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Doping hydrogen in correlated oxides is a promising way to control the materials functionalities. With in situ

measurements of the resistance and hydrogen concentration by a nuclear reaction analysis, we have derived the
detailed relation between the resistance and hydrogen concentration (x) for RNiOs;H, (R = Sm, Nd, and La),
which reveal a clear resistance jump at a certain concentration. Taking account of the spatial distribution of
hydrogen in both in-plane and depth directions, we have clarified that an insulating state is realized at x = 0.5

and another insulating state is formed at x = 1. The electronic mechanisms for the two states are proposed in

terms of Mott phases.
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I. INTRODUCTION

Strongly correlated oxides reveal fascinating functionali-
ties including electric, magnetic, and optical properties, which
can be controlled by external stimuli. The rare-earth nick-
elates (RNiO3, R = rare-earth element) with a perovskite
structure reveal a thermally induced metal-to-insulator tran-
sition (MIT), which has been a topic of intensive studies to
date [1-3]. Whereas the electronic state of RNiO5 is under-
stood in terms of the negative charge transfer between Ni
cations and O anions [4,5], various physical mechanisms for
this MIT have been discussed including orbital, charge, and
spin ordering [3]. The structural analysis shows the presence
of two inequivalent Ni sites indicating disproportion of the
Ni-O bond length. Based on this result, a novel charge order
state has recently been proposed for the insulating state [6-8].

Recently, it was reported that hydrogen doping to RNiO3
as an external stimulus induces a colossal MIT [9,10], which
finds numerous applications such as sensors [11], energy
conversion devices [12], and reconfigurable electronics [13].
Since hydrogen often acts as an electron donor, it has been tac-
itly believed that electron doping changes the nominal valence
state of Ni*T with the 3d” (tgge;) configuration [Fig. 1(a)]
to Ni** 3d® (5,2 resulting in a Mott insulating state as
schematically shown in Fig. 1(c). Although a reduction of
Ni from Ni** to Ni*>* by H doping was confirmed by x-ray
photoelectron spectroscopy (XPS) and x-ray absorption fine
structure, the H doping level in RNiOs is controversial. In
recent studies [14,15], the hydrogen concentration doped in
SmNiO3 was quantified to be less than a few at. % by a nuclear
reaction analysis (NRA) [16,17], which was much lower than
expected, and an alternative mechanism is discussed in rela-
tion to the lattice distortion and transient H diffusion [14,15].
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Since NRA measurements were performed ex situ in these
studies, however, the hydrogenated sample could be dehy-
drogenated by exposure to air [9]. Therefore, the relation
between the hydrogen doping level and electronic phase of
RNiOj3; remains to be elucidated. As well as RNiOj3, the elec-
tronic phase was substantially modified by hydrogen doping
for other correlated oxides such as VO, [18], SrCo0O, 5 [19],
and SrpIrO4 [20]. In these regards, clarifying the relation
between the electronic phase and hydrogen concentration
is strongly required for understanding the mechanism of
H-induced phase modulation.

In the present paper, we have developed an apparatus that
allows us to in situ measure the resistance and hydrogen con-
centration in the sample with NRA as schematically shown in
Fig. 1(e). With this apparatus, we derived a detailed relation
between the resistance and hydrogen concentration (x) for
RNiO3H, (R = Sm, Nd, and La). With an aid of optical-image
observation, hydrogenation was found to be inhomogeneous
for R = Nd and La, while the entire film of SmNiO; was
uniformly hydrogenated. Based on these results, we show
an insulating state is realized at x ~ 0.5 and another insu-
lating phase is formed at x = 1. We propose an electronic
mechanism for H-induced MIT, which corresponds to Mott
insulators.

II. EXPERIMENTAL METHOD

The samples investigated in the present study are thin films
of RNiO; (R = Sm, Nd, and La) with a size of 8 x 8 mm?
and a thickness of about 80 nm fabricated by pulsed-laser
deposition [21]. Films of R = Sm and La were grown on
LaAlO3(001) and SrTiO3(001), respectively, and films of R =
Nd were fabricated on both LaAlO3(001) and SrTiO3(001).
Epitaxial growth of the films in the (001) direction was
confirmed by x-ray diffraction. To induce dissociation of
hydrogen molecules and subsequent hydrogenation of the
samples, a mesh-patterned Pt layer (10 x 10 um?) with a
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FIG. 1. (a)-(d) Schematic NiOg structures and the energy levels
of the Ni ¢, orbital. Red open circles and black solid circles denote
Ni and H ions, respectively, and squares represent oxygen octahe-
dra. Pristine RNiO; in the (a) metallic state, (b) insulating state,
(c) hydrogenated RNiO; at x = 1, and (d) hydrogenated RNiO; at
x = 0.5. (e) Schematic experimental setup for in sitzu NRA and re-
sistance measurements. >N+ ions are incident to the samples in the
normal direction, and NRA events are detected by y-ray detectors.
Because Pt islands are deposited on the sample as hydrogenation
catalysts, part of '>N?* ions suffer from an energy loss by Pt.
(f) Typical data of the resistance change during the hydrogenation
and NRA measurements for SmNiO;. Hydrogen gas was introduced
in the vacuum chamber at the times indicated by blue arrows, where
the resistance changes due to the temperature control and hydrogena-
tion of the sample.

separation distance of 5 um and a thickness of about 20 nm
was fabricated on top of the films by a photolithography
technique [21]. To measure the sample resistance, Pt films
with a width of 1 mm were deposited at the edges of the sam-
ple. After transferring the pristine samples into the vacuum
chamber (base pressure 2 x 1073 Pa) for a nuclear reaction
analysis, the samples were in situ hydrogenated under an H,
gas at a sample temperature of 480 K. At this temperature,
oxygen vacancy formation may be neglected according to
previous studies [15,22]. The sample resistance was in situ
monitored during the hydrogenation of the sample and a sub-
sequent NRA measurement as shown in Fig. 1(f) as measured

for SmNiOj3, where the resistance increases and decreases as
the hydrogenation proceeds; for details and the data for other
samples, see the Supplemental Material [23]. The measure-
ments of NRA via '"H("’N, ay)'>C were conducted at the
2C beamline of Micro Analysis Laboratory (MALT) in the
University of Tokyo with a '>N?* ion current of 20-50 nA
and a beam size of about 3 x 3 mm? on the sample in nor-
mal incidence [16,17]. The NRA yield is displayed as y-ray
counts due to the reaction normalized to the beam dose. The
stopping power for the samples (RNiO3;H,) was calculated
from the stopping cross section of each element [16]. Since
the ion stopping due to hydrogen is small, the depth scale
in the NRA yield curve is shown by assuming x = 0. Because
the NRA yield depends on the stopping power and the com-
position including the hydrogen concentration, the hydrogen
concentration was evaluated by solving the self-consistent
equation [23].

III. RESULTS AND DISCUSSION

As shown in Fig. 2(a), thermal MIT was confirmed for
SmNiO3 and NdNiO3 at ~360 and ~150 K, respectively, and
a metallic feature was observed for LaNiOs, which are con-
sistent with a previous study [1]. Note the raw resistance data
are shown in this paper instead of the resistivity, because the
hydrogenation of some samples was inhomogeneous either in
the in-plane or depth direction as shown below. Figures 3(a)—
3(c) show the NRA yield curves corresponding to the H depth
distribution acquired after various hydrogenation treatments.
Before the hydrogenation, the profile reveals a peak at a depth
of 0 nm and a small intensity corresponding to x < 0.1 in a
depth region of 30-90 nm. The peak at 0 nm corresponds
to a surface-adsorbed hydrogen species including possible
contaminations. As the hydrogenation proceeds, the hydrogen
concentration in the film increases up to x ~ 1 with the surface
peak constant. The profiles exhibit distinct dips at 10-20 nm,
which are mainly due to the mesh-patterned Pt layer deposited
on the surface for H, dissociation; compared to the bare part of
the sample, the '>N** ion beam incident to the Pt-covered part
suffers from an additional energy loss in the Pt layer, which
does not absorb hydrogen. The H concentration gradually
decreases at about 80 nm and little hydrogen is observed at
a depth of deeper than 120 nm. This indicates that H does
not diffuse into the substrate. Taking account of the energy
loss in the Pt layer, the overall NRA profile was decomposed
into two components of the regions with and without the Pt
layer, which are shifted in energy by the amount of the energy
loss due to the Pt layer [23]. Assuming the H concentration in
the sample is uniform, the NRA data are described by Eq. (1)
in the Supplemental Material [23]: Typical results of analysis
for SmNiO3 and NdNiOj are shown in Fig. 3(d). Note that the
areal ratio of the Pt-covered region obtained from the analysis
for NdNiOs is larger than the nominal area of the Pt-covered
region of the sample. This suggests the H diffusion is faster
at the Pt-substrate interface than the bare region. While the
curves for SmNiO3 and NdNiOj3 exhibit rather uniform depth
distributions, those measured for LaNiOs are different; the
profile initially reveals an enhanced intensity at a depth of
90 nm and a slight hump at 30 nm with an almost uniform
intensity at 50-70 nm. With increasing hydrogenation time,
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FIG. 2. Resistance as a function of temperature for the RNiO3 (R = Sm, Nd, and La) samples (a) before and (b) after hydrogenation. In
(a), SmNiOs-1 is the result of the pristine sample, and SmNiO;-2 is the result after a cycle of hydrogenation and dehydrogenation. Note that
the resistance was almost recovered to the initial condition after the cycle, although the resistance was slightly higher and the MIT temperature
was slightly lower. In (b), the temperature dependence of the resistance of SmNiO3-2 at three hydrogenation stages is shown. Due to the high

resistance, the measurement was not stable at xyga = 0.65.

the intensity increases and eventually the entire profile ap-
pears to be almost uniform. This result indicates that the H
concentration is not uniform in the depth direction for LaNiO3
depending on the hydrogenation stage in contrast to the rather
uniform distributions for SmNiO3 and NdNiOs. Therefore,
the analysis result for LaNiOs; is not shown in Fig. 3(d).

Figure 4 shows the resistance of the samples as a func-
tion of the hydrogen concentration (xnra), Where xnra Was
obtained as the average H concentration in the film from the
analysis of Fig. 3 taking account of the Pt layer. Note the small
marks for xyra of LaNiO; denotes the large concentration at
the near-interface region and the small concentration at the
middle of the film reflecting the nonuniform depth distribution
of H in the sample. As for SmNiQO3, the resistance increases to
~10° Q at xnra ~ 0.2 and reaches a maximum at xyga ~ 0.5,
followed by a decrease at xyra ~ 1. The resistance as a func-
tion of temperature at three hydrogenation stages is shown in
Fig. 2(b). It should be noted that the resistance behavior at
xNra ~ 1 is different in the two measurements. The cycle of
hydrogenation and dehydrogenation might have caused some
structural change, which is also recognized by the differ-
ence in the MIT temperature in Fig. 2(a). Whereas the data
for NdNiO3 and LaNiOj; also show a resistance increase at
xnra ~ 0.2 followed by a saturating behavior at xyra ~ 0.4,
the amount of the resistance increase is much smaller than
that of SmNiO; and the decreasing behavior at xxga ~ 1 is
not observed. Note LaNiOj also shows an H-induced MIT,
which is in contrast to the result of a previous study [9]. This
is probably due to the difference in the hydrogenation temper-
ature and pressure. Since the hydrogenation was performed
at 480 K in the present study, which is higher than that in
a previous study, the hydrogenation was fast and a highly
hydrogenated state was realized in this study.

The present experimental results clearly show that an
H-induced MIT starts to occur at xyra ~ 0.2 for the three
RNiO3 (R = Sm, Nd, and La) films. The difference in the
amount of the resistance increase at xyra ~ 0.2 between the

three samples in Fig. 4 originates from the homogeneity of
the hydrogenation of the samples. Because H atoms are in-
corporated into the films via dissociation at the Pt islands
deposited on the samples, the samples might not be uniformly
hydrogenated [21]. The images shown in Fig. 4 are the optical
transmission microscope images taken at the hydrogenation
stages indicated by arrows in the figure. The black squares
in the images correspond to the mesh-patterned Pt layer, and
the bright region corresponds to the bare RNiO; film. In the
case of SmNiOs3, the bare region becomes uniformly brighter,
suggesting that the entire sample was hydrogenated, although
part of the sample looks even brighter at a high resistance;
see a large-scale image in the Supplemental Material [23]. On
the other hand, middle part of the bare region remains dark
clearly for NdNiOs and slightly for LaNiOs. These results
indicate that middle part is not hydrogenated for R = Nd
and La, because hydrogen diffusion is not sufficient for the
two samples [21,24]. As for the R = La sample, furthermore,
the depth distribution is not uniform; the H concentration is
enhanced in the near-interface regions between Pt and LaNiO3
and between LaNiO; and the substrate. From these results,
it is concluded the effects of inhomogeneity are significant
for R = Nd and La, whereas the entire sample of R = Sm is
rather uniformly hydrogenated by exposure to H, gas. Hence,
it is considered that the curve for the R = Sm sample in
Fig. 4 reflects the actual relation between the resistance and
hydrogen concentration.

We first discuss the H-induced MIT for R = Sm and the
data for R = Nd and La are discussed later. Two possible
interpretations for the steep increase at xxga ~ 0.2 with a
saturating trend at xnra ~ 0.5 are conceived: One is that
SmNiOs is in a highly insulating state in the range of ~0.2 <
x < 0.5, and the other is that there is an insulating state at
x = 0.5 and that a microscopic phase separation into H-rich
and H-poor regions occurs. If the effective H-H interaction
is attractive, H atoms tend to accumulate forming H-rich do-
mains whereas other regions become H poor. In this case, the
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FIG. 3. NRA yield curves measured for (a) SmNiOs, (b) NdNiO;/LaAlO3(001), and (c) LaNiO; after various exposures to H, at a
sample temperature of 480 K. Hydrogen concentration (x) obtained after calibration of the detection efficiency is shown at the right ordinate.
(d) Decomposition analysis into two components originating from bare and Pt-covered regions. Shaded curves are the decomposed constituents
of SmNiO; (1.1 x 10° Pas) and NdNiO;/LaAlO3(001) (7.4 x 10° Pas), which are shifted in energy corresponding to the energy loss in the

Pt layer.

resistance behavior represents the percolation of the H-poor
low-resistance domains. The percolation threshold, where the
resistance becomes high, is 30%—70% of the volume depend-
ing on the dimensionality [25]. Since the resistance increases
at xnra ~ 0.2, the hydrogen concentration for the H-rich in-
sulating state of x = 0.5 is consistent with the percolation
mechanism. Although the former possibility cannot be ruled
out at the present stage, we can unambiguously conclude that
an insulating phase exists at x ~ 0.5 in both cases, which we
call phase A. With increasing x, furthermore, the resistance
decreases at xyra ~ 1.0. Considering the resistance is as high
as 10° Q at xxra ~ 1.0 and the temperature dependence of
the resistance exhibits a nonmetallic feature, the results sug-
gest there is another insulating state at x = 1.0 different from
phase A, which we call phase B. It should be noted that the
insulating state of x = 0.5 is not formed by a mixture of the
phase-separated states of x = 0 and x = 1.0, because the re-
sistances of the latter two are much lower than that at x = 0.5.
In a previous study [10], it seems that the hydrogenated region
around Pt catalysts consists of regions with different contrasts
as observed in an optical image. This might correspond to the
two phases confirmed in the present study.

We discuss the electronic mechanism for the H-induced
MIT of SmNiO;. In RNiO3, nickel atoms are nominally in
the Ni** state with a formal electronic configuration of 3d’
(tfge;). Doping of hydrogen brings about the reduction of
Ni ions as confirmed by XPS [10,26]. Since hydrogen has
one electron, fully reducing Ni** to Ni** needs doping of
H with x = 1. However, the present results show that MIT
is induced at x = 0.5 as well as x = 1. It is known that
the thermally induced MIT is accompanied by a structural
distortion of NiOg octahedra into sets of compressed and
expanded octahedra [27], which is schematically shown in
Fig. 1(b). In view of this scenario, as one of the possible
mechanisms, we propose that a hydrogen doping at x = 0.5
stabilizes the distorted structure as schematically shown in
Fig. 1(d), where two inequivalent Ni sites are present and three
electrons are present in these two units. A previous theoretical
study has shown that integer filling of degenerate states results
in a Mott insulating state, which suggests both Ni sites could
be insulating, leading to an entire insulator [28]. A recent
theoretical study, furthermore, has shown that SmNiO3;Hj s
can be an insulator with a periodicity of 2 x 1 [29], which
is qualitatively consistent with the present result.
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FIG. 4. Resistance at 330 K for SmNiO; (black circle), NdNiO;
(red square), and LaNiOj; (blue triangle) as a function of the hydro-
gen concentration (xnra)- Xnra Was estimated from the intensity at
the plateau region as obtained by the analysis of NRA yield curves.
Two plots for SmNiOj3 are the first (black solid circle) and second
(black open circle) measurements of an identical sample: The second
set of measurements was conducted after dehydrogenation of the
hydrogenated sample by heating at 480 K in air. Two plots for
NdNiO; are the measurements for NdNiO3 /SrTiO;3(001) (red solid
square) and NdNiO3 /LaAlO;(001) (red open square). Two plots for
LaNiO; are the measurements for two samples. Dashed curves are
guides for the eyes. For LaNiOs3, large and small concentrations at
the interface and middle of the film are shown by small triangles.
Also shown are the optical transmission microscope images for the
three samples taken at the hydrogenation stages indicated by arrows
as observed by the sample resistance in separate experiments. Note
that the resistance increase for NdNiO; was larger than that measured
for NRA.

At x = 1.0, on the other hand, the RNiO3;H; phase cor-
responds to the 3d® (% ¢2) Mott insulating phase as shown
in Fig. 1(c), which was theoretically confirmed with first-
principles calculations [22,30,31]. Interestingly, this phase B
has a lower resistance compared to phase A at x = 0.5. The
incorporation of hydrogen might induce a large structural
distortion at phase A, which possibly modifies the electronic
structure shown in Fig. 1(d). These results definitely indicate
the two Mott states can be switched by H doping. Further-
more, we point out H doping at x of larger than 1 can be
realized for SmNiO3 and NdNiOs3, which leads to an over-
doped phase [15]. Although the resistance remains unchanged
at x > 1.0, this points to a possibility of heavy hydrogen dop-
ing, which could open up a different paradigm in the strongly
correlated system.

Based on the above model of dual Mott states, we discuss
the resistance behavior of NdNiO3 and LaNiO3 assuming that

similar two insulating phases of phase A and phase B with
high and low resistances are present at x = 0.5 and x = 1.0,
respectively. As observed in the optical image, only the region
near Pt islands is hydrogenated, and it is expected that both
phase A and phase B coexist in this region. Hence, the exper-
imentally measured resistance in Fig. 4 reflects the combined
resistance of the hydrogenated phases and nonhydrogenated
phase in series. As the hydrogenation proceeds, the portion
of phase A might remain small while the hydrogenated re-
gion expands. In this case, the combined resistance does not
become as high as 10'° Q of phase A throughout the hydro-
genation process. At a fully hydrogenated state, the resistance
becomes that of phase B, which seems to be consistent with
the result of Fig. 4. As for LaNiO3, inhomogeneity in the
depth direction needs to be considered: The experimentally
measured resistance represents the combined resistance of
the near-interface and middle regions of the film in parallel.
Considering the H depth distribution at an initial hydrogena-
tion stage, the near-interface region is hydrogenated as phase
A, while the middle region is only slightly hydrogenated.
When the middle region is hydrogenated as phase A, on the
other hand, the near-interface region becomes phase B with a
lower resistance. Therefore, the combined resistance does not
become as high as 10'? © as SmNiOj3. It should be noted that
a highly insulating state corresponding to phase A can also be
realized for NdNiO3 and LaNiOj; in a different hydrogenation
approach [32].

In conclusion, by developing an apparatus to in situ mea-
sure the resistance and hydrogen concentration of the sample
with NRA, we have clarified the detailed relation between the
resistance and hydrogen concentration of RNiO; (R = Sm,
Nd, and La). The three samples revealed a resistance increase
at xyra ~ 0.2. The H depth distribution and optical images
show that hydrogenation is inhomogeneous for NdNiO3 and
LaNiOs. In contrast to these two samples, SmNiO3; was uni-
formly hydrogenated. From the relation of the resistance and
hydrogen concentration of SmNiOs, it is found that a highly
insulating phase is formed at x = 0.5 and another insulating
phase is formed at x = 1.0, both of which are attributed to
Mott insulating states. This indicates the dual Mott states
can be reversibly switched by the hydrogen doping level. A
detailed structural and electronic analysis of the hydrogenated
RNiOj3 taking account of negative charge transfer between Ni
and O [4,5] is required for further understanding the Mott
phases.
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