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The discovery of nickelate superconductors, including doped infinite-layer (IL) nickelates RNiO, (R = La, Pr, Nd),
layered square-planar nickelate NdgNisOj,, and the Ruddlesden—Popper (RP) phase La3NiO7, has spurred immense in-
terest in fundamental research and potential applications. Scanning transmission electron microscopy (STEM) has proven
crucial for understanding structure—property correlations in these diverse nickelate superconducting systems. In this review,
we summarize the key findings from various modes of STEM, elucidating the mechanism of different nickelate supercon-
ductors. We also discuss future perspectives on emerging STEM techniques for unraveling the pairing mechanism in the

“nickel age” of superconductivity.

Keywords: scanning transmission electron microscopy, superconductivity, epitaxial thin films, nickelates

PACS: 68.37.Ma, 74.25.Dw, 81.30.Dz, 79.20.Uv

1. Introduction

Ni-based superconductors were proposed long ago!!! due
to their similarity to Cu-based superconductors. Nit is iso-
electronic to Cu?*, with d° electronic configuration, but Ni+
is not the most stable oxidation state. Crespin et al. reported
the first stable LaNiO; phase obtained via H, reduction from
LaNiO; in 1983.1%3] Later, NdNiO,., was successfully syn-
thesized using a metal hydride reduction approach in 2003,
with the phase transition found to be reversible.l’! The exact
structure was clearly resolved using aberration-corrected scan-
ning transmission microscopy (AC-STEM) in 2016.1% How-
ever, the search for nickelate superconductors remained un-
successful until 2019, when Li et al.[) reported the first con-
clusive evidence of superconductivity in Ndg gSrg 2 NiO; films,
achieving a critical temperature 7; of ~ 9 K-15 K through
topotactic reduction with CaH; at 260 °C-280 °C for 4 hours—
6 hours.

This ground-breaking discovery sparked a surge of
studies®'?) aimed at understanding superconductivity and
Within
the infinite-layer (IL) nickelate system, specifically the doped
RNiO; system (R = Nd, 712131 pp [81 1 o[10.11y - the high-
est IL superconducting temperature is ~ 30 K , achieved in

pushing the critical temperature to higher values.

Pr) 8Sro.1sNiO> under hydrostatic pressure.!!*! Additionally,
a more general form of IL nickelates, called layered square-
planar nickelates, with the formula Nd,,.+1Ni,0,42 (n =5),
also exhibits superconductivity with a similar 7;.">! Further-
more, the pressurized (~ 15 GPa) Ruddlesden—Popper (RP)
phase La3NiyO7 has been reported to exhibit superconductiv-
ity up to 80 K.['%1 And superconductivity under pressure has
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also been observed in LagNizOo.['7-2! The 80 K 7 observed
in moderately pressurized RP nickelates leads to a new era
for high-temperature superconductor families, often called as
“nickel age” in a few perspective articles.?>~>*! Figure 1 sum-
marizes the trend of T progress over time for different nicke-
late subgroups.

Despite their electronic similarities to cuprates, nicke-
late superconductors exhibit distinct superconducting mech-
anisms. A primary distinction is the absence of bulk super-
conductivity in IL (IL) nickelates.!*! The topotactic reduc-
tion process is hard to produce thick superconducting films.
And RP phases or other defects persist at the sample surface,
hindering scanning probe techniques like scanning tunneling
microscope/spectroscopy (STM/STS). This difficulty signifi-
cantly impedes progress in understanding nickelate supercon-
ducting systems.

The combination of atomic spatial resolution and rea-
sonable energy resolution makes aberration-corrected scan-
ning transmission electron microscopy (AC-STEM) a pow-
erful technique for investigating nickelate systems, as evi-
denced in many relevant strongly correlated oxide systems,
including ferromagnetic,?®! ferroelectric>’?8! and supercon-
ducting systems.[?*=3! There are a few reviews focusing
on the physics and materials systems of superconducting
nickelates, *>=331 but none focusing on the structure—property
correlation in nickelates. In this review article, we will focus
on STEM investigations on nickelate systems using various
modes, such as high angle annual dark field (HAADF), annu-
lar bright-field (ABF), differential phase contrast (DPC), inte-
grated DPC (iDPC), electron energy loss spectroscopy (EELS)
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and four dimensional-STEM ptychography (4D-STEM). We
discuss (i) structural phase transition and spatial inhomogene-
ity during the topotactic reduction process, (ii) the electronic
configuration and its connection to the polar NdNiO,/SrTiO3
interface, and (iii) structure—property relationships in extended
nickelate systems, including layered square-planar and RP
phase nickelate superconductors, as well as freestanding nick-
elate membranes. Finally, we want to make a perspective in
terms of the future directions as from the phonon spectrum
studies, which could reveal the true nature of the supercon-
ductivity in nickelate superconductors.

Structural aspects of superconducting IL nickelates
Figure 2(a) shows the initial structure of a pseudocubic 3D per-
ovskite nickelate, RNiO3 (R = Nd, Sr), represented by com-
monly corner-shared NiOg octahedra, which exhibit slight dis-
tortions. Upon the reduction by CaH, at 280 °C for four hours,
the apical oxygen atoms are completely removed, as shown in

Fig. 2(b). The in-plane lattice constant increases (from 3.81 A
to 3.92 A), while the out-of-plane lattice constant decreases
slightly (3.81 A to 3.27 A). This is consistent with a blue shift
of the (002) peaks (Fig. 1(c)), which changes from pseudocu-
bic to tetragonal symmetry.
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Fig. 1. The development of nickelate superconductors over the past

5 years. The T; data is extracted from Refs. [7-20].
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Fig. 2. Superconducting IL nickelates. (a) and (b) The crystal structures of Nd;_,Sr,NiO3 and Nd;_,Sr,NiO,, respectively. (c) The XRD spectra
of Nd;_,SrNiO3 and Nd;_,Sr,NiO, after CaH, reduction. (d) The resistance vs. temperature curve for NdNiO;, and Nd gSrg,NiO; films,

the latter shows superconducting transition at ~

14 K, adapted from Ref. [7]. (e)—(f) Superconducting phase diagrams of various hole doped IL

nickelates, plotted as a function of hole doping levels x (e) and c-axis lattice constant (f), figure adapted from Ref. [36].

Without Sr substitution, NdNiO, exhibits semiconduct-
ing behavior with an obvious upturn when the tempera-
ture falls below 50 K. Upon Sr substitution (x = 0.2),

it exhibits a superconducting transition at approximately
14 K (Fig. 1(d)), as first reported by Li et al.l’l Later,

Pr;_,Sr.NiO,® are successfully demonstrated to be super-
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conducting. While (La,Sr)NiO; initially facing difficulties in
achieving superconductivity,!”! it was eventually demonstrated
by Zeng et al. in (La,Ca)NiO,!'!l and Osada et al. in (La,
Sr)NiO, systems.!!%l These findings indicate that rare-earth
magnetism is not essential for superconductivity in IL nick-
elates. Both Zeng et al.''? and Li et al.!"3] reported similar
phase diagram for Nd;_,Sr,NiO,, revealing an optimum dop-
ing concentration of approximately x = 0.2. Notably, there is a
dip in the critical temperature in La, Nd based IL superconduc-
tors, while this feature is absent in Pr-based superconducting
series.”) Chow er al.13%) summarized a correlation between T,
and c-lattice constant, suggesting that the lattice strain might
be a key factor influencing superconductivity in these materi-
als (Figs. 2(e) and 2(f)). The first observation of perfect dia-
magnetism was also reported by Zeng et al. in Ndg gSrp 2 NiO;
thin films, thus completing the other essential piece of evi-
dence of Meissner effect, a hallmark of superconductivity.”!
Topotactic reduction process STEM is a powerful tool
for studying the reduction process and revealing the extent of
apical oxygen removal. Puphal et al. reported the structure as-
pects of a single crystal La;_,Ca,NiO,, s sample!*3! upon re-
duction. Figure 3(a) shows low-magnification HAADF-STEM
images of the original perovskite network. The fast Fourier
transformation (FFT) pattern indicates cubic symmetry, as ex-
pected. At higher magnification, figures 3(c) and 3(d) show the
corresponding atomic scale HAADF and ABF images, reveal-
ing both apical and basal oxygen ions in the original ABF im-
age. Upon reduction, the FFT pattern of the low-magnification
HAADF image in Fig. 3(b) displays a rectangular feature. The
atomic scale ABF image (Fig. 3(f)) clearly shows the absence
of the apical oxygen atoms (noted the ¢ axis pointing horizon-
tally to the right) with some residual apical oxygen present
locally. This is accompanied by the shrinkage of the c-lattice
constant. The superimposed atomic models clearly illustrate
the structural transition. Parzyck et al.l**! reported a multi-
stage reduction process in nickelate films, observing a periodic
removal of apical oxygen ions in intermediate reduced sam-
ples, resembling the Nd3Ni3Oyg structure. Han et al.[*0 dis-
covered a metal-insulator—superconductor transition by con-
trolling the reduction duration. The intermediate insulating
state is attributed to residual oxygen atoms in the Nd/Sr plane,
disrupting the long-range order of the IL structure.
Unfortunately, perfect crystalline IL structure after the
reduction process remains a challenge. In the early reports
by Zeng et al.,!'?! a good IL structure was maintained up to
~ 10 nm from the (Nd,Sr)NiO,/SrTiO3 interface (Figs. 4(a)
and 4(b)).
fects, such as RP phases, emerge beyond the IL nickelate re-
gion (Figs. 4(c) and 4(d)). With advancements in thin film
preparation technique and reduction process, the homogene-
In-situ Al

However, in thicker films (35 nm), various de-

ity of IL nickelate structure can be improved.

(411 or even direct hydrogen reduction using hydro-

reduction
gen ions!*?) demonstrate atomic-scale uniformity at the sur-
face, although the high quality reduced IL phase remains lim-
ited to the ~ 10 nm scale. Due to the challenges associated
with oxygen ion extraction, alternative approaches to stabiliz-
ing the IL phase directly (such as direct growth of CoCuO,

phase[*!) should be explored.

[B)] Perovskite

Fig. 3. Topotactic reduction of La;_,Ca,NiO3 single crystals to
La;_,CayNiO,, 5. Low-magnification HAADF images of the original
perovskite structure (a) and reduced IL structure (b), insets are the fast
Fourier transformation pattern (FFT). (c) and (d) Typical HAADF and
ABF images of the zoomed region in (a), both apical and equatorial oxy-
gens are present. (e) and (f) The HAADF and ABF images for the IL
structure. Images adapted from Ref. [38].

(a) (b) grgg

(d)

Fig. 4. The thickness of defect-free IL nickelate is limited to ~ 10 nm. (a)
and (b) HAADF images of 10 nm Nd; g5Sry ;5NiO, films, which are al-
most defect free. (c) and (d) HAADF images of 35 nm Nd; g5Srg 15NiO;
films. Only the interfacial region (less than 8 nm) exhibits good quality of
the interlayer phase, while the upper layers show a mixed phase. Figure
adapted from Ref. [12].
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Fig. 5. STEM investigations of bulk IL. Ndg gSrp 2NiO, polycrystals. (a)—(c) Low-magnification HAADF images of Nd g Srg »NiO;, showing the parallel
stripes (b) and perpendicular stripes (c). (d) Atomic resolution HAADF image of intersected stripes, breaking the IL structure. (¢) The atomic structure
and the iDPC image show the oxygen ion distribution across the vertical stripe, which shows a rock salt structure. Figure adapted from Ref. [44].

Absence of the bulk superconductivity Notably, bulk
superconductivity in IL nickelates has yet to be observed.[?’!
Recent STEM-EELS studies have shed light on the atomic ori-
gins of this phenomenon.**! Figure 5 displays parallel stripes
along the [010] direction (Figs. 5(a) and 5(b)) in the bulk re-
duced sample (NdggSrp,NiO;), while other regions exhibit
perpendicular stripes (Fig. 5(c)). The atomic-scale image
(Fig. 5(d)) clearly resolves these intersecting stripes, which
disrupt the IL structure. The atomic model is illustrated in
Fig. 5(e). The acquired iDPC image reveals a rock salt struc-
ture within the vertical stripes. Polycrystalline Ndg g Sty 2NiO;
is not only segmented by the grain boundaries but also dis-
rupted by the stripe domains, hindering the observation of
bulk superconductivity. Unexpected fluoride (F) impurities
observed in reduced samples are found to be in the fluoride
layer, but their roles need further investigation.

The absence of bulk superconductivity led to the sug-
gestion that IL nickelate superconductivity might be an in-
terfacial phenomenon, as proposed by a few theoretical
studies.[*>#0] Superconductivity has been observed on vari-
ous substrates, including STO, LSAT*l and NGO, *8! span-
ning both non-polar and polar interfaces, and even freestand-
ing (La,Sr)NiO»/STO ! or (Nd,Sr)NiO»/STO heterostructure
membranes.[*8 Hence, the lack of observed bulk supercon-
ductivity is likely due to limitations in material quality. A
similar case exists in doped LaNiO, systems, where super-
conductivity was confirmed by Zeng et al.!'!! after improving
the quality of the parent perovskite thin films, initially thought
to be non-superconducting. While exploring alternative ap-
proaches to stabilizing the IL structure beyond topotactic re-
actions is crucial, achieving higher quality bulk materials re-
mains a priority.

EELS investigation The inhomogeneity of the IL struc-

ture, and the tendency for defect structures to segregate at
the surface, STM studies on IL thin films remain challeng-
ing. EELS has also been frequently employed to investigate
nickelates films and superlattices.[>”! To reveal the electronic
states of IL nickelates, Goodge et al. conducted systematic
EELS spectrum imaging on IL nickelate thin films.5!=541 A
uniform distribution of Nd and Ni elements is observed by
EELS mapping, and an atomically abrupt NdNiO,/SrTiO3 in-
terface is evident in Figs. 6(a) and 6(b). As shown in Fig. 6(c),
the oxygen K edge is sensitive to the reduction process, with
the reference spectra of the NiO (Ni>*), bulk NdNiO3 (Ni**)
and SrTiO3 (Ti**) (marked as black spectra). The acquired
O K-edge spectrum for NdNiO3; shows a characteristic pre-
peak at ~ 527 eV, and it is suppressed upon gradual re-
duction (NdNiO,,s). The pre-peak disappears in NdNiO,
(Fig. 6(d)), consistent with previous x-ray absorption spec-
troscopy studies.>>! Both EELS and XAS results suggest that
the oxygen 2p band is located below the lower Hubbard band
(LHB). This contrasts with cuprates, where oxygen 2p band
lies between the LHB and upper Hubbard band (UHB), as
shown in Fig. 6(e). It is worthy nothing that, in regions where
NdNiO; and NdNiO; coexist, the pre-peak reappears, creating
ambiguity in extracting electronic state information in reduced
samples.

Upon Sr doping in NdNiO, the Sr>* ions introduce holes
into the system, evidenced by the emergence of a shallow pre-
peak at 528 eV, corresponding to hole doping. This pre-peak
gradually intensifies with increasing Sr content (Fig. 6(f)).
Compared to YBCO, the hole doping peak at 527 eV is less
pronounced, %! supporting the picture of larger charge trans-
fer gaps in nickelates, 7! as illustrated in Fig. 6(e). The weak
pre-peak arises from weak Ni 3d and O 2p hybridization, as
suggested by Karp er al.’® The Ni L, 3 peak exhibits a slight
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rightward shift in the doped samples (Fig. 6(g)), similar to the
Nd N, 3 peaks (Fig. 6(h)). This deviates from the typical trend
in transition metal oxides, where the EELS spectra generally

shift to lower energies upon reduction of the cation valence.>!

The correlated changes in the O, Ni and Nd spectra indicate a
multi-band electronic structure with Mott—Hubbard character-
istics in IL nickelates. Hole doping influences not only the
oxygen p-bands but also the Ni and Nd d-bands.
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Fig. 6. EELS of doped NdNiO; thin films. (a) and (b) HAADF and EELS mapping results of the STO/NdNiO,/STO heterostructures. (c) and
(d) The characteristic oxygen K edge before and after the reduction, with STO, NiO reference spectra added as control spectra. (e) Schematic
Zaanen—Sawatzky—Allen electronic structure comparison between the cuprates, IL nickelate and NdNiOs. (f)-(h) O K edge, Ni L, 3 and Nd N, 3
edges of Ndj_,Sr,NiO, with x ranging from 0 to 0.225, respectively. Figures adapted from Ref. [51].

Polar interface Atomic-resolution EELS effectively re-
veals the polar nature of the interface between IL nicke-
late films and STO interface. NdNiO, consists of alternat-
ing charged layers of [Nd]** and [NiO,]*~, forming a po-
lar/nonpolar interface with STO. With increasing film thick-
ness, electronic and atomic reconstructions are expected to
occur.[91 Experimentally, Goodge et al.!®'l conducted a care-
ful analysis of Nd;_,Sr;NiO,/STO interface, finding that a
single intermediate Nd(Ti,Ni)O3 layer forms at the interface,
mitigating the energy instability arising from the polar dis-
continuity. Chao et al. reported EELS spectrum imaging
on STO/NANiO,_ 5 superlattices with varying periodicity, ¢!
revealing nonuniform distribution of residual apical oxy-
gen atoms in the IL NdNiO,, 5. Consistently, atomic-scale
EELS studies show that Ni valence is between Ni'* and
Ni2*, while Ti remains majorly Ti*t aligning with Goodge’s
observations.°!! An additional observation is the enhanced
displacement of Ni atoms near the STO/NdNiO, , s interface
when NdNiO,, 5 is beyond 4 uc. This displacement is thought
to minimize the polar discontinuity.

In addition to the polar interface, surface reconstruction
due to IL nickelate has been observed in Prg gSrp 2NiO, , s thin
films grown on polar NdGaOj3 substrates,!%3! though this sys-
tem is not superconducting. Using EELS mapping and 4D-
STEM, Yang et al. directly imaged the local atomic electric
field surrounding Ni atoms near the surface, revealing signif-
icant surface reconstruction in the partially reduced nickelate
thin films.[%3 The HAADF image of Prq gSro ,NiO;_ 5 is given
in Fig. 7(a). Figure 7(b) shows the uc-by-uc oxygen K edge
peak evolution from the interface to surface, as summarized in
Fig. 7(c). The top 4 unit cells show a reduced A/B peak inten-
sity ratio, which is consistent with the increasing L3/L, ratio
of the Ni L, 3 edge (Fig. 7(e)). Both oxygen K edge and Ni
L edge confirm the reduction of the Ni valence from Ni3* to
Ni?* in the outmost 4 unit cells, as summarized in Figs. 7(c)
and 7(d).

The reconstructed atomic-column-resolved ADF image
and electric field images (Figs. 8(a) and 8(b), respectively) re-
veal an increase of the electric field strength near the Ni atoms
(Figs. 8(c) and 8(d)), consistent with Ni valence change trend
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near the sample surface. The enhanced Ni—-O displacement
(calculated from basal NiO, atomic plane in ABF images) at
the outmost four unit cells of Prg gSrg ,NiO,, 5 films confirms

4D-STEM, and EELS enables simultaneous probing of local
structural and charge distribution information, providing guid-
ance for understanding polarity at the atomic scale in nicke-

the surface polar constructions. Combination of STEM-ABF,  lates.
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K edge spectra across the Prg gSrg2NiO, s/NdGaOs interface. (c) The uc-by-uc peak A and B intensity ratio extracted from panel (b). (d) The
uc-by-uc Ni L, 3 edge acquired from region in panel (a), and (e) the extracted L3/L, intensity ratio from panel (d). Adapted from Ref. [63].
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(d) The line profile of the electric field distribution of the B-site atom positions from panel (c). (e) The measured Ni—O placement showing an

increase at the surface 4 ucs. Figures adapted from Ref. [63].

Layered square-planar nickelate superconductivity
Undoped NdNiO, belongs to a series of layered square-
planar nickelates with chemical formula Nd,,;1Ni, 02,4, and
is known as the ‘IL’ (n = o) nickelate. It is obtained by reduc-
ing the corresponding RP phase, which has the general form
of Nd,,+1Ni,,O3,,+1.[64] Pan ef al.!13] reported the first obser-
vation of superconducting quintuple-layer square-planar nick-
elate with 7, ~ 13 K in NdgNisO1,. This compound has an ef-
fective Ni d®® band filling, which coincides with optimal dop-
ing range of the nickelate system (Fig. 9(a)). In comparison,

Nd4Ni3Og does not show any sign of superconductivity be-
cause its electronic filling (d%97) lies in the overdoped regime
(Fig. 9(b)). HAADF and ABF STEM images (Fig. 9(c)) con-
firm the high quality of quintuple-layer square lattice. Upon
removal of apical oxygen atoms, the conductivity of this lay-
ered square-planar nickelate could be tuned by the epitaxial
strain. (%] The advantage of the multiple layered square-planar
nickelate system is that it does not require additional chemical
doping to achieve superconductivity, providing a new route for
expanding the nickelate superconductors.
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(a) A comparison of the IL nickelate superconductor phase diagram between the

cuprates and nickelates, with the addition correspondence between n in Nd,,+1Ni,O2,42 and the Ni 3d electronic filing status. (b) The resistivity
versus temperature curve for Nd4NizOg and NdgNisOj», respectively, inset figure shows the curve of NdgNisOj, with temperature plotted in log
scale. (c) The HAADF and ABF images of the Nd¢NisO,. Figure adapted from Ref. [15].

Freestanding superconducting IL nickelates While
bulk superconductivity in IL nickelates has not yet been
achieved, both Lee et al.[*8]
fully reported that superconductivity is retained in freestand-
ing (Nd,Sr)NiO,/STO heterostructures (7, ~ 10.9 K). The
STO/(Nd,Sr)NiO,/STO heterostructure cross-sectional and
plane-view HAADF images show that the high quality thin
film is maintained after the transfer process (Figs. 10(a) and

and Yan er al.l*! success-
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Fig. 10.

Superconducting IL nickelate freestanding membranes.

10(b)). Geometrical phase analysis of the strain shows that
certain RP phase remains (marked as square patterns). A slight
decrease in T is observed in released thin films, regardless of
whether they are released from STO or NdGaO3 substrates, as
shown in Figs. 10(c) and 10(d). The realization of the free-
standing nickelate superconductors provides an ideal platform
for studying the effect of strain and conducting atomic-scale
investigations by eliminating the substrate effect.
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HAADF images of (a) the cross-section of freestanding

STO/Ndy gSrp2NiO,/STO membrane. (b) The plane-view of the same sample and corresponding strain mapping revealing the RP faults, (c) the
resistivity versus temperature curves of the freestanding membrane compared to that on STO substrates and (d) on NGO substrates. Inset of (d)
shows the released freestanding superconducting IL nickelate membranes. Figures adapted from Ref. [48].

Ruddlesden—Popper nickelate superconductivity A
nickelate superconductor with a high 7. of ~ 80 K was
recently reported in single crystals of the RP phase (n =
2), LaszNi;O7, under pressures between 14.0 GPa and

43.5 GPa.l'®! This finding was quickly replicated in polycrys-
talline systems. (% The 7, is significantly higher than the iron-
based superconductors and IL nickelates. Later, LasNi3Ojq
was also reported to be superconducting under pressure.[!7-21]
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Fig. 11. Visualization of apical oxygen vacancies in LazNiyO;_gs using MEP technique. (a) A schematic setup of MEP technique, (b) illustra-
tion of the reconstructed three-dimensional object with MEP. Specifically, the z axis refers to the depth dimension. (c) A structural model of
La3NiyO;_g, (d) a simulated projected MEP image for § = 0.4, (e)—(g) simulated HAADF (e), ABF (f) and iDPC (g) images for 6 = 0.4 with
atomic models imposed on top. (h) The oxygen vacancy concentration effect on the simulated image contrast of oxygen atom columns in MEP,
iDPC, and ABF modes, respectively. (i) Projected MEP phase image and (j) color-coded maps for the phases of O columns. (k) A histogram of

phases from different oxygen sites. Figure adapted from Ref. [67].

The origin of superconductivity is drastically different in
at least two aspects: (i) in a perfect IL nickelate, Ni is in Nit
(3d?) state, while in PR nickelate, for example, LazNi,O7, Ni
is in Ni>>* (3d"”) state. (i) Apical oxygen atoms are miss-
ing in IL nickelate, while they are present in RP nickelate. In
the IL nickelate, the inter layer coupling is weak. In contrast,
strong inter-layer coupling of 3d > orbital and apical oxygen
anions is critical to promote superconductivity under pressure.

To investigate the structural and electronic properties of
this newly discovered superconducting system, Dong et al. 7]
developed an energy-filtered multi-slice electron ptychogra-
phy (MEP) technique (Figs. 11(a) and 11(b)), where the re-
constructed phase is found to be sensitive to oxygen vacan-
cies (Figs. 11(c) and 11(d)), revealing that oxygen vacancies
are primarily occupied in the inner apical sites (as seen in
Figs. 11(i) and 11(j)). By scanning a defocused electron probe

across the sample, 4D-STEM datasets are recorded, and the
MEP image is reconstructed with superior resolution com-
pared to ABF and iDPC images (Figs. 11(e) and 11(f)). MEP
also exhibits a better linear relationship for quantitative analy-
sis compared to iDPC and ABF techniques (Fig. 11(h)). These
results are consistent with atomic-scale EELS observations
across the three NiO layers and suggest that LazNiyO7 super-
conductivity falls within a charge transfer picture, unlike the
Mott—Hubbard picture in IL nickelate superconductors.

2. Discussion and perspective

Nickelate superconductors, including IL layered struc-
tures and RP phases, have opened a new playground for
exploring high temperature superconductors. Conventional
STEM, with HAADF and ABF imaging modes, has been ex-
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tremely valuable in identifying the spatial distribution of re-
sponsible phases and any associated defects. A few key impli-
cations worth mentioning are given below.

(i) The microstructures revealed via STEM are insight-
ful to improving the sample quality. For example, in the IL
nickelates, STEM imaging has played vital roles in establish-
ing the correspondence between the growth condition, sub-
strate choice, the reduction conditions and the superconduct-
ing property. The oxygen vacancies distributions from STEM
observations in La3Ni; O; would provide guidance to the sam-
ple growth and better reduction processes.

(i1) Superconductivity is primarily governed by electronic
properties, the atomic-scale spatial resolution EELS mapping
has provided significant insights into the Ni electronic valence
and the degree of hybridization between the Nd 3d and oxy-
gen 2p orbitals. The evolution of hole doping into the oxygen
K-edge clearly reveals the difference between nickelates and
cuprates in terms of the charge transfer model.

Nevertheless, several challenges remain.

(I) Due to the topotactic reduction process is still not
well controlled, the remaining apical oxygen results in par-
tially reduced nickelates, which leads to complications in the
hole doping in the IL nickelates. The quantification of the
apical oxygen content is still challenging using ABF, iDPC
or EELS mapping. The newly developed MEP based on 4D-
STEM technique shows promising routes to quantification of
the local stoichiometry, as proved to be useful to quantify the
position-dependent apical oxygen vacancies in oxygen defi-
cient RP phase. However, it shows rather large uncertainty
due to inhomogeneous distribution of the oxygen vacancies,
further standard samples with uniformly distributed oxygen
stoichiometry should be found to validate the accuracy of the
measured values, and the oxygen vacancy detection limits to
be evaluated.

(II) The correlation between the oxygen content, Ni va-
lence, lattice constant and atomic distortion should be more
closely monitored in nickelate systems. With the emergence
of 4D-STEM, the reconstructed atomic scale electric field pro-
vides a unique perspective to study the charge distribution
within nickelate systems. The consistency between different
techniques should always be considered to exclude extrinsic
artifacts.

(IIl) The emerging 4D-EELS technique®®! provides a
promising approach to examine the phonon dispersion of the
IL nickelate superconductors at nanometer scale, which could
effectively account for the structural inhomogeneity in thin
film nickelates. The nanometer resolved phonon dispersion
spectra could be extremely important to uncover and verify the
proposed unconventional pairing mechanisms!%°~7!1 in nicke-
late superconductors.

(IV) For strongly correlated

systems, a strong

microstructure—property correlation is still lacking. Corre-
lated characterization techniques across different length scales
are necessary. For example, combining Kelvin probe force mi-
croscopy (KPFM), scanning tunning microscopy (STM) and
STEM together would reveal insights from the surface poten-
tial, density of states and electronic structure perspective.

To conclude, STEM techniques provide unique atomic
and electronic structure insights into nickelate superconduc-
tors, particularly given the inherent inhomogeneity in topotac-
tically reduced nickelates. The similarity and difference be-
tween IL, layered planar-square and RP phase nickelates su-
perconductivity require additional systematic investigations
from the microscopic perspective. The emerging ptycho-
graphic 4D-STEM technique has been proving to be extremely
important to map atomic scale electric field and nanoscale
oxygen off-stoichiometry. We believe 4D EELS would con-
tribute significantly to understanding the pairing mechanisms
in these fascinating nickelate superconducting systems.
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