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Abstract. The protonic conductivity ofNH4)3H(SOx)2 has been measured using the complex-
admittance method in the frequency range 30 Hz—200 MHz and the temperature interval 290—
500 K covering both the ferroelasticA2/a) and the paraelasti¢R3m) phases. The dc
conductivity shows quasi-two-dimensional behaviour and in the trigonal paraelastic phase its
values in the (001) plane are typically super-protofi®—2 < ooy < 1071 S cnl) with

low activation enthalpyH(f’(‘)OD = 0.24 eV. The temperature dependence of the monoclinic
superstructure reflection 120 has been studied using elastic neutron diffraction. It was found
that the observed anomalies of the macroscopic and microscopic quantities, such as the morphic
birefringence and the high-frequency dielectric constant on the one hand and the diffusion
proton dynamics as well as the integrated intensity of the reflection 120 on the other hand, show
pronounced differences in their temperature evolution below the ferroelastic phase transition
temperature. The neutron scattering results as well as the dielectric measurements indicate
precursor effects abovE.. The results are discussed on the basis of a phenomenological two-
order-parameter model for theggcgh ferroelastic phase transition. It is argued that properties
which originate from the disorder of the oxygen and proton subsystem can be described by
irreducible representations of the wave vector atFhpoint and the L point of the Brillouin

zone, while properties which originate from displacements of the heavy atoms (the displacement
mode) are solely described by the wave vector at the L point of the Brillouin zone of the
paraphase.

1. Introduction

Triammonium hydrogen disulphat®H,)sH(SOy), belongs to the well known family of
ferroelastic materials with the general formulgf{AQ,), (M = K, Rb, Cs, NH,; A = S,

Se). Above room temperature, crystals of this family undergo an improper ferroelastic phase
transition with the symmetry chang€2/a (Cgh)—Rém (D3y [1-4]. From the symmetry

point of view this phase transition is isomorphous with the ferroelastic phase transition
in crystals of the lead-phosphate-type compoundg(B®,), where B= P, As, V [5—-

7]. The crystal structures of these compounds as well as the substructure of the heavy
atoms in MMH(AOy), belong to the family of the palmierite-type structure. The structural
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differences are due to the presence of protons HMO,),. In the ferroelaostic phoase
(A2/a) the protons form strong symmetric hydrogen bonds with lengths of 2857 A.

The centres of the hydrogen bonds correspond to the 2h Wyckoff positions. Hence, the
location of the hydrogen bonds in the ferroelastic phase is fixed to a single site by the
crystal symmetry. In the trigonal paraelastic phase, however, the centres of three H bonds
per unit cell are distributed over the 9e positions with occupational probability 1/3, forming
a dynamically disordered hydrogen bond network (DDHBN) in the (001) plane. Because
of this kind of proton disorder, the protons can migrate throughout the crystal volume
with a low activation energy, giving rise to high protonic conductivity iRHWAO,), [8].

In contrast to the lead-phosphate-type crystals, for which the ferroelastic phase transition
in a single domain is purely displacive in character (precursor phenomena occur above
T.), the isomorphous phase transition insl{AO,), is a combination of displacive and
order—disorder contributions in the ferrophase. This effect leads to drastic differences in the
physical properties of both systems. For example, the transition entropies of the ferroelastic
phase transition in the NH(AO,), crystals, 10< S < 10.3 J mot?t K—1 [9-11], are
larger than those of RtBO4), (S = 6.7 J mol* K~ [12]). Moreover the coercive
stress of the domain switching indA(AO,), is much larger than that for crystals of the
Ph;(BO4), system [13, 14]. However, the most striking differences are observed in the
transport properties [8, 15]. Therefore, it is of great importance to clarify the interplay
between the order parameter, the occupational probability of acid protons and the protonic
conductivity in MgH(AO,4),. It was noted earlier [16] that the best-known super-ionic
phase transitions are of the martensitic or the ferroelastic type. A first interpretation of
the anomalous behaviour of the ionic conductivity at a ferroelastic phase transition has
been given on the basis of the Landau theory in [2, 16], where an empirical relation
between the activation energy of ionic conductivity and the order parameter has been
determined.

In the present work an experimental study of the thermal evolution of the protonic
conductivity, the high-frequency dielectric constant and the scattering intensity of a
superlattice reflection iNH4)3H(SQ,), (letovicite) has been carried out. The results
of this study as well as the recently obtained birefringence data [13] are analysed on the
basis of a theoretical model which relates the anomalous behaviour of the above-mentioned
physical properties to two order parameters. The different order parameters describe the
change of the average occupancy of the hydrogen bond positions as well as the spontaneous
deformation.

2. Experimental details

Isometric letovicite single crystals were grown from saturated water solutions by slow
evaporation in a temperature-controlled chamber. The conductivity and capacity meas-
urements were carried out in the temperature interval 290 K-500 K and the frequency range
30 Hz—200 MHz using ac Ando-Electric TR-10C and high-frequency VM-431E bridges.
The prepared samples had a plate-like form of 6 x 0.1 mn? with faces perpendicular

to thea-, b- and c-axes (the orthorhombic setting was used). Silver paste served as the
electrodes.

The neutron measurements were performed using the triple-axis spectrometer UNIDAS
at the research reactor FRJ-2 iilidh, Germany. The thermal evolution of the diffraction
profile of the monoclinic 120 superlattice reflection was recorded using a wavelength of
2.36A. The crystal(18 x 6 x 1 mm®) was mounted on an aluminium block with #b*-
plane horizontally aligned and enclosed in an aluminium cylinder filled with He gas. The
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heating was performed via the metal block and the gas atmosphere. The temperature was
controlled with an accuracy af£0.06 K.

Table 1. The activation enthalpy/? and the prefactod; in equation (1).

Phase Axis A (ScnTlK) H2(eV)
Monoclinic  a 1.1 x 108 0.51
Monoclinic b 19 x 10° 0.52
Monoclinic ¢ 7.1 x 10%0* 1.01
Trigonal a 47 x 10° 0.23
Trigonal b 49 x 10° 0.23
Trigonal c 1.3 x 104 0.42

* The value corresponding to the temperature interval 290 K-360 K.
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Figure 1. Bulk dc conductivities calculated from the frequency dependencies of the complex
admittanceo*(w) = o’(w) + ic”(w). The low-frequency part of the admittance (the lower
arc of the circle) corresponds to the electrode and the interfacial relaxation polarization. The
high-frequency part (the inclined line) corresponds to the bulk frequency conduetjjjfyw).

3. Results

The bulk dc conductivities were calculated from the frequency dependencies of the complex
admittancec*(w) = o(w) + iwC(w). Their values are plotted in the complex plane
(figure 1). In figure 1 the low-frequency part of the admittance (the lower arc of the circle)
corresponds to the electrode and the interfacial relaxation polarization, while the high-
frequency part (the inclined line) corresponds to the bulk frequency-dependent conductivity
o). The bulk dc conductivityr® was determined by extrapolation of tiag,, ()

data tow = 0. Figure 2 shows an Arrhenius plot of the thermal evolution of the dc bulk
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Figure 2. An arrhenius plot of the thermal variation of the bulk dc conductivi,f&‘r‘ in different
crystallographic directions. Dashed lines correspond to fits obtained using equation (1). Dotted
lines correspond to fits based on equation (3). The parameters are given in table 1.

conductivityo € in different crystallographic directions in letovicite. The strong anisotropy
of the conductivity,c% = o,j’c > o9, in both the ferrophase and the paraphases clearly
reflects the two dimensionality of the most favourable proton migration pathways, which
agrees well with the layer structure of letovicite as well as with the small ferroelastic
distortionsus < 102 of the monoclinic ferrophase [13]. The ferroelastic phase transition
is accompanied by an abrupt change of the conductivity and its activation entHalpt

T > T. the conductivity in the (001) plane of the trigonal paraelastic phase is typically super-
ionic, 0% = 02 = 1072 S cn?, and tends to increase to T0S cnT! on approaching the
decomposition poinfy ~» 500 K. The values o#{? and the prefactor; in the Arrhenius

law

o°T = A; exp(—H?/kT) )

are characteristic for super-ionic crystals (see table 1).

It should be noted that the temperature dependenciegivhich are shown in figure
2 are close to those reported in [17], where the measurements were carried out at a dc
current which is not such as to allow one to disregard the contribution of the electrode
polarization. On the other hand t}aé’C(T) variation as well as the values &f? and A;
obtained in this work are in excellent agreement with those obtained for other crystals of
the MgH(AO,), family [8]. This is in accordance with the general nature of super-protonic
phase transitions and structural mechanisms of proton transport in these compounds. As
mentioned above, in the (001) plane of the paraelastic super-protonic phase, the hydrogen
bonds are dynamically distributed over structurally and energetically equivalent proton sites
with occupation probability 1/3. Therefore, in this plane only the enthalpy of the proton
migration H]", contributes to the experimental values of the activation enthaify. In
other words, the protonic conductivity in the (001) plane of the paraelastic phase is a
property of the perfect-crystal lattice but it is not a property of the point defects. However,
below Tt the average proton occupation probability is changed, being a function of the order
parameter. Only a third of the available hydrogen bond sites of the trigonal phase correspond
to the regular hydrogen bond sites of the ferrophase, while the remaining sites correspond
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Figure 3. The thermal evolution of the activation thermodynamic potentra@g and Ad>g
calculated from the experimental temperature dependencies of the dc conductivity following
equation (2). The continuous line displays the fit obtained according to equatiofiy(4);

4156 K, 28" = 0.26.

to interstitial positions. This means that in the ferroelastic phase, proton hopping between
the adjusted hydrogen bond sites involves the formation of proton defects. As a result, the

activation enthalpy of the conductivity increases compared with that of the paraelastic phase
by the valueA ®¢:

ADY = AP° — APE 2)

where A®° and A®® are thermodynamic potentials of the crystal in the ground state (in
which all protons occupy regular sites) and the state in which the protons were thermally
excited to occupy interstitial positions. The potentiad?, being a function of the proton
occupational probability, is also a function of the lattice distortion at the phase transition and
consequently a the function of the order parameter. Therefore, bEJdihe conductivity

in different crystallographic directiongdc can be described by the expression

o®°T = AMexp[-H™ — ADY()]/kT ©)

whereA™ and H™ are parameters of equation (1) for the disordered paraelastic phase. The
thermal evolution ofA®% and A®¢ obtained by subtraction of the monoclinic conductivity
data from the extrapolated high-temperature data is displayed in figure 3. It should be noted
that no discontinuities occur within the experimental error, and the exmg) data can
be fitted by a simple power law with an effective critical exponent according to

ADY = ADY o (T, — THH (4)
whereT, = 4156 K and 28’ = 0.26.

The temperature dependency of the real part of the complex dielectric constant
measured at frequencies which are much higher than the characteristic frequency of the long-
range proton diffusion, shows a quite different behaviour (figure 4). The sharp anomaly of
e.(T) at the phase transition point is characteristic of a first-order phase transition rather than
a second-order one. However, the temperature hysteresis does not exceed the experimental

error of £0.1 K. The behaviour of’ agrees well with that of the morphic birefringenaa
along the direction which becomes [0@d]in the paraphase [13].
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Figure 5. The thermal evolution of the 120 reflection measured by means of neutron scattering.
The integrated intensity of this reflection decreases smoothly with a tail @o#d.5.6 K). The
reflection remains visible up t6 = 7.+ 6 K. The solid line corresponds to a fit to equation (5).

Let us now compare the thermal evolution of the 120 reflection measured by means of
neutron scattering on approachifig The integrated intensity of this reflection decreases
smoothly (figure 5). However, the reflection remains clearly visible uf te 7; + 6 K.

In the temperature rangg — 15 K < T < T a best fit of/(12q/(T) leads to

Tazo o (T — To)*?® (5)
which agrees well with the thermal variation <z)f<I>§j and the corresponding effective
exponent (equation (4)).
Taking into account that in a general caS@ff and (129, as well as the excess values

of ¢/ and the morphic birefringencan are, in the lowest order, proportional to the square
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Figure 6. The square roots of normalizetldd, I(129, ¢, and An versus temperature. The
birefringence data are taken from Schwalowsityal [13]. The temperature evolution QMD?

and I(12q clearly deviate frome” and An. Excess values abovE: occur only for 120 and

¢’. The lines correspond to fits based on a simple power law. For a description of the different
effective critical exponents, see the text.

of the order parametey, the square roots of these functions were plotted as a function
of temperature in figure 6. The birefringence data were taken from [13]. Please note
that different effective exponents result from best fits to the simple power law, because
Schwalowskyet al [13] used a theoretical approach related to a Slater instability [18] which
describes the rapid order parameter saturation yielding 0.04. The smoothly decreasing
values ofA®Y and 12, are instead described by a power law that yigdtis= 0.13. Hence,

it can be seen that the temperature evolutions&dfg and I 129 on one hand and’ and

An on the other hand differ considerably. No excess values occur ahdee ¢’ and An.

4. Discussion

The results lead to the assumption that the ferroelastic phase transition in letovicite can
be described by two order parameters with different temperature dependencies. Their
contributions to the temperature evolution of the properties on different length scales deviate
strongly. A self-consistent thermodynamic model for describigg-05, phase transitions

in terms of two order parameters has been formulated in [19, 21]. From the symmetry
point of view this phase transition is an improper ferroelastic one and is induced by the
irreducible (IR) representation of the group of the wave ve@q¢, (the L point of the
Brillouin zone of the paraphase) [5, 19]. However, as mentioned above, the lowering of the
symmetry in alNH4)3H(SOy), crystal is also accompanied by a change in the occupational
probability of the hydrogen bond sites: in the trigonal phase two protons are statistically
distributed over six structurally equivalent hydrogen bond sites in a primitive unit cell,
while in the monoclinic phase only two of them are occupied by protons. As was shown in
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references [19, 20], the IR corresponding@q, cannot correctly describe the change of

the occupational probability of the hydrogen bond sites at @Lecgh phase transition: two

sites are occupied by hydrogen (black sites), two sites are empty (white sites) and two sites
remain insensitive to the symmetry of the wave ve@g, (grey sites). Similar difficulties

as regards symmetry descriptions of order—disorder phase transitions were encountered for
the Nb—H and Ta—H alloys [21]. To describe the proton ordering, a separation of the six
proton positions in the trigonal system into two orbits had to be considered. This led to the
procedure described by Salejda and Dzhavadov [19, 20] and to the avoidance of the grey
positions in RBH(SeQ,),. The authors showed that thgpcgh phase transition is induced

by irreducible representations corresponding to the wave ve@gfss,,, (the L point) and

Gk—o (theT point). A free-energy expression based on the molecular-field approximation
which correctly describes the proton ordering was obtained [20] in the form

Fura = =T INZ + ynf + yin? (6)

wherey andy; are molecular-field parameters connected with the long-range interactions
of protons andZ is the quantum partition function correlated with the configurations of
protons which are described in detail in [20]. The average occupancy of the hydrogen
bond sites is in fact a function of both order parametersand nr, corresponding to the
Gk,=-b,, aNdG ko Wave vectors, respectively. Moreover, the influence.0bn the degree

of proton disorder is much stronger than thatyef[19, 20]. Hence, the conductivity and

the neutron scattering integrated intensity of the 120 reflection are highly sensitive to the
temperature evolution of the order parameijgr in contrast to the morphic birefringence
and the high-frequency dielectric constant which are perfectly described by the long-ranging
spontaneous strain that transforms according to the basis functign which is E,. Hence,
neutron scattering and conduction phenomena clearly display proton ordering. The observed
precursor phenomena above the ferroelastic transition point (figures 5, 6) will be studied in
detail in a separate work.
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