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Abstract. In this work elastic measurements @NH4)4LiH3(SO4)a (ALHS) which were
carried out in the low-frequency range between 1 and 50 Hz are presented. The temperature
dependence of the inverse elastic compliaﬂgg} has been determined between 90 K and
420 K. Distinct anomalies have been found in the temperature dependersqé,ofvhich are
connected to the motion of domain walls in the ferroelastic phase bElew2325 K. Around

Ty = 162 K a (partial) ferroelastic ‘domain freezing’ phenomenon has been observed. To the
knowledge of the authors this is the first time that pure ferroelastic domain freezing has been
reported. However, beloW; the domain walls seem to retain a certain vibrational degree of
freedom which could be responsible for an additional anomaly of the loss modulus which was
observed.

The elastic behaviour of a crystal of ALHS is dependent on the ‘history’ of the given
sample. During temperature cyclirj\ljll shows differences between the first run of heating and
cooling and later runs.

Finally, some basic insights concerning the domain wall motion were obtained; it was found
that the domain wall mobility decreases by three orders of magnitude in the temperature region
170-230 K.

1. Introduction

(NH4)4LiH3(SOy)4, abbreviated as ALHS, belongs to the family of ferroelastic crystals
My4LiZ3(XO4)s (M = K,Rb,NH4;Z = H,D; X = S,Se. At room temperature it is
tetragonal with space group4,. Below the phase transition @& = 233 K the ferroelastic
phase is monoclinic with space grol®?; [1, 2]. Optical studies confirmed the second-
order type of this phase transition [3] which is a proper one with spontaneous strain as the
primary order parameter [4].

The elastic instabilities occur in the plane perpendicular to the tetragonal axis-(the
axis); for the soft elastic constant complete softening was found [5]. Elastic studies of
ALHS below room temperature were performed by Brillouin scattering [5], by piezoelectric
investigations [6], and by torsional vibration and static dilatometry [4].

For the room temperature lattice constants of ALKHS: 7.642 A and ¢ = 29. 566 A
have been found [1]. Recently ‘superionic’ behaviour of ALHS was reported [7, 8]. The
transition temperatur@; of the associated ‘protonic’ transition [9] was found to be around
415 K. At about 430 K melting of the crystal occurs [8].

The ferroelastic domain walls form angles of38d 57 with respect to the tetragonal
crystallographic axes [3, 10]. It is interesting to notice that B3about the angle of the
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hypotenuse of a rectangular triangle with a cathetus ratio of 2:3. Besides this, the line
connecting the sulphur atoms S2 and S3 in the unit cell of ALH& about this angle.

An ND4 deuteron NMR study of the ferroelastic phase and the phase transition of the
closely related substance (WRLID3(SQy)4 is presented in [11]. AdditionallyH [12] and
14N [13] NMR investigations of ALHS have already shown that H bonds and Nidups
are not connected to the elastic anomalies found in the ferroelastic phase. These elastic
anomalies were observed in the low-frequency range between 1 and 50 Hz using a Dynamic
Mechanical Analyzer (DMA). The measured temperature dependence of the inverse elastic
complianceS{ll (effective elastic constant) shows similarities to the temperature dependence
of the elastic constantss in KD,AsO, [14]. As the elastic and dielectric anomalies in that
crystal (which is ferroelectric and ferroelastic at the same time) are caused by ‘domain
freezing’ this suggested investigating whether something equivalent happens also in ALHS
which is only ferroelastic. ‘Domain freezing’ can be observed if the relaxation time which
is related to the motion of domain walls diverges at a certain temperature (the ‘freezing
temperature’). Often such a ‘freezing’ of domain wall motion (or ‘pinning’ of domain walls)
is caused by defects in the crystal structure. In order to find out whether ALHS actually
exhibits pure ferroelastic domain freezing (which according to the author’s knowledge has
not ever been reported before), various measurements of the dependence of various quantities
(temperature, frequency, direction) have been performed. The results of these studies are
presented and interpreted in this work.

2. Experimental procedures and results

2.1. Samples and their preparation

Crystals of ALHS were grown at room temperature from a non-stoichiometric acid aqueous
solution of LbSOy, (NH4)2SOy, and HSO, by slow evaporation of water. They were
hygroscopic and appeared in the form of rectangular plates or truncated pyramids with a
typical side length o5 mm. The plates were found to be oriented perpendicular to the
[001] direction. Their sides were parallel to the remaining tetragonal crystal axes. The
orientation of all the plates used for DMA measurements was checked by conoscopical
observation with a polarizing microscope. In order to check the composition and structure
of the samples, x-ray powder diffraction was performed at room temperature [9], the results
of which could be well described by the lattice parameters already published in the literature.

The samples were cut and polished; during sample preparation it was found out that
stress imposed on the sample during cutting does not influence the ferroelastic domain
pattern. In addition, the domain wall orientations do not change during several consecutive
runs of temperature cycling.

In order to be able to detect whether there are effects stemming from single-crystal
plates or from defects, the samples used for the experiments were cut from different crystal
plates grown in different vessels which were filled with solutions prepared at different times
from different chemical sources.

2.2. Experimental methods

The static and low-frequency elastic properties of ALHS were investigated with a Perkin—
Elmer Dynamic Mechanical Analyzer (DMA 7). Within this apparatus the samples are
exposed to a given static force which is modulated by a dynamic force of chosen amplitude

1 Structural data obtained from A Pietraszko, Weve, 1994.
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and frequency. The amplitude and the phase shif# of the resulting elastic response
of a sample are registered via inductive coupling with a resolutiodn®f= 10 nm and
AS$ = 0.1°. The knowledge o8 andu allows the determination of the real and the imaginary
parts of the inverse elastic compliance, storage and loss modiffis= S~ (see pp 38-40
of [15] and pp 2—4 of [16]):

Cc' — Cff coss and cl’" = ¥ sing. (1)

The force is transmitted by a quartz rod, which is also the probe for the position of the upper
end of the sample. The sample itself is placed within a sample holder made of quartz, too.
The displacement sensitivity is 0/2m (sample dimensions perpendicular to the direction

of measurement were determined with an accuracy ofi).

Applied forces were chosen high enough to guarantee elastic amplitude values distinctly
larger than the above-mentioned resolutionfaf (i.e., in the region ofum). Hence the
error of the measured (relative) values@f’ is in the region of some per cent.

The minimum temperature available during DMA experiments w&30 K; the
temperature values are obtained with a resolution of 0.1 K. The available frequencies were
1-50 Hz; because of the low frequencies (quasistatic measurements) the elastic compliance
is proportional to the elastic amplitude (see below).

Typical sample dimensions were in the region of a few mm; samples exposed to three-
point bending had a thickness of some tenths of a mm. The estimated uncertainty of the
stress values i310%, resulting from irregularities in the shapes of the samples and from
errors of the thickness measurements. Thus the determination of relative changes is more
precise than that of absolute values@f’.

In a parallel-plate measurement a sample is exposed to a fo@eting on the whole
cross sectiom (which is perpendicular to the long sideof the sample). This produces a
homogeneous stress profile within the sample leading to an elastic deformation amplitude
u. Then the elastic compliance is given (see pp 37, 38 of [15] and pp 660-3 of [17]) by

uA
IF @
During most of the experiments the parallel-plate technique was used.
For the investigation of the direction dependence of the domain wall contribution to
the measured elastic compliance it was necessary to prepare samples whose sides formed
an angle of 33 with the crystallographie-axis. Because it proved to be easier to prepare
such samples for three-point bending, this mode of the DMA apparatus was applied in this
case.
A dynamic forceP is applied on a sample resting on two edges. The resulting bending
moment creates an inhomogeneous stress profile within the samsple. the measured
elastic compliance, is then proportional to the amplitude (see p 34 of [15] and p 666 of
[17]):

seff —

4H®Du
. 3
PL3 ®
H and D are the height and depth of the sample, wtliilés the distance of the edges of
the three-point-bending apparatus.

Seff ~

2.3. Experimental results

2.3.1. ‘History’ dependence.The term ‘history’ was chosen to express the fact that the
experimental results obtained were distinctly dependent on the treatment that the sample
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Figure 1. Measured values af%/’ for several consecutive runs.

was exposed to before the actual measurement. Measurememgfufevealed during
temperature cycling the behaviour described below (in order to emphasize the characteristics,
only lines connecting the measured values are shown in figure 1). The absolute value of

Ci{f/ was found to be6 4 0.6) x 10° Pa at room temperature. This may be compared

with the value ofcﬂf/ (which is equal to(S7;) ™, becauses]; ~ 0 at room temperature)
calculated from the results given in [5]:%x 10° Pa. Hence good agreement is found

(1) The first cooling (see figures 1 and 2)Starting from room temperature?"

. . / . .
decreases, reaching a minimum7at Then Cf{f remains rather small, showing only a
very small increase with decreasing temperature (comparing Brillouin measurements [5]

below 7, one would have expectadt’’ " to rise again significantly). At around 162 &'
rises to reach a value of about 1 GPa which remains almost constant dewiD@K (the
lower-temperature limit of the DMA).
Ci{f”, which is very near zero in the paraelastic phase, shows a maximiéim Below
T. it remains larger than zero due to the appearance of ferroelastic domains. Sometimes a

maximum at around 190 K is observed. At the temperature wiigfe shows a stepgs”
exhibits a maximum (this maximum is higher than the maximum observé&g-atompare
ferroelectric KDP [18]). In analogy to the results for ferroelectric materials this temperature
(of about 162 K) will be denoted by;.

Below 7%, Ci{fﬁ decreases, but then unexpectedly rises again to reach another maximum.
The height of this ‘low-temperature damping maximum’ is much larger if the crystal has
not been exposed to temperature cycling before or, as it seems here, if it has been annealed
at higher temperatures, i.e+400 K (compare figures 2 and 3).

(2) The first heating (see figure 3On heating up again, the behaviour described for
cooling is reproduced in the opposite direction. The only difference is that for static stress
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Figure 3. Measured values of the real and imaginary part€f .

values>some 18 Pa,Cf{f/ increases slightly below., thus producing a V-shaped minimum

at aroundT,. Ci{fﬁ shows the same temperature dependence as for cooling.
(3) The second cooling (see figure 1Dn cooling down directly (i.e., within some

minutes) after the first heating has finished, the following is found. Agﬁ{ﬁ/ reaches a
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Figure 4. Measured values of the real and imaginary part€f .

minimum at7,, and remains rather small beldfy (although not as small as during the first

run). At Ty, Ci{f/ rises to much higher values than during the first run. Sometimes even

" oy .
the room temperature value 6t/ is reached. The value @} below T} is not always

constant; sometimes it decreases by some GPa. The maximlﬂﬁfé/fat around7, is
higher with respect to the maximum at aroufidthan during the first run. The maximum

of Cﬁf” below T (the ‘low-temperature damping maximum’) more or less vanished in all
of the later runs. )
(4) The second heating (see figure Hn heating againcj{f decreases &k, reaching

about the same values as during cooling. Sometimes an additional maxinﬂtjﬁ/aiccurs
at around 190 K which is accompanied by a maximunCﬁ”. The features around,

are similar to those in the first heatingﬁfﬁ does not show any new aspects.
(5) Later runs (see figure 1) ater runs started directly after the runs before reveal the

same behaviour as the second run of consecutive temperature cyclings. Only the values of
e/
c’" are not exactly reproduced beldfy.

The recorded differences might be compared with observations of the domain structure
where different patterns were found for first and later runs [9].

After leaving the samples at room temperature for several hours (one night) at zero
external stress, the behaviour of a first run could be reproduced.

This did not work at low temperatures—two different experiments were carried out at
100 K. (i) A sample having crossed the phase transition temperature only once was left at
zero stress for 8 thfi’, did not change. (ii) Then a sample having been cooled for the

second time during temperature cycling was left at zero stress for 8 h. Alsccﬁﬁe:iid
not change. ‘
The temperature dependence@fﬁf above room temperature is shown in figure 5: for
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Figure 5. Measured values afiflf above room temperature.

rising temperature the storage modumgf/ remains constant. Around 410 K it starts to
decrease until the melting point is reached. It is interesting to note that thisaisthe
temperature where dielectric properties change and ALHS exhibits a ‘protonic’ transition

(Ty =~ 415 K) [8, 9]. The loss modulu@i{fﬁ remains very small over the whole temperature
range.

2.3.2. Frequency dependencdn the case of ferroelastic domain freezing one would expect

a frequency dependence ©f (see section 4.1). However, no such dependence could be
found. PlottingT; versus frequency no clear dependence could be found. The only clear
result obtained was thdt; lies at 162 K+ some degrees (the uncertainty results from the
statistical scattering of the experimental values around 162 K). In section 4.1 we will try to
estimate at least some limits of the parameters describing the ferroelastic domain freezing
in ALHS.

A clearer picture could be gained from the frequency dependence of the low-temperature
damping maximum. Two different fitting attempts have been made: an Arrhenius law
(equation (4)) as well as a Vogel-Fulcher law (equation (5)) [19] have been taken as fitting
functions:

0 E3
(%) =15 exp( T ) 4)
) Eact
e =13 eXP(T_ZTVF) ®)

where E5“ is the activation energy related to the process considerediands the Vogel—
Fulcher temperature.
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Fitting with a Vogel-Fulcher law one obtains

E5" = 0.0036+ 0.0040 eV (42 K) Tyr =855+83K
9 =17x1073%s (In(zd) = —6.43+ 1.34).

The fit according to an Arrhenius law yields
E5 =0.1194 0.024 eV (1379 K)
19 =37x10%s (In(zd) = —17.114+2.62).

As the large error values show, the results are not very reliable. In addfijgnjs a bit

too low for investigating the connected low-temperature process more precisely with the

DMA apparatus. Nevertheless, the results seem to indicate that the temperature dependence
of 7;¢ is described better by a Vogel-Fulcher law than by an Arrhenius law.

6
33° 4
Cooling )
5.5 it
am
jinii}
iw]
]
mﬁﬂﬂm
5 .
‘o
a
S 45
B
[®]
4_
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3 T T ¥ T
220 225 230 235 240 245
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Figure 6. Measured values ot for a sample withZ oriented along; = 33°.

2.3.3. Direction dependenceln connection with the hypothesis of ferroelastic domain
freezing (compare sections 3.2.1 and 4.1), three-point-bending measurements have been
performed on samples whose edges were parallel and perpendicular to the direction of
the domain walls (33 with respect to the crystallographicaxis), because no influence

of domain wall motion on the elastic constant is expected in this direction. Therefore
the temperature dependence of the elastic constant should display the behaviour of a
monodomain crystal. These measurements proved to be difficult because many samples
broke at7, or in the region belowl. This might have been due to the high stiffness of
ALHS if stressed along this direction [9]. The resulting”’ (33) is shown in figure 6.

For decreasing temperatuc&’’’ decreases, too, reaching a minimum at arofindThen

c!" increases again, as expected for a crystal where there is no contribution of moving
domain walls to the elastic constant (see also the discussion in section 4.1).
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3. Fundamental theoretical considerations

Before interpreting the experimental results, a theoretical basis on which to explain the
observed domain wall effects in ALHS has to be developed. Mainly, three questions are
connected to this.

(1) Under which circumstances (applied external fields etc) does domain wall motion
occur in ALHS?

(2) Is it possible to stimulate domain wall motion with a given experimental method or
not? The answer to this can help one to distinguish domain wall effects from others.

(3) How does the motion of domain walls affect the (low-frequency) elastic properties
of a crystal?

The answers to these questions will be given in the following sections where three
different methods of low-frequency elastic measurement will be considered.

3.1. Domain switching in ALHS

A domain wall between two ferroelastic orientation stasesS, starts to move when the
energetical equilibrium betweesy and S; is disturbed (the difference between their Gibbs
free-energy densitieA® # 0). In this case the state with the lower energy density enlarges
at the cost of the other orientation state.

Therefore one has to find the dependence of this energy difference on external influences
for a crystal belonging to the Aizu species 4F2 (No 78) [20].

The difference between the Gibbs free-energy densities of two orientation states of a
pure ferroelastic crystal which is exposed only to the stress composigrigsgiven by (see
p 18 of [21])

1
A@ = q)(Sz) — q)(Sj_) = —Aefj O',‘j — éASijkl Uijakl — e (6)

where the last term denotes the ferrobielastic contribution (see p 19 of [21]).
For the Aizu species 4F2A® [9] is

1
AD = 2¢(01 — 02 + go6) — é[(Szz — $11)(02 — 02) + 2(S23 — $13)(0103 — 0203)

— 2(S16 + S26) (0106 + 0206)
— 48360306 + (S55 — S44) (04 — 05) — 4S4504075] ()
wheree = ¢3, is a component of the tensor of spontaneous strain, which is related to the

componentf = ej, by g = 2f/e. If the external uniaxial stress is applied in a general
direction, the stress components are given by (see p 68 of [21])

oij = liljo [; = cosb;. (8)
The 6; are the angles between the general direction and the xaxiand the following
identity is valid:

B+i+15=1 9)
Inserting equation (8) in (7) one gets the dependence of the difference of the Gibbs free-

energy densitiea\® on the applied stress and the direction cosines:

2
o
A® =2e0(f = I + ghlz) = — [(S22 = S1)If = Ig) = 216 + S20) (12 + L311)

+ (2823 — 2813+ Saa — Sss) (1215 — 1512) — 4(S3s + Sas)lZlilo]. (10)
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3.2. Stimulation of domain wall motion by various experimental methods

3.2.1. Stimulation by three-point bendingA detailed analysis [9] showed that for three-
point bending

AP = 61{2€(Q +4gR)+ %[(511 — 8220 + 2(S16 + Sze)R]}

= 0;{U (coS 01 — si? 01) + 2V cosb; Sinb} (11)

where 0 = cof6; — sirf6, R = coshisinby, U = 2¢ + (0,/2)(S11 — S»2), and
2V = 2eq + 0;(S16 + S26). Hence, generally speaking, the domain walls will be moving
within a c-plate of ALHS which is subject to three-point bending.

Setting equation (11) equal to zero one finds that in full agreement with physical
considerations which lead one to expect four equivalent directions in a crystal with two
orientations of domain walls perpendicular to each other, there are four direétiavtsere
no domain wall motion can be excitegh {s the angle between the domain wall and the
tetragonak:-axis):

2 2

The motion of the domain wall within the sample due to external stress leads to an
additional contribution, which is why the entire straiff’ is thus composed of the pure
elastic contributiore®’*s’ and a contributior”" due to domain wall motion [9]:

3
91={¢,¢+ﬂ,<p+n,<p+n}. (12)

eeff — eelast +€DW. (13)
The resulting elastic compliancg’ is then given by
4H3D
eff ~ elast DW

3.2.2. Stimulation by the parallel-plate techniqueéseometrically, the parallel-plate method
may be treated as a simpler special case of the three-point-bending method. All of the
parallel-plate results presented in this work have been obtained for configurations where
the uniaxial stress was applied along one of the crystallographic axes. Therefore the
considerations may be restricted to three casesi| a, o | b, ando || ¢. Because

for each of these configurations only one stress compane#t0, Hooke's law reduces to

e = SiiUi- (15)

According to equation (7)A® = 0 if only o3 is applied.In such a case one would not
expect a change of the elastic compliance due to moving domain Waiks.experimental
results are in accordance with this.

For the other two directions of, A® is given by (following from equation (7))

S11—82 2

AD = 2¢e(01 — 0p) + T(a1 —05). (16)

Like for three-point-bending measurements the elastic compliance is a sum of two
contributions [9]:

Se_)f'f — Selast 4 SDW. (17)

Because:”" has the same sign as the applied stré$8" > 0, thus leading to a softer
crystal behaviour than expected from pure elastic calculations.



Ferroelastic domain freezing in ALHS 7095

3.2.3. Stimulation with a torsion pendulumAlthough no results obtained with the torsion
pendulum technique are presented in this work, it will prove to be of significance for
dealing with this kind of experiment. As there are almost no low-frequency elastic results
available for ALHS, everything which has been published until now has to be referred to
measurements presented byaddet al performed with a torsion pendulum [4]. Their results

will be used for estimations concerning the relaxation processes of domain walls in ALHS.
Studying the applied method [22], one finds that the resonance frequencies were in the
region of 200 Hz, which is higher by a factor of four than the highest frequencies within
reach of the DMA apparatus.

A detailed analysis of three different geometrical situations [9] shows that if the torsion
axis is parallel to the-axis there should be domain wall motion induced only by higher
(ferrobielastic) coupling.

The situation is different if the torsion axis coincides with theor the y-axis of the
coordinate system. Then domain wall motion is expected due to ferroelastic coupling. Only
the application of a stress component may cause a ferroelastic shifting of the domain
walls (which is equivalent to the fact that the torsion axis is parallel torther the y-axis).

As a consequence the influence of domain wall motion should hence be observed also
with a torsional pendulum—provided that the resonance frequencies of the sample are within
the frequency range where domain wall shifting can be induced.

C/X O, 8wy

\

Aw

equilibrium position equilibrium position

btetr

Figure 7. Geometrical relationships for domain wall shifting.

3.3. Estimation of domain wall motion parameters

As has been discussed already, the observed elastic behaviour béiwaed T, can be
accounted for by moving domain walls producing an additional contribution to the elastic
compliance of ALHS. Until now no quantitative description of this domain wall motion has
been given. In this section it is our aim to estimate some basic quantities related to the
domain structure. As has been stated before, the reason for the motion of the domain walls
lies in a differenceA ® between the potentials of the two orientation stateand S,. This
difference is induced by external stress. In the case of a friction-free domain wall motion
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one would expect a vanishing coercive stress for ferroelastic domain switching; i.e., even
for a very small stress (oA ®) all of the domain walls would cross the crystal boundaries
thus leaving a monodomain sample. Because this has not been observed it is legitimate
to assume a relationship betweard and the resulting domain wall shifw. Hence the
following Taylor series expansion will be used:

92w
o+

ow
Aw(AD) = Aw(0 — —
w(A®) = Aw(0) + : A D2

AD2, (18)
IAD

0

Taking into account the first two terms, the expansion reduces to a linear function of
A® becauseAw(0) = 0. Again, the applied stress is restricted to they-plane and
ferrobielastic contributions are neglected. Thus equation (18) transforms after insertion of
equation (10) to

Aw = Cpy AD = 2C4,e0 (COF(01) — SiIMP(61) + g cog6;) SiN(61)) (19)
where Cy,, is a measure for the domain wall mobility. Equation (19) can be transformed
[9] to
2C4peo Sin2p — 01)

sin2p
where 6; again denotes the angle between the direction of the applied stress and the
crystallographica-direction, andy denotes the angle between thexis and the domain

wall (see figure 7). Besides this, it stands to reason that the solutions found in equation (12)
for the condition of zero domain wall motion fulfil also equation (20).

Aw(b1, @) =

(20)

1077,
E resuiting estimation 1000
7] (ALHS)
10‘85 4000
20000
-9_ B ——
1075 80000
= 1
z E -
o 1 300000
w0 e T T
: 1000000
10711
1 0‘1 2 T T H T T
170 180 190 200 210 220 230

Figure 8. Calculated temperature dependences of the coefficigptfor several values of the
domain wall densityp?" (m~1).
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The calculation ofC4,, can be found in the appendix and yields

2F + X(T)
Y (T)pPY(T)a'(T)
According to thisCy,, was calculated for the temperature interval between 170 K and 230 K,
i.e., for the interval wheres/ is only weakly temperature dependent. The reason for that
is that below this temperature regia$f// starts to decrease at arouffigh and the domain
walls cannot move freely any more. Not far above 230 K the domain pattern vanishes
because of the phase transition to the tetragonal high-temperature phase. The experimental
values obtained for the region of 170 K-230 K are approximated by a linear temperature
behaviour, whereC* (170 K) is set equal to & 10° Pa andC¢% (230 K) is set equal
to 4 x 10® Pa. It is obvious that &< F; < 1. As calculated X (T') varies betweerr~80
and 50 for the temperature interval 170 K—230 K. Therefore the contributian afay be
neglected. With the help of equation (Al11l) this allows the calculation of the temperature
dependence of ,,, for given temperature-independent valueso6f'. This has been done
for values ofp?" between 1®m~! and 1§ m~! (for F; the value 0.5 was inserted)—the
results are shown in figure 8. As can be se€p, decreases with lowering temperature
and thusthe domain wall mobility decreaseResulting consequences will be reported and
dealt with in future work.

The typical (temperature-dependent) values of domain wall densities are within the
above-mentioned region for ALZX crystals &€ H, D; X = S, Se); therefore at least the
order of magnitude o€, (T) may be estimated. In ALHS, ALHSe and in ALDSe?"
increases with decreasing temperature. The value’df in ALHSe lies between 0and
10* approximately 15 K belowf, and in the region of 10about 45 K belowT, [2]. For
ALDSe p?%" = 3 x 10 at 60 K belowT, [23]. Using these values for the estimation for
ALHS, one finds from figure 8 thaf,, (T) decreases by about three orders of magnitude
between 230 K and 170 K. Hence fér= 0 the resulting domain wall shift is approximately
given by (see equation (20))

Aw( 170 K) ~ o x 103 m
Aw(~ 230 K) ~ o x 1071 m.

This yields avariation of Aw betweer~100 A and~10 um (thus the domain walls
are expected to be easily movable in the region rgarlt is interesting to compare these
values with that of the amplitude of lateral displacement of domains in, e.g., ferroelectric
KH,PO, (KDP) which was found to be gf the order of 20 In addition, the domain wall
thickness was estimated to be about F0@a hundred times the lattice spacing) in KDP
[24]. In Rochelle salt the thickness of the ferroelectric domain walls was determined to be
between 504 and 2500A [25]. Also values of 30—7@\ and 12—-220A have been reported
for KDP and Rochelle salt, respectively [26].

Cou(T) =

4. Further considerations

In the following, some of the main features found in the temperature depender@¥ of
and described in section 2.3 will be discussed and as far as possible explained.

4.1. Ferroelastic domain freezing

The most striking result is that cdj’ﬂf/ remaining almost constant over a broad temperature
region below?,, while one would expect a steep rise starting righT;atAround Ty, Ci{f/
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exhibits a rise which is accompanied by a maximunC{Jf”.

Up to this point of the work, domain wall motion has been discussed only for the
case of a static external stressbeing applied to the sample. Now a thermally activated
domain wall relaxation process with a relaxation tinjé‘ will be considered (compare also
the discussion of the domain wall mobility in section 3.3). Hence for a Debye relaxation
(compare, e.g., p 94 in [27]) one would expect the following for the frequency-dependent
elastic constan€ (w,,,:, T;*) if a driving force (i.e., external stress) is applied with a given
frequencyw,:

C(w=00) — C(w = 0)
1462, (2
C(w=00) — C(w = 0)

1+, (11)?

appl

C'(@appi» T1) = C(w = 00) (214)

[ )
C//(wapplv 7:]r_e ) = wuppIT{e . (Zjb)

Assuming nowr; to rise with decreasing temperature, while keeping, constant,
the following is expected.

Equations (2&) and (2b) imply a rise of C'(w,, = constantz;*) and a maximum
of C”(wapp = constantz;*) at aroundZ;—where T} is equivalent to the temperature for
which wgp, 1 ~ 1. AboveTy, w.,pu ¢ < 1, i.e. the applied frequency is low enough for
the domain walls to follow the external stimulatioBelow Ty, w,,,i 7] becomes-1; the
relaxation timer/* is now too large for the external dynamic stress to stimulate the domain
wall motion with whichr]¢ is associated (‘domain freezing’).

In general,T; is expected to increase with rising,,,;. However, no clear frequency
dependence of; could be found in DMA experiments. Hence it is concluded thais
quite near a static limit for frequencies50 Hz. As a consequence—and in accordance
with the ferroelectric case of KDP [18]—a Vogel-Fulcher law is assumed to be valid:

EGCZ
T]r.el — 'L'](.) exp<T_1TVF> (22)

Because the narrow frequency interval accessible with the DMA apparatus did not allow
us to observe a clear frequency dependencE pbnly the simplest case will be considered
here. Thus the activation energy was assumed to be a single temperature-independent value
E{" (compare again [18] where a temperature-independent distributifi‘ofs assumed).

An additional reason for the difficulties in determining the frequency dependerfgemight
be that already given by Kuramoto who observed a dependen€g0bn the specimens
and on the run of the measurement.

In addition, results for higher frequencies have to be taken into account. Until now,
only results obtained by Brillouin scattering and by the torsion pendulum technique have
been published for ALHS. The resonance frequencies of the torsion pendulum measurements
lie in the region of 200 Hz. According to section 3.Z1®ving domain walls produce a
lowering of the measured torsion moduluas can be seen from [4jo such lowering has
been observed

Thus it is clear thatTy > T, for w.,; =~ 200 Hz. Although the lack of a clear
determination off for this frequency proves a disadvantage, at least an estimation of the
parameters of the Vogel-Fulcher dependence may be achieved. Each value obtained for
T; by DMA experiments is known only within an error interval ¢f0.5 K. Thus it is
conceivable that there is a slight frequency dependend efhich is ‘hidden’ within the
resulting uncertainty oft5 K. In fact it is a consequence of the assumed Vogel-Fulcher
dependence thd (1 Hz) lies at least slightly below, (50 Hz). For the following estimation
it was presumed that the difference betwd&&il Hz) and7,(50 Hz) is equal to the error
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interval. Together with the resulf;(200 H2 > T., this makes it possible to determine
an upper limit for E{: in the event of the above assumption being incorrect it is clear
that 7/ (1 Hz) and7;(50 Hz) can lie only nearer together than estimatéd200 Hz) may

be higher thar,. Both cases would lead to a stronger curvature of the resulting Vogel—
Fulcher curve, thus producing lower values Bf". Calculating a Vogel-Fulcher curve
going through the points (157 K, 1 Hz), (167 K, 50 Hz), afig, 00 Hz) one obtains

E{°" = 0.002 eV (24 K) Tyr = 1525 K =6x10"*s

Calculating the parameters for (162 K, 1 Hz), (162.2 K, 50 Hz), and (250, 200 Hz) one
obtains

E{“ =33 x 107 eV (0.38 K) Tyr = 1619 K =79x10%s

In addition, a very rough estimation of the temperature dependem‘{é’ afan be given.
As 17 ~ 1/w,p, at Ty one gets

3x103s< 79 <015s for=162 K
75x10%< i s for T,.

As discussed in section 3.2.6.p domain wall motion is expected if the external stress
is applied parallel and perpendicular to the domain wall orientations. The corresponding
experimental result is shown in figure &elow T, c'' rises again indicating that there
is (almost) no domain wall contribution to the elastic compliance (compare equation (17)).
The inhomogeneous stress profile induced by three-point bending (compare section 2.2)
leads to a ‘smearing out’ of the phase transition which can be seen in figure 6.

4.2. Additional features and open questions

Beyond the ‘domain freezing’ described in the preceding section, two additional phenomena
have been observed which seem to be closely connected to the domain (wall) properties of
ALHS: a ‘history’ dependence and residual domain wall motion belpw

If a sample is exposed to temperature cycliﬁé{f/ rises during the later runs to
much higher values beloW, than during the first run(i.e., the first cooling and heating;
figure 1). Also, the low-temperature damping maximum decreases and vanishes for later
runs (figure 4). There may be a certain connection between the two features. It is also
interesting that the low-temperature damping reaches much higher values for samples used
in experiment for the very first time (figure 2). The highest valuexi’ﬁf, below Ty are
of about the same magnitude as those at room temperature, i.e., the crystal is nearer to a
monodomain state. This and the magnitude of the activation energy of the process which
leads to the low-temperature damping maximum (section 2.3.2) suggesiothat kind of
domain wall relaxation is also involved beldliy. However, the process must be different
from that observed abovE, as the low-temperature damping and some remaining damping
around7; are observed even for stress values in the region of MPa [9]. One possibility
might be thateven belowZ; at least a part of the domain walls performs small oscillations
around pinned positions (instead of shifts), in contrast to the case for the temperature region
aboveT; where shifting of the domain walls is also possible. Hence the ‘domain freezing’
is not a total one.The above would also explain why the ratio of the valuesHf below
and aboveT; shows a dependence on static stress [9]: if static stress is applied, domain
walls are shifted abov&, while this does not occur belo®;.

The following consideration might account for the ‘history’ dependence: within a sample
having crossed the phase transition temperature only once before (a ‘virgin sarﬁﬂfé’),
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clearly does not reach (above and belByy the value expected for a crystal whose domain
walls are more or less immovable. So at least a part of the domain walls oscillates also
belowTy, thus producing the low-temperature damping maximum (see above). After heating
aboveT, and cooling back again continuously, we assume that internal stress (‘transition
debris’ etc) begins to hinder the domain wall motion. Therefore even abgvihe values

of Cﬁf/ are higher than for a fresh crystal. In particular the type of domain wall relaxation

still existing belowT; is suppressed by internal stress and?%"gﬁ’ increases belowW; more
than within a virgin sample.

The hypothesis of internal stress influencing the elastic behaviour of ALHS crystals is
corroborated by the fact that a sample cooled down bdlpweveral times and afterwards
heated up to a temperature 6400 K or more shows again the behaviour of a virgin crystal
(compare [10] where something similar is reported for ALHS, toanealing takes place
also at room temperature if the crystal is kept at zero external stress for several fidws.
one may say that virgin samples are in a kind of ‘ground state’, which is left after the first
cooling and heating cycle. The crystal returns to this ground state by itself if the value of
the ‘product of provided temperature and time’ is large enough. Hence for low temperatures
one would expect very long annealing times (under the assumption that annealing actually
can take place at low temperatures). Indeed, keeping a virgin sample as well as a crystal
exposed to the second run of temperature cycling at a temperatuxel@ K at zero
external stress fo8 h did not change the actual elastic behaviour of the sample, which is
in accordance with the expectations.

In addition, there might be also a connection between the annealing behaviour of the
crystal and the hindrance of macroscopic domain wall motions: on the one hand one expects
much higher annealing times for lower temperatures, and on the other hand domain walls
are more hindered in their motion at lower temperatures. This leads to the conclusion
that internal stress concentrations are reduced via temperature-activated motions to which
domain wall motion is related (compare also figure 8).

5. Conclusions

It has been shown in this work that the low-frequency elastic anomalies observed in the
ferroelastic phase of ALHS result from the motion of domain walls (compare also optical
domain studies which give a clear hint of the dynamic character of the phenomena [9]).
The elastic behaviour in the temperature region betwEeand 7y can be explained by
(vibrational and lateral) domain wall motions reaching amplitudes of spmedirectly
below 7.. These amplitudes decrease with decreasing temperature due to an increase of
the related relaxation time[*. Simultaneously, the macroscopic mobility of the domain
walls decreases and the coercive stress rises due to the increased energy difference between
the two possible ferroelastic orientation states. Arodipd= 162 K a distinct lowering
of domain wall mobility occurqpartial ‘domain freezing’)leading to an increase of the
storage modulus and to a maximum of the loss modulus. To the knowledge of the authors,
this is the first time that pure ferroelastic domain freezing has been reported. In ALHS,
‘domain freezing’ seems to be a ‘freezing’ of motional degrees of freedom of the domain
walls. This freezing is ‘anticipated’ by the decreasing domain wall mobility with lowering
temperature.

For the frequency range accessible with the DMA apparéflshas almost reached
its static limit and therefore no frequency dependencéotould be observed. A rough
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estimation, assuming a Vogel-Fulcher dependence 6f yields
E{ < 0.002 eV 152 K< Tyr < 162 K 6x10%s<?<8x10"s.

Below 7y the domain walls seem to retain a certain (vibrational) mobility, which is expressed
in the fact that the storage modulus remains rather small while the loss modulus exhibits
an additional maximum at low temperatures. The parameters of this relaxation process
obtained by a fit with a Vogel-Fulcher law are

ES = 0.0036+£0.0040 eV Tyr =855+ 83K  r0=17x10%s

During later runs of temperature cycling an increase of the measured storage modulus
C*’" has been found. It seems that if a crystal is exposed to more than one consecutive
run of cooling and heating then, as well as the domain wall motion betwWeand 7y, the
low-temperature relaxatiorf(< 7y) is in particular affected by remaining internal stresses.
As we have observed in our experimerttggse internal stresses can be removed either by
heating the sample above room temperature or by allowing enough time at room temperature
without loading

Due to the fact that the frequency range of the DMA was too small for us to obtain clear
data on the frequency dependencelpf we suggest carrying out additional investigations
in the frequency interval between 50-200 Hz. Future adaptations of the DMA apparatus
will most probably allow measurements of the low-temperature relaxation below 100 K
also. The behaviour of ALHS crystals exposed to high uniaxial stress during cooling will
be interesting to study in future, too.

Acknowledgments

The authors are grateful to A Fuith for advice on growing the crystals. Thanks are also due
to J Rosenstingl for performing the powder diffraction records.

This work was supported by thésterreichischer Fonds zurdflerung der
wissenschaftlichen Forschung under project number P9793-PHY.

Appendix. Calculation of the parameter C,,

As the domain walls in ALHS are perpendicular with respect to each other, there are four
possible values of the domain wall angle Because of the form ohw (01, ¢) it is sufficient

to check the angular dependence/fob for a second domain wall (DYY perpendicular to

the first one (DW). Insertion ofp — 90° instead ofy yields again equation (20). Thus it

is obvious that the system of domain wall orientations is sufficiently described ifjist
taken into account.

During parallel-plate measurements the external stress is applied in the same direction
as where the displacement is measured. It is therefore of great interest to calculate the
change of this displacement due to domain wall shifts within the sample. The simplest way
of expanding an orientation state (domain) is given by domain walls whose directions of
shift are perpendicular to the domain walls themselves. Therefore an additional geometrical
consideration has to be carried out in order to find in relation to the change of the crystal
length along the direction of applied stress: generally for a given direction of applied stress
01, the projections ofAw will be different for DW; (Aw;) and for DW, (Aw;). They are
given by

Aw Aw

- 2" and Awp= 2 (A1)
sin(p — 64) cogg — 601)

w1
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The contribution in the direction of; produced by the shift of two single-domain walls
perpendicular to each other is given by

AwPUT = Awy + Aws,. (A2)
It is sufficient to take into account only those value®pfor which Aw # 0. Besides this,

it is necessary to distinguish between> ¢ and6, < ¢. As 61 + 180 is equivalent t
the remaining cases are as follows.

Q) e >61>¢—90:
ACyypeo (Sin(p — 61) + cogy — 61))

AwPair 0 —-90) = A3
w (@ > 01> ¢ ) sin 2 (A3)
(2) 9 +90° > 61 > ¢:
; 4C w i —61) — -0
AW (o +90° > O, > @) = pweo (SIN(p 1) — COS@ 1) . (Ad)

sin 2p
The majority of the measurements have been performed for stress applied along the
crystallographica-direction. Therefore the following calculations will be reduced to the
case wher#; = 0. Neglecting the shear component of the order parameter, the change of
length along thez-direction induced by two shifting domain walls is given by Rw?<".
Hence the total change of length is
Aw® = e AwPur PV (A5)
wheren®?" denotes the number of domain walls intersecting a line parallel to the (tetragonal)
a-axis (compare figure 7). Here it is assumed thaY is constant (with some tolerance)
for all possible lines parallel to the-axis. In addition, it is presumed that" is an even
number. Both assumptions are not very restrictive for domain wall densities, as observed
(see section 3.3).
In the following a simple model is constructed in order to calculate the relationship
between domain structure and the physical extent of a crystélis the total number of
unit cells along the:-direction, of whichs; are in the orientation stat® andn"c — s, are
in the orientation staté, for zero external stress (here the regions within domain walls are
neglected). The average length of the crystal'ia:’(T), wherea'(T) is the extrapolated
tetragonal lattice parametef(T) = a(RT)(1 — «.,(RT — T)). The ferroelastic distortion
in S; produces an additional contributi@(7 )s1a’(T); S, produces—e(T)(n"c — s1)a’(T).
Thus the resulting crystal lengtp parallel to thea-direction is, at the temperatufe,

Io(T) = a'(T)(2e(T)s1 + n"“(1 — e(T))). (A6)
The strain induced by domain wall shifts is then calculated from

b
DW_Aw
e; " =

. (A7)

Combining equations (A5), (A6), (15), (13), and (17) one obtains
Awpair(T)nDW
t T eff T — elast T)) = A8
a' (T)ou(Sy1 (T) — 8177 (1)) 251 + nv(1/e(T) — 1) (A8)
which is transformed with the aid of equation (A3) to
de(T)(Sing + COSP)
(SS(T) — S84 (T))a(RT)(1 — @ (RT — T)) Sin 2p

- hoy L 1)=rm=
— CoupBY " CoupPV \e(T) - B

2h 1 X(T)
CqﬁwloDW Cqﬁwpulz-w

uc

(A9)
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whereF; = s1/n"¢ is the portion of unit cells in the orientation statgandp2" = n?W /nuc

the number of domain walls per side length of a unit cell(T) and Y (T') consist only

of quantities known from calculations [9] or experiments (see sections 1, 2.3.1) and can
therefore be determined.

Also F1, Cyy, and p2W can be temperature dependent. A temperature dependence of
the domain pattern is indeed reported in [10] for ALHS, in [28] for ALDS, in [2] for ALHSe,
and in [23] for ALDSe crystals. Mostly domain wall densities are estimated by observation
through a polarizing microscope and are given intmThus p2" is transformed into the
number of domain walls per metre by
P (T)

al(T)

Now it is of great interest to estimate the magnitude of the coeffidgptwhich relates
A® to the resulting domain wall shifAw.

Transforming equation (A9) and inserting (A10) yields

2F + X(T)
Y(T)pPW(T)a'(T)’

P (T) = (A10)

Cou(T) = (AL1)
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