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Neutron powder diffraction and inelastic neutron scattering experiments were performed to clarify the
mechanism of phase transition and protonic conductivity of K3H�SeO4�2. A rotational SeO4 tetrahedra mode at

the zone boundary L-point accounts for the symmetrical change in space group from R3̄m to C2 /c. No
significantly anomaly was observed in the transversal acoustic and under-damped optical modes, while a broad
spectrum was observed around 0 meV at the L-point above TC. The spectrum depends on the temperature and
the dependence is represented by the soft mode due to an over-damped phonon both Q and energy space. The
rotational mode of tetrahedra drives the improper ferroelastic phase transition.
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I. INTRODUCTION

Certain hydrogen-bonded dielectric materials, such as
electrolytes for fuel cells that function above the boiling tem-
perature of water, have attracted much attention. These ma-
terials undergo a phase transition in the high-temperature re-
gion above 350 K and show high-electric conductivities that
are over 100 times higher at room temperature.1 The proton
conduction mechanism of those hydrogen-bonded materials
is expected to apply to next-generation electrolytes, and has
been discussed from various scientific perspectives; includ-
ing statical investigations such as dielectric, thermal, and
structural studies,2–7 dynamical investigations such as optical
studies,8–10 nuclear magnetic resonance �NMR�,11,12 quasi-
elastic neutron scattering �QENS�, inelastic neutron scatter-
ing �INS�,13–16 and theoretical studies.17,18 On the other hand,
these materials have been investigated for years as hydrogen-
bonded dielectrics from the viewpoint of the phase transition
mechanism. Most of them show ferroelasticity at room-
temperature phases.19,20 In addition to the high-temperature
phase transition, many studies have investigated the low-
temperature phase transition, which shows marked isotope
effects on transition temperature due to deuteration.21–32

K3H�SeO4�2 �TKHSe� undergoes a first-order phase tran-
sition at 390 K �TC� and 385 K during warming and cooling,
respectively.20 The material shows remarkably high-
electrical conductivities �10−3 S /cm� above TC �phase I� and
is ferroelastic below TC �phase II�.2 The ferroelastic phase
transition has been reported as an improper type.19 The crys-
tal belongs to the monoclinic system with the space group
C2 /c in phase II and to the trigonal system with the space

group R3̄m in phase I.
The crystal structure in phase II is characterized by iso-

lated SeO4-H-SeO4 dimers including a hydrogen bond.31,32

No hydrogen bond exists between dimers. The dimers form a
layered structure parallel to the monoclinic bc plane. Six
SeO4 tetrahedra form a deformed hexagon inside the layer

space by aligning with the pseudo 3̄ axis that is perpendicu-
lar to the bc plane. In phase I, a SeO4 tetrahedron is linked to
one of the nearest three equivalent SeO4 tetrahedra by dis-
connection and reconstruction of the hydrogen bonds. The

oxygen atoms are distributed anharmonically and occupy tri-
angularly distributed positions with a probability of 1/3 in
phase I.4,6 This situation is closely linked to the mechanism
of proton transfer at the inside of the layer. Many models are
based on proton transfer within the layer accompanied by
reconstruction of the hydrogen bond.4,5,13,17,18 In reality, the
crystal shows the highest conductivities in a direction paral-
lel to the bc plane. However, although the deformation or
rotation of tetrahedra plays an important role in these mod-
els, little evidence has been reported. Therefore, the relation
between the ferroelastic phase transition and the proton con-
ducting mechanism is still unclear. Moreover, the weak iso-
tope effect on TC by deuteration suggests that the hydrogen
makes a small contribution to the high-temperature phase
transition, while a drastic phenomenon such as protonic con-
duction occur above TC.

In this paper, we focus on SeO4 tetrahedra, which are
closely related to the mechanism of protonic conduction. We
report the details of static structural change due to phase
transitions from the results of structural analyses by neutron
powder diffraction, and discuss the connection between the
symmetrical and structural changes from group theoretical
analyses. We also report the results of INS measurements
using a single crystal to clarify the role of SeO4 tetrahedra
for protonic conduction and the ferroelastic phase transition.

II. EXPERIMENT

Neutron powder diffraction measurements were per-
formed using a time-of-flight powder diffractometer, VEGA,
installed at KENS in the High Energy Accelerator Research
Organization. Powdered samples of 3.89 g, prepared from
single crystals of TKHSe were enclosed in a vanadium foil
cell with Ar gas, which was set into an electric furnace made
from a Cu block. The data were recorded after about 40 h. at
temperature of 298 and 385 K in phase II and 393 and 413 K
in phase I. Rietveld analyses were performed by RIETAN
2001T modified for VEGA using data from 0.75 Å to
4.85 Å in d space.

INS measurements were performed using a high-energy-
resolution triple-axis spectrometer �C1–1 HER� installed at
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the JRR-3M reactor of the Japan Atomic Energy Agency. A
single crystal, 2�1�1 cm3 in size, was prepared for INS
measurements and oriented with the crystallographic trigonal
ct axis perpendicular to the scattering plane. Energy scans
were performed to measure phonon dispersion on the recip-
rocal space from 0 2 0 to 0.5 2 0 and from 0 1.5 0 to 0 1.9 0
with an energy transfer range from −10 to −0.4 meV, and
the incident momentum vector ki was fixed at 1.555 Å−1.
Measurements were performed using a cryostat for high tem-
peratures at 413 and 388 K. Additional INS measurements
were performed at the zone boundary L-point �0.5 2 0� with

an energy transfer range from −2 to 4 meV at 435, 415, and
386 K. The final momentum vector kf was fixed at
1.555 Å−1. The energy resolution was about 0.14 meV under
a horizontal collimation of Guide-Be-Open-Sample-80�
−80�. In addition, to obtain possible high resolution within
the scattering conditions, and to reduct the half lambda, an
energy scan at the L-point from −0.2 to 0.2 meV was per-
formed to measure the broad spectrum around 0 meV under
a collimation of Guide-Be-20� Sample-40�-Be-40� The final
momentum vector kf was fixed at 1.39 Å−1. The energy res-
olution was estimated as 88�3� �eV from the full width at

TABLE I. Atomic fractional coordinate parameters and thermal parameters, �ij ��103 Å−2� of K3H�SeO4�2. Their standard deviations
are in parentheses.

x y z Occ. Beq �11 �22 �33 �12 �13 �23

Phase II �C2 /c�
298 K, am=14.9699�1� Å, bm=5.90777�2� Å, cm=10.1370�5� Å and �=103.6386�5�°, Z=4, Rwp=0.95%, RI=0.43%, and S=1.23

Se1 0.38405�5� 0.7318�2� 0.53957�8� 1.0 0.76�3� 1.01�5� 5.3�4� 1.7�1� 0.2�1� 0.17�7� 0.4�2�
K1 0.5 0.2543�6� 0.75 1.0 1.33�8� 1.2�1� 12.5�10� 3.0�3� 0 0.1�2� 0

K2 0.3028�1� 0.2376�4� 0.3480�2� 1.0 1.65�5� 2.6�1� 7.2�7� 3.8�2� −2.2�4� −0.3�1� −1.7�6�
O1 0.49745�8� 0.6812�2� 0.5648�1� 1.0 1.80�5� 0.91�8� 17.1�7� 5.7�2� 0.4�2� 0.4�1� −0.5�3�
O2 0.34244�8� 0.5131�3� 0.6015�1� 1.0 1.72�5� 2.06�9� 8.4�5� 6.5�2� −0.5�2� 1.8�1� 2.5�3�
O3 0.34601�7� 0.7504�3� 0.3765�1� 1.0 1.87�4� 2.30�9� 19.7�5� 2.0�2� 1.8�2� 0.1�1� 1.3�4�
O4 0.37069�9� 0.9630�3� 0.6178�1� 1.0 1.79�5� 2.4�1� 6.7�5� 6.3�2� −1.0�2� 1.1�1� −4.6�3�
H1 0.5011�6� 0.535�1� 0.5127�8� 0.5 1.6�1�

385 K, am=15.0199�2� Å, bm=5.92317�4� Å, cm=10.1737�1� Å and �=103.6163�8�°, Z=4, Rwp=1.50%, RI=0.87%, and S=1.80

Se1 0.38465�1� 0.7317�4� 0.5397�2� 1.0 1.33�5� 1.70�9� 9.8�7� 2.7�2� 0.2�3� 0.1�1� −0.3�4�
K1 0.5 0.250�1� 0.75 1.0 2.3�1� 2.7�3� 17.7�20� 4.8�6� 0 0.0�4� 0

K2 0.3013�2� 0.2402�8� 0.3469�4� 1.0 2.7�1� 3.8�2� 9.4�12� 7.3�5� −1.2�7� −1.5�3� 1.2�12�
O1 0.4961�2� 0.6830�4� 0.5656�3� 1.0 3.1�1� 2.1�1� 26.4�16� 9.5�5� 1.9�4� 1.0�2� 0.4�5�
O2 0.3437�2� 0.5133�5� 0.6021�3� 1.0 2.54�9� 3.0�2� 15.5�9� 8.2�4� −1.5�4� 2.2�2� 4.0�5�
O3 0.3467�1� 0.7492�5� 0.3786�2� 1.0 2.97�8� 3.9�2� 26.9�10� 4.0�3� 1.5�5� 0.1�2� −0.0�8�
O4 0.3704�2� 0.9592�5� 0.6177�3� 1.0 2.98�10� 4.1�2� 9.1�10� 10.7�5� −1.7�4� 1.7�3� −6.4�6�
H1 0.501�1� 0.543�2� 0.510�2� 0.5 2.9�3�

Phase I �R3̄m�
393 K, at=8.0262�1� Å and �=43.167�7�°, Z=1. Rwp=1.55%, RI=1.88%, and S=1.68

Se1 0.40941�4� x x 1.0 3.0�2� 28.9�4� �11 �11 −11.9�2� �12 �12

K1 0 0 0 1.0 3.7�2� 37.2�10� �11 �11 −15.7�5� �12 �12

K2 0.19874�9� x x 1.0 4.2�1� 42.0�8� �11 �11 −17.7�4� �12 �12

O1 0.2551�6� 0.3742�3� y 1/3 3.89�9�
O21 0.2744�6� x 0.710�1� 1/3 6.0�2�
O22 0.3156�6� 0.2516�4� 0.7401�4� 1/3 2.46�8�
H1 0.064�2� 0.455�1� y 1/6 6.3�3�

413 K, at=8.0297�1� Å and �=43.194�7�°. Z=1. Rwp=1.42%, RI=1.97%, and S=1.77

Se1 0.40948�4� x x 1.0 3.17�9� 30.9�5� �11 �11 −12.8�3� �12 �12

K1 0 0 0 1.0 4.0�2� 39.8�10� �11 �11 −16.8�5� �12 �12

K2 0.19960�9� x x 1.0 4.5�1� 45.1�7� �11 �11 −19.0�4� �12 �12

O1 0.2547�6� 0.3746�3� y 1/3 3.9�1�
O21 0.2736�5� x 0.7115�9� 1/3 6.1�2�
O22 0.3177�6� 0.2516�4� 0.7392�3� 1/3 2.80�8�
H1 0.076�2� 0.4491�9� y 1/6 6.7�3�
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half maximum �FWHM� of incoherent scattering of hydro-
gen. The phase transition temperature was 385 K because the
transition occurred during cooling.

III. RESULTS AND DISCUSSIONS

A. Crystal structure

The results of Rietveld refinement, atomic fractional, and
thermal parameters obtained in phases II and I, are listed in
Table I. Interatomic distances and bond angles with esti-
mated standard deviations are shown in Table II. Structural
analysis of phase I was performed using a split atom model

grounded on atomic distributions from Fourier maps. The
occupancies of each oxygen atom in phase I are 1/3, and that
of protons is 1/6, as shown in Table I. This model corre-
sponds to the rotational tetrahedra model and agrees best
with the diffraction pattern compared to other models �the
proton split and deformation tetrahedra models�. Figure 1
shows the Fourier maps of scattering density at 413 K sliced
at the oxygen atom’s positions on �111� parallel to the layer

�Fig. 1�a��, and �11 2̄� perpendicular to the layer �Fig. 1�b��.
�These cutting planes are shown in Fig. 2�b�� As shown in
Fig. 1�a�, the oxygen atom O1 is distributed triangularly with
respect to the direction of hydrogen bonds on the layer. The

TABLE II. Interatomic distances �Å� and bond angles �deg� of K3H�SeO4�2. Symmetry code: �a� −x, −y,
−z, �b� −x, +y, −z+1 /2, �c� −x+1 /2, −y+1 /2, −z, �d� x+1, y, z, �e� −x, −y−1, −z for phase II, and �A� −z,
−y, −x, �B� y, z, x, �C� x, y, z, �D� z, x, y, �E� −y, −z, −x, �F� −y, −x, −z, �G� x, y+1, z, �H� x+1, y+1, z
+1, �I� x+1, y, z, for phase I.

298 K 385 K 393 K 413 K

Hydrogen bond

O1A-O1a,B 2.522�2� 2.562�6� 2.601�10� 2.595�9�
O1A-H1A 1.021�7� 1.02�2� 0.94�2� 0.89�2�
H1A

¯O1a,B 1.501�7� 1.55�2� 1.63�3� 1.74�1�
H1A

¯H1a,B 0.48�1� 0.55�2� 0.86�4� 0.94�3�
O1A-H1A

¯O1a,B 177.9�5� 174.5�7� 160.9�9� 160.7�9�

Other O-O distances

O1A
¯O1b,C 3.738�2� 3.727�5� 3.814�10� 3.822�9�

O2c�O22D�¯O3�O22E� 3.203�2� 3.234�3� 3.19�1� 3.193�8�
O2c�O22D�¯O4�O21F� 3.434�1� 3.461�3� 3.43�2� 3.43�1�
O3c�O22B�¯O4�O21F� 3.494�2� 3.495�3� 3.56�1� 3.57�1�

SeO4 tetrahedron

Sel-O1B 1.683�1� 1.657�3� 1.683�7� 1.683�7�
-O2�O22D� 1.624�2� 1.624�3� 1.670�6� 1.668�6�
-O3�O22B� 1.620�1� 1.607�2� 1.670�6� 1.668�6�
-O4�O21� 1.615�2� 1.603�4� 1.502�12� 1.511�9�
O1B-Sel-O2�O22D� 105.4�1� 105.1�2� 101.8�2� 101.6�2�
-O3�O22B� 105.4�1� 106.0�2� 104.5�2� 104.5�2�
-O4�O21� 108.3�1� 108.4�2� 112.4�2� 112.4�2�
O2�O22D�-Sel-O3�O22B� 111.9�1� 112.0�2� 120.2�2� 120.6�2�
-O4�O21� 112.4�1� 111.6�2� 108.3�2� 108.5�2�
O3�O22B�-Sel-O4�O21� 112.9�1� 113.2�2� 108.5�2� 108.0�2�

Lattice

K1c-K1G 7.98907�5� 8.01796�7� 8.0262�1� 8.0297�2�
-K1a 8.047�2� 8.073�4�
-K1d,H �ch� 21.8229�1� 21.8977�2� 21.7984�5� 21.8049�4�
K1c-K2 4.405�1� 4.399�2� 4.333�2� 4.352�2�
K1G-K1c-K1a,I 42.719�1� 42.908�1� 43.167�7� 43.194�7�
K1a-K1c-K1e 43.073�1� 43.044�1�
K1G-K1c-K2 25.42�3� 25.44�4� 25.14�2� 25.15�2�
K1a-K1c-K2 25.37�3� 25.49�4�
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O1-O1 distance is 2.595�9� Å at 413 K in phase I, as shown
in Table II. The other oxygen atom, O2, is also distributed
triangularly, as shown in Fig. 1�b�. The distribution was ex-
pressed as two kinds of oxygen atoms, O21 and O22, with
occupancies of 1/3. These oxygen distributions contrast with
those of K1, K2, and Se1, which are spherical explained by a
harmonic vibration. A proton is in the disordered state be-
tween two oxygen atoms, as in phase II, however, the direc-
tion of the hydrogen bond cannot be determined because of
the three equivalent positions, as shown in Fig. 1�a�. Similar
Fourier maps showing proton disorder have been reported on
Rb3H�SeO4�2 �TRHSe� in phase I6, K3H�SO4�2 �TKHS�,22,24

K3D�SO4�2,23 and TKHSe32 in phase II. The H-H distance is
0.94�3� Å at 413 K and decreases as the O-O distance with
decreasing temperature, as listed in Table II. Thus, the proton
is in the disordered state in both phases I and II showing that
both phases are the palaelectric phase. In addition, this sug-
gests that the phase transition is not order-disorder type, be-
cause no permanent dipole, which interacts with each other
is defined for the ferroelastic phase transition. This indicates
that the oxygen atoms vibrate anharmonically in phase I,
although the distributions are also explained as the order-
disorder of tetrahedra.

Crystal structures at 298 K in phase II and at 413 K in
phase I are illustrated in Figs. 2�a� and 2�b�, respectively.
Figure 2�b� shows that the potassium atom K1 constructs a
trigonal lattice, and two K2 atoms and two SeO4 tetrahedra

are lined up on the 3̄ axis. The tetrahedra distribute around
the mean structure position rotationally with the position of
the Se atom at the center. Proton are distributed around each
face-centered position of the lattice with a probability of 1/6.
On the other hand, as shown in Fig. 2�a�, one of the K-K
distances corresponding to the lattice constant in phase I de-
creases from 8.0297�1� to 7.98907�5� Å, while the other two
increase equivalently to 8.047�2� Å in phase II. No hydro-
gen bond exists between two tetrahedra in the neighboring bt
direction �cm in phase II�, which is one of the equivalent
three directions in phase I. This shows that slight deforma-
tion of the lattice by about 5 /100 Å determines the hydro-
gen bond arrangements in phase II, and the situations are
closely related to the ferroelasticity in phase II.

Figures 2�c� and 2�d� present the arrangements of SeO4
tetrahedra at 298 and 413 K, respectively. In phase I, suppos-

ing that the oxygen atoms are allocated at the points painted
red �Fig. 2�d��, the interatomic distances of O-O and the
appearance of tetrahedra arrangements are congruent with
those in phase II �Fig. 2�c��. The results suggest that a hy-
drogen bond exists between two tetrahedra forming a dimer
even in phase I, and such local structures distribute with the
probability of 1/3.

B. Symmetrical and structural changes accompanied by
phase transition

Here, we revisit the details of structural change, this time

from the viewpoint of symmetrical change from R3̄m to
C2 /c. When an atomic density function �0�r� changes to
�0�r�+���r� accompanying a phase transition, the ���r� is
invariant for symmetry operations gi belonging to the low-
symmetry phase’s group, gi���r�=���r�, and can be consid-
ered an order parameter. The space group is expressed as a
semidirect product �denoted as Ù� of a translational group
and 	-point group, because these groups are nonexchange-
able in general. The irreducible representations of the trans-
lational group are identical to exp�ik ·rn�, where rn consists
of discrete translational vectors based on the lattice vectors.
The relationships between the lattice in phase I and II are as
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FIG. 2. �Color online� Crystal structure of K3H�SeO4�2. The
numbers in the figures are inter-atomic distances �Å� with their
standard deviations in the parentheses. �a� At 298 K in phase II. The
lattice is taken to be a pseudo rhombohedral cell. �b� At 413 K in
phase I. �c� Arrangement of SeO4 tetrahedra at 298 K. �d� Arrange-
ment of SeO4 tetrahedra at 413 K.
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follows: ap= �am−bm� /2=ct, bp= �am+bm� /2=at, and cp=cm
=−at+2bt−ct, where, the subscript of p represents the primi-
tive unit cell. The translational group in phase II, t�k�, is
identical to exp�ik · �lap+mbp+ncp�� �l, m, n: integer�. Using
the relationship between the axes, the translational group in
phase I, T�k�, is shown as

T�k� = t�k� � e−imkbt = t�k� � �E�bt� . �1�

Equation �1� shows that the lattice interval in the direction of
bt in phase II is twice of that in phase I. In fact, many super-
lattice reflections with an index of h k /2 l are observed in

phase II6. Hence, the space group R3̄m is transformed using
Eq. �1�.

R3̄m = T�k� Ù �	 − point� = t�k� � C3 Ù �L − point� . �2�

The C3 term replaces the groups trigonal axes.
Table III shows the character table for the L-point. Sym-

metry elements, C2�, I, and 
d, are illustrated in Fig. 3�c�. The
dihedral mirror plane, 
d, includes the bt axis. The twofold
axis, C2�, goes through the center of the unit cell, and is
perpendicular to the 
d. The inversion, I, is at the intersec-
tion of 
d and C2�. As shown in Table III, the space group of
phase II, C2 /c, is the maximal sub group of the L-point of

R3̄m, and representations L2 and L3 relate to the change from

R3̄m to C2 /c. Figure 3 shows the representative results ob-
tained using the projection operator for arbitrary atomic dis-
placements, which are parallel and perpendicular to the Se-O
bonds. As shown in Fig. 3�c�, the stretching displacements of
Se-O cancel in the cases of both L2 and L3. This result dem-
onstrates that the stretching mode of Se-O is independent of
symmetrical change. On the other hand, rotational displace-
ments are derived from vertical components of oxygen dis-
placements, as shown in Figs. 3�a�, 3�b�, 3�d�, and 3�e�. The
rotational axes correspond to one of the Se-O bonds. As
shown in the figures, the L2 modes correspond to rotational
displacements in the opposite direction, while the L3 modes
correspond to those in the same direction. Figure 3�f� exhib-
its the composition of L3b and L3c. The rotational axes incline
to the bisector of the O-Se-O angles. The tetrahedra tilt to the
hydrogen bond and the rotational displacements are identical
to those in phase II shown in Figs. 2�c� and 2�d�. As men-
tioned above, a slight deformation of the potassium lattice
determines the hydrogen bond orientation in phase II, and an
alternate rotational displacement of SeO4 tetrahedra, ex-
plained as a zone boundary phonon mode, corresponds to the
crystal structure in phase II.

C. Inelastic neutron scattering

Figure 4�a�–4�e� show INS spectra at 413 and 388 K in
phase I, from 	-point 0 2 0 to L-point 0.5 2 0, with an energy
transfer range from −10 meV to −0.4 meV. As shown in
Fig. 4�a�, five optical modes were observed at 	-point; OP1:
−1.4�1� meV �11.4�9� cm−1�, OP2: −4.3�1� meV
�34.9�8� cm−1�, OP3: −6.6�1� meV �53�1� cm−1�, OP4:
−8.1�2� meV �66�1� cm−1� and OP5: −9.4�3� meV
�76�2� cm−1�. Detailed assignments for Na3H�SO4�2, TKHS
and Rb3H�SO4�2 �TRHS� using the infrared �IR� absorption,
Raman scattering, and INS have been reported,30 as well as
those for TRHSe using INS and Fourier transform infrared
�FTIR� spectroscopy.16 In comparison with those results,
OP3 and 5 are assigned as the lattice modes of potassium
reported as 53 cm−1 and 77 cm−1 in TKHS, respectively.30

Although OP4 has not been mentioned, it is naturally ex-
pected that the mode is a similar lattice mode. OP2 has been
observed at 57 cm−1 and 44 cm−1 for TKHS and TRHS,
respectively,30 and is assigned as �-OH. In addition, the
mode is suggested either weak coupling with the underlying
phonon density of states or a nonequivalent �SO4HSO4�−3

species form the asymmetric profile of the mode. The mode
has also been observed at 37.8 cm−1 for TRHSe.16 The in-
tensity of OP1 in Fig. 4�a�–4�e� is extremely weak; however,
it is observed at 2.0�2�, 1.8�2�, and 1.8�2� meV at 435, 415,
and 386 K, respectively �Fig. 4�f��. OP1 and 2 are considered
to be the L2 modes mentioned in Figs. 3�a� and 3�b�. It is
expected that the energy of L2 modes is higher than that of
the L3 mode, although the energies of both modes are close,
because the L2 modes have a node in the unit cell. Further-
more, as in the presented result, the modes have been ob-
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FIG. 3. �Color online� Various atomic displacements that belong
to a group of the zone boundary L-point. �a�, �b� L2 mode. �c�
Stretching mode of Se-O. �d�, �e�, �f� L3 mode.

TABLE III. Character table at L point of R3̄m and maximal
subgroups of each irreducible representation.

E C2� I 
d �E �bt� �C2� �bt� �I �bt� �
d �bt�

L1 1 1 1 1 −1 −1 −1 −1 C2 /m

L2 1 1 −1 −1 −1 −1 1 1 C2 /c

L3 1 −1 1 −1 −1 1 −1 1 C2 /c

L4 1 −1 −1 1 −1 1 1 −1 C2 /m
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served by INS measurements in both reports. The L2 repre-
sentation is compatible with the A1u and Eu representations at
the 	-point. The A1u mode is compatible with the L2b and
active only in hyper-Raman scattering, and the Eu mode is
compatible with the L2c and active in IR and hyper-Raman
scattering optically. However, the observation must be diffi-
cult because of the low frequency. These excitations in low-
energy region are open to discussion.

A large peak around −1.6 meV in Fig. 4�b� corresponds
to the transversal acoustic �TA� mode. The mode shifts to
6.4�1� meV across the optical modes, as shown in Figs.
4�a�–4�e�. Figures 4�h� and 4�i� are phonon dispersion curves
at 413 and 388 K, respectively. The longitudinal acoustic
�LA� mode was determined from the other data from 0 1.5 0
to 0 1.9 0 at 413 K. The LA mode shifts to 8.8�4� meV and
connects with OP5 at the L point, as shown in Fig. 4�h�;
therefore, OP5 is assigned as the longitudinal optical �LO�
mode of the lattice, and OP4 and 3 are transversal ones �TO�.
The velocity of LA and TA at 413 K were estimated from
each slope in the vicinity of the 	 point using 2�a�

=1.26 Å−1, as 3130�132� and 1930�78� m/s, respectively,
and that of TA at 388 K is 1909�15� m/s. The elastic stiffness,
c�=�v2, were obtained as cLA

� =3.0�8��1010 Pa and cTA
�

=1.1�3��1010 Pa; here �=3.05 g�cm�−3.
Because of overlap between peaks and poor statistics, the

details of dispersion curves in Figs. 4�h� and 4�i� �the curva-

ture, the mode anticrossing, etc.� are unclear in this result.
However, it illustrates some intrinsic points regarding the
phase transition. As shown in Figs. 4�b�, 4�h�, and 4�i�, no
significant anomaly is observed in the TA mode in the vicin-
ity of the 	 point at TC, which closely relates to the ferroelas-
tic phase transition. This shows that the phase transition is
independent of the softening of the TA mode. Moreover, no
soft optical mode was observed at the other Q space from 0
2 0 to 0.5 2 0. On the other hand, as shown in Fig. 4�g�, a
broad peak was observed around 0 meV above TC. The spec-
trum increases sharply with the decreasing temperature. The
result is close to the spectrum of over-damped phonons on
CsPbCl3 due to the M3 mode �the tilts of PbCl6 octahedra�.33

Figure 5�a� shows the temperature dependence of elastic
scattering spectra obtained by an h scan from 0.4 2 0 to 0.7
2 0. It shows that the broad peak around 0 meV shown in
Fig. 4�g� is observed only at the L point, and therefore, the
spectra are caused by coherent scattering having the same
symmetry of rotational SeO4 tetrahedra mentioned above.
The detailed energy transfer is shown in Fig. 5�c�. As de-
scribed in the figure, the spectrum includes incoherent scat-
tering by hydrogen illustrated as shaded spectrum. The inco-
herent scattering spectrum �spectrum at 0.7 2 0� corresponds
to the background in Fig. 5�a� and is independent of tempera-
ture. The energy resolution was obtained from the FWHM of
the spectrum as 88�3� �eV. Figure 5�d� shows the tempera-
ture dependence of the spectrum with incoherent scattering
subtracted. The spectrum increases with decreasing tempera-
ture, and the peak shape is narrower than the resolution. To
analyze the data in Figs. 5�a� and 5�d�, the following equa-
tion formulated for the neutron scattering cross section by
over-damped phonons34 was used.
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where, Fph�K� is the dynamic structure factor. Equation �3�
takes the form of the Lorentz function for both �q and �,
and is roughly proportional to T / �T−T0�. In this analysis, Eq.
�3� was simplified as AT���T−T0+B�q2��E2+�2��−1 with
the four parameters A, B, T0, and �. The results of fitting,
substituting E=0 and �q=0, for the fitting function are illus-
trated in Figs. 5�b� and 5�e�, respectively, and those at each
temperature are shown as the lines in Figs. 5�a� and 5�d�. The
extrapolated Curie temperature T0 was 368�2� K. The param-
eter � was assumed to be a linear function of T obtained
from fitting at each temperature using a normal Lorentz func-
tion, as shown in the inset of Fig. 5�e�. The FWHM of the
spectrum, 2�, depends slightly on the temperature and is
obtained as 60�4� and 70�6� �eV at 386 and 435 K, respec-
tively. This energy range corresponds to 14�1� to 17�1� GHz
and gives a lifetime of 7.1�4��10−11 to 5.9�4��10−11 s.
Although the lifetimes are expected to be a little longer than
this result because of the resolution, these time scale agree
with the stationary time of the conducting protons, 9.0�8�
�10−11 s at 388 K and 4.9�3��10−11 s at 433 K, obtained
from QENS.14 Here, the QENS spectrum represents incoher-
ent scattering due to the large incoherent scattering length of
protons corresponding to the shaded spectrum in Fig. 5�c�, in
contrast to the coherent one discussed above. Thus, it is dem-
onstrated that an over-damped rotational mode of SeO4 tet-
rahedra with the lifetime about 10−10 s drives the improper
ferroelastic phase transition.

IV. SUMMARY

In this study, we showed statical and dynamical details of
SeO4 tetrahedra in the protonic conductor TKHSe thorough
the structural analysis and inelastic neutron scattering. The
crystal structure in phase I shows the rotational distribution

of SeO4 tetrahedra locally, which corresponds to the arrange-
ment of dimers in phase II. The rotational mode of SeO4
tetrahedra L3 meets the requirements for the symmetrical

change from R3̄m to C2 /c. No significant anomaly is ob-
served in the TA and optical under-damped modes in the
vicinity of TC, while a coherent broad spectrum around 0
meV increases at the zone boundary L point above TC. The
temperature dependence of the spectrum is represented by
that of the soft mode due to an over-damped phonon. Tilted
tetrahedra form hydrogen bonds and dimers locally even in
phase I, and the rotational mode is over-damped by the for-
mation of the hydrogen bonds. That is, the tetrahedra rota-
tionally vibrate, tearing the hydrogen bond throughout in the
crystal above TC, suggesting that the phase transition tem-
perature corresponds to the binding energy of the
SeO4-H-SeO4 dimer. On the other hand, freezing of the ro-
tational mode determines the hydrogen bond arrangement
and lattice deformation in phase II, as shown in Fig. 2�a�.
These situations also play an important role for proton con-
ductivity. The lifetime of the over-damped mode, about
10−10 s, agrees with the stationary time of conducting pro-
tons. This shows that proton conduction is simultaneous with
the motion of the rotational mode in phase I.

In contrast to the representative hydrogen-bonded mate-
rial KH2PO4, of which the phase transition is also an im-
proper ferroelastic but a proper ferroelectric type,35–37 the
rotational tetrahedra mode is predominant in the high-
temperature improper ferroelastic phase transition of
TKHSe, which induces no ferroelectricity or antiferroelec-
tricity in phase II. From this situation, the high-temperature
phase transition of TKHSe is not order-disorder type, be-
cause no permanent dipole for the ferroelastic phase transi-
tion is defined. The present results show that the rotational
tetrahedra modes are capable of being an order parameter,
and a new mechanism is needed.
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