CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Dual roles of oxygen-annealing in modulating the superconductivity of La;Ni,0,.s

Xin-Ran Hu (7 4R), Jia Yu(F-1E), Jun-Kun Yi( 5 12 4), Ya-Dong Gu(# 1. %), Jun-lie Feng ({32 7%), Xie-Yu Sun(#)
#2P), Qing-Song Liu(XI & #2), Yun-Qing Shi(£1127%), Meng-Hu Zhou(Jii] #.5%), Hui-Ran Sun(fhEE F),
Chang-Sheng Jiang(?# 1 JiE), Qi-Heng Huang (34 5 #7), Tao Han(%7%), Ming-Sheng Long (2 ]E), Xing-Yuan
Hou(f*% i), Bing-Hui Ge(%& /i #%), Dong-Sheng Song(K 7= Ft), Zhi-An Ren(f£V6 %), Qing-Ge Mu(f2 %), and
Lei Shan(®#.%%)

Citation:Chin. Phys. B, 2026, 35 (5): 057407. DOI: 10.1088/1674-1056/ae5050

http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Structure and superconducting properties of Ru,, Mo, (x = 0.1—0.9) alloys

Yang Fu(f:f FH), Chunsheng Gong(2£#:%E), Zhijun Tu(¥% £ 1R), Shangjie Tian(H %75), Shouguo Wang(F 51 [H),
and Hechang Lei( 75 f11%)
Chin. Phys. B, 2024, 33 (4): 047404. DOI: 10.1088/1674-1056/ad2a73

Thermal conductivity of GeTe crystals based on machine learning potentials

Jian Zhang(5K1&), Hao-Chun Zhang(7k = %), Weifeng Li(Z5 %), and Gang Zhang(7KH1))
Chin. Phys. B, 2024, 33 (4): 047402. DOI: 10.1088/1674-1056/ad1b42

A ten-fold coordinated high-pressure structure in hafnium dihydrogen with increasing

superconducting transition temperature induced by enhancive pressure

Yan-Qi Wang(FE W), Chuan-Zhao Zhang(7k4%41), Jin-Quan Zhang(5k&4Y), Song Li(Z5F4), Meng Ju(E15),
Wei-Guo Sun(fM#i [E), Xi-Long Dou(=. 5 J¥), and Yuan-Yuan Jin(4: [l i)
Chin. Phys. B, 2023, 32 (9): 097402.  DOI: 10.1088/1674-1056/acc934

Conservation of the particle-hole symmetry in the pseudogap state in optimally-doped

Bi,Sr,CuOs,s superconductor

Hongtao Yan(|=]2:¥%), Qiang Gao(7=712), Chunyao Song(K% 5%), Chaohui Yin(BXiEE ), Yiwen Chen(fi% ),
Fengfeng Zhang(7k3=7), Feng Yang(#1%), Shenjin Zhang(5K F14x), Qinjun Peng (32X %), Guodong Liu(X!][E %),
Lin Zhao(#X#K), Zuyan Xu(¥F#HZ), and X. J. Zhou(Jf }iT)

Chin. Phys. B, 2022, 31 (8): 087401. DOI: 10.1088/1674-1056/ac7214

Doping effects of transition metals on the superconductivity of (Li,Fe)OHFeSe films

Dong Li(Z=#%), Peipei Shen(7L i), Sheng Ma( /%), Zhongxu Wei(Z ), Jie Yuan (3= Vi), Kui Jin(4£ 1), Li
Yu(#T#E), Fang Zhou(J# JiX), Xiaoli Dong(Z& % #), and Zhongxian Zhao(i&X 18 5%
Chin. Phys. B, 2021, 30 (1): 017402.  DOI: 10.1088/1674-1056/abd2ab


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae5050
https://doi.org/10.1088/1674-1056/ae5050
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad2a73
https://doi.org/10.1088/1674-1056/ad2a73
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad1b42
https://doi.org/10.1088/1674-1056/ad1b42
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acc934
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acc934
https://doi.org/10.1088/1674-1056/acc934
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac7214
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac7214
https://doi.org/10.1088/1674-1056/ac7214
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abd2ab
https://doi.org/10.1088/1674-1056/abd2ab

Chin. Phys. B 35, 057407 (2026)

Xin-Ran Hu(#ik8%) 127, Jia Ya(F4£)> T, Jun-Kun Yi(5 R #)*> ", Ya-Dong Gu( W 4)*3, Jun-Jie Feng(%1&

SPECIAL TOPIC — Superconductivity in nickel oxides

Dual roles of oxygen-annealing in modulating
the superconductivity of LazNi;O7_ 4

Xie-Yu Sun(7hi#f3)12, Qing-Song Liu(XIFH#)*°, Yun-Qing Shi(f1i8i%)*>, Meng-Hu Zhou(ff#[%)*>,
Hui-Ran Sun(fhE#4)"2, Chang-Sheng JiangCF+ )2, Qi-Heng Huang(# ) 1) %, Tao Han(¥#%)!2,

s

I

)172

Ming-Sheng Long(J%#14:)!2, Xing-Yuan Hou(f#*%70)"2, Bing-Hui Ge(% #i#%)!, Dong-Sheng Song(4 % 7)1,

Zhi-An Ren({Fi6 2%, Qing-Ge Mu(F2##)"%7-%, and Lei Shan(¥.7)128#

! Information Materials and Intelligent Sensing Laboratory of Anhui Province, Institutes of Physical Science and Information Technology,
Anhui University, Hefei 230601, China

2Leibm'z International Joint Research Center of Materials Sciences of Anhui Province, Center of Free Electron Laser & Strong Magnetic Field,

State Key Laboratory of Opto-Electronic Information Acquisition and Protection Technology, Anhui University, Hefei 230601, China
3 Quantum Science Center of Guangdong—Hong Kong—Macao Greater Bay Area (Guangdong), Shenzhen 518000, China

4Institute of Physics and Beijing National Laboratory for Condensed Matter Physics, Chinese Academy of Sciences, Beijing 100190, China

5 School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China
6School of Science, Hunan Institute of Technology, Hengyang 421002, China

7Key Laboratory of Structure and Functional Regulation of Hybrid Materials (Anhui University), Ministry of Education, Hefei 230601, China

8Hf:fei National Laboratory, Hefei 230088, China
(Received 7 January 2026; revised manuscript received 3 March 2026; accepted manuscript online 11 March 2026)

Oxygen deficiency is known to critically influence the superconductivity of La3Ni,O;_s. However, precise control
of oxygen content to mitigate such deficiencies remains a significant challenge. In this work, we synthesized high-oxygen-
content La3NiyO7 5 polycrystals via high-pressure oxygen annealing with the oxygen stoichiometry (&) successfully tuned
by varying the amount of KC10O4. The obtained samples La3zNi;O7 ;¢ and La3NipO7 33 exhibit metallic behavior at ambi-
ent pressure. We further conducted a comprehensive investigation into the pressure-induced superconductivity and atomic
structure. STEM imaging revealed large-area bilayer-phase stacking in La3NiyO7 16, while LazNi; O7 33 showed noticeable
intergrowth with other Ruddlesden—Popper (R—P) phases. Notably, the critical pressure in La3NiyO7 ¢ is substantially re-
duced, though its critical temperature (7¢.) is lower than that of as-grown samples. In contrast, only a weak superconducting
signal was detected in higher oxygen content sample La3Niy O7 3g likely due to the intergrowth with other R—P phases, non-
negligible interstitial oxygen, or an increased fraction of the tetragonal phase. Our findings provide a viable pathway for
optimizing nickelate superconductivity and offer insights into the fundamental mechanisms governing superconductivity in
these materials.
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Since the discovery of high-temperature superconductiv-
ity (HTS) in cuprates, several new HTS materials have been
identified over the past few decades.!'! Nevertheless, the
fundamental mechanism underlying HTS remains unresolved.
The development of novel HTS systems could provide crucial
insights into this long-standing puzzle. Recently, the discovery
of superconductivity in LazNi»O;_5 has generated significant
interest, as this material exhibits a superconducting transition
temperature (T;.) up to 80 K under moderate pressure. !

Extensive experimental and theoretical investigations
have significantly advanced the understanding of nick-
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elate superconductivity. [ LasNi Oy

Ruddlesden—Popper (R-P) family, with the general for-

belongs to the

mula of R,Ni,O3,+;, where R represents rare-earth ele-
ments, and n denotes the number of NiOg octahedra in the
unit cell. Beyond the bilayer LazNiyO;_g, trilayer com-
pounds LayNizOy_s and PryNizO;y_g exhibit superconduc-
tivity with maximum 7 values up to 40 K,?'-23 while hy-
brid R—P phases (1212 and 1313 structures) have also been
identified as superconductors.>#?>) Among these, the bilayer
system demonstrates the highest 7¢, reaching 96 K at optimal

rare-earth doping levels.[26-31]
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However, the superconductivity in LazNi,O;_g displays
strong sample dependence and pressure dependence.!!%-32-37]
Scanning transmission electron microscopy (STEM) studies
reveal significant oxygen inhomogeneity, with vacancies pri-
marily occupying inner apical sites, which may detrimentally
affect superconductivity. 38! Theoretical analyses indicate that
the Fermi pocket associated with d; > » orbital plays a piv-
otal role in pressure-induced superconductivity, with strong in-
terlayer coupling mediated by inner apical oxygen.!”:8:14.17.38]
Oxygen deficiency at these sites disrupts interlayer electron
hopping between Ni atoms and promotes the formation of
local magnetic moments, both of which strongly suppress
superconductivity.[”) These findings suggest that oxygen va-
cancy elimination could improve crystal quality and enhance
superconducting properties.

Complementary studies on R—P phase nickelate thin films
demonstrate the critical role of ozone oxidation in stabilizing
superconductivity.3°~*3] However, oxygen annealing of poly-
crystalline samples by high-oxygen-pressure method leads to
bilayer structure degradation and weakened superconducting
transitions.[**! Furthermore, high oxygen pressure induces
interstitial oxygen formation, which also significantly sup-
presses superconductivity.[*>461 Consequently, systematic op-
timization of oxygen annealing parameters is crucial for both
enhancing sample quality and uncovering the fundamental re-
lationship between oxygen stoichiometry and superconductiv-
ity.

In this study, we performed high-pressure oxygen an-
nealing at 2 GPa using a piston-cylinder-type apparatus with
KClOy as the oxygen source. Comprehensive characterization
combining x-ray diffraction, STEM, and high-pressure electri-
cal resistance measurements reveals two key findings: (1) the
oxygen stoichiometry in LasNioO;,s can be precisely con-
trolled by varying the KCIO4 content; and (2) while the criti-
cal pressure is reduced in LazNipO7 j¢, its critical temperature
is lower than that of the as-grown samples.

The oxygen-annealed La3NiyO;,5 polycrystals were
synthesized through a two-step process. First, the parent
La3zNi;O;_g sample was prepared using the sol-gel method
according to established protocols,!*’! referred to as the as-
grown sample. For the oxygen annealing step, the as-grown
sample was thoroughly ground with KClO4 as an oxygen
donor in three distinct molar ratios of KClO4:LazNi;O7,5 =
0.08:1 for sample S1, 0.2:1 for S2, and 1:1 for sample S3.
The homogeneous mixtures were then pressed into pellets and
subjected to high-pressure annealing in a piston-cylinder-type
high-pressure apparatus under precisely controlled conditions
of 973 K and 2 GPa for 1 hour. To minimize the influence of
KCl, following the annealing process, the resulting products
were carefully reground and washed with deionized water to
remove residual KCI byproduct. After each wash, the mixture

was centrifuged to separate the solid from the water. The final
oxygen-annealed samples were denoted as S1, S2, and S3.

The crystal structure was determined by room-
temperature powder x-ray diffraction (XRD) using a PAN-
analytical x-ray diffractometer with Cu-K« radiation. Ri-
etveld refinement of the XRD patterns was conducted using
the GSAS software package. Thermogravimetric analysis
(TGA) was done by NETZSCH STA 449 F3, using 10% Hy/Ar
flow at a rate of 150 mL/min, and the maximum temperature
was 800 °C with heating rate 7.5 °C/min. The HAADF-
STEM images were acquired on a Thermo Fisher Scientific
Themis Z microscope working at 300 kV. Electrical resistance
measurements under high pressure were carried out with a
screw-pressure-type diamond anvil cell (DAC) made of non-
magnetic Be—Cu alloy. The diamond with 500 um culet was
used to provide pressure within 50 GPa. The steel gasket was
utilized, and a hole with the size of 200 um is predrilled as
the sample holder. The electrodes were fabricated from 5 pum-
thick Pt foil. A mixture of epoxy and cubic BN was used as
insulating layer between gasket and electrodes. High-purity
KBr (5N) served as pressure transmitting medium (PTM). The
pressure was characterized by the shift of ruby fluorescence
at room temperature. Electrical resistance was collected on
a Quantum Design physical properties measurement system
(PPMS DynaCool). Standard four-probe method was used for
electrical resistance measurements at ambient pressure, and
the Van-der-Pauw method was adopted for measurements at
high pressure.

Figure 1(a) presents the powder XRD patterns of as-
grown La3Ni;O;_s and the oxygen-annealed polycrystals (S1,
S2, and S3). The XRD pattern of the as-grown sample is
well refined with the orthorhombic phase, and the patterns
of S1, S2 and S3 were successfully refined using a two-
phase model consisting of the orthorhombic phase (space
group Amam, No. 63) and the tetragonal phase (space group
I14/mmm, No. 139). The refinement results are summarized
in Table 1.

orthorhombic phase show minimal deviation (< 0.1%) from
[47

For S1 and S2, the lattice parameters of the
those of the as-grown La3Ni>O,_5.[47] In contrast, S3 exhibits
a 0.25% contraction along the c-axis while maintaining com-
parable in-plane parameters to the as-grown sample. The c-
axis contraction, previously observed in high-oxygen-pressure
annealed La3NiO7, 5 and La,PrNi,O, 5 polycrystals, 434!
likely originates from enhanced interlayer interactions induced
by interstitial oxygen incorporation. The enlarged view of the
diffraction peaks between 30° and 35° is shown in Fig. 1(b)
demonstrating the shift of the diffraction peaks clearly. Such
shift is consistent with the corresponding changes in the lattice
parameters. We also attempted to refine the XRD pattern of S3
using the orthorhombic phase and the superstructure phase re-
ported in Ref. [45] (see Fig. S1). However, the poor refinement
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results suggest that the superstructure likely has not formed in
S3. Phase quantification reveals distinct oxygen-content de-
pendence: the orthorhombic phase fraction is 65.8 wt% in
S1, 55.8 wt% in S2, and 37.6 wt% in S3, and the tetragonal
phase fraction increases correspondingly. This demonstrates
that high-pressure oxygen annealing using KClO4 as an oxy-
gen donor facilitates the orthorhombic-tetragonal phase transi-
tion in LazNi;O7, s, consistent with the behavior observed in
Co-doped analogues.[*”] Notably, the relative phase fractions
can be precisely controlled by varying the KClO4 content.
The oxygen content of the annealed samples S1, S2, and
S3 was determined by thermogravimetric analysis in 10%
H,/Ar gas, and the results are shown in Fig. 1(c). The oxy-
gen content was calculated according to the weight loss and
displayed as the vertical axis in Fig. 1(c). Consistent with pre-

vious reports, (47481

two stages are observed as temperature in-
creases. First, a metastable phase La3NiyOg 45 is formed at

~ 500 °C, and eventually La; O3 and elemental Ni is obtained

after full reduction. The average oxygen content is estimated
to be 7.16 for S1, 7.29 for S2, and 7.38 for S3, which are larger
than the value 6.94 for the as-grown sample.*”) The obtained
oxygen content increases with the amount of used KC1O4. The
high-pressure annealing using solid-state KClO4 as oxygen
source presents several advantages over conventional high-
oxygen-pressure method. First, high pressure high tempera-
ture synthesis is a good way to stabilize metastable phases,
as demonstrated in the synthesis of cuprates with high oxy-
gen content. Second, it enables precise and continuous tuning
of the oxygen atmosphere by simply varying the amount of
KClOy in the mixture. Third, the intimate mixture of KCIO4
with precursor ensures a localized and uniform oxidizing en-
vironment at the reaction interface, thereby promoting homo-
geneous reaction. The large value of 7.38 for S3 can be at-
tributed to the interstitial oxygen, and the coexistence of mul-
tilayer nickelates, as discussed below.

(a) As-grown R, =417% (b)
2] R,=2.83% 2]
x?=3.18
0 | i |1 L1 L [ A 1 O L L1 B LU L L LRI L A U RN R A
> 41s1 Ry, =2.34%
-~ o ~
£, R,=1.76% éﬁ
Q x*=273 3
Ol E
<ro | ‘\ \HH \‘ ‘H ‘HH‘ H}H \‘ 1 \‘\H | , HH\ ‘H\‘ \‘\ I ‘H\ ‘\” H‘ \‘H H‘ ! \‘IH\ \}‘\‘ 1 H‘ I” ‘H ] H}HHHI\}\‘IHII\‘I\ \‘\‘H‘IH &_)
) (e
44S2 Ry, =2.76% Z
%‘ 5 R,=2.06% 2
S ] X2=427 2
= 0 3
] | ‘\ \HH \‘ ‘H ‘HH‘ H‘H \‘\ | \}H | , HH\ ‘\ H‘ \‘\ I ‘H\ ‘\M H‘ \‘H H‘ " I‘HH HI\‘ I H‘ IH I‘H \H‘HHHI‘\H‘HIIH‘H | ‘\‘H}\H Q
(S
64S3 R,,=146% ® Obs. g
44 R,=1.11% Cal. ;me "
5] =246 — Diff. mmm
0- | ‘\ \‘} | \‘ ‘H }\H‘ H‘H \‘ 1 \‘\H | | | \H\ ‘\ I\‘ \‘\ ] ‘H\ ‘\IH} H‘ \‘H H‘ " I‘HH HI\‘ I H‘ I‘\‘\ ‘H 1 H\}H\HH‘II‘H\‘\I\‘\H \‘}\‘HH 2- I : I
2 . . . . - ]
20 30 40 50 60 70 80 30 31 32 33 34 35
26 (%) 26 (°)
c : d
© La;Ni,0,, 5 ) 1.0
7
o
+
= M
] =
5O 2’05
§ ~
= —S1
o 5r —8S3
;;3 1.5La,0,+2Ni
O 1 1 1 1 1 00 1 1 1
200 300 400 500 600 700 800 0 50 100 150 200
T (°C) T (K)

Fig. 1. (a) The Rietveld refinement of XRD patterns of the as-grown polycrystals and the oxygen-annealed samples denoted as S1, S2, and S3.
The fit parameters are shown in inset. (b) The enlarged view of (a) in the range of 30°-35°. The vertical dashed lines mark the diffraction peaks
of the orthorhombic phase in the as-grown sample. (c) The thermogravimetric curves for the oxygen-annealed LazNiO7, 5 polycrystals. The
oxygen content was calculated with the weight percent loss and shown as the vertical axis. The average oxygen content is estimated to be 7.16
(S1), 7.29 (S2), and 7.38 (S3). (d) The temperature dependence of normalized resistance of S1 and S3, which shows metallic behavior.

057407-3



Chin. Phys. B 35, 057407 (2026)

Table 1. The lattice parameters from refinements and the oxygen-content from TGA analysis of each phase for the as-grown

sample, S1, S2, and S3, and the weight fraction of the orthorhombic phase.

Samples L e mam Lijmmm coment fraction
a (A) 5.396 (9) 3.863 (9)
S1 b (A) 5.450 (6) 3.863 (9) LagNi,O5 14 65.8%
c (A) 20.532 (9)  20.26 (02)
V (A%) 604.0 (05)  302.4 (80)
a (A) 5.406 (8) 3.8559 (1)
S2 b (A) 5.458 (7) 3.8559 (1) LasNi Oy o9 55.8%
c (A) 20.53 (26)  20.20 (80)
V (A% 606.0 (05)  300.3 (56)
a (A) 5.395 (7) 3.8573 (6)
S3 b (A) 5.449 (3) 3.8573 (6) La;Ni,Oy 45 37.6%
c(A) 20.47 (63)  20.186 (3)
V(A% 602.0 (67)  300.3 (56)
a (A) 5.392 (4)
As- b (A) 5.448 (2) LayNiyOg g4 100%
grown ¢ (A) 20.532 (9)
V (A3) 603.2 (33)
(a)0.8 - P(GPD) (1) 0.3
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Fig. 2. (a)—(c) The temperature dependence of resistance at various pressures of three samples for LazNiyO7 16 which are denoted as Runl,
Run2, and Run3. (d) The superconductivity under various magnetic fields at 21.5 GPa for Run3. (e) The superconductivity at various pressures

T (0-100 K for each pressure)

for Run3. The red arrows display the superconducting transition.
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The temperature dependence of resistance for S1 and
S3 exhibits metallic behavior, as displayed in Fig. 1(d).
This is different from the recent oxygen-annealing studies at
high oxygen pressure, in which the resistance curves show
semiconductor-like upturn behavior at low temperature and an
evidenced DW anomaly.*4*3] The metallic behavior is also
observed in the samples with oxygen content approaching to 7
reported in early studies. [434%]

The electrical resistance measurements on the oxygen-
annealed La3NipO;,5 polycrystals LazNi;O716 and
La3NiyO7 .33 under high pressures up to 47.1 GPa were car-
ried out with nonmagnetic DAC, and the results are shown in
Figs. 2 and 3. Consistent with ambient pressure data, both
LazNiyO7 16 and La3NiyO7 .33 show metallic behavior, while
a resistance upturn behavior was observed below 25 K at low
pressures, which may be due to the effect of grain bound-
aries since powder samples were used for the measurements.
This upturn behavior has also been observed in high-pressure
measurements on as-grown LazNi,O_s polycrystals. 228!

Three samples were used for the high-pressure electri-
cal resistance measurements for LazNiyO7 ;6, which are de-
noted as Runl, Run2 and Run3 (Fig. 2). A slight resis-
tance drop was observed below 10 K at 9.4 GPa in Run2
(Fig. 2(b)). The drop becomes pronounced with further com-
pressing. The results are confirmed by other measurements
Runl and Run3 (Figs. 2(a) and 2(c)). The maximum drop of
resistance reaches 52% at 25.3 GPa in Run3. Magnetic field
was applied to further investigate the resistance drop, and the
results are shown in Fig. 2(d). The transition temperature is in-
sensitive to the magnetic field, and only slightly shifts to lower
temperature with the increase of magnetic field. This is con-

P (GPa
(a)0.8 Runl _( 148)
—53

0.61 —9.7
— 126
D — 162
Soal ] s
ST —233
\__4 —263
0.2 e — 299
—333
0.0 —40.2
0 50 100 150 200 250 3007 464

T'(K)

© 0.8 Rama P (GPa)

—15

—59

0.6} o
—_ —13.6
Soal —169
= / 20.1
—25.2

0.2 :—//—/: —312
———— —38.7
M Iy

0.0

0 50 100 150 200 250 300
T(K

sistent with the magnetic field dependence of superconductiv-
ity in La3NiyO;_5,[2%28331 confirming that the drop is due to
superconducting transition. The transition under various pres-
sures of Run3 is displayed in Fig. 2(e), and the transition tem-
perature is marked by the red arrows. Upon compressing, the
transition temperature increases initially, and reaches a maxi-
mum of 76 K at 25.3 GPa, followed by a decrease as pressure
further increases. However, no zero resistance was achieved
similar to other high-pressure measurements on polycrystals
with DAC method. [26:28:30]

High pressure electrical resistance measurements were
carried out on two samples for La3Ni;O733 which are rep-
resented by Runl and Run2. Distinct from large resistance
drop in LazNiyO7 14, a weak drop was detected in LazNi, O7 38
as shown in Figs. 3(a) and 3(c). The resistance drop first
emerged at 19.6 GPa with a T; of 74 K in Runl. Two small
drops appeared in Run2 (Fig. 3(d)). The lower-temperature
one starts at 16.9 GPa. The transition temperature initially in-
creases, and then almost stabilizes, persisting up to 45.3 GPa,
with a maximum of about 20 K. The higher-temperature drop
is similar to that in Runl, in which a tiny drop shows up
at around 20 GPa, and the highest transition temperature is
about 76 K. The feature of the resistance drops is reminiscent
of the superconductivity in LagNi3O;g_g and LazNiyO;_g
polycrystals.[?%23:26:28.33] The higher-temperature transition
corresponds to the superconducting transition of bilayer nick-
elate polycrystals, and the lower-temperature transition is at-
tributed to trilayer nickelate polycrystals. The observation of
superconducting signature with oxygen content of 7.16 or 7.38
is consistent with the oxygen-content range obtained by elec-
trochemical method. *>!

)"
0.95 19.6 GPa
8 —23.3 GPa
&~ —26.3 GPa
S —29.9 GPa
0.90 —33.3GPa
—40.2 GPa
— 46.4 GPa
0.85
0 20 40 60 80 100
T (K)
1.0
(d) Run2
X 0.9 —16.9 GPa
= 20.1 GPa
= — 252 GPa
o8 —31.2GPa
—38.7GPa
— 453 GPa
0.7
0 20 40 60 80 100
T (K)

Fig. 3. (a) and (c) The temperature dependence of electrical resistance at various pressures of two samples for LazNi, O7 33 denoted as Runl and
Run2. (b) and (d) The superconductivity at various pressures for Runl and Run2.
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Fig. 4. (a) The pressure dependence of superconducting 7. for LazNi; O, s polycrystal LasNipO7 j6, and we also include the T; of as-grown
La3zNi;O;_s polycrystals from Refs. [26,28]. The short-dash line and the solid line are guides for the eye. The short vertical dot line marks the
critical pressure for as-grown sample measured with DAC method. (b) The schematic structure of LazNi;O7 crystal structure in [110] view. (c) and
(d) The typical atomicscale HAADF-STEM images along [110] orientation for LazNiyO7 ;¢ and LazNi;O7.33. The notation 327 and 2 indicate the
bilayer phase LazNi;O7, 43(10) and 3 denote the trilayer phase LasNi3Ojq, while 9 refers to LajgNigO,g which contains 9 layers of Ni-O planes.

The crystal quality of LazNiyO73g is poor as discussed
below, and the signature of superconducting transition is tiny.
Here, only the superconducting 7; of LazNi;O7 16 was sum-
marized in Fig. 4(a). To elucidate the effect of oxygen-
annealing on the superconductivity of LazNipO7, the T. of
as-grown La3Ni;O;_s polycrystals obtained by DAC method
from Ref. [28], and Ref. [26] was also included in the diagram.
The samples measured in the references show upturn behavior
at low temperature and a DW transition at ~ 140 K. In con-
trast, La3NiyO7, ¢ exhibits metallic behavior, which implies
that the oxygen content in the annealed sample is higher. Fig-
ure 4(a) demonstrates that superconducting 7. of LazNiyO7 14
is lower than the value from references, suggesting that the 7.,
is lower along with higher oxygen content. This has also been
observed in Laz_,SrNipO;_s thin films correlated with the
variation of carrier density. 1501 The critical pressure (F) varies
slightly among these samples, and the value is in the vicinity
of 11 GPa. Notably, this is substantially lower than the approx-
imate 20 GPa typically required for as-grown polycrystalline
samples. High-pressure studies on polycrystals with § = 0 and
0.12 also reveal the slight decrease of 7. for 0.12. However,
the critical pressure is significantly large for both samples (ap-
proximately 25 GPa).’!l The resistance drop here is larger,
reaching 52%. Note that LazNipO7 14 only contains 65.8 wt%
orthorhombic phase, while it shows better signature of super-
conductivity compared with the as-grown samples.?>%8] Thus,
the orthorhombic phase with lower oxygen vacancies likely
favors bulk superconductivity with reduced critical pressure.
However, as oxygen content further increases, the signature of
superconductivity becomes pretty weak in LazNiyO7 3g.

The as-grown LazNiyO;_g polycrystals show ubiquitous
intergrowth of 327 with 4310 and 214 phases, and great in-
homogeneity in oxygen vacancies, 38444 which may destroy
the superconductivity. Here, we carried out STEM mea-
surements on LazNiyO7 14 and LazNiyO7 .33, and the typical
atomic-scale HAADF-STEM images along [110] orientation
are displayed in Figs. 4(c) and 4(d). More STEM images
are shown in Fig. S2 in the supplemental materials. The bi-

layer phase is denoted as 327 or simply 2. The numbers
3 and 9 represent the phases with 3- and 9-layer of Ni-O
planes per unit. La3NiyO7 16 consists of large-area stacking
of bilayer phase (Figs. 4(c) and S2(a)-S2(d)), the structure
of which is displayed in Fig. 4(b). It intergrows with a few
La;NiO4 or LayNiz Oy layer, similar to La,PrNi, 07.[1271 Us-
ing more KClO, in LazNiy O7 35 results in the intergrowth with
other R—P compounds containing more layers of Ni—O plane
(Figs. 4(d), S2(e) and S2(f)). The observation of large area of
LasNizOq¢ in LazNiyO7 35 is consistent with the detection of
the superconducting signature of LayNi3Oqg.

the
LazNiyO7 ¢ demonstrates better superconducting transition

Regarding superconductivity of LaszNi;O7. g,
with low critical pressure and good signature of supercon-
ductivity, while only tiny signal was detected in La3NiyO7 33.
Several reasons may lead to these distinct differences. First,
the noticeable intergrowth of other R—P phases in LazNi»O7 38
may destroy superconductivity. Second, according to the XRD
analysis, LazNiyO7 14 is a mixture of 65.8 wt% orthorhombic
phase and 34.2% tetragonal phase, while LazNiyO7 33 consists
of 37.6 wt% orthorhombic phase and 62.4 wt% tetragonal
phase. The tetragonal phase may do not support supercon-
ductivity, which is in agreement with previous report that
tetragonal phase shows no superconductivity up to 70 GPa.[>?!
Third, the interstitial oxygen may destroy the superconduc-
tivity in LazNipO7.33. The c lattice in LazNipO7 .33 contracts
obviously while the c lattice of LazNi;O7 14 is close to that
of the as-grown LazNiyO;_5 according to the above analysis
of XRD patterns. This may imply that unignorable interstitial
oxygen appears in LazNi;O7 3¢ similar to the oxygen-annealed
La3NizO7, 5 and LayPrNi; O 5 polycrystals, in which the in-
terstitial oxygen suppresses the superconductivity.[*>4%1 Qur
studies suggest that proper oxygen annealing, which elimi-
nates the oxygen deficiencies and acts as a hole-doping mech-
anism, reduces the critical pressure while concurrently lowers
the 7;. Electron doping implemented by ensuring low defi-
ciencies may provide a viable way to achieve bulk supercon-
ductivity with an enhanced 7; in LazNiy O7.
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In summary, we performed controlled oxygen annealing
of LazNi,O7, s polycrystals using a piston-cylinder-type high-
pressure apparatus with KCIO4 as the oxygen source. This
approach successfully yielded high-oxygen-content samples
(S1: LagNipO7.16; S2: LazNipO7.29; S3: LasNiyO73g) as con-
firmed by TGA. S1 and S3 exhibited metallic behavior at am-
bient pressure. Microstructural characterization revealed dis-
tinct phase behaviors: STEM showed that S1 maintains large-
area bilayer LazNipO7 phase purity, while S3 displays signif-
icant intergrowth with other R—P phases. XRD quantification
indicated S3 contains only 37.6 wt% orthorhombic phase, with
a 0.25% shrinkage in the c-lattice parameter suggesting inter-
stitial oxygen incorporation. High-pressure electrical resis-
tance measurements demonstrated contrasting superconduct-
ing responses: S1 showed lower critical pressure and good su-
perconducting signature albeit with reduced 7. compared to
as-grown samples, whereas S3 exhibited only marginal super-
conductivity. The results establish that KClO4-assisted high-
pressure synthesis provides an effective route for oxygen stoi-
chiometry control in LazNi;O7, s, offering new opportunities
for optimizing nickelate superconductivity through targeted
oxygen content engineering.
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