERAR TG, FH IR T EL AR F 8T L4,
EHTRERR G B RVNAR, EMHAMEFTEE TR T HOHEM. 20196, TIRELEMRANWE T
HEEEOERI, BT AAARTIRESZRUTHAMMHFETEL M, URRA S EBEFINEF
sk A FEME AR BRl, REANNBSRERRL & B AN EIN L RFIF, Bk #EE: £
BEHESFCaL, BRI R RR T 2 E BRI NGO HWHT R, HAPREEIS? AXFEEHTHTE
MMM EEENTHAE, ErNATLFAREAMITHEENRE, HTEEMB AR T SEMLE,
WA T HT R R EM AT B R AL, H 345 ZTURB B R 77 A0 B e &I T I e it ik

KR AnF, B LR, REAMY, 2%

PACS: 74.78.-w, 74.70.-b, 74.25.Dw, 71.27 +a

1 35l

il

I, BT DA I B S B e A 1 e A X e

A PRI XS FRIE, I P EUHN N S A3 0 2. TR,

“RRIEHIHIT R AT REVR ACIE LIV BB R
20128804 A, U7 Xt GaNZEATp B I8 2

MR AN 5 &R A I IR BN
e AR vt A1 5 PO 2 R 5 B o T R AR K

UL Horh, IR A (B inCal,) A B ANME A
B JE. SR, %R IR B AR eIk A
AR AN I ST LR, SR Z RGN IR R
P, LB B R IX SRR FN A S s AT fE 5 A HE LLER
MHTCER, B THKE TR EUN A8 A,
HERZHEN (G, # B85 IAHEEH
AR S, DR B A P d St (R AL 2%, thwf LASK
BUHTG R IR BRI, SR1, AHES T HAE A f % p

il)345 5 £ —#8 (Light Emitting Diode, LED)f]—/N
FHR. KITLLR, AM1%FGaN 5 4« Mgifi 51 A 555K
(140 2 R0 I Je 1) PR e, R A B R 1 i) B HL %
fEH e Y. RS R B AR, — 7
T8 3o P R 2 Mgz HEBRIEOR™, IR SEBIMgTE %

THI TR T Mg, BRI AB A, ML
e, M LA 2 2 Mp-ngE Sk IR, BRI IEROL

Astron, 2023, 53: 127412, doi: 10.1360/SSPMA-2023-0270

SIAMT: R, B, TR SUTRIER A SR R, R ERR: P )% R0, 2023, 53: 127412

XuM H, Zhao Y, Qiao L. Critical role of elemental hydrogen for superconductivity in nickel oxide superconductors (in Chinese). Sci Sin-Phys Mech

©2023 (HEMFE) FiEH

www.scichina.com


https://doi.org/10.1360/SSPMA-2023-0270
http://www.scichina.com
http://physcn.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/SSPMA-2023-0270&amp;domain=pdf&amp;date_stamp=2023-11-17

RIS, PEER PR )i ORI 2023 4F 56 53 G B 12 M

BRI N 1B KBS T BRH T 3 1 B 2R N,
AL T pAGaN =y 5 HL M R W 6 IR 31X AN FRE
H 1) R0 11 8 IR A HRe iz A Ay S0 € R (1 (5 LED )
B IROT R AE20144E 3R 45 T 1 DRI B
32 Shah, LulBl BRI A BS F v b e 773, A
SrCo0, s A AR, ¥ YE L B 374 XU - (H Al
O’ )T AT IR T 2B T =M T i S5 M AR A, R
LT A H I 25K M HSTC0O, 5, i iet o) HL 454 K H
BERFPETT S BEE T 2 M RO I Fe 38 Al 3k — 20 A SK
I RO T R R T H O R E, BEIE TR
PN, 3R T — R AT LSRR 225
HUNE 718 72 BB AR R P T 35 5 i BEAk,
AR R BIHAE AR M s il SR R EE R, WiRe-
illy% NPV 5T T H,YB,Cus 0,174k & thH G 24
H A RgsM . PSSR m e, KIH
FESEARY T VR AR B A Bx~0. 205, A B T TS
AR E . B J5, NakamurafliMachida' 4518 T 7E1111
B LaFeAsOH i FRHHB 2 FET I MR, T
HJE F iAo (O Bt 2 B4V R PR B, xfifg
HShgHEESHSEE. AT FEHBSIET,
B BRIR, B FCHE TR SR N A B E G E
DA XS] 7 R BT, HAE S MR R S A B 1
JRIZTH A & N BAER.

20194, Hwang B\ 38 T 2% 745 2% (KINd, o
St ,NiO, A1 4iE 7 5 2 AT JE 5 Mk 5 bk, X2 — T
BIPER TAE, NS 78R SRR, Btk R
A B LR A S AN R R R (HTS) 2 [ Sk
R, NERHTS PRI HLEIR R0 J 3, %
M} 32 B T 4 SR A A (1 3 s vy 3 22 Bk T
Uity S I K B R S MR A N TE PR JZ S5 4, SRAS ML
HNIE R, Bl TR R, TEARILEE AR
i CaH, 4 Bl i) 90 4138 R 2 75 2 76 3 5 5| AHOT K,
FHm R A e b, RARIEHSYRIIZ A,
OnozukaZs A\PVi4R T 4 AL INANIO, T B 7E 3 41
R R RS NHI T REME, 1278 BT R A A SRR
A RIFINANIO,_ H MR Z S5, BE)a, BewsT
FIANANIO,ZE MR AT, (HARBIHI N AL 4
. Btz 4, Chens NPPHRiE T 7£SmNIO,
L, HE TSNS ESmNIO; d# A A= 1 #h A1k 1
W AR, R SmNIO; [ L T 454, HMHREIAF|—
SEFERER, AR AR 3R — 25 5] L SmNiO, 1) 42 &8 - 46 2%

RAHAS . R, X SEHERAISZIG T R R IR JE 45
F BRI AR HR AT BE A7 AE FRE I H.

SR,  H RTARIE SRR IR DA S HIOR A A
2GR R AR A K H T 4 R AR DRI AT, R 2
TERR L AR AL A, A /DS BARE RS Al D3
S TG HR J2 25 P AR S ING, St ,NTO, PRI AR 2,
EARBHFTHRSI? HIEA4 fE2 AR ST
[ 3 AR HAE R A iR R A 7 =K, B
1) FE B A £ DL SRR T H PR ATL ) ) 52

AP E A, HAR AR i i W e —. —
M5, HEn MG 5 B &1 T2 sith 24k, T fEp Y
AP SRS TR SE 5. shak, HAT DB R Z
L, 1IN 7EMgOER ZnO 2 S H-O%E Y, 721X P it
T, HANVE &8, o — MR R0 2 15
b, SFEEAET LR AT Y. 2R AT
R, HREEX A YR 5 A s g o A7 B B2

M,

2 HERERER

TEAR B A R, ST HAE AT e — A4
U, ST X SRR R T TR A
WEREME . —RIEOT, @k e R E
AR S5 FINANIO 538 JiR R I Fa 45 1 R 2 45 1
NANiO,”Y, 7Eix AN FE T H AT B8 B 51 ANANIO, i %
thl®2 99 T IAIFIX /MBS, Malyids APl % iz
P i (Density Functional Theory, DFT)JHF 5T K I,
HIG % 1] UL R A5 7ENANIO, s R, T AR
SE [INANIO,HAH. FE R INANIO,H EL A5 28481 T NdNiO,
1 d R o B, SR L A R BV BT AN, RS HAT R
&2 JNANIO, B, B TH5 45 B BoRH A7 X
TYERENANIO I 2R e e B G . Oy TR SEIX
— 8, FEE B AREEEAL A, ENANIO, R ik 1354
BEMLA B T BRHA, B, H R ITE SRR = B,
HE5NiJR I8P ANI-HEE (K 1(a)). 7RI Rk 7 b,
HMNiJEF o422 7, W % 8 22 7 a0 18 1 (a) 7 (b)
fiiR, Hrfip = p(NdANiO,:H) — p(NdNiO,) — p(H), HI&
2 51 H, & HLAA % B p 2 B X324 NdNiO, # fn
M H AR R ARSI K, ORI (5
AT 43 90 5 J97 FEL 6 B R B4 IR 2. X s 4 IR R B H
4T Ak, WE T AR R R AN (d)0,

127412-2



TRUDHESE, R EBL W J0E R0 2023 4F B3 BB 12 )

WA A NI (d”)O, T 5| 2 (7 25 FL AT 2 1. %o
TNANiO,, HMH,H ¥ N EININIO, 1) & S e N AH,
EIAHy = E(NdNiO,:H) — E(NdNiO,) —1/2E(H,(g)). H
(4 N AT DA B A 3 ¥R FE H 26 F T NdANTO, 45 14 I A Fat
EPE; WE(b)FT s, NdNiO,% i ANi, NiOAl
Nd,0,, 7Hi#fEJN+176 meV/atom; NdANiO,HZ)if# NI,
NiO, Nd,O;F1H,, XK 1] 5fif e 9+80 meV/atom.
XECHHE R B, HAM ] DAE N WL B o7, &
A L5 NANiO, 7 i NdANiO,HAL & W4 71 H 45 g ka
SEPE.

4k, WA FEHE IR B, SN 2 S5
LS5 B 5 ARk, 3d BB I LaNiO, 5 5 444
AL, T3 U F TR FTLaNiO,H A — N WUh3H
FRF AR, X AR AN HESURENIE T 2 F
SERLE - SN T A N S NPk e 2

FHIRHE.

WERAFAEI N, TS R A2 R 70
FRIZLaNiO,H, Ni-d o HIE LU HAET L, A
5 H AR e A%, ROT M AM HICu-d o FUIE
B AR, S, LaNio, FA7E — A5 it
POKBEH I Lafe, W), B HLa-5d8iE
J%, [ A La-4f0E, JFRA —LENi-n JIE RS
AT, HLafet S Ni-d o oREHAIACIN, BT P 2 1]
AEH SR AAER, WA ERIRREER. X T La-
NiO,H, i H7E4 3 T DFTH M, Wik 1(d)FTs.
o, TR B XA S BT o] DUE B 5 0 oK RE L E,
fILaBE ik 1, IXRBINE110)77 17 L, La-d, BiE
TEIE I H-1s S B R A T BGE IR 528k M La-
NiO,f—0.098 eVAZ HLaNiO,Hf]0.224 eV. Hk, 7E
LaNiO,HH1, Ni-d ofeH #7054, 1M AE LR ZE

(b) |

(a) Charge density redistribution Contour plot for charge density
NdNiO,:H redistribution in NdNiO,:H
[ e |
-0.06 0 0.06

k: p 1

(€) ® Ni-d2y? @ La-dox3 b7 7Y
® Ni-dz? ) Laf v
® Ni-diy H-s x3 T X ] Kx

Energy (eV)

r Z R A

T X ™

Reduction of NdNiO; in H-rich environment |
NdNiO,
(+Hy)
-300 meV/f.u. AFM metal \704 meV/f.u.
NdNiO,H
: 0.5 Ni +0.5 NiO +
AFM insulator 0.5 Nd,05+ 0.5 H,
k: .k
(d @ Ni-d&y ® La-dyx3 =7 "
® Ni-d? La-f B
® Ni-dug H-s x3 Tl x ] Kx
6.0 ~_
4.
20} -
0.0 [~ /| _ ‘; :
-z.oﬁ
-4.0 \ <
6.0 %f\ -
-8.0 | ‘\/—‘—\ .i t_
om0 LaNiO:H

r X ™ r Z R A Z

1 (MR () 22 K NANIOL I BRI 7 10 22 57, 3 0 RN E (8 25 (B0 T 43 ) % o7 LT 53 B 38 AN /b A3 I 78 2 B R 5
T BRI BR BT 7 22 5 16D 81 (b) NANGO, I3 JEUFINGNIO, Y 3 B2 43 i S S5, (), (d) LaNiO, FILaNiO,Hf¥ R 7 454495 I F B

SRRV R]

Figure 1 (Color online) (a) Left: Difference in wave function squared of NdNiO,, yellow and blue isosurfaces correspond to charge density increase
and charge density reduction, respectively; Right: the corresponding counterplot for the difference in wave function squared shown in left pannel; (b)
reduction of NdNiO; and main decomposition reaction for NdNiO, [32]; the band structures of (c) LaNiO, and (d) LaNiO,H [33].
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Figure 2 (Color online) (a) Magnified view of HAADF-STEM images after the reaction at 240°C for 12 h. Inset: Fourier transform of the fluorite
phase region (iii). Green and red circles show the positions of neodymium and nickel atoms. (b) Upper: Depth dependence of atomic hydrogen density
(ny) after the reaction at 240°C; Bottom: differential secondary-ion intensity (d//dx) of each element [21]; (c) tensile distortion of SmNiOj; (d) the
values of R for the films with different strain [22]; (e) X-ray diffraction (XRD) of HNdNiOj; as a function of time; (f) electronic-antidoping-induced
metal-insulator transition [8].
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Figure 3 (Color online) (a) SIMS depth-profiles of pristine Nd, gSr,,NiO; and Nd,¢Sr;,NiO, films under different reduction times, along with a
reference reduced SrTiOj; single crystal using the optimized topotactic reduction condition of 300°C and 120 min (red solid line). The Ti signal from the
SrTiO; substrate was used as a marker for the interface position. H detection limit (blue dashed line) was determined by the as-received SrTiOs
substrate. (b) Quantified H concentration x of Nd,¢Sr,,NiO,H, as a function of reduction time. The star indicates the H concentration of pristine
Nd, S, ,NiO;s. (¢) Phase diagram of Nd,¢Sr,,NiO,H, with respect to x. Circles (squares) represent 90% (10%) of the resistivity (R) value at 30 K.
Open triangles represent the MIT temperature. (d) Temperature dependence of Ry for Nd, 3Sr,,NiO,H, thin films. (¢) Ry at 7 = 300 and 15 K as a

function of H concentration x [28].
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Figure 4 (Color online) (a) Band structures reproduced by Wannier functions in an energy window close to the Fermi level; (b) inter-cell hopping
from Ni-d 2. 2 to interstitial s orbital [35]; (c) fat bands of the IIS-orbital tight-binding model [36]; (d) RIXS intensity map of Nd,¢Sr,,NiO,H,

measured at T = 20 K with x = 0.26; (e), (f) band structures and DOS with orbital projections for Nd, 4Sry,NiO,H, (x = 0 (e), 0.25 (f)). The solid
(dashed) lines in DOS are for the 3d orbitals in the NiO, (NiO4H,) environment. The DOS of IIS is enlarged by five times for clarity. Note that the IIS
state is fully suppressed in the NiO,H, environment. The Fermi level is set to zero [28].
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Critical role of elemental hydrogen for superconductivity in
nickel oxide superconductors

XU MingHui, ZHAO Yan & QIAO Liang*

School of Physics, University of Electronic Science and Technology of China, Chengdu 611731, China

H is the lightest element in the universe, and detecting its presence and distribution in materials is challenging because
most of the advanced characterization techniques are not sensitive enough to detect it. However, H plays an important
role in materials science, as it can act as an “invisible key” that unlocks unusual physical properties in different materials.
For instance, H can induce metal-insulator transition, ferromagnetism, superconductivity, and other phenomena in
various oxides, hydrides, and intermetallic compounds. In 2019, the discovery of nickel oxide superconducting materials
(nickel-based superconductors) based on the infinite-layer structure has encouraged researchers to find more similar
high-temperature superconducting materials. Currently, nickel oxide superconductors are mainly synthesized via the
topotactic reduction of metal hydrides, which is a process that removes oxygen atoms from the metal oxide lattice and
replaces them with H atoms. The challenge now is to confirm whether the CaH,-assisted topotactic reduction in nickel-
based superconductors will introduce “extra” H elements in the films and affect their superconducting state. This is an
important question because H can remarkably affect the charge carrier density, band structure, electron-phonon coupling,
and disorder levels of the materials, which are all related to superconductivity. Thus, this article focuses on reviewing the
influence rules of H on the physical properties of materials. Moreover, recent traces of the existence of H in nickel oxides
detected by various techniques, such as X-ray absorption spectroscopy and resonant inelastic X-ray scattering, are
highlighted, and the atomic occupation positions of H inside the materials are revealed by first-principles calculations and
neutron diffraction experiments. Also, the influence mechanism of H on the superconductivity of nickel-based materials
is analyzed in detail by considering both intrinsic and extrinsic factors. This paper further discusses future research
directions in this field, such as optimization approaches of synthesis conditions and film quality, more accurate and
reliable measurements of the H-related physical parameters, and design of novel materials with enhanced
superconductivity by using H as a tuning knob.

H elements, topological reduction, nickel oxide, superconductivity
PACS: 74.78.-w, 74.70.-b, 74.25.Dw, 71.27.+a
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