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ABSTRACT: Highlighted by the discovery of high-temperature superconductivity, strongly correlated oxides with highly distorted
perovskite structures serve as intriguing model systems for pursuing emerging materials physics and testing technological concepts.
‘While 3d correlated oxides with a distorted perovskite structure are not uncommon, their 4d counterparts are unfortunately rare. In
this work, we report the tuning of the electrical and optical properties of a quasi-2D perovskite niobate CsBiNb,O, via
hydrogenation. It is observed that hydrogenation induces drastic changes of lattice dynamics, optical transmission, and conductance.
It is suggested that changing the orbital occupancy of Nb d orbitals could trigger the on-site Coulomb interaction in the NbOg
octahedron. The observed hydrogen doping-induced electrical plasticity is implemented for simulating neural synaptic activity. Our
finding sheds light on the role of hydrogen in 4d transition metal oxides and suggests a new avenue for the design and development

of novel electronic phases.

oping (including both chemical and electrostatic doping)

has served as a common mechanism for a plethora of
applications, ' ranging from superconductors to artificial
intelligence.”™® Doping-driven phase transition and doping
tuning of physical properties are particularly common in
correlated perovskite oxides with d-electrons.”'* Typical
manifestations of doping tuning of physical properties in
correlated materials mclude high T¢ superconduc:tmty,
colossal magnetoresistance,’ ¢ and multiferroicity."”

In this Letter, we explore the role of hydrogen doping on
niobate with a quasi-2D Dion—Jacobson oxide CsBiNb,O,
(CBNO) as the model material.'® It is shown that hydro-
genation of the pristine CBNO (Nb*' is reduced to Nb**
having a 4d' electronic state) leads to pronounced change of
optical and electrical properties, lattice dynamics, and
electronic band structure. Inspired by the observed plasticity,
we propose a novel neural network based on proton synaptic
transistors with H.CBNO as the channel material.

Hydrogenation was adopted as the technique to reconfigure
the electronic structure of our model material, CBNO. The
small radius and midrange electronegativity of a hydrogen
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atom result in fast diffusion kinetics making hydrogenation an
effective technique to tune the electron filling configura-
tion."' ™" Successful examples of hydrogenation to enable new
correlated phases or tune phgysn:al properties include hydro-
genation of vanadium oxide,' rare earth nickelates,"” 21’ =
and superconducting copper oxides.”*”’

CBNO single crystals were first prepared via a molten-salt
approach® (more details are presented in Methods). A
representative crystal approximately one centimeter in size is
shown in the top-left panel of Figure 1a. The as-grown crystals
were exfoliated into flakes and transferred on a Si(100)
substrate, as shown in the optical image in the uppermost right
panel of Figure 1a, CBNO flakes have a lateral size of 20—100
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Figure 1. Hydrogenation effect of CBNO. (a) On the left, an optical image of a CBNO crystalline flake approximately 1 cm X 1 cm in size on a
bent thermal release tape (top-left panel) and schematic of the hydrogenation and dehydrogenation process (bottom-left panel); on the right,
optical images of flakes before (top-right panel, CBNO) and after hydrogenation (middle-right panel, H.CBNO) and dehydrogenation (bottom-
right panel, CBNO) on Si(100) substrate. Scale bar: 1 cm for top-left panel and 25 um for right panels. (b) XPS spectra of Nb 3d in CBNO
(bottom panel, Nb** peaks are assigned) and H,CBNO (top panel, additional Nb*" peaks are assigned) samples. (c) UV—vis—NIR transmission
spectra of CBNO (cyan line) and H,CBNO (orange line) samples. Inset shows (ahv)* as a function of incident photon energy hv for the CBNO
sample. (d) Temperature-dependent conductance of CBNO (cyan half-filled square) and H,CBNO (orange half-filled circle) flakes (with a device
channel of about 500 ym). Gray lines are linear fittings for the high-temperature regions. Inset shows measured currents under a bias of 10 V for
CBNO (cyan line) and H.CBNO (orange line) samples as a function of time at room temperature.

pm and a thickness of 100—600 nm and show different colors,
e.g., yellow, blue, and purple, because of optical interference.””
Pt catalyst was deposited on the surface of exfoliated CBNO
flakes to decrease the energy barrier for dissociation of H,,
thereby promoting hydrogenation.®® Schematics of hydro-
genation and dehydrogenation processes are shown in the
middle-left and bottom-left panels of Figure 1la, respectively.
After hydrogenation, the shiny and colorful pristine flakes
became rather dark, and after dehydrogenation the color is
recovered. The interference patterns in the dehydrogenated
flakes might be from a wedge-shaped air gap between CBNO
flakes and Si substrate induced by the mismatched thermal
deformation during heating—cooling. In a control experiment,
similar pristine CBNO flakes were annealed in air instead of
H,/Ar, and no color change was observed (Figure S1).
Therefore, the reversible color change during hydrogenation—
dehydrogenation indicates a major change in the optical
absorption of CBNO after hydrogenation to H.CBNO.

To understand the impact of hydrogenation on the
electronic structures, especially the valence state of Nb in
CBNO, we performed X-ray photoelectron spectroscopy
(XPS) on both pristine CBNO and H,CBNO samples (Figure
1b). The full XPS spectra of both samples are given in Figure
§2. In the CBNO sample, Gauss—Lorenz fitting yields a set of
peaks (3d*% and 3d¥? at around 2062 and 208.9 eV,
respectively), which can be assigned to 3d peaks of Nb**.*' In
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the H.CBNO sample, an extra set of peaks occurs at around
203.3 and 206.0 eV for 3d%2 and 3d*'?, respectively, which can
be assigned to 3d peaks of Nb*.** To rule out any potential
surface effect® (Figure S3), the spectra shown in Figure 1b
were collected after samples were sputtered using Ar for 120 s.
The existence of the Nb* signal after sputtering the sample for
420 s (Figure S3a) suggests to us that the hydrogenation of
CBNO is a bulk reaction. On the basis of the XPS result, the
atomic ratio of Nb* /H is estimated to be 1:1. Considering the
detailed structural characterizations (XRD and HRTEM,
shown in Figure $4—6), there is no obvious change in the
crystal structure of CBNO after hydrogenation, although a
small change in lattice parameter ¢ (~0.02 A) (0.17%) can be
resolved. Figure S5 shows that the intensities of some
reflections after hydrogenation have changed to some extent.
The main contribution from oxygen vacancy may be ruled out
because this requires nearly 7% oxygen vacancies to be formed
in H,CBNO, which can lead to obvious changes in lattice
parameter ¢, for instance, ~2% for many layered oxide
perovskite.** The reduction of Nb%* to Nb* can be mainly
attributed to electron doping induced by hydrogen interstitials.
By now a 1:1 atomic ratio between H and Nb is achieved. We
hereafter focus our attention on such samples, i.e., with x = 1 in
H,CBNO.

Optical and transport properties of CBNO before and after
hydrogenation were studied. Figure lc shows ultraviolet—
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Figure 2. Crystal lattice dynamic of CBNO and H,CBNO. (a and b) Temperature-dependent Raman spectra of CBNO (left panels) and H,CBNO
(right panels) with Raman shift around 930 cm™ (a) and 580 cm™ (b). The displayed temperature range is from 30 to 150 °C with a step of 20
°C. (c—f) Temperature-dependent Raman peak positions for out-of-plane phonons in CBNO (¢) and H,CBNO (d) and in-plane phonons of
CBNO (e) and H,CBNO (f). Insets in panels c and d are sketches of the respective vibration mode in the NbO, octahedron. Phonon softening is
observed for both out-of-plane and in-plane phonons in H,CBNO, indicating that the octahedral distortion can be modified by hydrogenation.

visible—near-infrared (UV—vis—NIR) transmission spectra of
both CBNO (cyan curve) and H,CBNO (orange curve)
samples. The absorption coefficient (@) of H.CBNO (more
than 60%) is at least five times greater than that of CBNO
(about 10%) in the 400 to 2500 nm range. By plotting (ahv)?
as a function of incident photon energy hv,>* as shown in the
inset of Figure lc, a direct band gap of 3.6 eV for CBNO can
be identified (greater than a computational value of 2.7 eV>®).
Absorption cutoff edge for H.CBNO, though vague, should be
at a much lower value than CBNO as analyzed in Figure S7.

Lateral devices (with size of about 500 (channel length) X
200 (width) X 10 (height) gm®) were fabricated based on both
CBNO and H,CBNO flakes to perform temperature-depend-
ent conductance measurements, as shown in Figure 2d. The
conductance of a semiconductor with a single source of
ionization follows®’

o = Aexp(~E,/kyT) @

where ¢ is conductance, E, activation energy, ky Boltzmann
constant, and A a constant. By linear fitting of conductance
curves at high temperature (470—570 K for CBNO and 370—
540 K for H,CBNO), activation energies of 0.333 and 0.108
eV were obtained for CBNO and H,CBNO samples,
respectively. Because the ionization energies of both samples
are much lower than their optical band gaps, conduction in
CBNO and H,CBNO within the observed temperature
window is dominated by energy levels inside the band gap.
Additionally, the conductance of the H,CBNO sample at room
temperature is about 1 order of magnitude greater than that of
the CBNO sample, as indicated in the inset of Figure 1d.

At this stage, although the exact band structure of H,CBNO
is unknown, spectroscopy, optical, and transport measurements
so far indicate that (1) up to 50% of Nb** in H,.CBNO can be
reduced to Nb** by hydrogenation, and (2) unlike the Nb*" in
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metallic S'NbO; (4d correlated oxide with § < 0.5%, where &
represents the relative percentage of anisotropic distortion in
the octahedron NbOg; see more information in Figure S8),
H,.CBNO behaves as a semiconductor with a reduced band
gap as compared to CBNO. We hypothesize that the
unexpected semiconducting behaviors in H,CBNO might be
related to the extremely high distortion of the NbOq
octahedron (§ > 10%) compared to other 4d perovskite
oxides (discussed further below).

The crystal lattice dynamics of CBNO and H,CBNO
samples were investigated by temperature-dependent Raman
measurements. Panels a and b of Figure 2 show Raman shifts at
around 930 and 580 cm™', respectively. The Raman peak
around 930 cm™ can be assigned to the out-of-plane vibration
mode of NbOg (out-of-plane phonon), and the Raman peak
around 580 cm™' can be assigned to the in-plane vibration
mode of NbOg (in-plane phonon).*® The difference between
the dynamic behavior of phonon modes belonging to CBNO
and H,CBNO can be observed, as indicated by dashed curves
in Figure 2ab. The temperature-dependent peak positions of
both out-of-plane and in-plane modes in CBNO and H . CBNO
samples are extracted from Figure 2a,b and plotted in Figure
2c—f. Both modes in CBNO (Figure 2c,e) show decreased
frequencies with increasing temperature, which could be due to
thermal e:_i‘gansion of the lattice and phonon—phonon
interaction.”” "' However, both phonon modes in H,.CBNO
(Figure 2d,f) show remarkably different behavior as compared
with those in CBNO, i.e, phonon softening and abnormal
shift. The softening of both phonons in H,CBNO might
indicate a reduced distortion of NbOg octahedron after
hyt:]rn:rgnanatin:m,:"8 as sketched in the insets of Figure 2c,d. It
should be noted that this difference in lattice dynamics may
not be easily observed by the XRD or TEM mentioned before.
The abnormal increase in frequency of both phonons in

httpsy/ /doi.org/10.1021 /acs jpclett. 1c00353
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Figure 3. Electronic band reconfiguration of CBNO upon hydrogenation. (a—d) Sketches of bonding (a and ¢) and cross-sectional overlaps (b and
d) between d orbitals and p orbitals (d,* (a); d,>_? (c); and p.,, P,ss Po4s Py Py and p,_ orbitals) under an off-center distortion. The inset of panel
a shows an octahedron under an off-center distortion (indicated by orange arrows). (e) UPS spectra of CBNO (cyan curves) and H,.CBNO
(orange curves). (f and g) Valence band spectra of CBNO (f) and H,CBNO (g) after subtracting the background of panel e. The valence band of
CBNO is a hybridized one from Bi 6s (Bi6s, purple), Cs Sp (Cs-5Sp, green), and O 2p (O-2p, pink) orbitals. The additional cyan band in panel g is
assigned to an LHB. (h) Molecular orbital diagram of H,CBNO. A singly split orbital d,, with a low energy level is due to off-center octahedral
distortion. U is the on-site Coulomb repulsion. (i) Proposed band diagram of CBNO before (left panel) and after hydrogenation (right panel). E, is
band gap. Ey is Fermi level. A ,, = 037 eV. (j and k) Charge density redistribution of H.CBNO (x = 1): bird’s-eye views (j) and top views (f()

Pink isosurface represents charge gain, and green isosurface represents charge depletion. The isosurface value is 0.004 e Bohr™. Color code: Cs,
cyan; Bi, purple; Nb, green; O, red; H, white. The d,, orbitals are indicated by black arrows in the top panel of k.

H,CBNO with increasing temperature and turning points at level consisting of d,, and d,, orbitals from the f, set,
around 95 °C may be attributed to a competition between respectively, as shown in the right panel of Figure S9a. This
partial dehydrogenation induced by laser heating and phonon can be explained by molecular orbital theory based on the
softening as a result of increasing temperature, increased overlap of d,z_ (Figure S9b) and d,, (Figure S9d)

The high structural distortion in many correlated oxide orbitals with ligands and the decreased overlap of d.> (Figure

perovskites can be classified as Jahn—Teller distortion.**~>> 89¢), d,, (Figure S9e), and d,, (Figure SOf) orbitals with
Figure S9a shows a typical elongation mode of Jahn—Teller ligands. In addition to the classical Jahn—Teller type of

distortion. Though Jahn—Teller distortion stems from crystal distortion, off-center distortion (defined as the distortion of an
field theory, it can be understood by the sketches in Figure octahedral structure whose inner atom shifts away from its
S9b—f (for simplicity and purposes of illustration, we use a geometric center, a simple model is shown in the inset of
parabola to represent all orbitals which does not change the Figure 3a) can be found in many Dion—Jacobson layered
conclusion qualitatively). The elongation in the z direction and perovskite oxides.'®**™>* This off-center distortion reflects an
the compression in both x and y directions result in splitting of electronic configuration different than that of the classical
energy levels a higher level consisting of d,»_» orbital and a Jahn—Teller distortion (not including pseudo Jahn—Teller
lower level consisting of d,* orbital from the ¢, set and a higher distortion®), as demonstrated with sketches in Figures 3a—d
level consisting of a single d., orbital and a lower degenerate and S10. Because of the increased overlap (Figure 3b) of d.:
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(Figure 3a), d,, (Figure S10a), and d,, (Figure S10b) orbitals
with ligands and the decreased overlap (Figure 3d) of dz_z
(Figure 3c) and d,, (Figure S10c) orbitals with ligands, a
higher energy level consisting of a d,* orbital and a lower level
consisting of a dz2 7 orbital from the e, set and a higher
degenerated level consisting of d,, and d,, orbitals and a lower
single level consisting of a d,, orbital from the t,, set may be
expected.

The symmetry of the NbOy octahedron in CBNO can be
approximated as C,, (character table is shown in Table S1)
because the displacement of Nb from the octahedral center
along the c direction &, (~0.35 A) is much larger than the
displacement along the a (or b) direction &, (or &, ~0.05 A)."®
Hence, the above molecular orbital analysis can be applied to
CBNO and the molecular orbital diagram can be proposed as
shown in Figure 3h. Generally among 4d perovskite oxides,
without much lattice distortion, if Nb°* is reduced into Nb**
(having a 4d" electronic state), a metallic state can be formed,
such as in STNbO,, 77° However, in a perovskite with a highly
distorted octahedron, such as H ,CBNO, the lifting of orbital
degeneracy may lead to the distorted material being an
insulating phase. For instance, according to the Hubbard
model, on-site Coulomb repulsion (U in Figure 3h,i) between
4d electrons on a half-filled singly separated d., orbital (Figure
3h) can induce an empty upper Hubbard band (UHB) and a
fully filled lower Hubbard band (LHB), making the crystal
behave like a correlated Mott insulator.’

To verify our hypothesis, we characterized the valence bands
of CBNO and H,CBNO by ultraviolet photoelectron spec-
troscopy (UPS). Figure 3e shows the measured spectra for
both CBNO and H,CBNO, and detailed analysis is shown in
Figure 3fg. After hydrogenation, an additional narrow band
appears near the Femi level (shown as cyan in Figure 3g).
From the band shape alone this is consistent with an impurity
band or the onset of an LHB, and the case for the Hubbard
interpretation is supggprted by the XPS data in Figure 1b. By
linear extrapolations,” as shown by dotted lines in Figure 3f,g,
the edges of O 2p bands of CBNO and H,CBNO are
determined to be 1.88 and 2.25 eV, respectively. This blue shift
of O 2p band edge due to hydrogenation (Aq., ~ 0.37 V)
indicates a lower degree of orbital splitting (or distortion of
NbOg) in H,CBNO compared with CBNO, consistent with
our Raman analysis. Given these UPS analyses, band diagrams
of both CBNO and H,CBNO are proposed, as shown in
Figure 3i. After hydrogenation, the O 2p band shifts down and
the LHB is fully filled while the UHB is empty, resulting in a
reduced band gap.

The charge density distribution of H,CBNO was obtained
by first-principles density functional theory (DFT) calcu-
lations. After relaxation, the most stable structure is found to
be the H atom bonding to the O at the lateral Nb—O layer
(Figures 3jk and S12c,d). Figures 3jk and S11 show a bird’s-
eye view, a top view, and a side view, respectively, of charge
gain (pink isosurface) and charge depletion (green isosurface)
in H,CBNO (x = 1, two hydrogen atoms in the unit cell with
H:Cs = 1:1). Clearly, hydrogen atoms donate their electrons to
the crystal and Nb atoms gain electrons. The gained electrons
are distributed in the planar d,, orbital, as indicated by black
arrows in Figure 3k. A similar charge density redistribution can
be found in H,CBNO (x = 0.5, one hydrogen atom in a unit
cell with H:Cs = 1:2), as shown in Figures S12 and S13. The
DET results are consistent with our analysis based on
molecular orbital theory.
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The use of strongly correlated materials for artificial
intna]]ignam:em’zs’61 is a burgeoning field; the ultrasensitive

nature of correlated materials to external stimuli such as
electron doping makes them ideal candidates for high-
efficiency, fast-response, and multipurpose artificial neural
elements.”> " The observed electronic phase transition and
proton-induced plasticity in H.CBNO are a great analogy to
the synaptic behavior in neuromorphic computing (see more
information in Supporting Discussions and Figures $14—S16).

The pronounced doping effect, featuring the reduced band
gap and electrical resistance, and the presence of a possible
Mott—Hubbard band structure are observed in a quasi-2D
niobate crystal. The understanding of the role of hydrogen in
4d transition metal system inspires a new way to design and
manipulate the electronic phase of complex materials, which
could be potentially useful for future computing.

B METHODS

Molten-Salt Synthesis of CBNO. CsCl (Sigma-Aldrich, 99.9%)
was used as the solvent (molten salt). Precursors were Cs,CO,
(Sigma-Aldrich, 99%), Bi,O; (Sigma-Aldrich, 99.9%), and
Nb,Oj5 (Sigma-Aldrich, 99.9%). The weight ratio of CsCl to all
precursors was 10:1 (adjusting this ratio led to CBNO flakes of
different sizes). A cooling rate of 0.1 °C/min was used to
synthesize centimeter-size CBNO flakes. Detailed growth
processes can be found in our previous report.””

Hydrogenation of CBNO. The hydrogen spillover method
with nanosized Pt catalyst was used for the hydrogenation of
CBNO. Pt nanoparticles were deposited on the surface of
CBNO flakes by sputtering (Cressington 108auto SEM sputter
coater). Then, the samples were annealed for 8 h at 1 atm in
Ar/H, (5% H,) gas at 475 °C. No obvious change was
observed for samples annealed at temperatures below 425 °C,
while samples decomposed at temperatures above 500 °C.
After annealing, the samples were cooled to room temperature
at a cooling rate of 5 °C/min and with an Ar/H, gas flow.
Dehydrogenation was achieved by annealing in air (350 °C for
30 min, for example).

Structural Characterization of CBNO and H.CBNO. The
morphology of CBNO and H,CBNO flakes was characterized
by a Nikon Eclipse Ti—S inverted optical microscope. X-ray
diffraction (XRD) tests were conducted on a Panalytical X'Pert
PRO MPD system with a Bruker D8 Discover X-ray
diffractometer (Cu Ka, 4 = 1.5405 A) and a point detector.
@-260 spectra were acquired with a divergent beam Bragg—
Brentano geometry over a large 26 range from 5° to 80° to
detect small inclusions of possible secondary phases or
misoriented grains. Transmission electron microscopy
(TEM) (JEOL JEM-2010) was used to collect the structural
information on both CBNO and H,CBNO flakes, including
high-resolution TEM images (HRTEM) and electron
diffraction patterns. Raman spectra were collected using a
WITec Alpha 300 confocal Raman microscope with an
excitation source of 532 nm in air.

Transport, Optical, Valence State, and Valence Band Measure-
ments. Transport measurements were performed on lateral-
contact devices. Flakes were transferred to a sapphire substrate
(MTI Corporation), and two electrodes were made using
conductive silver paint (Ted Pella, Inc.). Currents as a function
of time (I—t) were measured before and after hydrogenation
with an Autolab PGSTAT302N potentiostat. In temperature-
dependent conductance (6—T) measurements, samples were
placed on top of a thermal stage. Liquid nitrogen was used to
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ensure a temperature ramping rate of less than 5 °C/min and
to keep the temperature stable during measurements.
Measurements were conducted in nitrogen gas to prevent
oxidations. The thermal stage, temperature controller, and
liquid nitrogen pump were all from Linkam. The transmission
spectra were measured via a PerkinElmer Lambda 950 UV—
vis—NIR spectrophotometer with a Photomultiplier R6872
detector. X-ray photoelectron spectroscopy and ultraviolet
photoelectron spectroscopy tests were conducted using a PHI
5000 VersaProbe System. Ar ion sputter was used to clean the
surface of samples before measuring. UPS data were recorded
with a multichannel electrostatic hemispherical electronic
analyzer. Al Ka (1486.6 eV) was used for core-level
spectroscopy, while He Il (21.22 eV) radiation from a high-
flux discharge lamp was used for valence-band spectroscopy.

DFT Calculation. The DFT calculations were performed
with the Vienna Ab Initio Simulation Package (VASP 5.4.4).°®
The Perdew—Burke—Ernzerhof (PBE)® exchange—correlation
function was used. The projector augmented wave method”®
was employed. An optimization about the position of the H
atom in the unit cell has been conducted. For the full structure
relaxation, a I'-centered k-point mesh of 4 X 4 X 2 was applied
to sample the Brillouin zone, and Gaussian smearing with ¢ of
0.1 eV was used. The kinetic energy cutoff for plane wave basis
was set to 500 eV. The energy difference for electronic
convergence criterion was set to less than 1 X 10~ eV, and
ionic relaxation force was less than 0.01 eV/A on each atom.
Spin—orbit coupling (SOC) was included in geometry
optimization and electronic structure calculations. The charge
density difference was obtained by subtracting the charge
density of pure CBNO and isolated H atoms from the charge
density of H,CBNO.

Neural Network Simulations. CrossSim was used for
simulation.”” The simulation was based on a supervised
learning algorithm with backpropagation and “sigmoid”
nonlinear activation function.”'”” In the simulation,
H,CBNO-based proton synaptic transistors were used in a
crossbar to perform two matrix operations. The numerical
weights in the network layer were mapped onto the device
conductance states, and the mapping was designed so that
most of the weights stay in 25%—75% of the conductance
range to minimize the impact of nonlinearity. Two standard
data sets (an 8 X 8-pixel image version of handwritten digits?4
from University of California at Irvine (UCI) image data set
and a 28 X 28 pixel image version of handwritten digits”> from
the Modified National Institute of Standards and Technology
(MNIST) image data set) were used for classification and
training, To update a weight, the initial conductance, Gy, of the
device was first determined; the state was then updated by the
average change of conductance (AG). AG was scaled based on
the updated size calculated by the backpropagation algorithm.
The detailed simulation process can be found in ref 76.
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