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Unraveling P-Type and N-Type Interfaces in
Superconducting Infinite-Layer Nickelate Thin Films

Aravind Raji,* Araceli Gutiérrez-Llorente, Dongxin Zhang, Xiaoyan Li, Manuel Bibes,
Lucia Iglesias, Jean-Pascal Rueff,* and Alexandre Gloter*

After decades of research, superconductivity is finally found in nickel-based
analogs of superconducting cuprates, with infinite-layer (IL) structure. These
results are so far restricted to thin films in the case of IL-nickelates. Therefore,
the nature of the interface with the substrate, and how it couples with the thin
film properties is still an open question. Here, using scanning transmission
electron microscopy (STEM)- electron energy loss spectroscopy (EELS), a
novel p-type interface defined by SrO termination with the SrTiO; substrate is
observed in superconducting (SC) IL-praseodymium nickelate samples. Its
interfacial charge and polarity are compared with the previously reported
n-type interface characterized by TiO, termination. In combination with
ab-initio calculations, it is found that the influence of the interface on the
electronic structure is local and does not extend beyond 2-3 unit cells into the
thin film. This decouples the direct influence of the interface in driving the on
superconductivity, and indicates that the IL-nickelate thin films do not have a
universal interface model. Insights into the spatial hole-distribution in SC
samples, provided by monochromated EELS and total reflection-hard X-ray
photoemission spectroscopy, suggest that this particular distribution might

be directly influencing superconductivity.

1. Introduction

The synthesis of superconducting (SC) nickelate thin films(!!
with infinite-layer (IL) ABO, structure is one of the most signif-
icant milestones in recent years in the field of unconventional
superconductivity. A puzzling fact however is the absence of

superconductivity in bulk IL-nickelate
compounds with the same nominal
composition,>*  perhaps due to the
presence of extended defects. Yet, the
properties of oxide thin films are known
to strongly depend on the interface of the
film with the substrate, so one may won-
der whether there is something specific
to thin films in realizing the supercon-
ducting state. Indeed, in oxide thin film
heterostructures the interface often de-
termines the physics of the samples>]
including superconductivity.®?) Although
there are recent reports of supercon-
ductivity on IL-nickelate films grown
(LaAlO,)y,(St,TaAlO,),,  (LSAT)
substrates,['®!!] most results are on films
grown on SrTiO, (STO) substrates. Intrigu-
ingly, superconducting IL-nickelate films
grown on STO present only one particular
interface termination type to date.l'?! This
raises questions on structural differences
between bulk and films, and on the role of
the interface with the substrate in achieving
the zero-resistance state.

For instance, one prototypical example where interface drives
the physical property is the much-studied LaAlO, (LAO)/STO
system. There, the n-type interface is characterized by a TiO, ter-
mination from SrTiO,, resulting in a highly conductive interface.
On the contrary, for the p-type interface defined by SrO termina-
tion from STO, this LAO/STO interface becomes insulating.’!
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Here, using STEM-EELS, it was also demonstrated the n-type
(TiO, termination) interface becomes rough due to cation ex-
change to compensate for the dipole energy created by delocal-
ized electron cloud at the interface. However, the p-type (SrO
termination) do not have delocalized screening electron or hole
charges at the interface, hence there is no need of cation ex-
change, making it chemically sharp.[**]

In IL nickelates, previous scanning transmission electron mi-
croscopy (STEM) experiments reported one interface model in
doped and un-doped thin films!'*1% and in superlattices.'”]
This was represented by a B-site intermixed perovskite layer,
considered as a buffer layer that directly quenched the
2D electron gas (2DEG) expected to form at the other
wise highly polar NdNiO,/STO interface.'*) This B-site in-
termixed interface has a reduced polarity mismatch coming
from [NdOJ*!/[(Ni/Ti)O,]°/[NdOJ*!/[TiO,]° layer sequence to-
ward STO, typical of a n-type interface.'®! There, it was con-
cluded from several SC and non-SC samples that this inter-
face model is somewhat universal, and it decoupled the pos-
sible interfacial 2DEG from superconductivity in IL nickelates.
Such a concept of the universal B-site intermixed interface in
IL nickelates was challenged by the recent reports on synthe-
sizing SC IL nickelate thin films with a chemically sharp in-
terface by molecular beam epitaxy that avoided such a Ni/Ti
intermixing.['2] In such chemically sharp interfaces the polar-
ity mismatch could be stronger, and how it influences the crys-
tal and electronic structure, and thereby the superconductivity
is still an open question. A comparative study on these differ-
ent interfaces by advanced characterization techniques possess-
ing high spatial and energy resolution that can isolate the in-
terface structural and electronic effects is so far lacking in the
domain of nickelate superconductivity. Notably, ab-initio calcu-
lations on IL nickelates with different substrates previously dis-
cussed the more probable formation of interfaces with n-type
band alignment on STO,['®] and with p-type band alignment on
a NdGaO, substrate, here driven by [Nd]*}/[NiO,] interface
polarity.[!]

As discussed before, the n-type interface was previously re-
ported, but so far there are no experimental reports of a p-type
interface in IL nickelates. In this direction, we investigate a series
of praseodymium IL nickelate samples, all being 20% Sr doped,
but with different interfaces, related to the substrate termination.
Here, through a spectro-microscopic analysis with STEM, 4D-
STEM, and monochromated electron energy loss spectroscopy
(EELS) in combination with ab-initio calculations, we identify a
novel p-type interface arising from the chemically sharp SrO ter-
mination from STO. This is in contrast to the B-site intermixed
(n-type) interface that we also observe in other samples.['*]

Apart from the interface aspect, to date, there are no studies on
the spatial hole distribution in SC IL nickelates, notwithstanding
the fact that superconductivity arises in nickelates upon hole dop-
ing. Competing orders with superconductivity, such as the 3a,
charge order,?>?* was found to be emerging from a peculiar oxy-
gen vacancy ordering in IL nickelates.[?*?] On similar grounds,
there are theoretical studies on how doping suppresses this elec-
tronic instability, and paves the way for phonon-mediated super-
conductivity from bond disproportionation in nickelates.[?®] To
address this, we also carried out a spatial mapping of the hole-
doping in the SC and non-SC thin-film PSNO samples using
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depth resolved total reflection hard X-ray photoemission spec-
troscopy (TR-HAXPES), that also sheds some light on the IL nick-
elate superconductivity.

2. Results

2.1. The Interface Dichotomy

Here, we report the new p-type interface model in the SC
PSNO/STO system, and compare with the n-type model dis-
cussed so far in IL nickelate thin-films, with an all-cation ele-
ment map including St, using STEM-EELS. Our studies are on a
STO/PSNO/STO sample with p-type interface obtained through
topotactic reduction with CaH, and an AlO,/PSNO/STO sam-
ple with n-type interface obtained by in situ chemical reduction
from an Al overlayer. This in situ reduction using aluminum
has been previously reported as an efficient technique to syn-
thesize superconducting IL nickelate samples.[3% Tt is to be
noted here that the choice of capping layer or reduction method
has no role in determining the interface termination, as it is ef-
fect will be mostly on the bulk of IL nickelate thin film.3!] Also,
these two types of interfaces are observed before reduction in the
perovskite phase itself, see Figure S1 (Supporting Information)
for the novel p-type interface. See the Experimental Section for
more details on the synthesis. Considering the presence of Sr
in the substrate, and it being the dopant, mapping the Sr gives
advanced insights into the interface in comparison with previ-
ous studies, where an element map of Sr is absent.['*!¢] Figure 1
displays the interface comparison using STEM-EELS, between
the novel chemically sharp p-type interface and the B-site inter-
mixed n-type. Figure 1a shows the STEM-high angle annular dark
field (HAADF) image of the SC STO-capped PSNO/STO sam-
ple reduced using CaH,.[*?] Figure 1b shows the intensity profile
of the combined element map in Figure 1c. The isolated maps
of each element from their respective EELS edges are given in
Figure 1d. A zoom into the substrate interface region is given
in Figure le—g, which evidences the chemically sharp interface,
with a Sr-layer separating the Ni and Ti on either side, as indi-
cated by the arrow. This interface is chemically sharp and essen-
tially avoids the B-site intermixing. Moreover, we observe Ni/Pr
ratio slightly larger than one near both the top and bottom in-
terfaces as highlighted in Figure 1b. This can be read as the dis-
tribution of Sr, and hence the distribution of holes. This will be
discussed in detail in a later section on spatial mapping of hole
distribution. We also observe the same chemically sharp interface
in another SC uncapped PSNO/STO sample prepared the same
way (Figure S2, Supporting Information). In contrast, we observe
the B-site intermixed interface in our in situ reduced PSNO/STO
sample, shown in Figure 1h—j. The element map intensity pro-
file in Figure 1j shows the strong Ni/Ti intermixed interface, as
indicated by the arrow, with the neighboring layers on either side
being Pr. Although this specific sample is not SC, similar results
are found on another in situ reduced sample with the same n-type
interface, with a resistivity plot showing a SC transition are given
in Figure S3 (Supporting Information). As discussed in the in-
troduction, this n-type interface is the one that has been reported
and discussed so far in IL nickelate literature, even more specif-
ically on samples synthesized using CaH,-based topochemical
reduction.1+1517]
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Figure 1. STEM-EELS interface elemental analysis of SC STO-PSNO-STO and AI-PSNO-STO samples. a) HAADF image of STO-PSNO-STO thin film.
b) The EELS element profile of maps shown in (c,d). A slight Ni/Pr off-ratio is seen in the top and bottom of the thin film, as highlighted. c) Combined
element map of all four Sr, Pr, Ni, and Ti elements. d) Separated element maps from the Sr-L, 3, Pr-My 5, Ni-L; 3, and Ti-L, ; edges. e-g) The novel
p-type SrO terminated interface in SC STO-PSNO-STO sample; e) the magnified HAADF image at the bottom interface, f) the combined element map
of this region, g) the element map intensity profile showing Sr-termination. h—j) The n-type interface in AI-PSNO-STO sample; h) HAADF image of
Al-PSNO-STO thin film’s substrate interface, i) EELS combined element map in this region, j) the element map intensity profile showing the Ni/Ti mixed

interface model suggested in ref. [14], which we identify as n-type.

To evaluate the associated structural and electronic evolution
of these two interfaces, we employed 4D-STEM and monochro-
mated EELS with atomic resolution. Figure 2a shows the
divergence of the center of mass (dCOM) obtained by 4D-STEM
measurements, which qualitatively approximates to a projected
charge-density image and indicates the distribution of oxygen
across the interface, along with the associated HAADF image
of this p-type interface. Here, the final STO u.c. labeled as u.c.
-1 in HAADF, includes Ti in an octahedral coordination, as in
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the bulk STO. The interface u.c. (defined as u.c. 0) hosts Niin a
pyramidal coordination, and with a highly asymmetric A-cation
geometry, with Sr from the STO side and Pr from the PSNO
side. From u.c. 1, Ni starts to be in square—planar coordination
with symmetric Pr on either side. This essentially evidences a
direct transition from the perovskite STO to the IL PSNO, with-
out having any structural reconstruction at the interface. This
makes the interface highly polar, with [Pr]*3/[NiO,]=3/[SrO]°
layer sequence, which has the potential to host a strong electric

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 2. 4D-STEM and monochromated EELS analysis of SC STO-PSNO-STO and AI-PSNO-STO samples near the interface. a) 4D-STEM dCOM and
HAADF image with the interface model of STO-PSNO-STO thin film. b) Ni-L; edge EELS at the u.c. as numbered from 0 to 4 near the interface. c) Ti-L; 3
edge EELS at the u.c. as numbered from —1 to -3 near the interface, and from bulk STO. One bulk is around 4 nm from the interface, and other 6nm,
they are similar. d) 4D-STEM dCOM and HAADF image with the interface model of AI-PSNO-STO thin film. €) Ni-L; edge EELS at the u.c. as numbered
from 0 to 4 near the interface. f) Ti-L, 3 edges EELS at the u.c. 0 to -3 near the interface, and from bulk STO. Notably, the STO-PSNO-STO sample do
not have Ni%* at the interface, rather a doublet feature might be arising from orbital effects of the pyramidal Ni at the interface. There is a clear Ni? * at
the interface u.c. in the AI-PSNO-STO sample. In both samples, there is no clear signature of Ti* *.

field. The electronic structure of this interface is evaluated from  low energy edge, but with a doped shoulder at a higher energy
the u.c. resolved EELS fine structure shown in Figure 2b,c.  loss, similar to the ones reported for a doped Nd, 4Sr, ,NiO,.[**!
The Ni-L; edge EELS shown in Figure 2b reveals significant =~ However, one significant difference is observed for the Ni in u.c.
differences between Ni at the interface (u.c. 0) and those above. 0, which is in a pyramidal coordination. Its Ni-L; edge exhibits
All the Ni exhibits primarily Ni! * character indicated the intense ~ a doublet feature, which could come from additional hole or
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some orbital ordering at the interface. Along with this, the u.c.
resolved Ti-L, ; edges shows Ti** character throughout, but
with a more broadened spectral shape in the u.c. —1. Since it
is a p-type interface, this small broadening is not expected to
arise from mobile electrons contributed by the Ti 3d conduction
band. This could arise from localized state and defect, or from
the influence of the strong electric field at the interface, as it
has been previously shown to broaden the Ti-L, ; edges at a
nickelate-titanate interface.** Such an influence of the interface
polarity will be discussed in detail in the coming section.

On the other hand, Figure 2d—f shows a similar characteriza-
tion done on the n-type interface, which displays a very different
structural and electronic landscape. Figure 2d shows the dCOM
map and the HAADF image of the interface region in this sys-
tem. As shown, the final STO u.c. is labeled as —1 in the HAADF
image, with Ti in octahedral coordination, and with an asymmet-
ric A-cation distribution with Sr from the STO side and the Pr on
top. The u.c. 0 consists of the Ni/Ti mixed layer, these cations be-
ing located in octahedral coordination and symmetric Pr-sites on
either side. The u.c. 1 hosts Ni in a pyramidal coordination, and
a symmetric A-site with Pr on either sides. The NiO, square pla-
nar begins from the u.c. above it. Such an interface encompass-
ing the perovskite-intermixed nickelate layer is less polar, with
[PrO]*!/[(Ni/Ti)O,]°/[PrO]*!/[TiO,]° layer sequence and it is ex-
pected to have a smaller interface electric field compared to the p-
type discussed before. The u.c.-resolved Ni-L; edge EELS shown
in Figure 2e indicates a strong Ni? * character for the Ni at the u.c.
0, and a bit weaker Ni?* character for the Ni at u.c. 1. Ni exists
in octahedral coordination in the former, and in pyramidal in the
latter. In the following unit cells, the Ni exhibits strong Ni' * char-
acter, but not with a strong hole-doped shoulder as in Figure 2b.
Also, as shown in Figure 2f, the Ti-L, ; edges does not exhibit no-
table differences from the bulk to the intermixed interface u.c. 0,
and this indicates the absence of Ti> * as previously suggested for
such an interface.l'*] The absence of any spectral broadening of
this Ti-L, ; edges at the interface is also consistent with a weaker
electric field here.

2.2. Interface Polarity

The spectroscopic signatures in Figure 2 thus indicate that, com-
pared to the n-type interface, the p-type interface is highly polar
and is expected to host a strong electric field. To make this more
evident, we analyzed the atomic displacements at this interface
with 4D-STEM dCOM data, also comparing with ab initio calcula-
tion models of such an interface. Figure 3a—c shows such an anal-
ysis of the atomic displacements. The Ni-Sr distance is labeled
as A, and the O-Sr distance is labeled as B for the u.c. 0. Corre-
sponding to the arrows labeled in the dCOM map in Figure 3a,
the distance A (Ni—Sr) is estimated as 0.185 nm in Figure 3b and
the distance B (O-Sr) is estimated as 0.199 nm in Figure 3c. This
indicates a relative difference of 14 pm. Such atomic displace-
ments are qualitatively observed in the relaxed structural model
in Figure 3d, that further corroborates the strong interface polar-
ity and the emergent electric field here. The layer-resolved partial
density of states (PDOS) shown in Figure 3e, also clearly iden-
tifies it as the p-type interface with the Fermi level close to the
valence band. The k-resolved PDOS shown in Figure 3findicates
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that the Ti 3d bands in u.c. -2 and u.c. -1 are very far from the
Fermi-level, at energies larger than 2 eV. This is consistent with
the absence of any strong signature of Ti* * near the interface. As
expected from the EELS analysis, the pyramidal Ni at the u.c. 0
has a very different electronic structure in comparison with the
square-planar Ni at the u.c. 1. The Ni 3d bands in the pyramidal
Niat u.c. 0 are under the influence of a strong electric field due to
the high polarity mismatch as discussed before. On combining
with the PDOS shown in S4 (Supporting Information), it seems
that the occupied Ni 3d,. bands get shifted to higher energy, as
it was also discussed in ref. [35]. This modified orbital hierarchy
where Ni 3d,, bands get closer to the Fermi level, could poten-
tially be causing the doublet of Ni L, edge observed in EELS fine
structure. On similar grounds, a complex orbital rearrangement
has been reported in a related LaNiO,/LaGaO, interface with a
pyramidal Ni layer.] There the extra holes were getting accom-
modated with a multi-orbital character at this site, instead of get-
ting evenly distributed across the layers.’®] The Ni 3d bands in
the square-planar u.c. 1 experience a lower electric field, as can
be seen in the k-resolved PDOS plot for u.c. 1. Itis quite similar to
the Ni 3d bands in the bulk IL as reported in previous studies,?!]
and also for a single u.c. PrNiO,, as shown in Figure S5 (Support-
ing Information).

In comparison, the n-type interface does not have any strong
atomic displacements as shown in Figure 3g—i. This matches very
well with the ab-initio calculation of the relaxed interface model
shown in Figure 3j. The n-type nature of this interface is con-
firmed by the layer-resolved density of states shown in Figure 3k,
where the Fermi level is closer to the conduction band. This also
goes in hand with the previous theoretical studies.?!]

Notably, from the DOS and k-resolved PDOS shown in
Figure 3k,1, the Fermi level in the STO is located just below the
Ti 3d,, states, confirming the near absence of Ti-d charge at this
interface. This is in stark contrast to LAO/STO interfaces, where
the Fermi level can penetrate several hundred meV into the Ti
3d,, bands.[*”]

Interestingly, the Ti 3d bands in unit cell 0, which is the Ni/Ti
mixed unit cell, differ from those in STO. The Ti d bands are
even more shifted above the Fermi level. This is consistent with
the absence of any Ti** inferred from EELS at the interface. On
the other hand, in the octahedra at this u.c. 0, the Ni 3d,, be-
comes unoccupied, in line with the demonstration of Ni? * at this
u.c. by EELS. As already reported in the previous studies(!#2!l and
the PDOS shown in Figure S4 (Supporting Information), the Ni
3d,._,, stays near the Fermi-level, but with reduced bandwidth.
Interestingly, the Ni 3d bands in the pyramidal u.c. 1 seem very
different from the Ni 3d bands in the pyramidal u.c. 0 of the p-
type interface in Figure 3f. However, it is similar to the Ni 3d
bands in the square-planar u.c. 1 of the p-type interface. This dif-
ference might arise from the fact that the pyramidal Ni (u.c. 0) of
the p-type is under the influence of the strong electric field since
the interface is highly polar. However, such a strong electric field
is absent for the n-type interface, and thus the pyramidal Ni in
u.c. 1 renders an orbital energetic hierarchy similar to the square—
planar Ni.?®! From these results, one can understand that the two
interfaces have a very different electronic nature that might in-
fluence the electronic structure of neighboring layers. However,
itis to be noted here that in both cases, the influence of the inter-
face vanishes beyond 2-3 unit cells into the nickelate layer. Those
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Figure 3. Polar displacements at the interface and electronic structure of p-type (a—f) and n-type (g-I) interfaces. a—c) 4D-STEM dCOM and the intensity
profiles showing polar-like displacement of oxygen at the p-type interface. d) DFT relaxed interface structure, reproducing the similar displacements of
oxygen atoms as in the 4D-STEM dCOM. e) Layer resolved PDOS of the structural model in (d). f) k-resolved PDOS of Ti 3d and Ni 3d orbitals from
u.c. -2 to 1. g—i) 4D-STEM dCOM and the intensity profiles indicating the absence of any relative displacement of oxygen at the n-type interface. j) DFT
relaxed interface structure, reproducing relatively smaller displacements between atoms at the interface as in the 4D-STEM dCOM. k) Layer resolved
PDOS of the structural model in (j). I) k-resolved PDOS of Ti 3d and Ni 3d orbitals from u.c. -1 to 1.

calculations incorporate static correlation effects using the DFT
+ U approach, with a U parameter of 4 eV applied to Ni, as pre-
viously reported for such nickelates.'*! As shown in Figure S6
(Supporting Information), similar conclusions can still be drawn
when varying the U values from 0 to 6 eV, notably regarding the
n-type and p-type character of the interfaces, the absence of Ti-3d
charge in the STO for the n-type interface, and the presence of Ni
orbital polarization at the Fermi level at the interface plane.

Adv. Funct. Mater. 2024, 2409930 2409930 (6 of 10)

2.3. Spatial Hole Distribution

One hallmark of the IL nickelate superconductivity is its SC dome
upon varying the hole doping from 10% to 25%.1*) It is thus im-
portant to study the distribution of these doped holes throughout
the nickelate layer, and in combination with local structural and
chemical effects, this could be one key factor dictating supercon-
ductivity in this system. Here using monochromated EELS over
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Figure 4. Macroscopic mapping of the electronic structure of SC STO-PSNO-STO using STEM-EELS and Total Reflection(TR)-HAXPES. a) HAADF image
of STO-PSNO-STO thin film. b,c) EELS Ni-L and Pr-M, 5 edges at different regions of the thin film shown in (a). d) HAADF image of STO-PSNO-STO thin
film. e) EELS O-K edge at different regions shown in (d). f) The Electric field at the total reflection condition using YXRO code,3°! for an STO/PSNO/STO
system with around 1 nm of carbon on top. g) Ni 2p core level PES at two different angles around the total reflection condition. h) Rocking curve with
the angle of the two components of Ni-2p at the total reflection condition. The Ni shows more hole doping near the top and bottom interface.

the whole thin film, and with depth-resolved total reflection(TR)-
HAXPES, we carried out a spatial mapping of the charge/hole
distribution in a superconducting STO-capped PSNO/STO sam-
ple with the p-type interface. Figure 4a—e shows the evolution
of Ni-L;, Pr-M, 5, and O-K EELS edges across the whole thin
film of the superconducting STO-PSNO-STO sample. The Ni-
L, edge shown in Figure 4b forms a representative map of the
hole distribution, as the higher energy loss shoulder emerges
with Sr-doping as reported in previous studies with EELS and
XAS.[33#1] Notably, this feature is spatially varying and it emerges
near the top and bottom interfaces. Especially in region 4, the
hole-doped signature is weaker. To further corroborate this, as
shown in Figure S7 (Supporting Information), we did a sepa-
rate spatial map of the ratio of a pure Ni' * component (from
ref. [25]) and Ni-hole doped component in this thin-film, and it
shows the same trend. The Ni-hole doped component exhibits
an increase concentration near the top and bottom interface, ex-
cept the middle. But it always stays within the superconducting
dome,['? as represented in Figure S7b (Supporting Information).

Adv. Funct. Mater. 2024, 2409930 2409930 (7 of 10)

This goes along with the Ni/Pr off ratio seen in the element map
in Figure 1b, which suggested that the doped 20% Sr gets dis-
tributed near both interfaces. Thus this spatial difference in the
spectral shape of Ni-L, edge can be directly coupled with the Sr-
distribution in the thin film, and having the ideal hole doping
coupled with the perfect IL structure at the regions near the in-
terfaces could be a core requirement for IL nickelate supercon-
ductivity. In addition, as shown in Figure 4c, the Pr-M, 5 edges
do not show any difference spatially and this is expected because
it is quite insensitive to local electronic or chemical changes.!?’!
On the other hand, the spatial mapping of the O-K edge shown in
Figure 4e, displays strong differences throughout the thin film.
The spectra from the regions 3, 6, and 7 that are near the bottom
interface and top of the thin film exhibit a reduced pre-edge and
it is representative of the spectra of a doped Ni! *.33]

For region 5, located in the middle of the thin film, the O-K
edge exhibits a stronger pre-edge feature. This spectral charac-
teristic indicates a local defect and non-stoichiometric region, as
observed by EELS (see Figure 1b). This phenomenon was also
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often reported in the central part of IL-nickelates,[>**! presum-
ably due to the presence of nascent Ruddlesden—Popper fault re-
gions.

To address the uniformity of such an epitaxial distribution of
holes over the whole sample, we employed a macroscopic depth-
resolved analysis using TR-HAXPES. In this method, in addi-
tion to obtaining a bulk sensitive photoemission spectra, one can
tune the incidence angle in a way to have selective probing of
the top or bulk of the thin film with good spatial resolution.*?!
Figure 4f shows the depth-resolved simulated electric field that
will be generated in this STO/PSNO/STO system from X-rays
when one varies the incidence angle in photoemission near the
total reflection angle. Depending on the depth of the electric field,
the photoemission signal will be enhanced up to that depth. This
is the principle of TR-HAXPES, and it is given in detail in the
Experimental Section. Figure 4g shows the Ni 2p, , photoemis-
sion spectrum for two different incident angles. It shows a Ni' *
character, but with a component at a higher binding energy la-
beled as B, representative of the hole doping. On par with the
EELS analysis, the B-component gets stronger at 0°, that is when
the electric field enhances the photoemission signal from the
top of the nickelate layer. At a higher angle 0.6°, when the sig-
nal probes the entire nickelate layer, the relative intensity of the
B-component becomes smaller compared to that at 0°. When
compared with the rocking curve in Figure 4h shows that the
B-component is relatively stronger for the incidence angles be-
tween —0.2 and 0.2°, that is when the electric field is stronger at
the top of the nickelate layer as illustrated in Figure 4f. It has to
be considered that some of the regions between the middle of
the nickelate layer to the bottom interface lacks Sr-doping as ev-
idenced by EELS. As shown in Figure 4f, on angles higher than
0.25°, the electric field is almost homogeneous and strong in the
whole nickelate layer. This indicates that up to 0.25°, we can selec-
tively enhance photoemission from the top of the nickelate layer,
after that, the signal gets averaged out in the whole layer. This
gives us the constrain that we can only isolate the signal from
the top nickelate region, and not the middle or bottom region
from the whole signal. In this way, the photoemission signal over
the whole sample at higher incidence angles, the signal from the
Sr-rich and Sr-poor regions gets averaged out. Thus, the hole-
doping component B, emerging from Sr-doping gets almost the
same intensity as the main Ni'* component A. This concomi-
tantly proposes more doped holes in the thin film top than in the
middle. On combining with the microscopic results, this can be
read as doped Sr-getting bit enriched near both interfaces, and
such a trend might be present throughout the sample as probed
macroscopically by TR-HAXPES. On comparative grounds, we
mapped the spatial hole distribution in a non-superconducting
sample using TR-HAXPES, as shown in Figure S8 (Support-
ing Information). In this Al/PSNO/STO sample, as shown in
Figure S8b (Supporting Information), the Ni 2p photoemission
spectra shows very weak hole-doping signature at all angles, indi-
cating a very different hole distribution than the superconducting
STO/PSNO/STO in Figure 4. Such an underdoping could pos-
sibly originate from over-reduction with the aluminum capping
layer. As discussed in the Experimental Section, the difference be-
tween SC and non-SC in situ reduced samples is the difference
in the thickness ratio between PSNO and Al layers. It also goes
along the idea of effective control in reduction to obtain supercon-
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ducting samples.[*”) The emergence of secondary phases or de-
fects in the infinite-layer nickelate thin-films is common,[®*! and
it can modify the hole distribution, and thereby local electronic
structure.

3. Conclusion

It is now demonstrated that both p-type and n-type interfaces
can form in IL nickelate thin films. While from previous works,
the n-type is superconducting, here we show the p-type is super-
conducting as well. It directly questions the role of the interface
as a primary factor in controlling superconductivity. In partic-
ular, our u.c. resolved EELS fine structure and ab initio calcu-
lations indicate that after 2—3 unit cells, the interface influence
is weaker on the nickelate. On the other hand, intrinsic dop-
ing arising from Sr, along with self-doping effects from local off-
stoichiometry are prone to modulate the hole-doping within the
layer. Along with this, different interface reconstructions can act
as a secondary hole source, however, the occurrence of super-
conductivity is not bound to a specific interface model. These
results unravel the non-universality of the interface in SC IL
nickelates.

4. Experimental Section

Sample Preparation: Perovskite PrygSry,NiO; (PSNO3) nickelate
thin films of thicknesses around 8 nm were grown in a PLD system
equipped with a KrF excimer laser (248 nm) focused onto the target.[3?]
The laser pulse rate was fixed at 4 Hz. During the growth, oxygen was
supplied in the PLD chamber yielding a background pressure up to 0.5
mbar. The laser fluence was 1.6 Jcm=2, with a laser spot size of 2 +
0.2mm?. The substrate temperature was set at 640 °C, and the oxygen
pressure at 0.33 mbar. The films were cooled down to room temperature at
arate of 5 °Cmin~" at the growth pressure. Single crystals of (001)SrTiO;
(STO) were used as substrates. The STO substrates used for preparing
STO/PSNO/STO samples were etched in buffered Hydrofluoric acid (HF)
and annealed at 1000 °C for 3 h before growth. No further annealing un-
der vacuum was carried out before the film growth. The STO substrates
used for preparing AlO,/PSNO/STO samples were etched in HF solution
and annealed at 1000°C in an oxygen atmosphere for 3 h to obtain TiO,
surface termination. The PLD target was sintered from a mixture of Pr,O5
(99.99%), Nickel(I1) oxide (99.99%), and SrCO; with controlled cation sto-
ichiometry ([Ni]/([Pr]+[Sr]) = 1.1; [Pr]/[Sr] = 4) by a solid state reaction.
These mixtures were ground in an agate mortar and, after initial decar-
bonation at 1200 °C for 12 h, pressed into pellets, and heated in a box
furnace at 1300 °C for 24 h. To get high-density PLD targets, the powders
were reground and repressed, and then fired at 1300 °C for a further 24 h.

Reduction of the perovskite phase thin films into the IL phase was car-
ried out by two different methods: CaH, reduction and in situ Al reduction.
Regarding the CaH, reduction, the process was performed in evacuated
glass tubes. The tubes were filled with 0.1 g of CaH, powder in an N,-filled
glovebox. Samples were wrapped in aluminum foil and inserted into the
glass tubes. The samples were separated from the CaH, powder (Alfa Ae-
sar A16242) by means of a lump of glass wool. The tubes were evacuated
by a rotary pump (<1073 mbar) and sealed. A horizontal tube furnace,
ventilated with N, for increased temperature homogeneity was used for
the process, with temperature accuracy +1°C. The reference temperature
was measured at the center of the tube furnace, where the sealed ampoule
was placed. Heating and cooling rates in the oven were 5 °Cmin~".

In the case of in situ reduced Al/PSNO/STO samples, the deposition
of aluminum metal overlayer was carried out inside a sputtering chamber
(from PLASSYS) at a temperature of 380 °C and pressure of 6 X 10™#mbar.
The argon flow was set to 5.2 sccm, the current was set to 15 mA, the
power at 5 W and voltage at 320V. Before Al deposition, the target was
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pre-sputtered for 10 min to remove a possible oxidized layer. The super-
conducting sample was obtained by depositing 3.5 nm of Al layer on a
9 nm PSNO3 thin film. The non-SC sample resulted from a 2.43 nm of
Al layer deposited on a 5.8 nm PSNO3 thin film. After Al deposition, the
samples were kept at the same temperature as deposition (380°C) for 2 h
before cooling. The heating and cooling rates were + 10 °C/min.

High-Resolution STEM-EELS and 4D-STEM:  Cross-sectional transition
electron microscopy (TEM) lamellae were prepared using a focused ion
beam (FIB) technique at C2N, University of Paris-Saclay, France). Before
FIB lamellae preparation, around 20 nm of amorphous carbon was de-
posited on top for protection. The HAADF imaging and 4D-STEM were
carried out in a NION UltraSTEM 200 C3/C5-corrected scanning trans-
mission electron microscope (STEM). The experiments were done at
200 keV with a probe current of approximately 14 pA and convergence
semi-angles of 30 mrad. A MerlinEM (Quantum Detectors Ltd) in a 4x
configuration (1024 x 256) was installed on a Gatan ENFINA spectrome-
ter mounted on the microscope.l*3] The EELS spectra were obtained using
the full 4 X 1 configuration and the 4D-STEM by selecting only one of the
chips (256 x 256 pixels). For 4D-STEM, the EELS spectrometer is set into
non-energy dispersive trajectories and a 6-bit detector mode that gives a
diffraction pattern with a good signal-to-noise ratio without compromis-
ing much on the scanning speed was used. The monochromated EELS
was done using a NION CHROMATEM STEM at 100 keV with a probe
current of approximately 30 pA, convergence semi-angles of 25 mrad and
an energy resolution of around 70 meV. The EELS detection was also done
with a MerlinEM in a 4x configuration (1024 x 256) that was installed on
a Nion IRIS spectrometer mounted on the microscope.

Ab-Initio Calculations: The first principles calculation was performed
using the density functional theory(*!] as implemented in the Quantum
ESPRESSO package.l*>46] The exchange-correlation functional was ap-
proximated by the generalized gradient approach.l*’l Planewave cutoffs
of 51 and 526 Ry were used basis-set and charge density expansions, re-
spectively. Structural relaxations and electronic structure calculations were
done with a Hubbard U parameter of 4eV for Ni and Ti elements. The p-
type and n-type interface models were created in superlattice geometry

with in-plane \/Z X \/Z and out-of-plane c. This gives two transition
metal atoms per layer. By constraining this to the substrate STO, it gives
in-plane lattice parameters of a = b = 5.52 A. To understand the band
folding that might arise, also the calculation was done for a single u.c. of

PrNiO, with in-plane 1a x 1a and and in-plane \/Z X \/Z. This is shown
in Figure S5 (Supporting Information).

HAXPES Measurements: The measurements were carried out at the
GALAXIES beamline at the SOLEIL synchrotron(®] on the HAXPES
endstation[*’! using a photon energy of 6000 eV, with varying incidence
angles from —1° to 80°. The electric field at TR-condition was simulated
from the YXRO code.3°! The synchrotron operated with a ring current of
450 mA, giving an intensity of 3.4 x 10" photons s™' at 3000 eV, which was
then reduced using a built-in filter to 5% of the original intensity. The pho-
toelectrons were detected using a SCIENTA Omicron EW4000 HAXPES
hemispherical analyzer, and a Shirley background!*%l was removed before
fitting the core levels spectra.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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