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Ammonium sulphate (NH,4),SO4 (AS) has recently been shown to display giant barocaloric and electrocaloric
effects when its paraelectric-ferrielectric transition at ~225 K is driven by hydrostatic pressure or an electric
field, respectively. Important aspects of the structural evolution in this context are coupling of strain to molecular
librational modes, distortions, and rotations of NH,* and SO4>~ groups, and to changes in hydrogen bonding.
Resonant ultrasound spectroscopy (RUS) has been used to reveal subtle elastic and anelastic relaxation processes
of single crystals of AS through the temperature interval 5-300 K that are indicative of (i) coupling of strain
to the driving order parameter, modified by a transformation microstructure, and (ii) of hysteretic effects that
are attributed to different dynamics of displacive and order/disorder components of the phase transition. At
high temperatures, partial chemical decomposition results in the formation of triammonium hydrogen disulphate
(NH4);H(SO4), (AHS) which displays elastic and anelastic anomalies associated with phase transitions at ~265,
139, 132, and 72 K. Freezing of defects coupled with strain occurs at temperatures below ~35 K in both AS and

AHS.

DOI: 10.1103/PhysRevMaterials.7.083601

I. INTRODUCTION

Ammonium sulphate (AS) is an inorganic salt that has
traditionally enjoyed wide use as a soil fertilizer and more re-
cently has been classed as a multicaloric material [1]. Caloric
materials display nominally reversible thermal changes in re-
sponse to changes of a ferroic order parameter driven by an
applied field, and they could help combat climate change by
underpinning heat pumps that obviate the need for greenhouse
gases [2,3]. Multicaloric materials can be driven simultane-
ously or sequentially by more than one type of applied field
and may lead to, for example, wider ranges of operating
temperature and elimination of hysteresis in one control pa-
rameter by transferring it to another [1].

Pressure-driven isothermal changes in entropy of
~60JK'kg~! in response to small pressure changes of
~0.1 GPa were reported for AS [4], and electric-field-driven
isothermal changes in entropy of ~30J K~!kg~! in response
to large electric field changes of 400kV cm~! were reported
in the same material [5]. The existence of giant barocaloric
effects and electrocaloric effects near the ferrielectric phase
transition in a material that is easy to synthesize and is made
from cheap abundant elements has brought renewed focus on
the fundamental understanding of AS.
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Earlier interest in AS was stimulated by the discovery of a
complex electrostructural phase transition at ~225 K [6-8].
The symmetry change is orthorhombic to orthorhombic,
Pnam < Pna2,, and the transition is pseudoproper ferrielec-
tric [9-11] on the basis that the driving order parameter is not
the electrical polarization but a structural change that has the
same symmetry as the polarization [12]. As summarized by
Malec et al. [13] and Meijer et al. [14], the structural changes
can be described in terms of displacements and distortions of
two symmetrically distinct NH] groups, rotations of S04~
groups, and changes in the configuration of hydrogen bonds.
A longstanding issue in this context relates to whether the
transition is primarily displacive or order/disorder in charac-
ter. Based on recent simulations and diffraction experiments,
Malec et al. [15] concluded that the transition has a mixed
character. By way of contrast, Yuan et al. [16] concluded that
the large entropy change at the transition can be explained
by considering librational modes only, without contributions
from configurational changes.

The focus of this paper is on the thermomechanical prop-
erties of AS. Resonant ultrasound spectroscopy (RUS) has
been used to investigate the coupling of strain to librational
modes, distortions, and rotations of NH, ™ and SO42‘ groups,
and to changes in hydrogen bonding across the ferrielectric
phase transition. The most characteristic feature of the com-
plete RUS dataset between 10 and 300 K is hysteresis in
resonance frequencies between cooling and heating. We pro-
pose that this is indicative of different kinetic constraints on
relaxations involving order/disorder and hydrogen bonding, as
opposed to purely displacive effects. In addition, there may be
a contribution from changing net piezoelectric coefficients of
bulk samples, depending on the configuration of ferrielectric
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domains. Heating to ~485 K results in partial decomposition
of AS to (NH4);H(SO4), (AHS), which displays elastic and
anelastic anomalies associated with an additional set of phase
transitions.

The most straightforward starting point for characteriza-
tion of strain relaxation phenomena in AS is to consider a
single order parameter coupled with strain (Sec. II). Sponta-
neous strain variations determined from analysis of published
lattice parameter data do not match those of a classical phase
transition with one order parameter, however, and it is neces-
sary to invoke the additional influence of an order parameter
arising from the ferroelastic transition which occurs at higher
temperatures (Sec. III). A comprehensive set of elastic and
anelastic properties determined from acoustic resonance spec-
tra of millimeter-sized single crystals is presented in Sec. IV.

II. PHASE TRANSITIONS, ORDER PARAMETERS,
AND STRAIN COUPLING

Based on symmetry alone and using the software pack-
age ISOTROPY [17], the zone center phase transition between
structures with space groups Pnma and Pna2; has a one-
component order parameter g with the symmetry of irre-
ducible representation I'; . This is equivalent to the By, order
parameter used in the literature, where the transition is ex-
pressed in terms of the alternative setting of Pnma as Pnam —
Pna?2,. Coupling of components of the strain tensor e;-e¢ with
the order parameter can be expressed in the simplest possible
Landau free energy expansion as

G =1a(T — T)q* + 1bg" + tcq® + (Lier + haer + Azes)q”
+ (M€ + Ases + heeg)q” + 5(CPret + C5he5 + C5ye3
+Cel + Csses + Cgeg) + Chrerer
+ Clheie; + Chhezes. ()

Only the linear strains e, e», and e3, along the crystallo-
graphic x, y, and z directions respectively, have nonzero values
in the low-temperature structure. Shear components ey, e5, and
e are strictly zero. Here, T is temperature, 7. is the critical
temperature, a, b, and ¢ are standard Landau coefficients,
Ajs are coupling coefficients, and C7's are the bare elastic
constants, i.e., excluding any influence of the phase transition.
Application of the equilibrium condition dG/de; = 0 leads
to the expectation that each of e, e;, and e; will scale with
g* in the usual way (e.g., Ref. [18]). Strong coupling with
the linear strains drives the transition to become first order
by renormalization of the fourth-order coefficient b, as in the
well-known case of quartz [19].

AS is an improper ferroelastic because of a hexagonal-
to-orthorhombic transition, P63 /mmc-Pnam, at higher tem-
peratures. The transition occurs at ~745 and ~860 K in
isomorphous K,;SeO, and K;SOy, respectively [20-22], and
is most likely to have been responsible for an anomaly in the
heat capacity of AS near 643 K when a pressure of 100 bar
was applied to suppress decomposition [23]. Crystals grown
at temperatures within the stability field of the orthorhombic
structure of each of these phases can contain ferroelastic twins
as growth defects or as a consequence of mechanical defor-
mation [22,24-26]. The order parameter for the ferroelastic

transition g has the symmetry of an irreducible representa-
tion belonging to the M point of the Brillouin zone of space
group P63/mmc. The symmetry-breaking shear strain of the
orthorhombic structure with respect to the parent hexagonal
structure e, can be expressed in terms of the lattice parameters
of the former without serious loss of precision as

. _2(b—+30)
" b+V3e)

This couples with gf as Aeogf. Coupling between the two
order parameters g and gs, is biquadratic quzqgs.

If the ferrielectric transition has an order/disorder compo-
nent related to the orientations of NH or SO3~ molecules,
the order parameter for this contribution goq would have the
same symmetry as g. Coupling between the displacive and
order/disorder contributions would be bilinear Aggoq [27]. The
temperature dependence of equilibrium values of g and guq
would then be expected to follow solutions of a generalized
Landau expansion:

G =1a(T — T)q* + 1bq* + $aca(T — Te.00)qg
+ 1bodqy + 1qqoa. A3)

If the two critical temperatures 7. and T; . are identical,
only one order parameter is needed, and ¢ and g,q would be
linearly dependent. If the critical temperatures are different,
there would still be only one symmetry-breaking transition
point, but the individual variations of g and g,q would be more
complex, and spontaneous strains would not follow the classic
pattern seen for phase transitions with a single order param-
eter. This does not take account of the fact that relaxation
kinetics of the two order parameters might be sufficiently
different for equilibrium values of g,q not to be maintained
in a given experiment.

@

III. STRAIN ANALYSIS

Spontaneous strain variations have been investigated here
using the combined lattice parameter data of Shmyt’ko et al.
[28] and Lloveras et al. [4], which display a discontinuity
at the transition temperature 7y ~ 225 K (Fig. 1). Lattice
parameters given in Fig. 8 of Asahi ef al. [29] show tempera-
ture dependences that are closely similar to these. Reference
parameters ao(T), bo(T), and c,(T ), representing lattice pa-
rameters of the parent (Pnam) structure, were obtained by
fitting a function of the form x,(7) = x; + x,Oscoth(O/T)
to the data above T;. (following, for example, Refs. [30,31]).
A value of ®, =205 K was obtained from fitting to the
combined data for unit cell volume in the temperature in-
terval 229-359 K [Fig. 1(d)]. This was then held fixed in
the fitting of a,, by, and ¢, [Figs. 1(a)-1(c)]. Values of the
individual strains were calculated as e; = (a — a,)/ao, €2 =
(b —by)/by, and e3 = (¢ — ¢,)/c, and are shown in Fig. 2(a).
The volume strain Vs was taken as e; + e, + e3 [Fig. 2(b)].
Variations of the orthorhombic shear strain e, are shown in
Fig. 2(c).

Each of e; and e, display smooth increases in magni-
tude with falling temperature below the discontinuity at T,
as would be expected for a classical phase transition with
first-order character described by Eq. (1). However, e; and
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FIG. 1. Combined lattice parameter data of Shmyt’ko et al. [27] and Lloveras et al. [4]. Curved lines are fits of the function x, = x; +
Xx,04coth(®;/T) to the combined data between 229 and 359 K. Extrapolation to low temperatures gave values of the reference parameters a,,
by, o, and V,. The value of ®; = 205 K from the fit to the unit cell volume data was used in fits for a,(T"), bo(T'), and ¢,(T).

V; initially increase before decreasing, suggesting either that
coupling terms that are higher order in ¢ than those in
Eq. (1) are significant or that there is an additional order
parameter. One candidate for this is g due to the hexagonal-
orthorhombic transition. Values of ¢, are in the range 2-2.5%
[Fig. 2(c)] and show a reversal of trend with falling tem-
perature below the discontinuity at 7i.. This implies that gy
increases with falling temperature at 7 > T; but decreases at
T < T, and hence that the biquadratic coupling between g and
grs 1s unfavorable. There will also be a volume strain coupled
with g2, and if this is positive (increasing V; with increasing
q%s), it will contribute to the observed reduction in values of V;
as g, becomes progressively more suppressed.

IV. RUS

A. Experimental methods

RUS is an established technique for measuring elastic and
anelastic properties of samples with dimensions in the range
~0.1-5.0 mm [32]. Values of the elastic moduli scale with
the square of the frequencies f of natural resonances of the
sample. The inverse mechanical quality factor Q! provides a
measure of acoustic loss. Facilities in Cambridge allow spec-
tra to be collected routinely in the frequency range 0.1-2 MHz
at temperatures between ~1.5 and 1500 K and have been
described elsewhere [33-35]. Values of f and the peak width
at half maximum height A f are obtained by fitting individual
resonance peaks in the primary spectra with an asymmetric
Lorentzian function. Values of Q~! are taken as Af/f.

AS single crystals were prepared in stages. A white precip-
itate was obtained by mixing two equivalents of ammonium
hydroxide and one equivalent of sulfuric acid in water. The
precipitate was dissolved in water, which was then allowed
to evaporate at room temperature over a few days to yield
millimeter-sized transparent single crystals. Individual crys-
tals are identified below by numbers: Crystal #2 (11.1 mg),
Crystal #3 (8.6 mg), Crystal #4 (4.1 mg), Crystal #5 (8.5 mg),
Crystal #8 (10.0 mg), and Crystal #9 (12.4 mg).

B. Fracture

Giant barocaloric materials display large volume strains
when they are driven using pressure, and this can lead to frac-
ture in brittle materials such as polycrystalline MnCoGeBy o3
[36], for example. In past studies of AS, it has been reported
that cooling and heating through the ~225 K transition can
result in the development of extensive cracking [7,37-40].
RUS provides a convenient method for detecting the devel-
opment of cracks and, hence, also for identifying pathways
that do not lead to fracture. This is particularly relevant for
electrocaloric applications, where fracture leads to failure.
By contrast, barocaloric effects in powders can be driven via
pressure-transmitting media, and the large surface area in a
powdered sample is conducive to heat transfer [36]. In this
paper, we confirm that slow thermal cycling does not compro-
mise the mechanical integrity of AS single crystals.

The consequences of crack development on cooling
through the transition at ~225 K in AS are seen clearly
in stacks of RUS spectra collected during cooling and
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FIG. 2. Spontaneous strains calculated from the lattice param-
eters shown in Fig. 1. (a) Linear strains. (b) Volume strain. (c)
Orthorhombic shear strain. The volume strain was calculated as
e1 + e, + e3. Values of ¢, were calculated using Eq. (2).

subsequent reheating of a single crystal in Fig. 3. During
cooling in steps of ~5 K down to ~229 K and in ~2 K steps
from ~228 to 222 K, discrete peaks typical of the normal
acoustic resonances of a mechanically robust sample were
present. These shifted to lower frequencies, indicative of
elastic softening, as the transition was approached. Individual
spectra collected both during further cooling to ~124 K and
during heating back to room temperature contained a very
different pattern of more numerous and much weaker peaks.
A thermal equilibration period of 15 min was included before
data collection at each set point. The crystal emerged intact
but with multiple cracks which must have been initiated
during cooling through the transition.

As has been found by Hussinger and Unruh [38], it is
possible to devise experimental strategies that limit the de-
velopment of cracking arising from the phase transition. In
this paper, it was found that a slower cooling/heating rate pre-
vented any overt mechanical failure from occurring. Figure 4
shows stacks of spectra collected in the Teslatron cryostat with
5 K steps through the interval 295-240 K, 1 K steps through
the interval 240-210 K, and 5 K steps down to 190 K. The
thermal equilibration period was 20 min before data collection
at each set point. Not only did the pattern of discrete resonance
peaks remain after cooling through the transition point, but on
reheating to room temperature, the spectra contained the same
pattern of resonances as at the start.

L cooling
293 K: -

30

amplitude (arbitrary units)

amplitude (arbitrary units)

A

125 K

100 200 300 400 500 600
frequency (kHz)

FIG. 3. Resonant ultrasound spectroscopy (RUS) spectra from
single Crystal #9, stacked up the y axis in proportion to the temper-
atures at which they were collected. The cooling sequence (a) was
in ~5 K steps from room temperature to ~228 K, ~2 K steps to
~208 K, ~5 K to ~125 K, and the reverse for subsequent heating (b).
A settle time of 15 min was used to allow for thermal equilibration
before data collection at each set point. Spectra were collected using
DRS Modulus II electronics, with a voltage of 25 V to the driving
transducer in an Orange helium flow cryostat. Liquid nitrogen was
used for cooling. The sample chamber had been evacuated and then
filled with a few millibars of helium gas at the start.

C. Elastic softening/stiffening and anelastic loss

Linear-quadratic coupling terms of the form Aeg? in Eq. (1)
would be expected to result in softening of elastic constants
below the transition point with the temperature dependence
shown in Fig. 5(a) for a weakly first-order transition (follow-
ing Fig. 5(i) of Ref. [41]). Biquadratic terms such as Ae? g°
will give stiffening (or softening, depending on the sign of A)
which scales with ¢* and should have the form illustrated in
Fig. 5(b) (following Fig. 5(r) of Ref. [41]). In the case of the
weakly first-order hexagonal-trigonal transition in quartz, for
example, C}1, C33, Ci2, and Cy3 follow the pattern of Fig. 5(a),
and Cyy follows the pattern of Fig. 5(b) [24].

Due to material-specific dynamical effects, additional soft-
ening may occur as the transition point is approached from
above [41]. This additional softening should be restricted to
elastic constants that transform, in the group theoretical sense,
as the identity representation of the space group of the high-
symmetry phase. In the case of quartz, Cy4 and Cgg show little
or no precursor softening, while Cy;, Ci», C13, and Cs3 all show
softening.

Previously reported variations of the elastic moduli and
elastic compliances of AS fit broadly with these expectations,
though with only limited softening above T, [37,42—45].
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FIG. 4. Resonant ultrasound spectroscopy (RUS) spectra from
Crystal #2, stacked up the y axis in proportion to the temperatures
at which they were collected. Each spectrum contained 50 000 data
points in the frequency range 50-1200 kHz. The cooling sequence
was 295-245 K in 5 K steps, 245-210 K in 1 K steps, 210-190 K
in 5 K steps, and the same in reverse for heating. The settle time
before data collection at each set point was 20 min. At the start,
the sample chamber had been evacuated and then filled with 1 bar
helium. Spectra collected during cooling (blue) and during heating
(red) are shown together over a slightly narrower frequency interval
in the bottom panel to illustrate hysteresis.

The frequencies of individual acoustic resonances are de-
termined by combinations of elastic moduli which depend
predominantly on shearing. Note that, because the shape and
orientation of crystal faces of the as-grown crystals was un-
specified, it was not possible to determine absolute values of
the elastic constants. However, as shown for the variations
of representative resonances in Fig. 6, patterns of soften-
ing/stiffening can be compared with the two patterns in Fig. 5.
Variations of f2 in Figs. 6(b) and 6(c) match the pattern of
Fig. 5(a) (reg” coupling), while the variations in Figs. 6(a)
and 6(d) resemble more nearly the pattern shown in Fig. 5(b)
(re? g* coupling). Other resonances display patterns consist-
ing of mixtures of the two.

(@)

Cj

T —

FIG. 5. Schematic variation of elastic constants expected for a
first-order coelastic transition (after Ref. [41]). T, is the critical tem-
perature, T, is the transition temperature. (a) Cj;, i, j = 1-3, due to
coupling of the form Ae;q”. (b) Cy;, i = 4—6, due to coupling of the
form re? ¢*.

The transition point is taken to be the temperature at which
a steep change in resonance frequencies occurred. This is
between 225 and 226 K during both cooling and heating
of Crystal #2, between 225 and 226 K during cooling and
between 226 and 227 K during heating for Crystal #4, between
224 and 226 during cooling and between 227 and 228 K
during heating for Crystal #3, and between 224 and 225 K
during cooling and between 225 and 226 K during heating for
Crystal #8.

Figure 6 shows that, in addition to the expected patterns
of softening/stiffening attributable to coupling of the driving
order parameter with strain, there are unexpected hysteresis
effects. Specifically, variations of f2 during cooling and heat-
ing were essentially the same below the transition point but
markedly different between the transition point and ~260 K.
The frequencies of some resonances returned to their original
values at room temperature [Figs. 6(a) and 6(d)], while small
offsets remained in others [Figs. 6(b) and 6(c)]. All resonance
frequencies showed marked differences between cooling and
heating in the temperature interval ~225—-260 K, with an
abrupt offset between 255 and 260 K during heating. Some but
not all resonances showed offsets: near 239 K during cooling
of Crystal #2 and near 237 K during cooling of Crystal #4. A
relatively small example of this is indicated by the red arrow
in Fig. 6(d). Crystal #8 showed the same patterns, except that
the small offsets during cooling occurred near 230 K and the
offsets during heating occurred between 260 and 265 K.

Variations of acoustic loss are shown as variations in Q!
in Fig. 6. For most resonances, the transition was marked by a
peak at T;;. Values of Q~' were generally higher immediately
below T; than at temperatures well above T, and decreased
with falling temperature below 7 in a manner that was re-
versed during heating. They displayed hysteresis above T,
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FIG. 6. Variations of f2 and Q~! from fitting of representative peaks in resonance spectra collected during a sequence of cooling and
subsequent heating, with steps of 1 K through the transition point. Values in kilohertz given in the inserts indicate the approximate frequency
of each resonance near room temperature. Open symbols represent cooling, and filled symbols represent heating; circles are f2, triangles are
Q7. (a)~(c) Crystal #2. Cooling down to 190 K, followed by heating. (d) Crystal #4. Cooling down to 210 K, followed by heating. The red
arrow in (d) is included to draw attention to a small offset in f2 values near 239 K during cooling.

retaining relatively high values in the interval ~225—-255 K
during heating before reducing abruptly at ~260 K to values
more nearly the same as during initial cooling. There are also
clear correlations of small step changes in Q~' at temperatures
away from T, where there are step changes in f2, i.., at
~258 K during heating of Crystal #2 [Figs. 6(a)-6(c)] and at
~235 K during cooling of Crystal #4 [red arrow in Fig. 6(d)].

D. Cycling to low temperatures

Crystals #2 and #4 were reloaded into the cryostat to follow
their elastic properties down to 5 K. The step size through
the transition point was again 1 K. Variations of f2 and Q™!
of representative resonance peaks from the primary spectra
are given in Fig. 7, along with data for peaks with similar
frequencies in spectra collected in the first cycle. Remounting
crystals invariably means that different resonances are excited
but still allows effective comparison of the main trends in
successive cycles.

Principal features of the second cycles to 5 K are, firstly,
a distinct hysteresis in f? values between cooling and heat-
ing above ~30—40 K. Below this interval, the f2 values
are essentially coincident, but above it, they diverge. There
is no indication that the change is due to a discrete phase
transition, and it is likely to be indicative of freezing of some
aspect of the structure or microstructure. Any peak in acoustic

loss which might be due to a Debye-like freezing process
is below the level of sensitivity of 0O~! variations, however.
Secondly, variations of f? above T;, during heating from 5 K
are markedly different from the pattern shown by heating in
the first cycle and cooling in both cycles. Finally, Q~! values
are generally higher above T, during heating in the second
cycle.

There appears to be no evidence in the elasticity data of ad-
ditional phase transitions. There are no overt anomalies in the
vicinity of 90 K when the net electric polarization of AS goes
to zero, consistent with the interpretation of this point being
due simply to a crossover of opposing electric polarization of
two sublattices in a ferrielectric structure [8,10]. Schmyt’ko
et al. [28] proposed that an incommensurate structure is stable
between 225 and ~170 K in AS, but no evidence has been
found in this paper for a phase transition at ~170 K. If there
was a stability field for the incommensurate structure, there
should be an elastic anomaly at the incommensurate <> Pna2,
transition, as has been seen at ~93 K in the analogous transi-
tion sequence of K,SeO, [46,47].

The assembled data in Figs. 6 and 7 indicate that the elastic
properties of single crystals of AS vary with the thermal
history to which they have been subjected. While it is not pos-
sible to rule out definitively the development of microcracks,
the recovered crystals did not show any obvious cracks when
examined in polarized light or between crossed polars.
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FIG. 7. Variations of f? and Q! from fitting of selected reso-
nance peaks with frequencies in the range ~250—450 kHz collected
in separate cooling/heating cycles from (a) Crystal #4 and (b) Crystal
#2. The first cycle was down to 210 K for Crystal #4 and down
to 190 K for Crystal #2. The second cycle was down to 5 K. Data
are plotted differently in (a) and (b) to allow features common to
both to be seen. In (a), data for the first cycle are shown in dark
gray. Data for resonance peaks from the second cycle are shown
in color: open symbols = cooling, filled symbols = heating. In (b),
data for two resonances from the first cycle are shown in color: open
symbols = cooling, filled symbols = heating. Data for resonance
peaks in spectra collected in the second cycle are shown as black
lines: solid lines = cooling, broken lines = heating. Abrupt changes
in resonance frequencies occurred during heating through 7;; in the
second cycle so that it is not possible to identify how peaks below Ti;
correlated with peaks above Tj,.

E. Cycling to high temperatures

Figure 8(a) contains RUS spectra collected during heating
of Crystal #5 from room temperature up to 500 K in steps of
~5 K, with a settle time of 15 min before data collection at
each set point. Resonance peaks with frequencies that did not
vary with temperature were from the alumina buffer rods. Res-
onance peaks from the sample showed smooth decreases in
frequency through the full temperature interval up to ~480 K
but could not be followed to higher temperatures. Spectra
collected at ~485 K contained many more small peaks, sig-
nifying substantial mechanical degradation of the sample.
Variations of f2 and Q~' from fits to selected peaks marked in
blue in Fig. 8(a) are shown in Fig. 8(b). The softening trend of
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FIG. 8. Resonant ultrasound spectroscopy (RUS) data collected
during heating from room temperature to 500 K in steps of ~5 K for
Crystal #5. Each spectrum contained 65 000 points in the frequency
interval 100-1200 kHz. (a) Segments of the primary spectra, stacked
up the y axis in proportion to the temperature at which they were
collected. Blue curves are fits to resonance peaks from the sample
which can be observed in spectra collected at temperatures up to
~480 K. Severe degradation of the sample is indicated by the in-
crease in the number of peaks in spectra collected at ~485 K and
above. (b) Variations of f? and Q~' from fits shown in blue in (a).
Note that there are no obvious anomalies in the vicinity of 415 K. A
trend of steeper softening with increasing temperature accompanied
by a trend of increasing Q! started at ~440 K.

f? values with increasing temperature became steeper above
~440 K. The onset of this trend of steeper softening was
accompanied by increases in Q. The data show no evidence
for any discrete phase transition or Debye-like acoustic loss
between room temperature and 480 K.

Variations of f> and Q! are shown in Fig. 9 for represen-
tative resonance peaks in spectra collected from Crystal #10
during two heating/cooling cycles above room temperature.
A step size of ~2 K was used at the highest temperatures,
with an upper limit of 455 K chosen to limit mechanical
degradation. f? data for the first heating sequence show the
same smooth variations with increasing temperature as seen in
Fig. 8(b) for Crystal #5. They then display marked hysteresis
during cooling, with initial softening rather than stiffening
followed by a steplike increase in f? at ~416 K. Room-
temperature values at the end were lower than at the start.
f? data for the second cycle show an abrupt step at ~416 K
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FIG. 9. Variations of f? (circles) and Q~' (triangles) from fitting
of two representative resonance peaks in spectra collected in suc-
cessive heating/cooling cycles from Crystal #10. The full sequence
involved heating to 455 K (1, filled red circles, triangles), cooling
back to room temperature (2, open blue circles, triangles), reheating
to 455 K (3, filled green circles, triangles), cooling back to room
temperature (4, open orange circles, triangles). The vertical dotted
line at 416 K marks the temperature at which a steplike anomaly
occurred in each of the heating/cooling sequences apart from the first
heating sequence. Black dotted arrows indicate a steplike softening
that occurred during the second heating sequence when the computer
hung up for 12 h with the sample sitting at 447 K. Data for Q!
for cooling cycles are not shown in the interval 380—416 K because
resonance peaks from the sample were too weak to be fit.

during both heating and cooling but again did not return to
original room-temperature values. Individual peaks were gen-
erally sufficiently well defined to yield reliable values of Q!
for the heating sequences and at temperatures <~375 K or
>~416 K in the cooling sequences. Resonance peaks from
the sample became broad and barely detectable immediately
on cooling through 416 K.

The absence of any anomaly in elastic properties near
415 K during the first heating sequence, followed by a re-
versible anomaly at about this temperature during cooling and
in subsequent heating/cooling cycles, mimics the behavior
reported by Song et al. [48] and Kim et al. [49] for the ap-
pearance of anomalies in dielectric properties measured at fre-
quencies between 0.5 kHz and 13 MHz. This shows that a de-
gree of decomposition of the sample to other phases occurred
at the highest temperatures, as has been characterized more

fully in the literature (e.g., Refs. [S0-53]). Additional steep re-
ductions in f? values, indicated by the black dotted arrows in
Fig. 9, occurred between 447 and 448 K when the experiment
hung up for ~12 h with the sample at 447 K. This is attributed
directly to progressive decomposition, as is the overall degree
of irreversible softening between heating and cooling.

The mass of Crystal #10 at the end of the heating/cooling
cycles was 11.5 mg. Assuming an experimental uncertainty of
40.1 mg, the reduction in mass of 0.3 &= 0.2 implies a weight
loss of between ~1 and ~4%. The initial crystal was translu-
cent and had a well-defined extinction position when viewed
between crossed polars in an optical microscope. While it
remained mechanically robust and retained its original shape,
the sample at the end was white rather than translucent and
had a mosaic of fine cracks across its surface. Between crossed
polars, it displayed a white birefringence color without going
to extinction in any orientation, qualitatively similar to the
images shown in Fig. 3 of Lee et al. [52] of a single crystal
of AS heated to 473 K. Partial decomposition of AS to an
aggregate of fine-grained material had taken place.

F. Cycling to low temperatures following
high-temperature treatment

As summarized by Muroyama et al. [53] and Kosova et al.
[23], possible product phases of the decomposition of AS due
to heating in air include (NH4);H(SO4), (AHS), NH4HSOy,
and NH4SO3NH,. Each of these phases has different tran-
sitions that might be used to provide a fingerprint of which
phase(s) developed in Crystal #10 during cycling up to 455 K.
The sample in its partially decomposed state was therefore
returned to the low-temperature instrument. Data for f? and
Q™! from fitting of the lowest-frequency peak in spectra col-
lected in a full cooling/heating cycle down to 10 K are shown
in Fig. 10. A second cooling/heating sequence was between
305 and 235 K.

Steep softening by 80-90% occurred between ~265 and
~180 K in the first cooling sequence [Fig. 10(a)]. Smaller
degrees of softening are evident at ~135 and ~70 K, with
leveling off below ~50 K [Fig. 10(c)]. Here, Q! values in
Fig. 10(b) show a small increase below ~250 K followed by
the same steep increase through 225 K, as seen previously
for the ferrielectric phase transition in AS [e.g., in Fig. 7(a)].
There is a weak rounded peak at ~135 K and a peak between
~70 and ~10 K which has a maximum value at ~40 K.

Smaller temperature steps were used for data collection
during the first heating sequence to provide better resolution
through the intervals in which anomalies were seen during
cooling. The most obvious feature, however, is the hysteresis
in f? variations which returned to lower values at all tem-
peratures above ~35 K [Figs. 10(a) and 10(c)]. The form
of distinct anomalies in the temperature dependence of f>
is also different, but the temperatures at which they occurred
~72, ~139, and 225 K are close to their temperatures during
cooling. There are no clear anomalies in fZ or Q~' ~265 K
during heating. By way of contrast, the variations of Q!
match more closely the variations obtained for cooling, at
least up to 225 K [Fig. 10(b)]. Above 225 K, they are sig-
nificantly higher than the values obtained for cooling. The
small peak centered at ~135 K in the cooling data has a sharp
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FIG. 10. (a) f? and (b) Q™' data from fitting of the resonance
peak with lowest frequency in resonant ultrasound spectroscopy
(RUS) spectra collected during cooling and reheating of Crystal #10
through the temperature interval 10-300 K after completion of the
measurements above room temperature shown in Fig. 9. Data for
two resonances with frequencies which almost overlap in the primary
spectra from the first heating sequence are shown in red and brown.
A vertical dashed line at 225 K marks the expected temperature of
the ferrielectric transition in ammonium sulphate (AS). Dotted lines
mark anomalies in the temperature dependence of f2 at ~265, ~139,
~132, and ~72 K. (c) Enlarged view of the f? data in (a) showing
details of anomalies below 170 K. Roman numerals represent a
tentative assignment of the structures to the sequence summarized
by Sohn et al. [62].

maximum at 139 K in the heating data. The lowest-
temperature peak gave sharp maxima at 35 and 62 K in the
heating sequence. Below ~35 K, results for cooling and heat-
ing are indistinguishable.

Data from the second cooling/heating sequence show
that f2 and Q™' values remained close to those observed
in the first heating sequence rather than showing any ten-
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FIG. 11. Calorimetric data for Crystal #10, after the end of all
resonant ultrasound spectroscopy (RUS) measurements, collected in
a TA Instruments Q2000 differential scanning calorimeter at a heat-
ing and cooling rate of 5K min~!. Arrows indicate the direction of
temperature change. There are narrow peaks at 415.0 (endothermic
during heating) and 411.8 K (exothermic during cooling), typical
of a first-order transition. The insert shows a smaller anomaly at
~267 K, measured during heating, with a form more typical of a
thermodynamically continuous transition. The two anomalies oc-
cur at temperatures which correspond with known transitions in
(NH,);H(SO,),.

dency to recover to values seen in the first cooling sequence
[Figs. 10(a) and 10(b)]. They have nonlinear softening with
falling temperature and a hysteretic offset of ~10—15 K be-
tween temperatures at which the steepest changes occurred on
approaching room temperature. The pattern of changes in Q!
was like that shown in the first heating sequence but offset to
higher temperatures.

A peak in Q7! and a small step in f? values at ~225 K
correspond with the ferrielectric transition in AS. They sig-
nify that the sample had not transformed completely to other
phases. AHS has a sequence of structures with transitions
originally reported to be at 63, 133, 141, 265, and 413 K
[54,55]. More recent studies have refined some of the details
or have proposed additional transitions (e.g., Refs. [56-62]),
but the elastic anomalies reported here in Figs. 9 and 10
occur at temperatures which match at least four of the known
transitions.

Confirmation of two transformations at ~268 and ~413 K
is provided by calorimetric data collected from Crystal #10
after the end of all RUS measurements. Figure 11 shows
steep peaks at 415 and 412 K during heating and cooling,
respectively, at a rate of 5 K min~!. Heating and cooling rates
of 20 and 40 Kmin~' gave a larger hysteresis interval for
this first-order transition but the same average temperature
for the peak 413 K. The small difference from 416 K for the
anomalies in f? and Q! is presumed to represent an offset
in the calibration of temperature in the high-temperature RUS
instrument. The form of the smaller peak in calorimetric data
at ~268 K (insert in Fig. 11) is more nearly characteristic of a
transition which is thermodynamically continuous.

NH4SO;NH; melts congruently at 406 K [23]. Calorimet-
ric data revealed a distinct phase transition at 255 K but no
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evidence of further transitions down to 8 K [63]. There is a
small anomaly in Q! in the first cooling sequence at ~255 K,
which may or may not be significant in suggesting the pres-
ence of a small amount of NH4SO3NH, in the decomposed
fraction of Crystal #10.

Another possible decomposition product NH4HSO, melts
incongruently to sulfuric acid and AHS at 417 K according to
Kosova et al. [23] and has structural phase transitions at 263
and 150 K [64]. Other measurements of physical properties
by Diosa et al. [65] and Bjorkstrom et al. [66] indicate tran-
sition temperatures of ~154 and ~270 K. Mikhaleva et al.
[67] found 165 and 273 K. There are no obvious anomalies
in the elastic data at ~150—170 K shown in Fig. 10(c), so
NH4HSOj can probably be ruled out as a major component of
the partially decomposed crystal.

V. DISCUSSION

Changes in elastic properties accompanying the pseudo-
proper ferrielectric transition in AS conform qualitatively
to the expectations of conventional strain/order parameter
coupling at a weakly first-order phase transition. There are
differences, however, including nonclassical evolution of the
spontaneous strains [Figs. 2(a) and 2(b)] and marked hystere-
sis between heating and cooling such that the observed elastic
properties are sensitive to the thermal history of the sample
(Figs. 6 and 7). The simplest explanation of the differences is
that they arise from coupling of properties with more than one
order parameter. Nonequilibrium variations can then develop
if different order parameters respond to changing temperature
with different kinetics. Hysteresis effects may arise also from
irreversible changes in microstructure with thermal history.
Different combinations of values of the order parameters
and/or different domain configurations would lead to different
values of the elastic moduli and/or piezoelectric coefficients.

A. Multiple order parameters

For the situation that the ferroelastic and ferrielectric
transition mechanisms are purely displacive, the two order
parameters gg; and g should maintain equilibrium values down
to the lowest temperatures. On the basis of extrapolation of
data from electron paramagnetic resonance (EPR) spectra
from SeO, present as a dopant in AS, an estimate of the
ferroelastic (P63 /mmc-Pnam) transition temperature is 585 K
[68], somewhat below the anomaly in heat capacity observed
~643 K by Kosova et al. [23]. The difference of 360 or
418 K from 225 K for the ferrielectric transition means that
the coupling between ¢ and g will not be as strong as if
the critical temperatures were close. Evidence that coupling
between g and gy is unfavorable was presented above as the
change in trajectory of the orthorhombic shear strain at the
transition point [Fig. 2(c)]. In addition, while evolution of
coupled order parameters for two displacive transitions could
account for the temperature dependence of the spontaneous
strains, it is not likely to account directly for the hysteretic
effects.

Bilinear coupling of two order parameters with different
critical temperatures and different kinetics has been thor-
oughly investigated for an analogous phase transition in the
mineral albite (NaAlSi3Og) [69-72], where ¢ is displacive

and goq relates to ordering of Al and Si between tetrahe-
dral sites. Their evolution is strongly interdependent, but the
evolution of ¢ is different from equilibrium when followed
at different fixed values of g.q. In the case of AS, g arises
from a librational mode [16,73-76]. A thermally activated
step for goq depends on the kinetics of changes in hydrogen
bonding associated with evolving configurations of NH4" or
S04>~ molecules. The increase in Q~! immediately below the
transition point [Fig. 7(a)] most likely arises from an acoustic
loss process that involves coupling of strain with local dy-
namical switching between orientations at relaxation times on
the order of ~1073-107% s. This timescale falls within the
range of correlation times for rotation of NH] groups below
the transition point determined from nuclear magnetic reso-
nance spectroscopy, which also yielded an activation energy
of ~0.04 eV [77].

If local configurations that developed over longer pe-
riods during cooling did not all relax back to the same
configurations during heating, the evolution of the acoustic
resonance frequencies would show hysteretic effects due to
small differences in spontaneous strain and/or to changes in
net piezoelectric coefficients. On this basis, nonequilibrium
evolution of NH,t and SO4>~ orientations provides a possible
explanation of the differences between cooling and heating in
the interval ~30—225 K seen in Figs. 6 and 7. The observation
that acoustic resonances were the same during heating and
cooling below ~30 K [Figs. 7(b) and 10(c)] suggests that there
is a freezing temperature for changes in hydrogen bonding
below which g evolves at constant gqq.

Cooling through the ferrielectric transition resets the con-
figurations of NH4* and SO4>~. Failure to return to the
original configuration on reheating back into the stability field
of the paraelectric structure would account for the hysteretic
variations of f? seen in the temperature interval ~225—260 K.
In other words, there is some local structure or microstructure
immediately above the transition point which is paraelectric
on average but depends in detail on thermal history. Res-
onance frequencies returned to essentially the same values
during heating as observed during cooling when the tempera-
ture reached 260 K, consistent with ¢g,q becoming able to then
relax back to equilibrium values.

Equivalent kinetic effects seem to be important in the de-
velopment of cracks during relatively fast cooling through the
transition point. Slow cooling in steps of 1 or 2 K/h allows
time for adjustment of both g and go in such a way that
shear and volume strains can be accommodated in a single
crystal without cracking. During faster cooling, the cracks
develop because of more abrupt changes in strain coupled
with relaxation of ¢ on a faster time scale than relaxation
of qoq-

B. Microstructures

Hysteresis of physical properties well away from a tran-
sition point often arises by the irreversible evolution of
some transformation microstructure. For example, on cool-
ing through a second-order transition, the first microstructure
might be fine-scale domains which then coarsen as the tem-
perature is lowered. On reheating, the microstructure would
not necessarily revert to the finer scale. Any contribution from
ferroelastic domain walls can be ruled out in the case of AS
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because any that develop during crystal growth appear to be
strongly pinned at temperatures up to at least 313 K [24].
Changes in the ferrielectric domain configuration must occur
but should not result directly in changes in values of elastic
moduli since there is no change in the number of independent
moduli across a transition between crystals which are both
orthorhombic. Poling of ferrielectric domains would cause
changes in bulk piezoelectric moduli, and these would con-
tribute to changes in acoustic resonance frequencies. It is not
clear how changes in net electric polarization would occur in
the instrument used for RUS measurements, unless the ferri-
electric domain sizes are sufficiently large that an imbalance
of domain orientations occurs within a crystal, depending on
its thermal history.

The changes in local configurations of NH,* and SO4*~
orientations referred to above could be associated with
changes in the sizes and distribution of ferrielectric domains
as a function of temperature, in the absence of an electric
field. This mechanism does not apply in the stability field of
the paraelectric structure unless there is a microstructure of
locally polarized domains as a precursor to the ferrielectric
transition.

C. Chemical decomposition

The change of Crystal #10 from a translucent single crystal
with well-defined extinction positions between crossed polars
to a white sample with the same external shape and high
birefringence at all orientations signifies that a reconstructive
change in crystal structure had occurred during the RUS mea-
surements above room temperature. The upper temperature
limit of 455 K was below the temperature interval starting at
~475 K where thermogravimetric measurements have previ-
ously revealed substantial weight loss during heating of AS
crystals [50,51,53,78]. A more sensitive method for identify-
ing the temperature at which chemical decomposition begins
is to detect the first release of NH3, which Kiyoura and Urano
[50] found to be ~373 K. This lower temperature for the onset
of chemical decomposition is consistent with optical studies
which have shown a new phase starting to grow on the surface
of AS crystals at ~408 K [51,52].

There are conflicting claims in the literature as to the
sequence of product phases that result from heating AS crys-
tals. Kiyoura and Urano [50] proposed that breakdown to
AHS + NHj; takes place between 373 and 443 K, and break-
down to NH4HSO, + NHj3 occurs above 443 K; while Lee
et al. [52] proposed that the formation of NH;sHSO, sets in
at 403-425 K, and AHS develops at higher temperatures than
this. The presence of acoustic anomalies in Figs. 9 and 10 at
temperatures corresponding to known transition temperatures
of AHS indicates that the decomposition of Crystal #10 at
temperatures up to 455 K was mainly AS — AHS + NH;.
This would give a weight loss of 6.4% if it went to completion,
so the observed loss of 2.6 £ 1.2% corresponds to ~20—60%
conversion. Residual AS presumably remained in the core of
the sample, with AHS and microcracks forming an outer layer.

D. Elastic properties of AHS

Recovery of a mechanically robust sample from decom-
position of Crystal #10 at high temperatures has allowed

observation of elastic anomalies accompanying phase transi-
tions in AHS, notwithstanding the presence of microcracks
and admixture with AS. Cracks can have a range of effects on
RUS spectra. If they are loose enough to allow the sample to
behave as multiple resonators, the spectra will contain many
more peaks than before they developed, as seen in Fig. 3(a).
If cracks have tips which move back and forth under the low
dynamic stress that applies in natural resonances at frequen-
cies of ~0.1—1 MHz, they will give rise to acoustic loss and
associated softening. If they do not move, they can be respon-
sible for some degree of softening due simply to a reduction
in density of the bulk sample. This limits the confidence with
which anomalies in elastic properties shown in Fig. 10 can be
understood in detail, beyond correlation with known transition
behavior from other studies.

In the summary of Sohn er al [62] (following
Refs. [54,55,57,60]), a transition sequence was given for AHS
as

1(R3m) <> 11 (C2/c) <> (P2 /n) <> IV(P2/n)
< V(PI) < VII(P1).

Based on determination of lattice parameters, the improper
ferroelastic I <> II transition is first order, with a disconti-
nuity in ej3 of ~0.006 at the transition point ~413 K [57].
Schwalowsky et al. [57] also found that the ferroelastic do-
mains in phase II could not be switched by application of an
external stress, implying that the walls are strongly pinned.
Pinning of the domain walls explains the observation of only
slight increases in Q~' below the transition (Fig. 10), in
marked contrast with superattenuation that is characteristic of
high domain wall mobility below the Pm3m <> R3c transition
in LaAlO; [79,80].

The II <+ III transition occurs at ~265 K and is ther-
modynamically continuous [56,62]. It does not include the
development of a symmetry-breaking shear strain (coelastic).
Calorimetric data in the insert of Fig. 11 show an anomaly
characteristic of a continuous transition at ~267 K in Crystal
#10 after decomposition in the RUS cycle above room tem-
perature. Steep softening below ~265 K seen in Fig. 10(a)
is presumably due to this transition during the first cooling
sequence of Crystal #10, but the data from subsequent heating
and cooling are very different. The suspicion must be that
the magnitude of the irreversible softening, by up to ~80%,
reflects changes in crack configurations rather than in mi-
crostructure or classical strain/order parameter coupling.

The III <> IV and IV < V transitions occur within a few
degrees on either side of 140 K and, according to Sohn et al.
[62], are second-order and first-order, respectively. Data from
Crystal #10 show only small changes in f? and a weak peak in
Q7! in this temperature range. There is thus no overt evidence
that any ferroelastic domain walls that might be present in
crystals with the P1 structure could be mobile at RUS fre-
quencies.

The lowest temperature transition, V <> VII, has been re-
ported to occur at 46 K during cooling and 78 K during
heating [55] or 70 K during cooling and 85 K during heating
[62]. RUS data in Fig. 10 do not show anomalies which
match exactly with these, though there are clear hysteretic
changes. Here, f? variations with temperature during cooling
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and subsequent heating are quite distinct in this temperature
range, but both show a distinct break in slope at 72 K. Marked
increases in Q~! below ~75 K define a peak that could sig-
nify freezing at ~30—40 K of some microstructure in AHS.
However, the convergence of resonance frequencies below
30—40 K is present in the data for AS (Fig. 7), and the volume
strain of AS also shows leveling off to almost zero slope below
~30 K [Fig. 2(b)]. Further data from samples containing only
one phase would be needed at these temperatures to discrimi-
nate between phase transitions and freezing of microstructures
or other dynamic effects in AS and AHS.

VI. SUMMARY AND CONCLUSIONS

Nonstandard variations of spontaneous strains and elastic
properties associated with the ferrielectric transition in AS
have been rationalized in terms of bilinear coupling between
two order parameters with the same symmetry but different
relaxation dynamics and coupling with the ferroelastic or-
der parameter. Additional elasticity data for AHS show that
there are more general characteristics of phase transitions in
materials which have displacive instabilities that depend also
on changes in hydrogen bonding. Hysteretic variations may
be anticipated because nonequilibrium combinations of order
parameters for displacive and order/disorder components can
develop as a direct consequence of their different kinetics.

Displacive components should evolve on a phonon time
scale, while order/disorder components are subject to a ther-
mal activation step and will therefore evolve at a rate that
may be strongly temperature dependent. The existence of two
separate driving mechanisms will also lead to a diversity of
transition sequences, depending particularly on differences

between their critical temperatures and the strength of cou-
pling between them. In this context, coupling of each order
parameter with strain will determine the strength of bilinear
coupling via overlapping strain fields. A strain-related mech-
anism can also account for coupling of ferrielectric order
parameters in AS with the order parameter for the ferroelastic
transition which occurs at a higher temperature.

Switching of these materials in response to an external field
will depend on the dynamics of ferrielectric and ferroelastic
domain walls. All the evidence points to ferroelastic domain
walls in AS and AHS being strongly pinned, again consistent
with the additional role of hydrogen bonding which would
have to change across them. Changes in hydrogen bonding
would also occur across ferroelectric domain walls, giving
them characteristics, particularly with respect to freezing, that
would be expected to differ from domain walls in more typical
oxide ferroelectrics. In this context, dielectric spectroscopy
measurements at low temperatures would help to clarify the
mechanisms responsible for freezing behavior in AS and AHS
seen from acoustic measurements at the lowest temperatures.
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