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Proton-irradiation-induced anomaly in the electrical conductivity of a hydrogen-bonded
ferroelastic system
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An anomalous abrupt drop in the electrical conductivity has been observed at the ferroelastic phase transition
of a proton-irradiated system of hydrogen-bonded TIH,PO,. As a result of the high-resolution 3P NMR
chemical-shift measurements, distinct changes in the atomic displacements due to the irradiation were identi-
fied in the ferroelastic and paraelastic phases. Besides, 'H NMR spin-spin relaxation measurements revealed a
change due to the irradiation in the proton dynamics at the ferroelastic phase transition, apparently accounting
for the much-reduced electrical conductivity in the paraelastic phase of the irradiated system.
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Considerable attention has been paid to the KH,PO,
(KDP)-type crystals for their ferroelastic as well as (anti)fer-
roelectric phase transitions.!> The hydrogen-bonded KDP-
type crystals are known to undergo structural phase transi-
tions of a weak first order. Proton transport gives rise to ionic
conduction and dielectric relaxation in these systems,3’6
whose electrical and elastic properties associated with the
phase transitions have been studied in terms of domain-wall
motions.”8

In contrast to the simultaneous ferroelectric and ferroelas-
tic transitions in KDP, TIH,PO, (TDP) undergoes antiferro-
electric and ferroelastic phase transitions at well-separated
temperatures, i.e., at 7,.=230 K and Tc’=357 K,
respectively.>!® We have recently identified a peculiar
mixed-phase boundary temperature 7, in TDP from
temperature-dependent impedance spectroscopy.'!!? Distinct
electrical responses were obtained below and above a Curie-
Weiss temperature T, well above T.. The polarization exhib-
ited a paraelectric response above 7, and an antiferroelectric
response below that temperature.'-!2

Two distinct domain structures are known in TIH,PO, and
TIH,AsOy,, i.e., the (001)/(100) domain structure disappear-
ing above the ferroelastic phase and the (201) domain struc-
ture persisting above the ferroelastic phase transition.'? Elas-
tic frustrations can take place in the ferroelastic phase in the
interface regions between the domains due to random stress-
strain relationships.'

There are three different crystallographic hydrogen bonds
with inequivalent H sites in TDP according to x-ray and
neutron-scattering measurements.'* Two shorter bonds of
length 0.243 and 0.245 nm are centrosymmetric forming zig-
zag chains along the ¢ axis. The protons are at special posi-
tions of a center of inversion undergoing an order-disorder
transition.'> The longest bond of length 0.25 nm is asymmet-
ric along the b axis, with the protons at a general position
being ordered at all temperatures. The very short hydrogen
bonds and the very heavy TI* ion mass are peculiar to TDP,
playing a vital role in the phase transitions.

The hydrogen-bonded antiferroelectrics are relatively less
understood than the KDP-type crystals undergoing a ferro-
electric transition, the textbook antiferroelectric NH,H,PO,
being an exception.!>!® The antiferroelectric transition is
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known to be associated with lattice strain and antiferroelec-
tric phases have been reported in some ferroelectrics under
external pressure.!” The effect of local ferroelastic strain on
the proton ordering has been reported in squaric acid, in
which the protons are antiferroelectrically ordered below T
with simultaneous distortion of the squarate units.'® Co-
existence of order-disorder and displacive behaviors in the
ferroelectrics have been found!®?! under co-occurrence of
(anti)ferroelectric and ferroelastic transitions. Continuous
chemical shifts of nuclear-magnetic-resonance (NMR) peak
positions arise from the displacive component in the struc-
tural phase transition involving proton order-disorder. Study
of the coupling of proton ordering and ferroelastic shear
strain at the phase transitions in TDP can be very interesting
in view of the proton motion which in the proton-lattice cou-
pling model is associated with the PO, tetrahedral motions.??
In this regard, we have carried out electrical conductivity as
well as 'H and *'P NMR measurements in order to probe the
charge dynamics and atomic displacements in view of the
antiferroelectricity and ferroelasticity in TDP.

Polycrystalline bulks of TDP, with and without irradiation
with a 1 MeV proton beam of spot radius 0.5 cm at a dose of
10'5/cm?, were pulverized and pelletized into a disk of di-
ameter of 13 mm and thickness 0.78 mm. Gold electrodes
were put on the flat faces of the disks for electrical conduc-
tivity measurements from the complex impedance in a fre-
quency range from 10 to 2 MHz by using a Quadtech 7600
impedance analyzer. The NMR measurements were made by
using a 400 MHz pulsed BRUKER DSX 400 NMR spec-
trometer between 200 and 400 K. High-resolution *'P magic
angle spinning NMR measurements were carried out em-
ploying a Larmor frequency of 243 MHz with a spinning
frequency of 7 kHz. The chemical-shift measurements were
made relative to a solution of H;PO,, a 31p standard. The 'H
NMR spin-spin relaxation was measured by the conventional
solid echo pulse sequence, (7/2) g — 7—(71/2)g0-. The change
in the number by the proton irradiation of 10'3/cm?, corre-
sponding only to one in 107 lattice sites, may give rise to no
significant change in the "H NMR intensities or in the crystal
composition.

The real and imaginary parts of the complex impedance
of the TDP system before and after the proton irradiation
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FIG. 1. (a) Real and (b) imaginary parts of the complex imped-
ance of the TDP system before the proton irradiation as functions of
frequency and temperature.

were obtained as functions of frequency and temperature
(Figs. 1 and 2). Figure 3 shows the temperature dependence
of the dc electrical conductivity before and after the proton-
beam irradiation, obtained from the impedance measure-
ments by using the relation o(w)=we, ", £” being the imagi-
nary part of the complex impedance. The dispersion of the
electrical conductivity in disordered solids is generally de-
scribed by the Jonscher’s relation, o(w)=0,+Aw", where o,
is the dc conductivity of the sample and the power-law ex-
ponent n (0<n<1) represents the degree of interaction be-
tween the mobile ions and their environment. While the dc
electrical conductivity o,, which is the long-term response to
the electric field,? mostly showed a monotonic increase with
temperature before the proton irradiation, an anomalous drop
is manifest at the ferroelastic transition temperature after the
irradiation (Fig. 3). It is to be noted that whereas the electri-
cal conductivity shows a noticeable change in the ferroelastic
phase only near 77, a drastic and marked change arises from
the proton irradiation in the paraelastic phase above 77.20-2# It
is to be noted that as expected the activation energies ob-
tained from the straight-line portion of the conductivity in
Fig. 3 are in excellent agreement with the rotating-frame
spin-lattice relaxation-time (7;,) measurements reported in
our previous work.?* The temperature dependence of the co-
efficient A is shown in Fig. 4 in order to provide information
on the relative sizes of the dc and ac responses.

In order to study the changes in the microscopic lattice
environments arising from proton irradiation, high-resolution
3P NMR chemical-shift measurements were made for prob-
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FIG. 2. (a) Real and (b) imaginary parts of the complex imped-
ance of the TDP system after the proton irradiation as functions of
frequency and temperature.

ing phosphorous atomic displacements in the PO, tetrahedra.
Figure 5 shows the temperature dependence of the change,
Ao, in the *'P NMR isotropic chemical shift due to the
proton irradiation. It is quite interesting to note the fact that
the ferroelastic phase transition in TDP is marked by a
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FIG. 3. Temperature dependence of the dc electrical conductiv-
ity in TDP before and after the proton-beam irradiation. Inset: the
power-law exponent n of the frequency dependence as a function of
temperature.
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FIG. 4. Temperature dependence of the coefficient A in the Jon-
scher’s relation before and after the proton-beam irradiation.

change in Aoj,,. The isotropic chemical shift following the
proton irradiation moved in the opposite directions below
and above 7.. The isotropic chemical shift below the fer-
roelastic phase-transition temperature 7. in the proton-
irradiated TDP moved toward low frequencies by about
Ao,,=16 Hz (Refs. 25 and 26) whereas it moved toward
high frequencies above T.. Thus, quite distinct changes in
the electron charge distribution and thus those in the lattice
strain are detected in the ferroelastic and paraelastic phases
by the high-resolution NMR techniques employed in this
work.

The '"H NMR spin-spin relaxation rate (75;) data were
well fitted by a double exponential form at all temperatures,
giving two decay constants corresponding to the sharp and
broad lines in the '"H NMR line shape. The short-term decay
reflects atomic diffusion among the “rigid-lattice” protons
corresponding to the broad Gaussian '"H NMR line-shape
component whereas the long-term decay is ascribed to the
mobile protons corresponding to the narrow Lorentzian

component.?’ Figure 6 shows the temperature dependence of
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FIG. 5. Temperature dependence of the change, Aoy, in the 3lp
NMR isotropic chemical shift due to the proton irradiation. 7/, in-
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FIG. 6. Temperature dependence of the short-term exponential
decay rate obtained from the 'H NMR spin-spin relaxation mea-
surements in TDP before and after the proton-beam irradiation. The
inset shows the amplitude fraction of the short-term decay
component.

the short-term spin-spin relaxation rate.
The spin-spin relaxation rate for the lattice diffusion of
the Arrhenius type is related to the diffusion coefficient D by

1/T2 o D—l - D;1€+AE/kT, (1)

where AE is the activation energy or a potential barrier of
diffusion.’® While the short-term decay constant shows little
change in the antiferroelectric phase, an overall decrease
with increasing temperature is noticed above T, indicative of
the rigid-lattice protons undergoing lattice diffusion whose
activation energies may be obtained from the slopes in
Fig. 6. Before and after the irradiation, activation energies of
18 and 17 meV were obtained in the ferroelastic phase
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FIG. 7. Temperature dependence of the long-term spin-spin re-
laxation rate obtained from the '"H NMR spin-spin relaxation mea-
surements in TDP before and after the proton-beam irradiation. The
inset shows the amplitude fraction of the long-term decay
component.
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whereas those of 64 and 57 meV were obtained in the
paraelastic phase T, respectively.'®

Three distinct regimes of random motions of the Arrhen-
ius type, with a correlation time 7, are manifest in the
temperature-dependent long-term spin-spin relaxation rate
(Fig. 7). The spin-spin relaxation rate is given by
T,' o 7' exp[+E,/ kyT] in the fast motion regime (w7<1),2
where o is the Larmor frequency and E, is the activation
energy, which can be obtained from the slopes in Fig. 7.
Distinct activation energies and motional limits before and
after the proton irradiation may thus obtained in the three
distinct temperature ranges separated by 7,~305 K and 7,
(Fig. 7)."'?7 It is of particular interest to note the change in
the proton motional limits in the paraelastic phase (7>T7)
due to the proton-beam irradiation. The proton-beam treat-
ment gives rise to a slow dynamics of the hydrogen motion
in the paraelastic phase of the TDP system. Thus, the abrupt
drop in the electrical conductivity at 7. in the proton-
irradiated TDP may well be explained by an abrupt change in
the mobility. In the same context, it is worth noting the in-
crease in the population of the rigid-lattice protons following
the proton-beam irradiation (see insets of Figs. 6 and 7). The
increase in the population of the “rigid-lattice protons” in the
system exposed to the proton beam may also be understood
in terms of the surplus protons, generated by irradiation, de-
creasing the number of lattice sites accessible to diffusing
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protons, effectively decreasing the relative number of “mo-
bile” protons.

In summary, we have investigated the proton-irradiation
effects on the electrical conductivity of the hydrogen-bonded
system of TIH,PO, undergoing well-separated antiferroelec-
tric and ferroelastic phase transitions. As a result, an anoma-
lous, abrupt drop in the electrical conductivity was found at
the ferroelastic phase transition of the proton-irradiated sys-
tem, and possible clues were sought by means of the high-
resolution *'P NMR chemical shift and "H NMR spin-spin
relaxation measurements. Thus, distinct phosphorous atomic
displacements of the PO, tetrahedra in the ferroelastic and
paraelastic phases of the proton-irradiated system were iden-
tified. A motional slowing down of proton dynamics in the
paraelectric phase of the proton-irradiated system was re-
vealed as well, possibly explaining the origin of the marked
decrease in the electrical conductivity.
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