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Abstract: The multiple quantum transitions within d-band correlation oxides such as rare-earth nickelates (RENiO;) triggered by critical tem-
peratures and/or hydrogenation opened up a new paradigm for correlated electronics applications, e.g. ocean electric field sensor, bio-sensor,
and neuron synapse logical devices. Nevertheless, these applications are obstructed by the present ineffectiveness in the thin film growth of the
metastable RENiO; with flexibly adjustable rare-earth compositions and electronic structures. Herein, we demonstrate a metal-organic decom-
positions (MOD) approach that can effectively grow metastable RENiO; covering a large variety of the rare-earth composition without intro-
ducing any vacuum process. Unlike the previous chemical growths for RENiO; relying on strict interfacial coherency that limit the film thick-
ness, the MOD growth using reactive isooctanoate percussors is tolerant to lattice defects and therefore achieves comparable film thickness to
vacuum depositions. Further indicated by positron annihilation spectroscopy, the RENiO; grown by MOD exhibit large amount of lattice de-
fects that improves their hydrogen incorporation amount and electron transfers, as demonstrated by the resonant nuclear reaction analysis and
near edge X-ray absorption fine structure analysis. This effectively enlarges the magnitude in the resistance regulations in particular for
RENiO; with lighter RE, shedding a light on the extrinsic regulation of the hydrogen induced quantum transitions for correlated oxides semi-

conductors kinetically via defect engineering.

Keywords: metal-insulator transition; rare earth nickelates; lattice defects; hydrogen incorporation; metal-organic decomposition

1. Introduction

The ionic switchable quantum transitions within d-band
correlated transitional oxides open up a new paradigm to es-
tablish new electronic material phases and explore their po-
tential new applications in correlated electronic devices
[1-13]. As one such representative family of quantum mater-
ials, the perovskite structured rare-earth nickelates (RENiO;)
exhibit exceptional complex electronic and magnetic phase
diagram and reversible multiple ground state quantum trans-
itions [1-6,14-19]. Typically, the Ni*" charge disproportion-
ation (or anti-disproportionation) between t},e, and t e,
orbital configurations at critical temperature (7\yr) enables
metal to insulator transition (MIT) of RENiO; [14-15]. An
overwhelming advantage of RENiO; beyond other MIT ma-
terials is their continuously adjustable Tyyr over a wide tem-
perature range of 100-600 K by simply regulating the rare-
earth composition [14]. The rare-earth radius adjusts the dis-
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tortion of the NiOg octahedral that determines the relative sta-
bility of the insulating and metallic phases, and thereby the
Tyvar. In 2014, a reversible electronic transition of RENiO; as
triggered by chemical and/or electrochemical electron dop-
ing via hydrogen (proton) was demonstrated, in which case
the orbital configuration transits towards an electron highly
localized state of tggeé while maintaining high proton con-
ductance [4]. The discovery of the hydrogen induced
quantum transition further enriches correlated electronic ap-
plications of RENiO; in ocean electric field sensor [1], cor-
related fuel cell [2], neuron synapse logical devices [5—6],
bio-sensor [7], etc. Furthermore, another new electronic state
associated to tggeg orbital configuration was discovered for
nickelates in 2019 in heavily hydrogenated Nd, gSr,,NiO,/Sr-
TiO; heterostructure [20] or proton aggregated grain bound-
aries of SmNiO; (SNO) [21]. These discoveries shed a light
to explore more exciting quantum phenomenon such as the
nickelates-based superconductivity and multiple electronic
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transitions within the material family relevant to rare-earth
nickelates [20-24].

Nevertheless, a central obstacle to overcome for both
above fundamental explorations and electronic applications
of RENIO; is associated to their intrinsic material metastabil-
ity [14]. Unlike conventional oxides, the RENiO; exhibits a
positive formation free energy (AG) that hinders their syn-
thesis via conventional solid state reactions, in particular, for
RENIO; with heavy rare-earth elements [15,25]. In general,
the vacuum deposition approaches, e.g. pulsed laser depos-
ition (PLD), sputtering or metal organic chemical vapor de-
position, can be used to only grow RENiO; thin films with
light or middle rare-earth compositions (e.g. NdNiO; (NNO),
PrNiO;, and SmNiOs) that shows MIT properties [25-30].
Although we previously achieved the ultrathin film growth of
EuNiO; and GdNiO; on single crystal LaAlO; (LAO) by de-
veloping a high pressure assisted chemical approaches based
on RE(NiQO;); and Ni(AC), precursors, the deposition thick-
ness cannot be further increased to beyond ~20 nm [15]. This
reveals the high reliance in their heterogenous growth to the
interfacial coherency with the lattice template of the single
crystalline perovskite substrates that is necessary in reducing
the positive AG of RENiOs. It limits the deposition thickness
since the presence of lattice defects or misfits will destroy the
above heterogenous process and impedes the further hetero-
geneous growth of the metastable RENiO; as metastable per-
ovskites. It is worth noticing that up to date, the thin film
growth for the highly metastable RENiO; with middle or
heavy rare-earth composition (e.g. RE heavier than Eu) at de-
position thickness exceeding ~20 nm are rarely reported yet.

In this work, we developed a metal-organic decomposi-
tion (MOD) approach within high oxygen pressures that
achieves the effective growth of RENiO; films covering a
large variety of the rare-earth composition and a large depos-
ition thickness comparable to their vacuum depositions. The
high reactivity of the rare-earth isooctanoate precursors used
in the MOD improves the formation of RENiO; as meta-
stable perovskites and relieve their previous reliance to het-
erogenous growth following the lattice template of the sub-
strates. This allows the growth of the heavy rare-earth
RENIO; thin films with high defect density or in polycrys-
tallinity as indicated by positron annihilation spectroscopy
(PAS), while preserving their MIT properties. Further as-
sisted by resonant nuclear reaction analysis (NRA), near edge
X-ray absorption fine structure (NEXAFS) analysis, we
demonstrated that the presence of lattice defects results in
more pronounced variations in electronic structure of
RENIO; upon hydrogenation. This highlights the overlooked
role in extrinsic defect engineering that kinetically improves
the regulations in electronic structures and transportations for
the hydrogen related Mottronic transitions of RENiOs.

2. Experimental

2.1. Synthesis of samples

Fig. 1(a) illustrates the high oxygen pressure assisted met-
al organic decomposition processes as used to grow the
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RENiO; films. In brief, the chemical precursors of
Ni(C;H;5sCO0), and RE(C;H;;COO); were made by using
RE(AC); or Ni(AC), to react with excess C;H;sCOOH and
NHj;-H,0, via the following two reactions:
RE(AC); +3C;H;5COOH + 3NH;H,0 —

RE(C,;H,5C00), | +3NH,AC +3H,0 (1)
Ni(AC), +2C;H,sCOOH + 2NH;H,0 —
Ni(C,H,5C00), | +2NH,AC + 2H,0 Q)

After drying in air at 120°C, as made chemical precursors
were mixed at equal stoichiometry and dissolved in xylene at
a concentration of 0.1mol/L, and the solution was spin-coated
on LaAlO; (001) substrate. The spin coated samples were an-
nealed at 15 MPa high oxygen pressure at 450°C for 1 h for
the decomposition of the metal organic precursors, and after-
wards annealed at 850°C for 2 h to trigger their crystalliza-
tion as RENiO;.

2.2. Characterization

The cross-section morphologies of RENiOs/LaAlO; (001)
grown by MOD were characterized by the high-angle annu-
lar dark-field (HAADF) images. The temperature depend-
ences of the resistivity (0—7) of the samples were measured
by the Physical Property Measurement System (PPMS) as
well as the constant temperature anemometer (CTA). The S-
parameters of the samples were measured by the positron an-
nihilation spectroscopy (PAS), derived from the shape of the
Doppler broadening spectroscopy (DBS) of the annihilation
generated y-ray by A/(4 + B + C), where 4, B, and C repres-
ent for the y-ray collected in the wavelength range of
510.2-511.8, 505.1-508.4, and 513.6-516.9 keV, respect-
ively. The resistances of RENiO; grown (with top platinum
catalyst electrode) before and after annealing in 20vol% H, at
100°C for 30 min were measured by Keithley 4200. To fur-
ther probe the variations in orbital configurations, the near
edge X-ray absorption fine structure (NEXAFS) analysis was
performed for the samples. The quantitative detection of the
depth profile of hydrogen (‘"H or 'H") within RENiO; was
achieved by the resonant nuclear reaction analysis (NRA).

3. Results and discussion
3.1. RENiO; grown by MOD

Compared to the high pressure assisted spin coating ap-
proaches as reported previously, e.g. using RE(C;H;;COO),
and Ni(C;H;sCOO), as precursors [15], the isooctanoate
based precursors exhibit long branched structure that cross-
linked within the nonpolar solvent and have low decomposi-
tion temperature [31-32]. This results in more homogenous
mixing of the RE and Ni containing processors and improves
their reactivity. As further demonstrated in Figs. S1 and S2,
the deposition intermediate products (e.g. annealing the
chemical precursors in oxygen at 450°C) exhibit much smal-
ler size for using the present MOD approach as compared to
the one obtained in Ref. [11]. This provides the opportunity
to relieve the previously high dependence in the nucleation of
metastable RENiO; to the strict epitaxy relationship, and the
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Fig. 1. (a) Schematic illustration of the high oxygen pressure assisted metal organic decomposition (MOD) approach. In brief, the
isooctanoate based rare-earth and nickel metal-organic precursors (see photos in the left figures) were spin coated on LaAlO; (001)
substrate. During the annealing process in high oxygen pressures, the precursors approaching to the surface of the substrate were de-
composed and further coherently grown at quasi-single crystallinity. The precursors located away from the surface of the substrate
were decomposed and further grown as polycrystalline RENiO;. The high-angle annular dark-field (HAADF) images of the cross
section morphology of (b—d) NdNiO;/LaAlOs (001) and (e-g) SmNiO;/LaAlO; (001) grown by MOD. The HAADF images shown for
(c) and (d) are the amplified region to the squared region in (b) and (c), respectively. The anti-site defects between Nd and Ni within
as-grown NdNiQj; are marked in red in (c). The HAADF images shown for (f) and (g) are the amplified region to the upper and lower

squared region in (e), respectively.

film can be grown thicker in even polycrystallinity. In addi-
tion, it is also worth noticing that the C;H;sCOOH exhibits
low cost among the C,H,,.;COOH. Compared to the more
commonly used vacuum deposition approaches for RENiOs;,
such as pulsed laser deposition or magnetic sputtering
[25-30], the MOD approach can achieve a more flexible ad-
justment in the rare-earth composition by simply regulating
the composition of the RE(C;H,5COQ); precursor.

Herein, the MOD approach was used to successfully syn-
thesize RENiO; films with rare-earth composition covering
Nd, Sm, Eu, Gd, Tb, Dy, Ho, and Er, and also their mixture.
Fig. 1(b—g) and Fig. S3 show the cross-section morphology
for three representative RENiIO:;/LaAlO; (001) samples

grown by MOD, including NdNiO; (with low metastability),

SmNiO; (with medium metastability), and DyNiO; (with

high metastability). It can be seen that as-grown thin films of
NdNiO; remain a similar crystal orientation compared to the

LaAlO; substrate (see Fig. 1(b—d)), despite the presence of
abundant lattice defects such as anti-site defect between Nd
and Ni as marked in Fig. 1(c). This is in contrast to the situ-
ation for as grown RENiO; with heavier rare-earth composi-
tions, such as SmNiO;/LaAlO; (see Fig. l(e—g) and
DyNiOs/LaAlO; (see Fig. S3). Their entire film thicknesses
are of ~80 nm, which is similar to the situation of SmNiO;/
LaAlQO;. Nevertheless, in these cases, a single crystalline epi-
taxial layer of RENiO; is observed adjacent to the surface of
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the substrate with a thickness of ~10 nm, as its composition
is confirmed by the respective energy dispersive spectromet-
er (EDS) mappings as shown in Fig. S4. By further increas-
ing the film thickness, the same crystal orientation compared
to the LaAlO; substrate cannot be preserved and polycrystal-
line RENiO; is observed. The polycrystallinity of RENiO;
adjacent to the surface is further supported by the X-ray graz-
ing incident diffraction pattern as shown in Fig. S5.

It is also worth noticing that the RENiO; thin films used
by the present MOD approach, such as NdNiO; and SmNiO;,
can be also successfully grown on quartz, in which situation
there is no epitaxy relationship between the film and sub-
strate. Fig. S6 shows the representative cross-section mor-
phologies of the NdNiO; film grown on quartz substrate, in
which case the thin film is in polycrystallinity. Fig. S7 fur-
ther demonstrates the respective diffraction pattern, as ob-
tained by accumulating the transmission electronic micro-
scopic figures shown in Fig. S6, where the diffraction rings

Int. J. Miner. Metall. Mater., Vol. 30, No. 12, Dec. 2023

associated to the perovskite structure are clearly demon-
strated.

3.2. Temperature induced MIT properties

To characterize the critical temperature (7yyr) induced
metal to insulator transitions properties of the RENiO/
LaAlO; (001) samples grown by using the MOD, their res-
istivity dependent on temperature (p—7) are compared in
Fig. 2(a). The expected metal to insulator transitions at Tyr
are clearly observed for as-grown NdNiO;, Sm/Nd,_NiOs,
SmNiO;, EuNiOs;, and GdNiO; samples. Fig. 2(b) further
shows the magnitude of Ty;r that reaches the general agree-
ment compared to the previous reports [14—15,33-34]. Also
similar to the previous investigations [35], the Tyyr cannot be
electrically measured for RENiO; thin film samples at high
metastability (e.g. DyNiO;, YNiO;, HoNiO;, TbNiO; and
ErNiO;). Nevertheless, the formation of their electronic
phases in metastable manner is indicated by the reducing p-T

(a) A NdNiO; e EuNiO, ¢ TbNiO,
* SmNiO, . GdNiO, e DyNiO,

< YNIO,
» HoNiO; ¥ Sm,,Nd,-NiO;
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100 200
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Fig. 2. (a) Temperature dependence of the resistivity measured for the RENiO3/LaAlO; (001) grown by the high oxygen pressure
assisted metal-organic deposition (MOD) approach. (b) As achieved metal to insulator transition temperature (7y;r) compared to the
previous reports in Refs. [14-15,33-34]. The above sketch illustrates the released distortion in the NiOg octahedron with an increas-
ing ionic radius of RE (rgg) that reduces Tyy. (¢) The S-parameter of the RENiO; (RNO) grown by MOD measured by the positron
annihilation spectroscopy (PAS). As the working principle of PAS illustrated by the above sketch, the S-parameter is derived from
the shape of the Doppler broadening spectroscopy (DBS) of the annihilation generated y-ray by A/(4 + B + C). The ExB Filter is the
positron energy filter with orthogonal electric and magnetic fields.
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tendencies observed in their insulating phases, which is in
agreement to the expected negative temperature dependence
thermistor transportation [15,35]. It is also worth noticing
that the MIT behavior can be also achieved in the non-epi-
taxially grown RENiOs/quartz with light or middle rare-earth
compositions, as a representative case demonstrated in Fig.
S8 for as-grown SmNiOs/quartz. It can be seen that as grown
film exhibits perovskite structure in polycrystallinity, while
the MIT property was also electronically detectable. There-
fore, a heterogeneous nucleation process via coherency with
the template of the substrate is not necessary for the MOD
growth of RENIiO; thin film in this work.

3.3. Lattice defects probed by PAS

To further probe the defects within the RENiOs/LaAlO;
grown by MOD, the positron annihilation spectroscopy
(PAS) measurements were further performed based on *Na
source that generates positron beams with continuously ad-
justable incident energy (E%) [21,36]. The defect amount
within RENiO; is indicated by their DBS from their positron
annihilation induced y-ray profile, as detected at various Ex
that reflects the positron penetration depth (#) following # =
(40D™") E¢'S, where D represents the material density.
Positron annihilation with the localized low momentum elec-
trons at defect regions elevates the S-parameters derived from
the DBS, while annihilation with inner shell electrons associ-
ated to the material lattice contributes to the complementary
W-parameters. Fig. 2(c) shows the S-parameter of as-grown
RENIiO,/LaAlO; with various rare-earth elements, while their
respective W-parameters and the W-S relationship are
demonstrated in Fig. S9. In general, enlarging the size of RE
results in the reduction in the S-parameter (see Fig. 2(c)) and
elevate the WW-parameters (see Fig. S9), and this indicates the
reduction of lattice defects in as-grown RENiO; thin films
with larger rare-earth element. It is also worth noticing that
the presently grown SmNiO; thin films exhibit larger S-para-
meters as compared to the respective single crystalline
samples reported in Ref. [19], and this demonstrates the elev-
ation in their lattice defects. The increased lattice defect with-
in RENiO; with heavier rare-earth composition should be at-
tributed to their more distorted NiOg octahedron and lower ma-
terial stability, and therefore more lattice defect is expected.

3.4. Hydrogen induced electronic transition properties

In contrast to the timely heterogenous crystallization of the
arriving percussors in the epitaxial growth of RENiO; using
vacuum-based physical vapor depositions (e.g. PLD), the
isooctanoate based chemical precursors of RE and Ni were
stacked on the surface of the substrate at a relatively large
thickness (e.g. ~100 nm). In that case, the afterward crystal-
lization of the precursors via high pressure annealing is much
less controllable compared to the PLD process. For the case
MOD growth for SmNiQ;, the chemical precursors located
adjacent to the substrate crystallized via heterogenous nucle-
ation along the crystal orientation of the LaAlO; substrate to
form a quasi-single crystalline layer, while at the same time a

homogeneous nucleation is expected for the precursors away
from the interface that grows as the polycrystalline layer. Al-
though the NdNiO; grown by MOD exhibits smaller positive
formation free energy that may count for its better preserva-
tion of an epitaxy relationship to the substrate, it is expected
to be more defective (e.g. with more anti-site defects) com-
pared to the ones grown via vacuum depositions.

The variation in the state of lattice defects is expected to
influence the hydrogen diffusion kinetics within RENiO; that
triggers the Mottronic orbital transitions among t$ geé (or

t5,e4"), t5,e;, and t§e; to regulate the material resistivity
[21]. In Fig. 3(a), the initial resistance (R,) and hydrogena-
tion resistance (Ry;) of the RENiO; grown by MOD (with top
platinum catalyst electrode, as illustrated in Fig. S10) are
compared for various rare-earth compositions. Figs. S11-S24
show the characteristic current—voltage (/I-F) curve as meas-
ured for the RENiO; samples before and after the hydrogena-
tion process. It can be seen that the /~V characterizations
were all with Ohm content, while the hydrogenation in-
creases the resistance for most samples. In general, a redu-
cing tendency is observed in the resistance of the pristine
RENIO; before hydrogenation when enlarging RE, while the
hydrogenation process effectively increases the material res-
istance of RENiO; by several orders of magnitudes. As the
relative elevation in their resistances upon hydrogenation
(Ru/R,) more clearly compared in Fig. 3(b), it is interesting to
note that the Ry/R, shows a non-monotonic tendency with the
size of RE, and the maximum in Ry/R, is observed for Nd-
NiO;. It is also worth noticing that the Ry/R, of the presently
grown NdNiO;, SmNiO;, Sm\Nd,_NiO;, and EuNiO; by
MOD largely exceed the ones observed for their single crys-
talline counterparts. As a typical case, the Ry/R, for the Nd-
NiO; grown by MOD exceeds 10°, the magnitude of which is
6 orders larger than the one achieved in single crystalline Nd-
NiO; grown by spin coating [37].

The above observed non-monotonic tendency in the elec-
tronic transition as triggered by hydrogen differs to the previ-
ous expectation that the resistance of RENiO; with smaller
RE should be more increased upon the same hydrogenation
process [38]. It is also worth noticing that the expected in-
creasing tendency in Ry/R, with the reducing size of RE is in-
deed observed for quasi-single crystalline RENiOs thin films
grown by using the previously reported spin coating ap-
proach based on RE(NO;); and Ni(AC), precursors [15]. This
reveals the dominate role associated to the lattice defects in
the regulating the quantum transition properties of RENiO;
upon hydrogenations, in addition to the rare-earth composi-
tion as known to determine their intrinsic electronic orbital
configurations [14]. The hydrogenated RENiO; exhibits
highly insulating transportation behavior, as one representat-
ive temperature dependence of resistance shown in Fig. S25
for SmNiO;/LaAlO; upon hydrogenation. Apart from an-
nealing in hydrogen, a more pronounced variation in resistiv-
ity is also observed for the RENiO; grown via MOD when
triggering the electronic transition electrochemically (see Fig.
S26).



Int. J. Miner. Metall. Mater., Vol. 30, No. 12, Dec. 2023

2446
101 (a) SmysNdysNiO;
[ = RNO o HRNO
r )
1012 | TbNiON ) NdNiO;
i DyIéiO;% (g”\l(); A
1010 fENIO; | | EuNiO,
b Lo PrNiO;
| ]
LaNiO,
i g
P | i
10% | . A
r
100 E— . . . .
0.86 0.88 0.90 0.92 0.94
Tolerance factor, ¢
© L —— NdNiO,
Nk A) —— SmNiO,
B
) —— DyNiO,
=2
<
z L,
g
840 850 860 870 880 890
Photon energy / eV
© — NdNiO,
0O-K:
SmNiO,
—— DyNiO;
=
<
2
7]
=]
Q
£
520 530 540 550 560
Photon energy / eV
Fig. 3.

1010
(b) 4
100 F NdNiO,
, Sty sNdysNiO;
108 GdNIO; * Prl\gol
7L .
10 Dyl;hOJ EuT\.IiOK
_Loer TbNO,
E: 10°F YI}iO».
10°F  HoNio, LaNiO,
>
10° F
10§
10' F Envio,
[ ]
100 L L L L L
0.86 0.88 0.90 0.92 0.94
Tolerance factor, ¢
(d) L — H-NdNiO,
3
Ni-L: A) —— H-SmNiO;
—— H-DyNiO,
3
]
z
Z
Q
k|
840 850 860 870 880 890
Photon energy / eV
® ——— H-NdNiO,
O-K: — H-SmNO,
— H-DyNiO,
=
<
2
g
g
520 530 540 550 560
Photon energy / eV

(a) The resistance of the platinum patterned RENiO;/LaAlO; (001) grown by the high oxygen pressure assisted metal-organ-

ic deposition (MOD) approach before (solid square for RNO) and after (hollow square for H-RENiO; (HRNO)) the hydrogenation
process. (b) The elevation in the resistance of RENiO3;/LaAlO; (001) upon hydrogenation (solid symbols), as compared to the ones ob-
tained from Ref. [34] (hollow symbols). (c—f) The near edge X-ray absorption fine structure (NEXAFS) analysis of as-grown
RENiO;/LaAlO; (001): the Ni-L edge (c) prior to and (d) after the hydrogenation; the O-K edge (e) prior to and (f) after the hydro-

genation.

3.5. Electronic structures probed by NEXAFS

As demonstrated in Fig. 3(c—d), the Ni-L; spectrum (re-
flecting Ni-2p—Ni-3d transition) of RENiO; is split into two
peaks that associated to tJ,e;(Ni*', Peak A) and ] e, (Ni",
Peak B), respectively [15-16,39—41]. For pristine samples in
Fig. 3(c), a lower intensity in Peak B compared to A is ob-
served for RENiO; with a reducing size of RE, indicating the
elevation in the insulating orbital configurations compared to

the metallic ones [16,39-40]. This observation is in agree-

ment to the enhancement in 7,y when reducing the size of
rare-carth element in RENiO; as known previously [15]. The
hydrogenation process nearly eliminates the Peak B in the
Ni-L; spectrum, and results in overlapped Ni-L; and Ni-L,
spectrums for all hydrogenated RENiO; with various rare-
earth compositions. This is a strong indication of the orbital
transitions of RENiO; from the electron itinerant t5,e,* (or
tJ,¢;) towards the electron localized t§e; orbital configura-
tions as triggered by the hydrogenation process [16].

Further consistency is observed in the variation of the
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NEXAFS of O-K, as the results demonstrated in Fig. 3(e) and
(f) for the same RENiO; samples before and after hydrogen-
ation, respectively. For example, the pre-peak (of 529 eV) in
the O-K spectrum originating from Ni: 3d-O: 2p hybridiza-
tion shows a reducing tendency for pristine RENiO; with a
reducing size of RE in Fig. 3(e). It indicates the elevation in
the formation of oxygen vacancy in RENiOj; with smaller RE
elements, and is in agreement to the previous reports [16,41].
From the following hydrogenation process, the O-K pre-

peaks are nearly erased for all hydrogenated RENiO; samples

1+6
g

tJ,e,) to t5,e; upon hydrogenation. In addition, it is more in-
teresting to note the reducing tendency in the relative distri-
bution of O-K edge of the hydrogenated RENiO; at lower
photon energies (e.g. 532-538 eV) with an enlarging size
of RE.

in Fig. 3(f), indicating the orbital transitions from tgge (or

3.6. Hydrogen composition probed by NRA

As illustrated in Fig. 4(a), the NRA utilizes the nuclear
resonance between the incident "N** ions from accelerator
with the 'H within the material at a characteristic incident
kinetic energy at 6.385 MeV that emits detectable gamma-
rays [42-44]. To establish the depth profile of 'H within
RENIO;, the incident kinetic energy of "N*" is gradually en-
larged from 6.385 eV, in which situation the resonance depth
is increased by an energy cross section of 3.195 keV/nm
times the penetration depth. Fig. 4(b—) and Fig. S27 show
representative NRA spectrums for the NdNiOs/LaAlO;,
SmNiO,/LaAlO;, GdNiOs/LaAlO;, and DyNiOsy/LaAlO; as
grown by MOD before and after the hydrogenation process.
Prior to the hydrogenation process, a lower hydrogen con-
centration base signal from water absorption is observed for
NdNiO; (e.g. ~4 x 10% cm ) compared to SmNiO;, GANiOs,
and DyNiO; (e.g. 1.5 x 10*' = 2.3 x 10*' cm™). This observa-
tion is in agreement to the PAS results as shown in Fig. 2(c)
that as-grown NdNiOs;/LaAlO; exhibits the lowest defect
concentration and therefore the water absorption concentra-
tion is also the lowest. By further annealing in hydrogen at
the same condition, the hydrogen concentrations associated
to the thin film materials increase for all the RENiO;/LaAlO;
samples, and this is a strong indication of the hydrogen incor-
poration within RENiO;. It is worth noticing that the
dangling bonds associated with the lattice defect within the
chemically grown RENiO; thin films are easily passivated by
the hydrogen during annealing, and this will enhance the hy-
drogen incorporation concentration.

In Fig. 4(d), the depth distribution of the net concentration
of hydrogen incorporation is further calculated by the sub-
tracting the NRA spectrum for the pristine RENiO; from the
one for the hydrogenated samples. In general, the net incor-
poration concentrations of hydrogen within RENiO; samples
are of 2 x 10*'-3 x 10*' cm >, a magnitude of which can suffi-
ciently trigger the orbital transition from electron itinerant
Ni™" ], e, state to the electron localized Ni*" t§, e} state. Nev-
ertheless, this is not expected to arouse further electronic
transitions towards Ni'" t§ ,€; that requires a hydrogen con-

centration at least beyond 4 x 10*' cm™ [21]. In Fig. 4(e), the
magnitude of Ry/R, is plotted as a function of the hydrogen
concentration for SmNiO; and NdNiO; samples grown in this
work and also from the previous reports [21,43]. In general,
an increasing tendency in Ry/R, is observed for both SmNiO;
and NdNiO; with an increasing concentration in the hydro-
gen incorporation, and this is in consistency to our under-
standing that the elevation in their resistivity is associated
with the Ni*" t§, e} to Ni*" t§ e; orbital transition.

From the above results, it can be seen that more pro-
nounced variations in the resistivity as well as the electronic
structures upon hydrogenation are observed for RENiO; at
lower metastability as presently grown via MOD. This tend-
ency is in contrast to the previously reports that larger vari-
ation in resistivity was observed for RENiOj; at higher meta-
stability as grown by using vacuum based approaches [38].
Noticing the higher defect concentrations as observed for the
chemically grown RENiO; samples compared to the vacuum
deposited ones at similar thickness, it reveals the extrinsic
regulations in their hydrogen induced electronic transition
properties associated to the lattice defects.

Fig. 4(f) illustrated the NiO4 octahedron (according to Ref.
[10]) and also their respective band structure (according to
Ref. [4]) for RENiO; at semiconductive phase, metallic
phase, defective metallic phase, and the hydrogenated insu-
lating phase. The charge (or electron) transfer between the
hydrogen and the d-band of Ni is expected to be intrinsically
relevant to the bending in the Ni-O—Ni bond angle. As illus-
trated by the left two figures in Fig. 4(f), the Ni-O—Ni bond
angle for the Ni** based semiconductive RENiO; (5,6,
with heavier rare-earth compositions exceeds the one for the
metallic RENiO; (t5,e,) with lighter rare-earth compositions,
and this results in more effective electron transfer from the
incorporated hydrogen to the lattice Ni owing to its larger po-
larity in Ni-O—Ni bond. This understanding is supported by
the previous observation that the semiconductive RENiO;
(with smaller ionic radius of RE) experienced larger eleva-
tion in their material resistivity upon hydrogenation, com-
pared to the metallic one [32-33]. Nevertheless, the above
electron transfer from hydrogen to metallic RENiO; can be
extrinsically improved by introducing the lattice defects, in
which situation the passivation of the dangling bonds en-
hances the hydrogen incorporation amount to more effect-
ively reduce Ni*" to Ni*", as illustrated by the second figure in
Fig. 4(f) from the right. This is clearly demonstrated by the
higher hydrogen incorporation composition as observed in
the presently grown RENiO; thin films via MOD compared
to the ones grown by PLD, as summarized in Fig. 4(e). It is
also worth noticing that the RENiO; thin films with various
rare-earth compositions reached a similar electronic ground
state relevant to Ni** ground state after the hydrogenation
process, as is indicated by their similar NEXAFS spectrum
shown in Fig. 3(d). Therefore, although the rare-earth com-
position significantly influences the electronic structure asso-
ciated with Ni** (or Ni’*°) and also their metal to insulator
transition properties, these RENIO; is likely to transit to-
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Fig. 4. (a) The working principle of the resonant nuclear reaction analysis (NRA) that achieves the quantitative detection of the
depth profile of hydrogen (‘"H or 'H") within RENiO;. E; is the incident kinetic energy of *N*', E,; and E,, are the resonance energy
and loss energy in a nuclear reaction, respectively. z is the ion trajectory length below the target surface. The depth profile of the hy-
drogen concentration (Cya,,) Within as-grown NdNiO; (b) and SmNiOj; (c) as measured before and after the hydrogenation process
via NRA, while the ones for GANiO; and DyNiO; are demonstrated in Fig. S27. (d) Net incorporation in the hydrogen concentration
within RENiO; with various rare-earth compositions during their hydrogen triggered electronic transitions. (e) The elevation in the
resistivity of RENiO; induced by hydrogenation plotted as a function of the incorporated hydrogen concentration as compared for
the present samples grown by the high oxygen pressure assisted metal-organic deposition as well as the previous reports [21,43].
SRO/Si is the SrRuQj thin film deposited on Si substrate. (f) Schematic illustration of the charge and orbital transfer during the hy-
drogen induced electronic transitions for the metallic phase, insulating phase, and defect enriched metallic phase of RENiQs. Ey. is the
Fermi energy level. E, is the energy band gap. U represents the Coulomb interaction between electrons, and 4 is the charge transfer
energy. UHB and LHB are the upper and lower Hubbard Band, respectively.
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wards a similar ground electronic state associated with Ni*"
upon hydrogenation.

From the perspective of orbital transition, RENiO; at
lower metastability (e.g. NdNiO;) should experience more
significant variations in their electronic structure during the
orbital transition from the metallic t},e; to highly insulating

t9,¢5, compared to the one from semiconductive t5,e,*. Nev-
ertheless, such transition is impeded kinetically owing to the
ineffective electron transfer from the hydrogen dopant to the
lattice of metallic RENiO; at low hydrogenation temperat-
ures or small electrochemistry electric fields, owing to the
lower polarity in their less bended Ni-O-Ni bonds by enlar-
ging the rare-earth ionic radius [14]. This well explains the
smaller elevation in resistivity of the previous quasi-single
crystalline NdNiO; upon hydrogenation, noticing the larger
ionic radius of Nd compared to Sm or Eu™.

Extrinsically introducing lattice defects within RENiO;
(e.g. grown by MOD) is expected to promote the electron
transfer from hydrogen dopant to the material lattice via the
passivation process that reduces the energy barrier to trigger
the orbital transitions [21]. It is in particular worthy to note
that this extrinsic impact associated to lattice defect plays a
dominate role for RENiO; in metallic phase or at low meta-
stability that explains the more significant enhancement in
Ry/R, for the MOD grown NdNiO; by 9 orders. In contrast,
the hydrogen induced electronic transition of RENiOj; at high
metastability is expected to be more dominated by the in-
trinsic distortion of the NiOg octahedron and more easily sat-
urated by reaching the t§ geé terminal electronic state. This un-
derstanding is in well agreement in the observed reducing
tendency in Ry/R, by further elevating the atomic weight of
RE of RENiO; beyond Sm, despite the similar hydrogen in-
corporation concentration as quantified by NRA as shown in
Fig. 4(d).

4. Conclusions

In conclusion, a vacuum free metal-organic decomposi-
tion approach was developed to grow RENiO; thin films that
combines the high adjustability in the rare-earth composi-
tions associated with the wet chemical growth and a compar-
able large deposition thickness to the vacuum depositions
(e.g. ~100 nm). The high chemical reactivity of the
isooctanoate based metal organic precursors kinetically pro-
motes the formation of RENiO; as metastable perovskites
and relives their reliance to the heterogeneous growth via in-
terfacial coherence. As a result, the growths of RENiO; are
tolerant to the lattice defects or misfits to achieve larger de-
position thickness or even in polycrystallinity, as indicated by
PAS. The defect enriched RENiO; as grown by MOD im-
proves the hydrogen incorporation composition up to 2 x 10"
cm* and also their electron transfer with the NiO, octahed-
ron, resulting in more significant variations in their electron-
ic structures and transportation properties. It is expected that
such defect engineering provides an extrinsic strategy to reg-
ulate the hydrogen induced quantum transitions of RENiOs

via the kinetic electron acceptance from hydrogen, apart from
the intrinsic adjustment in the orbital configurations via the
rare-earth composition. This paves the way to improve the
performance of correlated electronic devices utilizing the hy-
drogen induced quantum transitions of RENiO;, e.g. ocean
electric field sensor, bio-sensor, and neuron synapse logical
devices.
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