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Abstract

Electrical properties and 1H-NMR absorption line have been measured, in order to investigate proton dynamics in a superionic

phase in Tl3H(SO4)2. From the measurement of the thermoelectric power, it is found that a majority carrier in electrical conductivity

is a proton. Moreover, from 1H-NMR measurement it is also found that the activation energy 0.33 eV of the hopping motion of

protons is close to 0.38 eV as observed in the electrical conductivity measurement. These results indicate that the electrical

conductivity in the superionic phase is caused by the hopping motion of protons accompanied by the breaking of the hydrogen

bonds.

r 2004 Elsevier Inc. All rights reserved.

PACS: 66.30.Hs; 77.80.Dj; 77.90.+k

Keywords: Tl3H(SO4)2; Superionic conductor; NMR; Electrical conductivity; Proton dynamics
1. Introduction

Recently, many efforts in the studies on zero-
dimensional hydrogen-bonded M3H(XO4)2 (M: K, Rb,
Cs, NH4; X: S, Se)-type compounds have been devoted
in conjunction with the development of fuel cell [1-12].
The M3H(XO4)2-type compounds undergo a superionic
phase transition from a low-temperature ferroelastic
phase to a high-temperature paraelastic phase. The
thermal rotational displacement of XO4 tetrahedrons
observed at the superionic phase transition is closely
related to the appearance of the superionic phase.
Therefore, it was expected for M3H(XO4)2-type com-
pounds that the superionic phase transition is observed
at higher temperature such as 400K.
However, recently, it was found from dielectric and

thermal studies that the Tl3H(SO4)2 crystal, which is one
of M3H(XO4)2-type compounds, undergoes the super-
ionic phase transition at 239K[13]. That is, this crystal
becomes a superionic conductor at room temperature.
e front matter r 2004 Elsevier Inc. All rights reserved.
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This crystal belongs to the trigonal system with a space
group of R3̄m at room temperature [14]. The most
interesting feature of this structure is that the disordered
states of oxygen, which rotates between three equivalent
sites accompanied by the breaking of the hydrogen
bond, exist in the superionic phase. Therefore, in
Tl3H(SO4)2, it is deduced that even at room temperature
the breaking and rearrangement of the hydrogen bond
are iterated accompanied by the rotational displacement
of SO4 tetrahedrons. The investigation on the superionic
conduction in Tl3H(SO4)2 will lead to the further
understanding of the role of a proton in electrical
conductivity in the superionic phase of M3H(XO4)2-type
compounds. In the present paper, we report the
experimental results of the thermal, electrical and 1H-
NMR measurements and discuss the role of a proton in
the superionic phase transition.
2. Experimental procedure

The Tl3H(SO4)2 crystals were grown by the slow
evaporation method from an aqueous solution of
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Tl2SO4 and H2SO4 with a molar ratio of Tl2SO4:
H2SO4=3:2 at 313K. The single crystals form a
hexagonal thin plate with the predominant (001) faces
and are transparent. Measurements of the electrical
conductivity were carried out by using a polycrystalline
pressed pellet sample below room temperature in the
frequency range from 100 to 10 kHz using an LCR
meter (4284A: Hewlett Packard Co. Ltd.). Measure-
ments of thermoelectric power were carried out with the
experimental arrangement as shown in the previous
paper [15]. The NMR absorption lines were observed by
the Q-meter detective method at the resonance fre-
quency of 10.6MHz with powder specimens.
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3. Results and discussion

Fig. 1 shows the frequency f dependence of the
imaginary part of dielectric constant �00 at various
temperatures. We can see clearly that, in the frequency
range from 100Hz to 10 kHz, log �00 is proportional to
log fwith the following equation:

�00 ¼
s

2p�0f
: (3.1)

Here, s is the static electrical conductivity and �0 the
permittivity of vacuum. Therefore, we can estimate the
temperature dependence of the static electrical conduc-
tivity s by analyzing the frequency dependence of �00 at
various temperatures.
Fig. 2 shows the temperature dependence of s as a

plot of log sT against inverse temperature. As shown in
Fig. 2, s shows anomalous behaviors at TI–II=267K,
TII–III=239K and TIII–IV=196K. At the superionic
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Fig. 1. Frequency dependence of �00: Solid lines show the fitted ones

using Eq. (3.1).
phase transition temperature of TII–III s steeply in-
creases and becomes about 10�4 S/cm at room tempera-
ture. Moreover, it is also noted that log sT is
proportional to 1=T with increasing temperature in the
superionic phases. From this result, we calculate the
activation energies for the superionic phases I and II
using the Arrhenius’ equation

s ¼ A0=T expð�Ea=kBTÞ; (3.2)

where A0 is the pre-exponential factor and kB is
Bolzmann’s constant. The activation energies in the
phases I and II are calculated to be 0.34 and 0.38 eV,
respectively.
In Fig. 3, the thermoelectromotive force DV is shown

as a function of temperature difference DT in the
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Fig. 2. sT � 1=T characteristic.
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Fig. 3. DV � DT characteristic.



ARTICLE IN PRESS

100 200 300

0

0.2

0.4

M
2

(G
2
)

Temp erature (K)

TII–III

TI–IITIII–IVTIV–V

Fig. 5. Temperature dependence of second moment M2.
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superionic phase of 331K. It is evident that the absolute
value of the thermoelectromotive force DVj j increases
linearly with the increase of DTj j:
Moreover, it is also noted that the sign of the

thermoelectric power S=(DV=DT) is a positive. This
result indicates that the majority carrier in electrical
conductivity in the superionic phase is a proton.
Fig. 4 shows the 1H-NMR absorption lines at various

temperatures. As shown in Fig. 4, the 1H-NMR
absorption lines show the broad ones in the phases III,
IV and V compared with those in the phases I and II.
Thus, the 1H-NMR absorption line becomes sharp
above TII–III. Moreover, the shape of the NMR
absorption lines in the phases III, IV and V are
described well with the Gaussian curve that corresponds
to the NMR line for rigid lattice. On the other hand, the
NMR absorption lines observed above TII–III are
described with the functional form mixed with the
Gaussian curve and the Lorenzian curve. It is well
known that the NMR absorption line with the
Lorenzian curve is caused by the existence of mobile
protons. Therefore, this result indicates that mobile
protons exist above TII–III.
It is also noted that the 1H-NMR linewidth becomes

narrow above TII–III drastically. In order to examine the
narrowing of 1H-NMR absorption line more in detail,
we show the temperature dependence of the second
moment M2 in Fig. 5. The second moment is closely
related with the linewidth of the 1H-NMR absorption
line. The second moment M2 is directly calculated from
the measured NMR absorption lines at various tem-
peratures using the following equation:

M2 ¼

R1

�1
ðH � H0Þ

2f ðH � H0ÞdHR1

�1
f ðH � H0ÞdH

;
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Fig. 4. 1H-NMR absorption lines at various temperatures.
where H0 and H are the resonance magnetic field and
the external magnetic field, respectively. The function
f ðHÞ means the measured NMR absorption line.
The second moment M2 is approximately 0.47G2

below 190K, which begins to decrease above approxi-
mately 190K with increasing temperature and becomes
below 0.01G2 in the superionic phases I and II. The
decrease in M2 results from the motional narrowing of
the 1H-NMR absorption line, because the mobile
proton leads to an averaging of the local field produced
by the magnetic dipole–dipole interaction of protons.
This result indicates that the hopping motion of protons
begins above 190K and that in the superionic phases
protons move with the hopping rate that is fast enough
to narrow the 1H-NMR absorption line. As described in
the introduction, the oxygen closely related with the
hydrogen bond in the SO4 tetrahedrons moves between
three equivalent sites. Considering this result, the
hopping motion of protons is caused by the breaking
and rearrangement of the hydrogen bonds accompanied
by the hopping motion of the oxygen between three
equivalent sites. It is also noted that the onset of the
decrease in M2 appears below the superionic phase
transition. It is known that the hopping motion of
protons is observed even below the superionic phase in
the isomorphic Rb3H(SeO4)2 crystal, accompanied by
the growth of the micro-domain structure [3,9]. There-
fore, this decrease in M2 observed below TII–III is caused
by the precursor effect of the hopping motion of protons
in the superionic phase of phase II (that is, we can
obtain proton motion in the phase II by analyzing the
decrease in M2 observed below TII–III). Moreover we
note that at TI–II M2 decreases from 2.06� 10�3G2 at
257K to 4.47� 10�4G2 at 276K with increasing
temperature. It seems that the decrease of M2 at TI–II
is caused by the increase in mobility of proton
accompanied by the phase transition or the increase in
the conducting path of proton such as the change from
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Fig. 6. Temperature dependence of the correlation frequency nc:
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the two-dimensional conduction of proton to the three-
dimensional conduction.
Furthermore, an analysis of the second moment

makes it possible to determine the correlation frequency
nc for the hopping motion of protons, which leads to the
narrowing of the NMR absorption line. The analysis
was carried out using equation [16]:

nc ¼
g
2p

a
ffiffiffiffiffiffiffiffi
M2

p

tan p
2

M2�MH
2

ML
2�MH

2

� � ; (3.4)

which describes the temperature dependence of nc
obtained from various values of M2. Here, M2

L and
M2
H are the second moments before and after narrowing,

respectively. The constant a is (8 ln 2)�1. The correlation
time is assumed to obey the Arrhenius’ relation

nc ¼ n0 expð�Ea=kBTÞ (3.5)

so that we can obtain the correlation frequency for high-
temperature limit frequency n0 and the activation energy
Ea of the hopping motion of protons. Fig. 6 shows the
temperature dependence of the correlation frequency nc
obtained for the hopping motion of protons. It is
evident that log nc is proportional to 1/T. From this
result, we find n0 ¼ 7:7� 1010 s�1 and Ea=0.33 eV.
It is known that the activation energies of the

M3H(XO4)2-type compounds in the superionic phase
become 0.26–0.39 eV in the a–b plane of the hexagonal
system in the super-ionic phase and become
0.40–0.61 eV along the c-axis [2]. The activation energy
obtained from the measurement of electrical conductiv-
ity in the polycrystalline pressed pellet sample of
Tl3H(SO4)2 is 0.38 eV in the phase II. In NMR
measurement, we also used the powder sample and
therefore obtain the activation energy of 0.33 eV
averaged on all directions. This value is close to that
obtained from the electrical conductivity measurement.
From these results it is deduced that the hopping motion
of protons, which is caused by the breaking and
rearrangement of the hydrogen bonds, leads to the
electrical conductivity in the superionic phase.
4. Summary

We have measured the thermoelectric power, elec-
trical conductivity and 1H-NMR absorption line and
have investigated the role in a proton in electrical
conductivity on Tl3H(SO4)2. We have obtained from the
thermoelectric power S ¼ ðDV=DTÞ that the majority
carrier in electrical conductivity in the superionic phase
is a proton. Moreover it is also found from the analyses
of the second moment of 1H-NMR absorption line that
the activation energy of 0.33 eV for the hopping motion
of protons in the superionic phase (phase II) is close to
that of 0.38 eV observed in the electrical conductivity
measurement using the polycrystalline pressed pellet
sample. These results indicate that the electrical
conductivity of the Tl3H(SO4)2 crystal observed in the
superionic phase results from the hopping motion of
protons accompanied by the breaking and rearrange-
ment of the hydrogen bonds.
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