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Mechanical shear measurements on a ferroelastic multidomain state

A. Binder and K. Knorr
Technische Physik, Universita¨t des Saarlandes, D-66041 Saarbru¨cken, Germany

Yu. F. Markov
A. F. Ioffe Physicotechnical Institute, St. Petersburg, Russia

~Received 18 June 1999!

The mechanical properties of the improper ferroelastic crystal calomel Hg2Cl2 have been investigated with
a torque-twist setup. Three methods have been applied: low-amplitude ac measurements on the real and
imaginary part of the shear compliance in the Hz–102 Hz range, measurements of isothermal torque-twist
hysteresis loops, and studies of the twist angle for different torque-temperature histories. The work gives
insight into the response of the ferroelastic multidomain state to an external torque.
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I. INTRODUCTION

Crystals undergoing a ferroelastic phase transition exh
at least two orientation states~domains! which differ with
respect to the components of the spontaneous strain te
Switching of one ferroelastic domain to the other can
induced by applying an appropriate external shear stress
one of the domains can grow at the expense of others v
motion of the domain walls. It is this analogy to ferroma
nets and ferroelectrics which led to the name ‘‘ferroelastic
Nevertheless direct experimental evidence for switching
mechanical measurements is rare for nonmetallic crys
Only some few successful measurements of ferroelastic
teresis loops have been reported in the literature.1–4 It is,
therefore, not surprising that the understanding of the dom
pattern and of its response to an external stress is still inc
plete. Investigations of ferroelastic phases5 rather concentrate
on diffraction studies of the spontaneous strain, on opt
inspections of the domain pattern, on measurements of
elastic constants by ultrasound propagation and Brillo
spectroscopy, and on the measurements of soft modes,
by inelastic neutron scattering.

We report mechanical torque-twist measurements
calomel single crystals. We have chosen this improper
roelastic rather than a proper ferroelastic, since we are in
ested in the ‘‘superelastic’’ mechanical response due
changes of the domain arrangement. For a proper ferroel
it is more difficult to distinguish the superelasticity from th
intrinsic elastic softness in the vicinity of the ferroelas
phase transition. Calomel is a van der Waals crystal con
ing of the linear Cl-Hg-Hg-Cl molecules. It crystallizes in
tetragonal structureD4h

17 where the molecular axes ar
aligned along the tetragonalc axis.6 At Tc'184 K the tran-
sition into the low-temperature orthorhombic phase (D2h

17) is
triggered by the soft TA mode at theX point at the boundary
of the Brillouin zone.7–9 The condensed displacement of th
mode is the primary order parameterh of the orthorhombic
phase. The appearance ofh is accompanied by a spontaneo
strain, the largest and symmetry breaking component is«6
which refers to a pure shear of the basal plane of the tet
onal lattice~ferroelastic species 4/mmmFmm!.10 At say 100
K the shear angleDg is 0.4 deg. In lowest order the couplin
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of the order parameter and the strain is of the quadratic-lin
type, h2«6 . The treatment of the transition in terms of th
Landau model can be found in Ref. 11. There are two f
roelastic domains which differ in the sign of the spontaneo
shear strain«s . Either ferroelastic domain forms two trans
lational domains which are separated by antiphase bou
aries. The translational domains have no effect on the
chanical properties and will be ignored in the following. Th
transition appears to be at the borderline between first
second order. Soft-mode spectroscopy, diffraction meas
ments of the spontaneous strain«s and heat-capacity
measurements12 suggest tricritical behavior with«s}h2

}(Tc-T)2b, b50.25. The ferroelastic domains form twi
bands of alternating1 and 2 domains. The twin walls are
crystallographic~100! or ~010! planes.13 This orientation of
the walls is consistent with the concept of zero net strain
the domain boundary.14 The elastic constantsci j have been
determined by Brillouin spectroscopy,15 above and below
Tc .

II. EXPERIMENTAL

We have studied the twist of single crystals subject to
external torque. The samples are prismatic columns wit
typical sizeL1L2L35(73231.5) mm3. The samples have
been cut in two different ways. Most of the data have be
obtained for samples with the edges parallel to the crysta
graphic directions@100#, @010#, @001#, ~orientationA, see Fig.
1!. Some complementary measurement have been made
sample with the edgesL1 ,L2 ,L3 along @11̄0#,@ 1̄10#, @001#
~orientationB!. The samples are glued with the bottom fac
onto the cold plate of a closed-cycle refrigerator. On the f
end they carry a permanent magnet and a mirror. Torqut
about an axis parallelL1 is applied via a magnetic field. Th
resulting twist anglew of the free end is obtained from th
deviation of a light pencil reflected from the mirror. A sch
matic picture of the setup has been shown elsewhere.16

The torque-twist method is very versatile and allows s
eral modes of operation. For large torques, i.e., for the m
surement of hysteresis loops a 1 T electromagnet with an
iron core was used. Here the field and hence the torque
ramped up and down between1tmax and2tmax with a cy-
190 ©2000 The American Physical Society



a
m
ta
i
ir

th

in

re
th
o

el
-
p

. I
y
h
a

h
wi
oin
e

a-

on-
he

he
or-
ore
fer-

t
:

ic

the
a-

n-
us
in-
t
uced
ral

in
ly.
x-
ain

be-

f a

ns
er

of

f
rear

rface

-
in

an

e:

n-
gle-

r-

is
e

PRB 61 191MECHANICAL SHEAR MEASUREMENTS ON A . . .
cling frequencyf of typically 0.01 Hz. The torque-twist dat
are recorded quasicontinuously point by point. The sa
setup is used for measurements of the twist in a cons
torque on cooling and heating. For measurements w
smaller amplitudes and higher frequencies, a separate pa
smaller field coils without an iron core was used. Here
torque varies sinusoidally with time,t5t0 cos(2pnt) and the
amplitude and the phase delay of the twist,w
5w0 cos(2pnt-d), are recorded by means of a vector lock-
amplifier. The measuring frequenciesn are in the 1 Hz–100
Hz regime well below the fundamental torsional eigenf
quency of the sample at some kHz. The frequency and
width of the torsional resonance have also been studied
casionally.

III. TWIST DEFORMATION

The application of a homogeneous shear stress to an
tic body is difficult to realize experimentally. It is more con
venient to apply a torque to an elongated prismatic sam
and to determine the twist angle resulting from the torque
this configuration, however, shear stress and strain are b
means constant over the volume of the sample. For the
mogeneous, single-crystalline state of the paraelastic ph
they rather vanish along the axis~neutral fibre! and increase
in magnitude proportional to the distance from the axis. T
orientation of the stress and the strain tensor rotates
respect to the crystallographic coordinate system when g
around the axis. In the linear elastic regime, the twist anglw
is proportional to the torquet, w5CSt. C is a geometrical
factor. The effective complianceS is given by a linear com-
bination of the~pure and impure! shear compliancessi j of
the crystal system.17 The coefficients depend on the orient

FIG. 1. Schematic picture of a sample of orientationA. The
sample is assumed to form a periodic twin band with~100! walls
separating the1 and the2 domains. Under the action of the exte
nal torque the domain walls tilt out of the original~100! plane
thereby increasing the1 domains on the front~001! facet and the2
domains on the rear~001! facet. Saturation in the sense of th
experiment is achieved when the front facet consists of a singl1
domain and the rear facet of a single2 domain.
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tion of the torque axis relative to the crystal axes. The c
cept holds for samples with an elliptic cross section. T
coefficients of thesi j also depend on the aspect ratio of t
major and minor axis of the cross section. The twist def
mation of a sample with a rectangular cross section is m
complicated, but can be approximately described by re
ring to the elliptic case with the dimensionsL2 andL3 play-
ing the role of the major and minor axis.17 For the two ori-
entations and typical values ofL2 /L3 used in the presen
study, one obtains for the tetragonal paraelastic phaseSA

50.2s6610.8s44 for t along @100# ~orientation A! and SB

51.2(s112s12)/210.4s44 for t along @11̄0# ~orientationB!.
Hence, it is only for orientationA that the compliances66

which is related to the symmetry breaking parte6 of the
spontaneous strain tensor is probed.

Below TC , in the multidomain state of the orthorhomb
phase, there are two contributions to the twist angle,w5we
1wse. we represents the linear elastic response of
orthorhombic lattice and is again given by a linear combin
tion of thesi j which can be calculated from the elastic co
stantsci j of the orthorhombic phase. As the spontaneo
deformation is small, one can approximately refer to the l
ear combination of the paraelastic phase. The second parwse
represents the superelastic response due to stress ind
changes of the domain pattern, in particular via the late
motion of the domain walls. Hence,w5wse1CSt. This re-
lation has a formal analogy to theB(H), B54pM1H,
rather than to theM (H) relation of ferromagnets.18 Of
course, one expects mechanical loss to be connected withwse
and not withwe .

A calculation ofwse requires assumptions on the doma
pattern and is possible for highly idealized situations, on
For orientationB the situation is simple, since here the e
ternal torque cannot lead to the preference of one dom
with respect to the other. Hencewse should vanish and the
mechanical response should remain strictly elastic. See
low for the pertinent experimental result.

For orientationA we assume that the sample consists o
single periodic~100! twin band with a repeat distancel, l
5l11l2 ~Fig. 1!. Thus every domain has the dimensio
L2L3l6 . For the twisted state of the sample, we furth
assume19 that the domain walls remain planar but tilt out
their original ~100! orientation in such a way that the1
domains of the front~001! facet will grow at the expense o
the 2 domains, whereas the reverse case holds on the
~001! facet ~Fig. 1!. The tilt anglea of the domain walls is
related towse via wse54«sL1a/l; w,a!1. Saturation in the
sense of the present experiment is achieved when the su
layers of the front and the rear~001! facet are in the single-
domain state. Herewsat52«sL1 /L3 . wsat can be estimated
from the crystallographic data on«s and the sample dimen
sions. It is now important to realize that tilting of the doma
walls out of the zero-net-strain~100! orientation involves
work W against a restoring torque which is supplied by
elastic deformation of the domain lamellae,19,20 W
51/2s44

21a2(2«s)
2. Eliminating a, one finally arrives at the

following expression for the response in the linear regim
w5we1wse5C@Se1(2L3 /l)2s44#t5C(Se1Sse)t, Se
5SA . Thus one expects a total compliance which is e
hanced with respect to the purely elastic response of a sin
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192 PRB 61A. BINDER, K. KNORR, AND YU. F. MARKOV
domain sample by the factor R,R511A2s44/SA , where
s44/SA is of the order of unity andA52L3 /l is the aspect
ratio of the domains, that is the ratio of the lateral dimens
to the thickness. NeitherSA nor A should show any dramati
T dependence outside the critical regime. At least appro
mately, the linearw-t relation with the slope given bySe

1Sse should hold up to the twist anglewse
sat of saturation

which is proportional to the spontaneous strain«s(T).
Beyond saturation, the domain tips recede from the s

face and the thickness of the single-domain~001! surface
layers increases withw, hence the elastic contribution from
the surface layers will increase and eventually dominate
response. In contrast to measurements in a homogeneou
ternal field, as is standard in investigations of ferromagn
and ferroelectrics, there will be no abrupt change of slope
the w-t curve at saturation. Even above saturation, an
crease oft will induce small further, presumably hystereti
changes of the domain pattern, namely in the interior of
sample. Indeed, the results will show that hysteretic beha
extends all the way up to the maximum torque irregardles
whether this torque is above or below saturation. The mo
assumes that the displacement of the walls is free of loss
ignores any irregularity of the domain pattern such as in
sections of~100! and~010! twin bands. The experiments wi
show, however, that relaxational effects are important
that the enhancement factorR is much smaller than what on
would expect from the geometrical dimension of the d
mains. Obviously there are defects which effectively pin
domain walls, thereby limiting the lateral dimension ov
which the domain walls can move freely.

IV. RESULTS AND DISCUSSION

A. Low-amplitude ac measurements

Figure 2 shows the amplitudeS}w0 /t0 and the loss angle
d of the complex elastic shear compliance for orientationA,
as measured with a low amplitudet0 at a frequency of 128
Hz. The experiment has been conducted in a way that a
ally w0 has been kept constant by adjustingt0 accordingly.
In the low-T phaseS increases withw0 , thereby indicating
nonlinear effects. The figure shows the results obtained w
the minimum amplitude which was feasible with our setu
w0 is of the order of 0.1% of the low-T limit of wsat. In terms
of the hysteresis loops~see Fig. 4 below!, S has to be iden-
tified with the initial slope of the virgin curve. The gener
behavior ofS(T) andd(T), such as existence of a maximu
of S somewhat belowTc , are reproducible from sample t
sample, but the absolute readings vary from sample
sample and even by several percent in different tempera
scans on the same sample, presumably because the do
pattern is different from run to run. Figure 2 also includ
results on the compliance for orientationB. The correspond-
ing loss is negligible, not only above but also belowTc . The
compliance for orientationB shows a weak cusp at (182.
60.2) K which we consider as the most reliable marker
the ferroelastic phase-transition temperature.

We have calculated theT dependence of intrinsic elasti
complianceSe from the Brillouin data15 on the elastic con-
stantsci j for both orientations of the sample. For orientati
B there is a good agreement between the Brillouin and
present mechanical set of data. For this orientation not o
n
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the Brillouin, but also the mechanical experiment probes j
the elastic response. This is in agreement with the consi
ations of the last section.

The situation is different for orientationA. Again the elas-
tic compliance Se as calculated from the Brillouin dat
changes little acrossTc ~see the thin curve in Fig. 2!, but the
compliance of the mechanical experiment is drastically
hanced in the ferroelastic phase with respect to the Brillo
data. The excess part represents the superelastic contrib
Sse. Obviously the domain pattern can follow the low
frequency field of the present study but is unable to do so
the GHz frequencies of the Brillouin experiment.~In order to
separate the elastic from the superelastic response in the
roelastic phase, we will occasionally refer to the approxim
tion that the elastic part is equal above and belowTc!.

The enhancement factor of the compliance,R51
1Sse/Se , belowTc varies somewhat from sample to samp
and from run to run, typical values range from 2 to 5 atT
5100 K. This is in qualitative, but by no means in quantit
tive agreement with the lamellae model. According to t
aspect ratioA of the domains of the microscope study,13 R
should be of the order of 103. On the other hand it is wel
known from ferromagnets that the initial slope of the virg
curve is much smaller than the overall inclination of ma
hysteresis loops. The domain walls are originally pinned
lattice defects. For low external fields the binding of t
walls to such pinning centers supplies the dominating con
bution to the total restoring force. Accordingly the superel
tic part of the low-t compliance is small. The appearance

FIG. 2. The low-amplitude ac compliance for both orientatio
and the loss angle for orientationA as function of temperature. Th
thin solid line is the compliance for orientationA as derived from
Brillouin data. The solid line is a fit based on an expression for
critical contribution to the domain number.
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PRB 61 193MECHANICAL SHEAR MEASUREMENTS ON A . . .
loss shows that thet-induced motion of the walls is not free
as assumed in the model, but rather of the viscous type.

Sse and the loss angled have a peculiarT dependence
There a two prominent features, one slightly belowTc and
one at about 50 K. We concentrate on the former one fi
S(T) is maximum atTmax, about 3 K belowTc . This points
to critical effects. The experiment is actually not design
for the study of such effects: the temperature is stabilized
0.1 K, only, and is measured at the metal base plate of
sample. The temperature of the sample may be in fact so
what higher due to the mechanical loss of the sample in
ferroelastic phase. We nevertheless discuss some asp
First, the peak atTmax and the decrease ofS(T) between
Tmax andTc appears to be a property of the static complian
rather than a dispersion step due to critical relaxations. O
erwise there should be a corresponding, sharp peak of
loss and some shift as function of the measuring frequen
Second, the compliance has been measured with a smal
not with an infinitesimal amplitude. At lowT, the ratio
w0 /wsat(T)!1, but when approachingTc from below, this
ratio increases with the consequence that nonlinear contr
tions become more and more important, and finally at a te
peratureT* saturation is reached. Therefore, we ignore te
peratures close toTc and concentrate on the low-T wing of
the feature atTmax, 150 K,T,Tmax. This is theT regime in
which the domain pattern evolves out of the critical fluctu
tions. Hence, it is not at all clear whether one should refe
the elastic or the superelastic part of the compliance. In te
of the lamellae model for the superelastic response, a t
perature dependence ofSsecan enter via the repeat distancel
of the twin band.l52L1 /n wheren is the number of do-
mains in the sample. According to the Ginzburg-Land
treatment of a ferroelastic phase transition, there is a crit
contribution nc in addition to the noncritical backgroun
numbern0 , n5n01nc , which for the tricritical case varies
with temperature according to5 nc}exp„2a(Tc2T)/T….
Combining this expression with the lamellae model yie
the maximum value ofS just at Tc and a decrease ofS(T)
toward lowT as shown by the solid line in Fig. 2 which is i
acceptable agreement with the experiment forT,Tmax. Al-
ternatively, one can refer to Landau-Khalatnikov-type flu
tuations of the elastic partSe of the compliance. For the
tricritical case and a linear-quadratic coupling between
strain and the order parameter, such fluctuations lead
square root-type singularity21 at Tc ,DSe}(Tc2T)21/2. Fits
of this expression to the data are of lower quality than th
from above.

The second characteristic feature of Fig. 2 is the sm
step ofS(T) and the concomitant loss peak around 50 K. T
compilation of results of different runs and different samp
gives the consistent picture of the temperature shift of
feature as function of the measuring frequency. See
Arrhenius plot of Fig. 3. Here the additional data points
the 1022 Hz range come from the hysteresis loops~see be-
low!, whereas data points around 104 Hz are from the study
of the torsional resonance. The results of Fig. 3 propos
thermally activated relaxation process,t5t0 exp(E/T), with
an energy barrierE of 850 K and the attempt frequency 1/t0
of 25 GHz. The value of 1/t0 is of the order of magnitude o
the frequency of a sound wave with a wavelength given
the domain thicknessl. Obviously the torque-induced
t.
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domain-wall motion outside the critical regime is a therma
activated process and therefore freezes-in at low temp
tures. A closer inspection of Fig. 2 suggests that there
further, but weaker loss anomalies below 100 K and that
loss remains finite down to the lowest temperature of
study. Hence, it is likely that there is more than one type
barrier or pinning center for the domain walls. On coolin
these relaxational channels freeze out sequentially. Dom
wall freezing has also been observed in studies on ferroe
trics via analogous effects on the dielectric respon
function.22

In summary, the superelastic response of the multidom
state is lossy with a critical contribution just belowTC and
thermally activated processes at lowerT. The lamellae model
gives a first understanding for the appearance of supere
ticity for the particular geometry of our experiment but h
to be extended to include pinning and relaxations.

B. Hysteresis loops

We have measured several hundred isothermalw-t hys-
teresis curves and have been surprised by the fact that
samples tolerated this maltreatment without breaking. A
lection is shown in Fig. 4. Characteristic quantities deriv
from such curves are shown in Figs. 5 and 6.w and t are
given in arbitrary units. The maximum torquestmax applied
to the samples are about three orders of magnitude la
than the amplitudest0 of the last section. A torque of 200
units is about necessary to drive the sample with orienta
A into saturation in the low-T limit. In the paraelastic phase
thew-t relation is linear and there is almost no loss. A line
relation with about the same slope as aboveTc is also ob-
tained in the ferroelastic phase for orientationB. This result
is in agreement with the considerations of Sec. III whi

FIG. 3. An Arrhenius plot of the temperature of the low-T loss
maximum versus measuring frequency.
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194 PRB 61A. BINDER, K. KNORR, AND YU. F. MARKOV
propose that the response for this orientation of the sam
cannot involve torque-induced changes of the domain
tern.

For orientationA, the linearw-t curves aboveTc change
over into hysteresis loops belowTc . The loops have been
actually measured starting at low temperatures after ha
cooled the sample in zero field. At every temperature a m
loop with tmax51800 has been recorded and then the sam
has been ‘‘demagnetized’’ by cycling with thet amplitude
being reduced in steps,18 with tmax values of 1200, 600, and
400, as shown for the 40 K loop of Fig. 4, before changing
the next temperature. In the following we discuss theT de-
pendence of the major and the minor loops.

The first point of interest is the amplitude of the twi
angle of the loopswmax or more specifically the superelast
part Dw of wmax as function of temperature and oftmax
(51800,1200,600,400), see Fig. 5.Dw(T) is approximately
given by the difference ofwmax(T) and the value ofwmax in
the paraelastic phase.wmax/tmax and Dw/tmax are measures
of the total and of the superelastic integral compliance,
spectively. TheDw(T) curves for the minor loops,tmax
5400,600, are similar to the low-amplitude ac compliance
Fig. 2, whereas the results obtained withtmax51200 and in
particular with tmax51800 are reminiscent of the temper
ture dependence of the spontaneous strain«s}(Tc2T)1/2. A
global understanding of this behavior can be obtained
terms of the following highly simplified picture: Ignoring th
elastic part of the response altogether, we assume tha
w-t relation is linear for torques up totsat5wsat/Sse and w
5wsat5const thereafter.wsat is proportional to«s . For any

FIG. 4. A series of torque-twist curves for the two sample o
entations studied (tmax51800 for orientationA!. The curves at 200
K are representative for the single crystalline state of the higT
phase. Also shown is a virgin curve~see 80 K!, an anhysteretic
curve~see 120 K! together with a fit of a tanh function to the dat
and a sequence of minor loops (tmax51200,600,400) which has
been used to ‘‘demagnetize’’ the sample~see 40 K!.
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given value oftmax there is a temperatureT* above which
tmax exceedstsat with the consequence thatDw(T) follows
the T dependence ofwsat and «s . For T,T* , tmax is less
thantsat, hencewmax is proportional to the complianceSse.
The highertmax, the lowerT* . For tmax51800,T* is about
100 K.

FIG. 5. The superelastic part of the overall amplitude of t
twist angle of hysteresis loops for orientationA as function of tem-
perature.tmax51800,1200,600,400 from top to bottom.

FIG. 6. The area of hysteresis loops for orientationA as function
of temperature.tmax51800,1200,600,400 from top to bottom.
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The small step of theDw(T) curves around 30 K is re
lated to the thermally activated relaxation process discus
in Sec. IV A. It is not clear why the curve fortmax51200
shows such a pronounced maximum at intermediate temp
tures.

The integral compliance, i.e., the inclination of the loo
as function oftmax, starts from low values fortmax5400
which correspond to the rather modest values of the enha
ment factorR as already observed in the low-amplitude
measurements. The maximum inclination with anR value of
about 15 is observed fortmax51200 andT at about 80 K. A
further increase totmax51800 leads to a slight decrease
the inclination. This general trend is by no means un
pected, since it reflects the changes from a loop based on
first part of the virgin curve, to one which fully exploits th
superelastic effects and further to one which is already s
ject to saturation. Nevertheless a quantitative understan
of this behavior is missing.

The second point of interest is the lossL, as represented
by the loop arearwdt. Data onL(T) for the different values
of tmax are shown in Fig. 6. Just belowTc , L increases in an
approximately linear fashion, whereas at lowT the loss de-
pends only weakly onT. For the interpretation of this resu
we refer to the distinction of the temperature regimesT
,T* andT* ,T,TC from above. In the low-T regime the
hysteresis curves stay short of saturation. Assume thatL is a
constant fractionf of the superelastic deformation work,L
5 1

2 f Sse(tmax)
2. Hence for T,T* , L(T) should have the

same weak temperature dependence asSse(T). A comparison
of Figs. 6 and 2 suggests that this is approximately so.
the other hand, the loss data at a given temperature TT
,T* , sayT570 K do not scale with (tmax)

2 . This suggests
that f depends ontmax, and the largest values off occur for
tmax5600. ForT* ,T,Tc , the loops extend beyond satu
ration. The assumption that the loss is a constant fractio
the superelastic part of the deformation work now reads
L5 1

2 f (wsat)2/Sse with (wsat)2}Tc2T. The approximately
linear increase ofL just belowTc is consistent with this idea
the fact that the experimental results onL depend ontmax is
not. Thus theT dependence ofL can be explained in terms o
a rather simple model, but thetmax dependence remains un
explained.

The anomaly ofL around 30 K is due to the thermall
activated relaxations already discussed in Sec. IV A. T
foregoing discussion referred to a rather simple form of
hypothetical hysteresis-freew-t curve. For the experimenta
determination of the anhysteretic curve we followed a p
cedure which is common for ferromagnets: An alternat
torque and a constant unidirectional torquet are superim-
posed. The amplitude of the alternating torque is then
duced and the twist angle converges to a valuewah. It turns
out that the anhystereticwah, t points are close to the mid
points of horizontal chords of the major hysteresis loo
Complete anhysteretic curves have been constructed
the midpoints of the major loops. An example is shown
Fig. 4 together with a fit of the expressionwah}tanh(at) to
the data.

C. History effects

The nonergodicity of the ferroelastic multidomain state
demonstrated by various history-dependent effects, the
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pearance of isothermalw-t hysteresis being the most prom
nent one. Hysteresis is also manifest in runs with differenT,
t histories. Figure 7 shows the twist anglew for the follow-
ing history: ~1! cooling with no torque applied from abov
TC to a minimum temperature in the ferroelastic phase~zfc
branch!, ~2! heating back up to the start temperature in
constant field of moderate strength~fh branch!, ~3! cooling
down in the same field~fc branch!, ~4! heating in zero field
~zfh branch! giving the thermoremanent twist. As can b
seen in Fig. 7, the sample comes eventually, forT.TC ,
back to the original state, i.e., it remembers its original sh
at the end of the cycle in spite of the remanence effects in
ferroelastic multidomain state. States of identical tempe
ture and torque, namely zfc and zfh as well as fh and
differ because of the history dependence of the domain
tern.

The appearance of a spontaneous macroscopic twist in
zfc branch is somewhat unexpected, but occurred in
samples investigated, even though the values ofwzfc vary
from sample to sample and even from run to run.wzfc(T)
shows a square-root-typeT dependence which means th
wzfc(T) is proportional to«s(T). Obviously the samples
leave the critical regime with a grossly unbalanced ratio of1
and2 domains, presumably because of built-in stresses
to defects. In terms of the lamellae geometry, this calls
nonzero background valuea0 of the tilt angle of the domain
walls, an unbalanced thickness ratiol1 /l2Þ1 is not suffi-
cient. According to the relationwse54«sL1a/l from above,
one then expectswzfc(T) to be proportional to the spontane
ous ferroelastic strain«s(T), provided that the ratio ofa
(5a0) and l is independent ofT. The proportionality to
«s(T) also holds for the superelastic part of the field-coo

FIG. 7. The twist angle as function of temperature for the fo
branches of the twofold cooling and heating cycle described in
text. The solid lines represent the square root temperature de
dence of the spontaneous strain«s .
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twist angle:wse
fc5w fc2we

fc'w fc2w(T.Tc), see Fig. 7. One
concludes that cooling in a constant field, of external or
ternal origin, leaves the domain pattern essentially
changed and, therefore, the macroscopic twist angle mim
the temperature dependence of the strain order paramete«s .
This is not so when the external field is applied or remov
at low temperatures, as is the case for the fh and zfh bran
of Fig. 7. w fh has no obvious relation to«s(T). As function
of T, the field-induced twistw fh2wzfc is approximately con-
stant between 25 and 150 K and considerably smaller t
w fc2wzfc. It is only close toTC that w fh approachesw fc.
Obviously the adjustment of the domain pattern to a fi
change at lowT is incomplete as compared to the case wh
the field change is made at highT and the sample is coole
down subsequently. These results emphasize that the fi
induced domain-wall motion is at least to some part a th
mally activated process. From the fact thatwzfc(T) and
w fc(T) follow the T dependence of the strain order para
eter, one concludes that domain states reached by coo
from the paraelastic phase into the ferroelastic phase
constant field are closer to thermal equilibrium than sta
reached by a change of the field within the ferroelastic pha
Analogous observations have been made in other exam
of nonergodic systems, namely the spin glasses23 and the
orientational glasses.24

V. CONCLUDING REMARKS

We understand our work as an exploratory study of
mechanical response of a multidomain ferroelastic crysta
an external stress. We have pointed out some peculiaritie
the employed torque-twist technique, the most important
being the fact that the external field cannot drive the sam
into a monodomain state, but only into quasisaturation wh
true saturation is achieved in surface regions, only, whe
the multidomain arrangement persists in the center of
sample. Consequently the torque-twist hysteresis loops
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not be square like as one might expect from the presenc
significant loss, but are rather slim, similar to theB(H)
curves of a moderately ‘‘soft’’ ferromagnet. The superelas
response, that is the mechanical response due to domain
motion, can exceed the elastic response by a factor of 10
more. The mechanical loss which is apparent from the fin
loss angle in the low-amplitude ac measurements and f
the finite area of the hysteresis loops is connected with
superelastic part of the mechanical response. The super
tic response and the loss show a peculiar dependence o
external field and the temperature. The general charact
tics can be explained by discriminating loops which st
short of saturation from those which extend beyond satu
tion and by postulating that a constant fraction of the sup
elastic deformation work is dissipated. There is no supere
tic contribution and hence no loss for samples oriented
fashionB where the symmetry is such that the external fie
does not act on the domain walls.

There are two temperature regimes of anomalous beh
ior, one just belowTc where the multidomain state develop
out of the critical fluctuations and a second one where
thermally activated hopping of the domain walls over sp
cial, but unknown types of barriers comes to a halt.

The history dependence of the ferroelastic multidom
state is not only apparent from isothermal torque-twist h
teresis loops but also from the macroscopic twist angle
reaction to various field-temperature histories, including
shape memory effect.

This work has given an overview on the mechanical pro
erties of the multidomain state of a ferroelastic crystal. O
wonders of course which aspects are specific to calomel
which are common to ferroelastic crystals in general.
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