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Abstract
The 1H and 39K spin–lattice relaxation, T1, spin–spin relaxation time, T2 in
the laboratory frame, and the spin–lattice relaxation time in the rotating frame
T1ρ in superionic K3H(SeO4)2 single crystals grown by the slow evaporation
method were measured in the ferroelastic and paraelastic phases. The 1H T1,
T1ρ , and T2 exhibited different trends with temperature in the ferroelastic phase,
but were found to have very similar, liquid-like values in the paraelastic phase.
In the paraelastic phase, the reorientational and translational motions are lost,
and the proton motion can be characterized with a single correlation frequency,
ωc. The observation that the variations of 1H T1, T1ρ , and T2 of K3H(SeO4)2

crystals with temperature are very similar in the paraelastic phase indicates that
the destruction and reconstruction of hydrogen bonds does indeed occur at high
temperatures. In addition, the 39K T1 and T2 were found to be similar at high
temperatures, as was also observed for the 1H T1 and T2. The crystal in the
high-temperature phase is a fast ionic conductor. The motion giving rise to this
liquid-like behaviour may be related to superionic motion.

1. Introduction

Hydrogen-bonded M3H(XO4)2 (M = K, Rb, Cs, NH4; X = S, Se) crystals are well known
for their high protonic conductivity, which increases significantly in the high-temperature
superionic phases [1]. The conductivity of these crystals is associated with the dynamical
disordering of the hydrogen-bond network, which results in an increase in the number of
possible proton positions [2]. Proton conduction occurs in several types of materials, including
many hydrogen-bonded systems [3–9]. Most crystals in the M3H(XO4)2 family undergo
a superprotonic phase transition from a monoclinic room-temperature phase to a trigonal
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high-temperature phase. In the vicinity of the phase transition temperature Tc, the electrical
conductivity rapidly increases with temperature, and it is decreased by a power law for the
temperature dependence. In the paraelastic phase above Tc the conductivity is exceedingly
high, as high as that found in ionic conductors [10, 11]. At room temperature all the members
of this family are ferroelastic and isomorphous with space group A2/a, except Cs3H(SeO4)2

with space group C2/m [12]. Above room temperature they undergo ferroelastic transitions in
the range 339–456 K to trigonal (R3m) paraelastic and superionic phases [13, 14]. K3H(SeO4)2

belongs to a family of hydrogen-bonded crystals with the general formula M3H(XO4)2.
K3H(SeO4)2 undergoes two successive phase transitions at 20 and 390 K (the phases are
denoted I, II, and III in descending order of temperature); it is antiferroelectric in phase III,
ferroelastic in phase II, and exhibits high electrical conductivity in phase I [15]. The crystal
structure of K3H(SeO4)2 at temperatures below 20 K has not yet been reported, and although its
physical properties have been reported, other properties such as its nuclear magnetic resonance
(NMR) have not yet been studied.

The spin–lattice relaxation time can be used as a measure of the dynamics of a crystal,
such as the nucleus–phonon interaction, and indicates how readily the excited state energy of
the nuclear system is transferred into the lattice. As protons are expected to play a dominant role
in the physical properties and phase transition mechanisms of these hydrogen-bonded crystals,
probing their proton motions with 1H NMR is expected to be a powerful means of studying
their microscopic nature. K3H(SeO4)2 is important for studies of the correlation between
transition temperatures and hydrogen bonding because of its low transition temperature. To
obtain information about the structural phase transition and the relaxation processes that occur
in K3H(SeO4)2 single crystals, it is useful to measure the spin–lattice relaxation time in
the laboratory frame, T1, the spin–lattice relaxation time in the rotating frame, T1ρ , and the
spin–spin relaxation time, T2, for the 1H and 39K nuclei. The present study investigated
the temperature dependences of T1, T1ρ , and T2 for the 1H and 39K nuclei in K3H(SeO4)2

single crystals using a pulse NMR spectrometer. The motions of the 1H and 39K nuclei in the
ferroelastic and paraelastic phases are discussed in the light of these results. The correlation
between superionic motion and the relaxation times at high temperatures is discussed, for the
first time.

2. Crystal structure

The monoclinic unit cell of the K3H(SeO4)2 crystal with space group A2/a at room temperature
is characterized by lattice parameters a = 10.1291 Å, b = 5.9038 Å, c = 14.961 Å, and
β = 103.64◦ [16–18]. The crystal structure of the ferroelastic phase of K3H(SeO4)2 is shown
in figure 1. The structure of K3H(SeO4)2 is built up of hydrogen-bonded SeO4 dimers and K
cations. There are two kinds of K atom: K(1) occupies a special position on the twofold axis;
K(2) is at a general position. Both types of K atom are surrounded by ten oxygen atoms. A
given SeO4–H–SeO4 dimer consists of two slightly deformed SeO4 tetrahedra. The two SeO4

tetrahedra are connected by a hydrogen bond. The crystal structure of the paraelastic phase
belongs to the space group R3m with a = 6.118 Å and c = 22.629 Å. In this case, the crystal
is characterized by rhombohedral symmetry with a unit cell in the hexagonal structure.

3. Experimental method

Single crystals of K3H(SeO4)2 were prepared by cooling from around 313 K a saturated
aqueous solution containing excess selenic acid compared with its stoichiometric amount;
the molar ratio of K2SeO4:H2SeO4 was 3:1.54. The crystals obtained are hexagonal
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Figure 1. Projection of the K3H(SeO4)2 crystal at room temperature.

thin plates, similar to the pseudo-hexagonal c-plates of K3H(SO4)2, but sometimes exhibit
twinning [19, 20]. Transparent plates with dominant (001) faces were obtained.

The NMR signals of the 1H and 39K nuclei in the K3H(SeO4)2 single crystals were
measured using Varian 200 FT NMR and Bruker DSX 400 FT NMR spectrometers,
respectively, at the Korea Basic Science Institute. The static magnetic fields were 4.7 and 9.4 T
respectively, and the central radio frequency was set at ω0/2π = 200 MHz for the 1H nucleus
and at ω0/2π = 18.67 MHz for the 39K nucleus. The 1H and 39K experiments were performed
using a π–t–π/2 pulse sequence for the T1 measurements, a spin-locking sequence π–B1(t)
with B1 = 5 kHz for the T1ρ measurements, and the T2 were measured using the solid echo
method. The temperature-dependent NMR measurements were obtained over the temperature
range 160–450 K. The samples were maintained at a constant temperature (accuracy, ±0.5 K)
by controlling the helium gas flow and the heater current.

4. Experimental results and discussion

4.1. 1 H NMR in K3 H (SeO4)2 crystals

The temperature dependences of T1, T1ρ , and T2 for protons, when the static magnetic field
is applied along the crystallographic c-axis, are shown in figure 2. The spin–lattice relaxation
time in the laboratory frame, T1, was measured using a inversion recovery sequence. The
spin–spin relaxation time, T2, was determined with the solid echo method, and exhibits a
strong temperature dependence. In the ferroelastic phase, T1 differs from T1ρ , which is in
turn different from T2, although they converge to similar values in the paraelastic phase. In
the ferroelastic phase, T1 and T1ρ are not governed by the same mechanism. T1 is determined
by the relatively fast HSeO4 rotational reorientations, whereas T1ρ is determined by proton
translational motion, which is much slower. The slow translational jumps of protons result in
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Figure 2. Temperature dependences of the spin–lattice relaxation time in the laboratory frame, T1,
spin–lattice relaxation time in the rotating frame, T1ρ , and spin–spin relaxation time, T2, for 1H in
a K3H(SeO4)2 single crystal (•: T1, �: T1ρ , and ©: T2).

a minimum in the variation of T1ρ with temperature. The minimum in T1ρ was found to occur
at 360 K, for ω1τt = 1 at 5.7 ms. At low temperatures, the proton NMR free induction decay
is short, indicative of a rigid lattice. As the temperature increases, ωc (reorientation) speeds
up, resulting in a narrowing of the proton NMR line-width and, as a result, T2 increases. This
increase in T2 is due to the rapid motion of the protons between the oxygens of each SeO4

group, giving rise to different, well-defined ‘orientations’ of the H(SeO4)
3−
2 ion. Above 390 K,

the 1H T1, T1ρ , and T2 become liquid-like, indicating the presence of translational motion
in addition to molecular ‘rotation’. The observation of liquid-like values of the proton T1,
T1ρ , and T2 is compatible with the suggestion that the phase above Tc is superionic. This is
consistent with the appearance of a ‘liquid-like’ value of proton T2 in (NH4)4LiH3(SeO4)4 and
(NH4)4LiH3(SO4)4 as discussed by Blinc et al [21]. The liquid-like T2 value indicates a drastic
motional averaging of the proton dipole–dipole interactions due to translational motion, and
is characteristic of a superionic state. At temperatures above the phase transition temperature,
the crystal lattice changes significantly. This is demonstrated by the change in the proton T1

and T2. The ferroelastic phase is characterized by a correlation time for reorientational motions
that is shorter than the correlation time for translational motions. At high temperatures, the
reorientational and translational motions are lost, and the proton motion can be characterized
with a single correlation frequency ωc. From the temperature dependences of T1 and T2, we
conclude that, in the ferroelastic phase, ωdip � ωc (reorientation) < ω0. Here ωdip is the
proton Larmor frequency in the local dipolar field (i.e., the dipolar width of the proton line
expressed in frequency units), ωc (reorientation) is the frequency of the rotational motions of the
H(SeO4)2 group between different equilibrium orientations, ωc (translation) is the frequency
of the motions of the protons between different sites due to translational motion, and ω0 is the
Larmor frequency in the external magnetic field.

4.2. 39 K NMR in K3 H (SeO4)2 crystals

We now discuss the recovery laws for quadrupole relaxation for a nuclear spin system of 39K
(I = 3/2). The transition probabilities for �m = ±1 and �m = ±2 are W1 and W2,
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Figure 3. 39K NMR spectrum of a K3H(SeO4)2 single crystal (a) below Tc and (b) above Tc.

respectively. The rate equations are then as follows [22]:

dn−3/2/dt = −(W1 + W2)n−3/2 + W1n−1/2 + W2n1/2,

dn−1/2/dt = −W1n−3/2 − (W1 + W2)Wn−1/2 + W2n3/2,

dn1/2/dt = W2n−3/2 − (W1 + W2)Wn1/2 + W1n3/2,

dn3/2/dt = W2n−1/2 + W1n1/2 − (W1 + W2)n3/2

(1)

where n−3/2, n−1/2, n1/2, and n3/2 are the differences in population between the equilibrium
value and that at time t for each energy level. The eigenvalues of these equations are W1, W2,
and W1 + W2.

When the central line is at saturation, the recovery function for the central line is calculated
to be [23, 24]

S(∞) − S(t) = 2S(∞)[0.5 exp(−2W1t) + 0.5 exp(−2W2t)] (2)

where S(t) is the nuclear magnetization corresponding to the central transition at time t after
saturation. The spin–lattice relaxation rate, 1/T1, is given by [25, 26]

1/T1 = [2(W1 + 4W2)]/5 (3)

The 39K NMR spectrum has three resonance lines as a result of the quadrupole interactions
of the 39K (I = 3/2) nucleus. When the crystal is rotated about the crystallographic axis,
crystallographically equivalent nuclei give rise to three lines: one central line and two satellite
lines. Instead of three resonance lines for the 39K nucleus in K3H(SeO4)2 crystals, four
resonance lines are obtained in the temperature range 180–380 K, as shown in figure 3(a).
The magnitudes of the quadrupole parameters of 39K nuclei are of the order of megahertz, so
usually only central lines are obtained. The four resonance lines are obtained for the central
transition (+1/2 ↔ −1/2) of the 39K NMR spectrum. This result points to the presence of
two types of crystallographically inequivalent 39K nuclei, K(1) and K(2). The four resonance
lines are due to the existence of two kinds of ferroelastic domain. Above 390 K, two resonance
lines corresponding to the crystallographically inequivalent K(1) and K(2) nuclei are obtained,
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Figure 4. Temperature dependences of the 39K spin–lattice transition rates W1 and W2 of a
K3H(SeO4)2 single crystal (•: W1 and ©: W2).

as shown in figure 3(b). The change to two resonance lines from four resonance lines is
associated with the phase transition at 390 K, which indicates that the ferroelastic character
has disappeared. The linewidth is broader above Tc than below Tc, and the broad linewidth at
high temperatures is averaged out by motion in the high-temperature phase. Also, the splitting
at high temperature is larger than at low temperature, i.e., 6 kHz instead of 2 kHz. The change
of the splitting of the 39K resonance line in the phase transition temperature of 390 K means
that the electric field gradient (EFG) at the 39K sites did change with temperature, which in
turn means that the neighbouring atoms to the 39K did displace from their high-temperature
positions.

The spin–lattice relaxation time, T1, and the spin–spin relaxation time, T2, for the four
resonance lines of 39K in K3H(SeO4)2 were measured in the ferroelastic and paraelastic phases.
The spin–lattice relaxation times were obtained with the inversion recovery method. The
recovery traces for the four resonance lines of 39K with dominant quadrupole relaxation can
be expressed as a linear combination of two exponential functions, as in equation (2). The
39K relaxation rates W1 and W2 of K3H(SeO4)2 in the ferroelastic phase are shown in figure 4,
where W1 is smaller than W2, and W1 and W2 exhibit similar temperature dependences. The
39K W1 and W2 of K3H(SeO4)2 increase monotonically with temperature up to 350 K, and at
high temperatures the relaxation rate increases rapidly with temperature. This trend is similar to
that of 39K in the KHSeO4 crystal [27]. The nuclear spin–lattice relaxation time, T1, for 39K was
obtained using equation (3) in terms of W1 and W2, and the results are shown in figure 5. The
variations with temperature of T1 for the four resonance lines of K are very similar, and their
values are the same within experimental error. Further, the spin–spin relaxation time, T2, was
determined for each line, and was found to depend on temperature. T2 increases with increasing
temperature, and near 320 K starts to decrease with temperature, as shown in figure 5. Above
390 K, the spin–lattice relaxation time and the spin–spin relaxation time abruptly decrease, and
converge to similar values. This is consistent with the trend of 123Sb T1 and T2 in K2SbF5

studied by Panich et al [28]. The relaxation times above Tc show values in the range expected
for a fast-ion conductor with liquid-like particle motion. The spin–lattice relaxation time of 1H
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Figure 5. Temperature dependences of the spin–lattice relaxation time, T1, and spin–spin relaxation
time, T2, of 39K in a K3H(SeO4)2 single crystal (•: T1 and ©: T2).

was found to be longer than that of 39K. It is expected that the potassium nuclei will relax more
quickly than protons due to their quadrupolar moment.

5. Conclusion

The spin–lattice relaxation time, T1, and the spin–spin relaxation time, T2, in the laboratory
frame, and the spin–lattice relaxation time in the rotating frame, T1ρ , for the 1H and 39K
nuclei in K3H(SeO4)2 single crystals were investigated with NMR spectrometer. These NMR
observations provide a consistent description of the dynamics of the 1H and 39K nuclei in this
material. Below Tc, T1 differs from T1ρ , which is in turn different from T2, although they
converge to similar values above Tc. Near 390 K, T1, T1ρ , and T2 for 1H are similar, and
are indicative of a liquid-like system, with both translational motion and molecular ‘rotation’
present. At high temperatures where the HSeO−

4 reorientations speed up and, because of
translational motion, the structure becomes near isotropic, the width of the local polarization
distribution and of the correlation time distribution diminish significantly, and the material
becomes progressively more plastic. The liquid-like values of T1, T1ρ , and T2 indicate that the
phase above Tc (=390 K) is superionic. The structural phase transition at high temperatures
may involve the breaking of hydrogen bonds between the nearest SeO4 and the forming of new
weaker disordered hydrogen bonds between neighbouring SeO4 tetrahedra. This structural
phase transition may involve significant reorientation of SeO4 tetrahedra and dynamical
disorder of the hydrogen bonds between them. According to previous reports [29, 30], the
high electrical conductivity of the superionic phase of M3H(XO4)2 (M = K, Rb, Cs, and
NH4) crystals is due to the hopping of protons, which is accompanied by the destruction and
reconstruction of hydrogen bonds. A short spin–lattice relaxation time at high temperatures is
consistent with the destruction of hydrogen bonds. In the case of K3H(SeO4)2 crystals, the 1H
spin–lattice relaxation time decreases with increasing temperature, indicating that the
destruction and reconstruction of hydrogen bonds does occur at high temperatures. The
variations of the 39K T1 and T2 with temperature are similar to those observed for the 1H T1,
T1ρ , and T2. The crystal in the high-temperature phase is a fast ionic conductor. This behaviour
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is expected for most hopping-type ionic conductors, and could be attributed to interactions
between the mobile ions and the neighbouring group ions within the crystal. The potassium
atoms are not involved in this type of dynamics. However, the spin interactions determining
the relaxation times for both 1H and 39K nuclei are probably coupled, which means that the
dynamics of the protons influence the dipolar and quadrupolar interactions controlling the
relaxation time of the 39K nuclei. This explains the similar trend in the relaxation times
determined from NMR data in the 1H and 39K NMR experiments.
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