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ABSTRACT

In phases IIT and IV of Cs3H(SeO4),, the vibrational state and intrabond transfer of the proton in the dimeric selenates are systematically
studied with a wide range of absorbance spectra, a spin-lattice relaxation rate of "H-NMR (T} "), and DFT calculations. The OH stretch-
ing vibrations have extremely broad absorption at around 2350 (B band) and 3050 cm™! (A band), which originate from the 0-1 and 0-2
transitions in the asymmetric double minimum potential, respectively. The anharmonic-coupling calculation makes clear that the A band
couples not only to the libration but also to the OH bending band. The vibrational state (nano-second order) is observed as the response
of the proton basically localized in either of the two equivalent sites. The intrabond transfer between those sites (pico-second order) yields
the protonic fluctuation reflected in T} 1 Together with the anomalous absorption [vy2 phonon, libration, tetrahedral deformation (8440),
and 610-cm™! band], we have demonstrated that the intrabond transfer above 70 K is dominated by the thermal hopping that is collec-
tively excited at 610 cm™! and the phonon-assisted proton tunneling (PAPT) relevant to the tetrahedral deformation [PAPT(def)]. Below
70 K, T;' is largely enhanced toward the antiferroelectric ordering and the distinct splitting emerges in the libration, which dynamically
modulates the O(2)-0(2) distance of the dimer. The PAPT(lib) associated with the libration is confirmed to be a driving force of the AF
ordering.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5145108

I. INTRODUCTION

Proton transfer is an important functionality in hydrogen-
bonded systems such as fuel-cell electrolytes,"” biological materi-
als,” and novel protonic devices." There are numerous types of
hydrogen-bonded systems with and without water molecules.™
For instance, protons in Nafion and the corresponding polymer
electrolytes transfer via a plenty of randomly distributed water
molecules.” Hydrophobic carbon nanotubes contain a regulated
water network, the structure of which depends on the chiral-
ity." Hydrophilic nanochannels in molecular porous crystals also
accommodate a regulated water network such as a water chain or
water nanotube.” '~ Furthermore, water networks in proteins and

polysaccharides such as collagen and chitosan have a bioprotonic
functionality such as fuel cells,” field effect transistors, *'” and
biosensors.'* '* To create a next generation of fuel cells, high pro-
ton conductivity at room temperature is desired in a solid electrolyte
without water molecules.””*" In such electrolytes, the proton trans-
port occurs via the crystal lattice so that the conducting mecha-
nism must be dependent on proton-lattice (PL) or proton-phonon
interactions. Several theoretical calculations on PL interactions were
done in proton conductors,”” ** whereas little knowledge has been
obtained experimentally.

Many experiments have been carried out in superprotonic con-
ductors consisting of a tetrahedral ion MOf (M =S, Se, and P).l5 3l
Among them, Cs3H(SeO4), is a typical system that undergoes the
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superprotonic conducting state (paraelastic state, phase I) with trig-
onal symmetry above Ty = 456 K.>** In the monoclinic phase
(ferroelastic state) below T'ri1, the proton is basically localized in the
dimer [(SeO4H)SeO4], where two SeOy tetrahedra are connected by
a O-H---O hydrogen bond.”® Further phase transitions take place at
T = 369 Kand Ty = 50 K.

In phases III and IV, the O(2)-O’(2) segment with the dis-
tance of 2.54 A is parallel to the a axis in Fig. 1(a), where the proton
is shown by blue circles. In Fig. 1(b), the dimer layer and Cs one
are alternately stacked along the ¢ direction. Lengths and angles of
the selenate and dimer are denoted in Figs. 1(c) and 1(d), respec-
tively.”” In phase II, however, the segment tilts to about 30° against
the b axis on the ab plane. The proton basically trapped inside of
0(2)-0'(2) holds the two equivalent sites. From the neutron diffrac-
tion experiment at 300 K, the separation between them is determined
tobe 0.52 A.* The protonic motion in those sites, which is referred

(a

LTl

6.390 A
'

FIG. 1. Crystal structure of the ab (a) and ac planes (b) in phase IIl. Protons (blue
small circles) are marked on the O(2)-0’(2) segment parallel to the a axis. In (b),
the Cs* ions in the dimer and Cs layers are denoted by green and blue large
circles, respectively. Structures of the selenate and dimer are shown in (c) and (d)
together with the lengths and angles.
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to as an intrabond transfer,” is expected to occur even in the local-
ized phases. The quantum-statistical calculations for M3H(XO4),
families suggest that the interbond transfer together with the intra-
bond one yields the superprotonic conduction of phase I.*'*
Moreover, a proton transfer in hydrogen-bonded systems has been
theoretically studied in terms of a phonon-assisted proton tunnel-
ing (PAPT),"*° where the protonic potential is dynamically varied
through a lattice modulation due to a corresponding phonon. A
PL interaction is essential to generating a PAPT, which probably
brings different temperature dependences from a conventional pro-
ton tunneling, as observed in LDS-1 with a rigid double minimum
potential.”’ Particularly in superprotonic conductors, PAPT may be
a fundamental mechanism of intrabond and interbond transfers. To
deeply understand the transfer mechanism of Cs3H(SeO4),, we need
to observe a protonic excitation and to make clear which phonon
contributes to the PAPT.

Phase IV below Tr.1v is an antiferroelectric (AF) ordering state
of the proton.” In the deuterated substance [Cs3D(SeO4),], the tran-
sition temperature amazingly increases to 168 K, while the transition
mechanism is unsolved at present. In the KDP crystal with a remark-
able isotope effect, the ferroelectric phase transition was studied in
light of a proton tunneling, deformation of POy, etc. 144599 purther-
more, the AF-ordering temperature in the present family strongly
depends on the types of alkaline metallic ions, while the origin is
not clear. RbsH(SeO4), exhibits no dielectric transition suggesting
a quantum paraelectricity, though Rb3D(SeOy), transits at 92 K>
K3H(SeO4); and K3D(SeO4), undergo the AF ordering at 20 K and
103 K, respectively.’’

In this paper, we show the anharmonicity of the vibrational
state and the mechanism of intrabond transfers in phases III and
IV of Cs3H(SeO4),. In order to identify which phonon couples
to the proton, we have systematically measured the wide-range of
absorbance spectra at 5-8000 cm™'. Anomalous absorption bands
are discussed in combination with the protonic fluctuation obtained
from the spin-lattice relaxation rate. Through those results, we have
demonstrated that the intrabond transfer holds three types of mech-
anisms: thermal hopping and PAPTs associated with the tetrahedral
deformation and libration.

Il. EXPERIMENTAL

Cs3H(SeO,); single crystals are grown by a conventional slow-
evaporation method. By cutting the single crystal, we made the platy
sample with the ab plane and thickness of about 1 mm. The sam-
ple was stuck on a silicon substrate (10 x 10 mm?) with a super
glue, and then we ground the sample. The minimum thickness,
however, was about 80 ym because cracks were introduced. The
single-crystal sample was used for the terahertz (THz, 5-100 cm™")
and far-infrared (FIR, 100-700 cm™') measurements. In the mid-
infrared (MID, 700-8000 cm™ ") frequency range, the absorption due
to the OH stretching mode is too large to measure in the single crys-
tal. The thin-polycrystal sample (30 ym thick and 1 mm in diameter)
was also prepared with the Cs3H(SeO,), saturated solution (5 ul),
which was dropped on the silicon substrate and left at 30 °C for a
couple of days.

Infrared spectra at 8-1400 cm™! were measured above 300 K
so far,”” but the spectral analysis was not performed at all. To
detect the wide range of absorbance spectra at 6-350 K, we used
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three different spectrometers: terahertz time-domain spectrometer
(RT-20000, Tochigi Nikon, Japan), microscopic FIR spectrometer
facilitated in SPring-8 (beam line BL43IR), and FT-IR spectrom-
eter (FT/IR 6100LT, JASCO, Japan) equipped with a Cassegrain
microscope (IRT-5000, JASCO, Japan). For the THz spectroscopy,
we set the aperture at 1.2 mm in diameter and the resolution was
1 cm™". Thanks to the high intensity of light in SPring-8, the FIR
spectra were successfully measured with the resolution of 2 ¢cm™
despite the narrow aperture of about 200 ym in diameter. For the
MIR experiment, the aperture was fixed to be 100 x 100 ym?* and
the resolution was 4 cm™'. Optical cryostats [HELI-TRAN LT3-110
(Advanced Research Systems, USA), Microstat-He (Oxford, UK),
and ST-300MS (Janis, USA)] are installed in those spectrometers to
change the sample temperatures.

DFT calculations for phase III are carried out with a CASTEP
(the Center for Computational Materials Science of IMR, Tohoku
University) that is capable of treating a lattice system. We used a
basis [6-31G(d,p) for H, O, Se, and LanL2DZ for Cs] and a func-
tional (B3LYP). The calculated result well reproduces the wide range
of absorbance spectra, while there appear several anomalous bands,
as mentioned later.

By using a pulse spectrometer (Prot1002MR, Thamway, Japan),
the NMR experiment is performed at 11.2 MHz with the powder
specimen. The 'H spin-lattice relaxation rate (T7") is determined
from an intensity of the FID (Free Induction Decay) signal follow-
ing the saturation comb pulse. In Cs3H(SeOs),, the natural abun-
dance ratio of ”’Se is 7.6%, which is much lower than about 100%
of **Cs. The distance between 'H and '**Cs nuclear spins (3.195 A
and 3.680 A) is shorter than that between 'H nuclear spins (6.390 A).
Therefore, T;' is dominated by a dipole-dipole fluctuation
between the nuclear spins of proton and Cs nucleus, as described
below,

T
R2S(S+1
ZYIYS ( + ) ( 1+(w1—w5)2T2
(1) T 3 2) T
fF - 1
"2 1+w§r2 o 1+(w1+ws)212) )

where
Flo) _ kiki ad" _ (4eq” _ pagd” , pagd” Q)
sy U 0 A or)

In Eq. (1), yr and ps are gyromagnetic ratios, and w; and ws are
resonance frequencies, where I and S denote the spin quantum
numbers of proton and Cs nucleus, respectively. The 7 and # rep-
resent a residence time and the number of nuclei that contribute
to the relaxation, respectively. In Eq. (2),)5‘1 G=114g=0,1,2)
depends on the direction and position of the spins of proton and Cs
nucleus and k; is the transition rate between the two equivalent sites
(i=1lorl).

I1l. RESULTS

A. Wide range of absorbance spectra

The absorbance spectra for the a and b polarizations [red and
blue curves in Figs. 2(a) and 2(b)] are obtained with the single-crystal
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sample in THz and FIR ranges. The THz and MIR spectra for the
filmy-polycrystal sample are shown by black curves in Figs. 2(a) and
2(c). Several phonon modes (vp;, i = 1-3) are observed in Fig. 2(a).
The resonance frequency of vp,; exhibits a hardening down to 6 K
in Fig. 3(a). As shown in Fig. 3(b), the full width at half maximum
(FWHM) of vp1 and vp3 (red and blue open squares) is reduced at
low temperatures, though vp; (green solid squares) is anomalously
broadened below 130 K and sharpened at 6 K.

The absorbance spectrum obtained by the DFT calculation is
shown in Fig. 4(a) that almost agrees with Fig. 2. In the calculation, a
OH stretching mode appears at 2380 cm ™", the intensity of which is
about ten times as large as one at around 900 cm ™. In Fig. 4(b), the
vp2 phonon generates an asymmetric Cs* vibration in the ac plane.
The SeOf tetrahedron slightly rotates, while the SeO,H™ vibrates
slightly. The slight rotation collectively modulates the O(2)-0'(2)
distance.

In Fig. 2(a), the intensity overloads above 70 cm”!in the single-
crystal sample, suggesting the presence of large absorption. In the
polycrystal sample, the anomalous band that has extremely broad
width (~50 cm™') is well fitted with a Lorentzian curve at around
85 cm™! (green curve at 6 K). The maximum shifts to lower the
wavenumber by 5 cm™' from 6 K to 300 K. This band is hardly
assigned to conventional phonons or molecular vibrations.

In the FIR range [Fig. 2(b)], distinct absorption bands are
observed at around 180 cm™ and 400 cm™'. The former band
is identified as a librational mode of the dimer. As illustrated
in Fig. 4(c), each SeOy tetrahedron is less distorted but collec-
tively librates to the same direction. The libration leads to the
most remarkable modulation of the O(2)-0O’(2) distance among the
phonons and molecular vibrations. The spectrum is highly deformed
from a single Lorentzian curve at 50-60 K for the a polarization
[Fig. 5(a)] and at 30-50 K for the b [Fig. 5(b)]. Those deformations
are reproduced with two Lorentzian curves (red and blue curves),
and thus the libration is found to split in connection with the AF
ordering. Except for the libration, the spectrum in Fig. 2 alters
slightly at around Ty1v. Since the crystal symmetry is unchanged
by the AF ordering, the libration makes a significant contribution to
the transition mechanism of AF ordering.

Several absorption bands at 300-440 cm™" in Fig. 2(b) are
assigned to be a tetrahedral deformation of (SeO4)*™ and (SeO4H)™
generated by the O-Se-O bending without SeO stretching. The
vibrational motif of the 440-cm™! band (8440) is shown in Fig. 4(d).
The deformation is accompanied by a modulation of the O(2)-0'(2)
distance. In Fig. 3(b), the FWHM of d449 takes anomalous maximum
in the vicinity of 150 K at which no structural phase transition takes
place.

In the calculated spectrum [Fig. 4(a)], a large absorption band
appears at 660 cm™'. In Flg 2(c), however, such a band 1s actu-
ally observed above 700 cm™". A tiny absorption at 610 cm™" indi-
cated by arrows in Fig. 2(b) is different from a molecular vibration
or conversion mode of the libration and d440 because no spectral
deformation is observed at 30-70 K.

Since the separation between the two equivalent sites (0.52 A)
is very short in comparison with LDS-1 (0.82 A),"” a conventional
proton tunneling is possible to occur. A sharp absorption due to an
optical transition between split levels may be observed, and the inte-
grated absorbance should remarkably increase at low temperature.
Such a band, however, is hardly found in Figs. 2(a) and 2(b), and
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T T

Absorbance (arb. unit)

FIG. 2. Absorbance spectra in the ranges
of THz (a), FIR (b), and MIR (c).
In (@) and (b), red and blue curves
for the single-crystal sample show the
absorbance spectra polarized to the a
and b axes, respectively. Black curves
in (@) and (c) are obtained with the
polycrystal sample. The broad band at
around 85 cm=" is well fitted with a
Lorentzian curve that is shown at 6 K.

0 20 40 60 80
Wavenumber (cm™)

thus conventional proton tunneling is never generated in the present
system.

In the MIR range [Fig. 2(c)], the large absorption at
700-1000 cm™! comes from a tetrahedral deformation due to
the SeO stretching without O-Se-O bending. The spectral shape
changes slightly in phases III and IV. For example, the deforma-
tional motif at 880 cm™! is illustrated in Fig. 4(e). The 1450-cm™!
band below 200 K is split into in-plane and out-of-plane OH bending
modes with respect to the ab plane [Fig. 4(f)]. The broad absorption
at 1000-2000 cm™ " (C band) arises from an overtone of the tetra-
hedral deformation. In the DFT calculation, no fundamental mode
appears above 1500 cm™ except for a OH stretching vibration at
2380 cm™!. The characteristic broad bands at 2600-3300 (A band)
and 2000-2600 cm™! (B band) are related to the OH stretching
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FIG. 3. Temperature dependence of the resonance frequencies for vp; (i = 1-3)
(a). In (b), the full width at half maximum (FWHM) of vp; vs left vertical axis is
plotted by the same colored squares in (a). Black circles represent the FWHM of
the 440-cm~" band (0440) Vs right vertical axis.
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FIG. 5. Anomalous splittings of the libration in the vicinity of T,y along the a (a)
and b (b) directions. The fitted results are shown by sky-blue curves.

B. Anharmonic-coupling calculations in the
vibrational state

Characteristic broad absorption bands relevant to OH stretch-
ing vibrations are observed in many superprotonic conductors
with MO?™ and in KDP families. For instance, three broad bands
(so-called ABC bands) appear above 1000 cm™! in CsHSeO,.”
Such bands were qualitatively inferred from an overtone, conver-
sion mode, Fermi resonance, or anharmonic coupling to protons.
Although the numerical calculations were attempted,” the quantita-
tive explanation has not been succeeded yet. For the MIR spectrum,
we have analyzed the vibrational potential to clarify the anharmonic
coupling.

In general, anharmonic coupling of OH stretching mode
to low-frequency vibration is important in a hydrogen-bonded
system.”” In gas-phase molecules such as carboxylic-acid and
phosphinic-acid dimers with an intra-hydrogen bond, the broad OH
stretching bands are simulated by considering a modulation of intra-
dimer stretching.”*”" In Fig. 2(c), the interval of fine peaks on the
A band (~180 cm™!) coincides with the librational frequency (wyp)-
This proves that the OH stretching vibration anharmonically cou-
ples to the libration. Although fine structures are hardly identified
in the B band, the broad feature suggests an anharmonic coupling
to a low frequency mode such as the libration or tetrahedral defor-
mations. The B band is reproduced with a single Lorentzian curve
(wp = 2350 cm™! and FWHM =275 cm™}).

In order to reproduce the A-band shape, the anharmonic cou-
pling of OH stretching vibration to the libration has been analyzed
with a conventional method based on a parabolic potential and
adiabatic approximation.” We consider an effective Hamiltonian
(H=H" + H") for the ground state (k = 0) and the first excited one
(k =1) as follows:

H® = (ayjpanp + 1/2) haw, (3)
H' = {(appa +1/2) + Maiy, + aw) = 1> + won/@y thaw.  (4)

Here, a);, and ay, are the creation and annihilation operators of
the libration, respectively. The wj, and won denote the angular
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frequencies of libration and OH stretching vibration without anhar-
monic coupling, respectively. The off-diagonal term involves an
anharmonic coupling constant A. The eigenvalue at k = 0 is the same
solution in a harmonic oscillator; EX = (n + 1/2)Awip. Schrodinger
equations are described with an eigenfrequency (wf = E¥/h) and an
expansion coefficient (C¥,,). The wave function | ¥,') is expanded by
the eigenfunction of libration (| ¥2)) as a basis,

H’|¥) = E) |¥)), (5)

H'|¥,)=E %), 6)
N

Py =3 Cl ). @)
n=1

We set the number of basis functions at N = 20 in our FORTRAN
program. The eigenfrequency (w; = E}/h) and expansion coefficient
(Cy,) are obtained by solving the eigenvalue problem for the 20 x 20
matrix.

A Fourier transform of the self-correlation function for the
electric dipole moment provides a vibrational spectrum obeying a
Lorentzian curve as follows: "

(@) o SICh P exp (~(r+ ) 722 )

ks T
r

(8)

X 2
2+ (0-wh+(n+ 1))

where I'"! represents a life time of energy relaxation to the lattice
system.

Figure 6 shows the least-squares fitted result on the basis of
anharmonic-coupling calculation for the A band at 200-350 K (pink
curves). The fitting parameters independent of temperature are
determined as A = 0.29 and woy = 3050 cm™'. The temperature
dependence of the A band is dominated by I', as shown in Fig. 7. The
higher the temperature, the larger the vibrational energy dissipates
into the lattice system.

In Fig. 6, two fine bands on both sides of the central band
at 3050 cm™' have different intensities in comparison with nearly
symmetric pink curves obtained by the calculation. To complete
the fitting, an additional band (green Lorentzian curve) has to be
introduced at 3200 cm™'. The overtone of the OH bending band
(1450 cm™) coincides with the A-band frequency. This implies
that a Fermi resonance’”” splits the OH stretching vibration into
3050-cm™ ' and 3200-cm ™! bands. The integrated-absorbance ratio
of the former band (pink curves) to the latter (green curves) is
estimated to be 9:1. As a consequence, the OH stretching vibra-
tion anharmonically couples to both the libration and OH bending
modes.

In Eq. (8), the exponential term dependent on temperature
represents the occupation rate of the first excited state of libration
(180 cm™! = 270 K). Since the excitation is highly reduced at low
temperature, the fine structure should not appear but is observ-
able down to 6 K. Through the anharmonic coupling, the libration
may be indirectly generated by a MIR light exciting the OH stretch-
ing vibration. This implies that the adiabatic approximation is not
applicable at low temperature, but above 200 K, as shown in Fig. 6.
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we have analyzed the vibrational potential. A symmetric double well
350K potential is not suitable for interpreting the present vibrational state
so that we have solved the eigen-value problem for an asymmetric
double minimum potential; U(x) = ax” + bx® + cx*.”” The eigen-
state (|¥;)) is expanded by the eigenfunctions of |u,) for a harmonic
oscillator as a basis,

N—
|lI/t Z C1n |un (9)

where C;, and N denote an expansion coefficient and the num-
ber of basis functions, respectively. To obtain the eigenenergy
for the i-th level (E;) and Ci,, we have diagonalized the matrix
(Hm,n = (tm|H|un)) for N = 50.

The optimized potential is illustrated in Fig. 8, where the sep-
aration between two minima is 0.52 A."” The energy difference in
between i = 1 and 2 is equivalent to 700 cm™"', and consequently, the
A and B bands originate from the 0-2 and 0-1 transitions, respec-
tively. The 0-1 transition probability is comparable to the 0-2 one,
and those are one-order of magnitude higher than the 0-3 one.

We first consider the case that two kinds of parabolic poten-
tials with different minimum energies are well separated, deep and
shallow potentials. The first excited state for the deep potential is
assumed to have identical energy to the ground state for the shallow
one. Then, as those original potentials approach each other, asym-
metric double-minimum potential is obtained similar to Fig. 8. If
the wave functions for the original first excited state and ground one
overlap, split levels emerge through a tunneling. In the present sys-
tem, the excited levels of i = 1 and 2 stem from the tunneling in
between those states. Since the wave functions have a single node at
2000 2500 3000_1 -0.5 < x < 0, those levels are strongly characterized by the original

Wavenumber (cm ™) first excited state for the deep minimum. The anharmonic coupling

Iculati tioned iously deals with boli tential,
FIG. 6. Absorption spectra fitted with the anharmonic-coupling calculation at 200- calcuiation mentionec previousty dea's with a parabotic potentia

350 K (black curve). The sum of three components (blue, green, and pink curves) WhiCh. appr oximates Fhe deep minimum side of the asymm.et.r ic dog—
is denoted by a red dashed curve. ble minimum potential. We should note that the deep minimum is

on the left-hand side of the barrier in Fig. 8, though the crystal pos-
sesses equivalent amounts of the asymmetric potential with a deep
minimum on the right-hand side.

Absorbance (arb. unit)

C. Protonic potential of the vibrational state

The OH-stretching frequencies of the A and B bands have too
large energy difference (700 cm™") to ascribe to symmetric or asym-

metric vibrational modes. Those frequencies reflect the vibrational
state of proton that is basically localized in either of the two equiv- 3 4720 cm’

alent sites of the dimer. In order to elucidate the vibrational state, 2000 -
3050 cm’”

// \g_/ 0 i

100} . w I /

o« 0—2
~ - -2000 -
O
~ L 2
= -4000 |-
95t L J 1 1 |
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200 250 300 350 x (A)
T (K)
FIG. 8. Energy level scheme for the asymmetric double minimum potential in the
FIG. 7. Temperature dependence of I’ fitted with a red straight line. vibrational state of proton. The wave functions are shown in each level (i = 0-3).
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FIG. 9. Temperature dependence of the spin-lattice relaxation rate (black circles).
A black curve is the sum of two different contributions (blue and red curves).

The anharmonic potential in Fig. 8 stands for the average vibra-
tional nature of the localized proton that contributes to the O-H
covalent bond. Above Ty, the proton of every dimer is randomly
distributed in either of the equivalent sites. There could be some
mechanisms of intrabond transfers between those sites.

D. Protonic fluctuations in the dimer

The spin-lattice relaxation rate (T}") as a function of temper-
ature has been measured to deduce the dynamical fluctuation that
originates from the intrabond transfer. In Fig. 9, Ty ! decreases down
to 70 K by the way of a shallow maximum at around 150 K. The
reduction from 300 K to 200 K is consistent with a conventional
mechanism for insulators, while the maximum is hardly explained in
the same way. In Fig. 3(b), 0440 takes anomalous maximum at 150 K
as well. The coincidence suggests that the phonon contributes to the
protonic fluctuation.

A residence time (7) in Eq. (1) usually obeys an activation type
as follows:""

T=T10exp (~E™ [k T), (10)

where E%" and 7o represent an energy barrier height and residence
time, respectively. Above 70 K in Fig. 9, Tj ' is fundamentally repro-
duced with two components as indicated by blue and red curves. The
former component has E?L =76 meV (610 cm™! ~ 55 x 107 * ),
and the latter EgL =152 meV (123 cm™! ~ 183 K). The steep
increase occurs below 70 K in agreement with the splitting tem-
perature of the libration in Fig. 5. The protonic fluctuations are
largely enhanced owing to a critical slowing down in connection
with the AF ordering. The emergence of those fluctuations below
300 K reveals that the intrabond transfer possesses three different
mechanisms.

IV. DISCUSSION

The magnitude of E}" is comparable to an activation energy in
usual proton conductors,"”* and the blue curve in Fig. 9 tends to
increase above 150 K. Then, the first mechanism of intrabond trans-
fer is attributed to a thermal hopping between the two equivalent
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sites. The hopping is qualitatively expressed with a symmetric dou-
ble well potential as illustrated by a black curve in Fig. 10. The barrier
height at x = 0 is approximated as E;". The two minima are shown
in accordance with each ground state of the vibrational potentials,
as mentioned above (red and blue dashed curves). In Fig. 2(b), the
anomalous absorption is observed in the vicinity of 610 cm™" that
coincides with Ej". This implies that a FIR light collectively excites
the hopping motion. Since the 610-cm™" band is almost indepen-
dent of temperature below 300 K, we can regard the potential as
rigid, and the hopping is little affected by the phonons and molecu-
lar vibrations. The shape of the potential is basically specified by the
average O(2)-0’(2) distance.

From the fitting, the residence time of the first mechanism (7o1)
is evaluated to be 1.1 ns, indicating in the average time scale that
the proton is localized in either of the two equivalent sites. On the
other hand, the hopping motion is characterized as the time scale of
0.06 ps that is estimated from the resonance frequency (610 em™h).
The proton localization is preserved with five orders of magnitude
longer than the hopping motion. Owing to the extremely short dura-
tion of hopping and small transfer rate, the 610-cm™* band may have
very weak intensity compared to the libration and tetrahedral defor-
mation. The time-averaging spectra in Fig. 2 are predominated by
the vibrational state of the localized proton rather than the hopping
transfer.

The second contribution of T;' shows the anomalous max-
imum at around 150 K (red curve in Fig. 9). In addition, EgL is
too small to assign the second mechanism to a thermal hopping.
Because the anharmonic coupling is significant in this system, as
mentioned previously, we expect that the proton never transfers
independently but correlates with the phonons or molecular vibra-
tions. The FWHM of 449 takes an anomalous maximum at 150 K
[Fig. 3(b)] similar to the T} ! Those results reveal that 8449 corre-
sponds to the phonon correlating with the proton, and then a PAPT
associated with the tetrahedral deformation [PAPT(def)] is consid-
ered to play an essential role in the second mechanism. In this case,
the protonic motion obeys a time-varying double-minimum poten-
tial in contrast to the rigid one in the first mechanism. In other

0(2) ~— 0'(2)

FIG. 10. Qualitative potential of the thermal hopping (black curve) together with
the vibrational potentials (red and blue dashed curves). The separation between
two minima is 0.52 A.
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words, the separation between the two minima changes from 0.52 A.
The wave functions of the ground state in each minimum dynam-
ically overlap through the modulation of the O(2)-0’(2) distance
generated by the d440 phonon. As the 0(2)-0'(2) distance shrinks,
the separation between the two equivalent sites is shortened and,
simultaneously, the barrier height is reduced.

Theoretical calculations on PAPT show that the residence time
determined from NMR experiments is given by the identical relation
to Eq. (10).°" It should be noted here that ES' represents a split-
ting energy between the ground state (n = 0) and the first excited
one (n = 1). Those splitting levels are dynamically induced by the
proton tunneling in the time-varying double minimum potential.
The increment of red curve down to 150 K in Fig. 9 represents
the enhancement of the 0-1 transition probability. The protonic
fluctuation, however, diminishes below 150 K.** This indicates that
the PAPT(def) is inhibited at low temperature because the ther-
mal excitation of tetrahedral deformation is suppressed. The red
curve in Fig. 9 is fitted with 79, = 6.8 ns, which is six times as
long as 7o;. From the resonance frequency of .40, the time scale
of the tunneling is comparable to ~ 0.08 ps that is much faster
than 7g,.

We would like to emphasize that EgL (=123 cm™) is well con-
sistent with the peak frequency (~ 85 cm™') of the anomalous broad
band [Fig. 2(a)]. The consistency supports that the anomalous band
corresponds to the optical transition between the splitting levels
(n = 0 and 1). In usual proton tunneling as observed in LDS-1,"
the 0-1 transition probability for a rigid double minimum potential
increases at low temperature because an occupancy of the ground
state increases. In contrast, the integrated absorbance of the 85-cm™*
band [Fig. 2(a)] varies slightly at 6-300 K. Dynamical proton con-
ductivity due to an intrabond transfer was theoretically calculated by
treating a PL interaction.”* From the calculation, an absorption band
is expected to appear in the THz frequency range below and above
Tr1. The characteristic behavior of the 85-cm™! band is rationalized
as a consequence of the PAPT(def). The 85-cm™! band is observed
even below Tryr1v so that the PAPT(def) is collectively excited by the
THz light, and the AF ordering may be broken (85 cm™' = 127 K
> Tmav).

The intrabond transfers due to the thermal hopping and
PAPT(def) are suppressed below 70 K. The AF ordering is never
conducted by those mechanisms, but by the third one. In Fig. 9, the
fluctuation drastically develops from 70 K to Tryr.rv. In the same tem-
perature range, the libration along the a axis exhibits the anomalous
splitting [Fig. 5(a)]. Below Ty, the large fluctuation still remains
and the libration along the b axis shows the splitting [Fig. 5(b)].
Those anomalies suggest that the PAPT relevant to the libration
[PAPT(lib)] yields the third mechanism.

In gas-phase molecules with strong intrahydrogen bonds such
as tropolone”*® and malonaldehydes,””"” the proton tunneling
affects the entire molecular vibrations and rotations and all the
absorption bands exhibit a splitting. As far as we know, such tun-
neling and splitting have not been observed in crystalline systems.
Thanks to the strong hydrogen bond in the dimer, distinct splitting
emerges in the libration. The PAPT(lib) helps the transfer and anti-
ferroelectric arrangement of the proton. This is because the libration
induces the most remarkable modulation of the O(2)-0’(2) dis-
tance among the vibrational modes. As the protonic fluctuation is
enhanced toward the AF ordering, the rotational amplitude of each
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tetrahedron becomes large, and the drastic O(2)-0’(2) modulation
may increase the tunneling probability between the two equiva-
lent sites. The PAPT(lib) is considered to occur in the time scale
of 0.2 ps that is evaluated from the vibrational period of libration.
The characteristic time is four orders of magnitude faster than 7o,
and 7o,

Through the PL interaction, the proton also couples to vy,
which may not be a driving force of the AF ordering but sensitively
responds to the protonic fluctuation. Figure 3(b) indicates that the
fluctuation starts to appear at around 130 K below which the FWHM
is broadened. By analogy with aforementioned gas-phase molecules,
the broadening might reflect a splitting that is not clearly identified
in the spectrum. Toward the AF ordering, a Coulomb interaction
between the protons may develop in the crystal. The AF arrange-
ment is completed at 6 K because the FWHM of v, is sharpened
[Fig. 3(b)], and the splitting of libration disappears (Fig. 5). Since
T;! approaches zero at 6 K (Fig. 9), the protonic fluctuation also
diminishes.

Whenever the wave functions in both the equivalent sites
overlap owing to the PAPT(def), the protonic ground state in the
time-varying double minimum potential is considered to split into
bonding state (+) and antibonding one (-). Through the PL inter-
action, the change of the protonic state mutually influences to the
libration, each energy level of which may be split by analogy with
the gas-phase molecules. The libration is described with an anhar-
monic Morse potential in which the ground state may be split into
Ej and E; (Ao = E; — Ej) and the first excited one into Ef and E
(A1 = E{ - E). In Fig. 5, the red and blue bands are probably related
to the excitation of E; — E} and E; — Ej, respectively. The differ-
ence of peak frequencies in those bands is obtained as 3 cm™" that
should be identical to Ag + A;. If we assume Ag ~ Ay, the splitting
energy for each level could be evaluated to be 1.5 cm™! (~50 GHz),
which is comparable to the value in tropolone (~0.9 cm™1).% There-
fore, the overlapping of wave functions is expected to be small
in comparison with a conventional proton tunneling. Neverthe-
less, the dynamical proton tunneling at the narrowest O(2)-O'(2)
distance is not selectively extracted in the present time-averaging
spectrum. As the largest overlapping is achieved at the narrowest
0(2)-0'(2) distance, the energy splitting may become larger than
1.5cm™

In Figs. 5(a) and 5(b), the splitting is observed in the differ-
ent temperature ranges for the a and b polarizations. This reveals
that the AF ordering established along a down to Trr.1v is followed
by the fluctuation generated along b. In Fig. 9(a), TT U below Trp.rv
tends to decrease with a gradual slope compared to usual phase
transitions. This tendency is consistent with the slight reduction
in the dielectric constant down to 10 K. Those results suggest
that the AF arrangement also occurs along the b direction below
Ti1v.

V. CONCLUSIONS

Employing the single-crystal and thin-polycrystal samples of
Cs3H(SeOy),, the wide range of absorbance spectra have been
observed in phases IIT and IV, where the proton is basically localized
in the dimer. The absorption bands are identified together with the
DFT calculations, while there appear some anomalous bands (vp2,
libration, tetrahedral deformation (8440), and 610-cm™! band). The
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OH stretching bands have extremely broad absorption at around
2350 cm™! (B band) and 3050 cm™! (A band). The B band is basi-
cally reproduced with a single Lorentzian curve. The A band pos-
sesses fine structures with the interval of 180 cm™" in agreement with
the resonance frequency of the libration. From the anharmonic-
coupling calculation, the A band is found to couple not only to the
libration but also to the OH bending mode. The A and B bands
originate from the 0-2 and 0-1 transitions in the asymmetric dou-
ble minimum potential, respectively, which expresses the vibrational
state of the proton basically localized in either of the two equivalent
sites.

The time-averaging spectra mainly reflect the vibrational state,
while the proton is capable of transferring between the two equiv-
alent sites even in the localized phase III. To elucidate the intra-
bond transfer between those sites, the protonic fluctuation is exam-
ined with T7! in the 'H-NMR experiment. Taking the anomalous
bands into account, we have demonstrated that the intrabond trans-
fer in the dimer possesses three different mechanisms. The intra-
bond transfer above 70 K is dominated by the thermal hopping
and PAPT(def). The collective excitation relevant to the hopping
is detected at around 610 cm™" with weak intensity. The hopping
motion is qualitatively described with a rigid symmetric double min-
imum potential that has the energy barrier of about 610 cm™'. On
the other hand, the PAPT(def) is the dynamical protonic motion
in the time-varying symmetric double minimum potential. The
distance between the minima is modulated through the tetrahe-
dral deformation. The residence times estimated for those mecha-
nisms indicate that the intrabond transfer (pico-second order) has
extremely shorter duration than the vibrational state (nano-second
order). Because of the quite different time scales, we are available to
deal approximately with the intrabond transfer separately from the
vibrational state.

The intrabond transfer below 70 K is attributed to the third
mechanism, which is necessary to transport and arrange the pro-
ton antiferroelectrically. The splitting appears in the libration at
30-70 K. In the same temperature range, T;' exhibits the huge
enhancement because the fluctuation increases toward the AF order-
ing. Those results reveal that the PAPT(lib) becomes a driving force
of the AF ordering. The protonic state is qualitatively described with
a symmetric double minimum potential, where the distance between
the minima (two equivalent sites) is dynamically modulated by the
libration. As the wave functions overlap at the short distance, the
tunneling occurs and the ground state is split into the bonding and
anti-bonding bands. According to the PL interaction, the tunneling
effect mutually influences the libration in which each energy level is
also split. The splitting of the libration observed at 30-70 K arises
from the optical transition between those split levels. Additionally,
the protonic fluctuation is reflected in the vy, phonon, for which
the FWHM exhibits anomalous broadening below 130 K, at which
Coulomb interactions between the protons may start to develop
toward the AF ordering.

Thanks to the systematic study, we have successfully confirmed
the phonon in connection with the PAPT. At 300 K in Fig. 9, the
PAPT(def) brings large fluctuation compared to the thermal hop-
ping. From the extrapolation to Ti.ir, we suspect that the thermal
hopping makes a predominant contribution to the intrabond trans-
fer, while the PAPT(def) still contributes. We should carefully inves-
tigate such quantum-mechanical effects even at high temperature.

ARTICLE scitation.org/journalljcp

An interbond transfer is expected to play a significant role in addi-
tion to the intrabond one in the superprotonic phase. The wide range
of absorption spectra and protonic fluctuations in phases I and IT are
the next research subjects to identify which phonons or molecular
vibrations contribute not only to the interbond transfer but also to
the precursory phenomenon.
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