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Ferroelastic order parameter andW8 domain walls in A4LiH 3„SO4…4 „A5NH4, Rb, K…
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High-resolution neutron powder diffraction was used to study the lattice parameters of three crystals:
Rb4LiH3~SO4!4 ~RLHS!, deuterated ammonium~NH4!4LiH3~SO4!4 ~ALHS!, and K4LiH3~SO4!4 ~KLHS! in a
temperature range from 5 to 250 K. For RLHS and ALHS a continuous ferroelastic phase transition 4F2 was
detected at 134 and 234 K, respectively. KLHS was found to show monoclinic symmetry in the whole
temperature region studied. Using the structural data obtained, it was possible to calculate the temperature
behavior of spontaneous straineS and its components (e112e22) ande12. This allowed the calculation of the
possible temperature changes in the orientation ofW8 domain walls. The ‘‘pinning energy’’ modification of the
free energy expansion was introduced to explain the discrepancy between the measured temperature depen-
dence of the order parameter and that expected in the Landau approximation.@S0163-1829~97!14417-4#
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I. INTRODUCTION

Almost all crystals of the general formul
A4LiH3(BO4!4, whereA5Rb, NH4, K and BO45SO4 or
SeO4, undergo structural phase transitions1–11 from the pro-
totype tetragonal point group 4 to the low-temperature f
roelastic point group 2. The 4F2 transition is accompanie
by the appearance ofW8-type domain walls in the ferroelas
tic phase, softening of the elastic constantc2S on both sides
of the transition, and the onset of an elastic order parame
namely, spontaneous straineS of the form eS5(e112e22)
1e12.

12,13

Recently, a number of papers have described invest
tions of crystals of this family: for example, the results
Brillouin scattering studies of Rb4LiH3~SO4!4 ~RLHS! and
K4LiH3~SO4!4 ~KLHS! have been reported.3,6 A characteris-
tic feature of RLHS revealed by these studies was the inc
plete softening of the elastic constantc2S . Both the incom-
plete softening ofc2S and the crossover behavior of th
PS(T) function have been successfully explained in terms
a theoretical model based on the mean-field approximati

The ferroelasticity in ammonium~NH4!4LiH3~SO4!4
~ALHS! has been reported by Polomskaet al.14 who ob-
served ferroelastic domain walls below 230 K. The ferroel
tic character of the phase transition in ALHS was later c
firmed by studies of their thermal and elastic properti
carried out using the torsion vibration technique15 and in
Brillouin experiments.11With the latter technique it was pos
sible to measure the temperature dependence of the e
constant coupled to the order parameter and then calcu
the temperature behavior of the soft elastic constantc2S .
Unlike in RLHS, the constantc2S of ALHS vanishes atTc on
550163-1829/97/55~17!/11174~7!/$10.00
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cooling, consistent with a Curie-Weiss law.
Data on the ferroelastic domain structure of ALHS a

RLHS were provided by studies performed with a polarizi
microscope.16 The observed domain pattern consisted of t
types of mutually perpendicular walls rotated about theZ
axis by about 33°~ALHS! and 35° ~RLHS! ~see Fig. 1!.
From our observations it appeared that these walls did
rotate on cooling the sample down to 100 K belowTc . On
the other hand, Kniteet al.17 found a slight reorientation o
the ALHS walls~by about 0.02°/K!. The possible orientation
of W8 walls was also calculated for ALHS using the resu
of Brillouin scattering studies.16 From the known compo-
nents of the elastic moduli coupled to the spontaneous str
it was found thatTc domains were inclined at 33° to theX
axis. In the case of KLHS, the ferroelasticity was not co
firmed and the only indication of a low-temperature pha
transition was a slight change in slope of the velocity ofL
phonons versus temperature at about 115 K.16

FIG. 1. Schematic drawing ofW8 domain wall orientation for
ALHS and RLHS just belowTc .
11 174 © 1997 The American Physical Society
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Raman scattering was used to study the lattice vibrati
in single crystals of KLHS and RLHS.10 For RLHS, it was
found that two modes ofB symmetry in the paraelastic phas
showed some critical behavior. The most interesting was
band at 31 cm21, which showed slight softening while ap
proachingTc from above. In addition, the polar modes
A andE symmetries were found to be better separated
KLHS than those for RLHS, which may be due to a high
dispersion of TO and LO mode frequencies. This occ
when long-range forces are favored over short-range o
Such dominance of the long-range forces may be the latt
stabilizing factor that makes the formation of the ferroelas
phase in KLHS difficult or perhaps impossible.

The structural data ofA4LiH3~SO4!4 crystals indicate tha
their common high-temperature prototype symmetry is
P41 tetragonal space group, whereas the low-tempera
ferroelastic phase is characterized by a monoclinic distor
in theXY plane~space groupP21!. The results of an x-ray
investigation of the crystals have been restricted to a
temperatures of the prototype and low-temperature ph
~see Zunigaet al.9! or the temperature ranges of the pha
investigated were too narrow to obtain credible fits of critic
exponents.18

There are a few methods for the determination of the
solute value of spontaneous strain appearing in the ferroe
tic phase:19 ~i! direct measurements of elastic hystere
loop, ~ii ! thermal expansion studies, and~iii ! structural inves-
tigation. The sensitivity of the first method depends stron
on the form of spontaneous strain, and in the case whenes is
a two-component quantity, the reliability of such measu
ments becomes questionable. The same reservation ap
to the second method. The powder diffraction method
most suitable for the determination of the multicompon
order parameter provided that the sample is powdered fi
enough to exclude the effect of its domain structure on
quality of the recorded spectra.

In this paper we report results of high-resolution neutr
powder diffraction studies ofA4LiH3~SO4!4 crystals~where
A5Rb, NH4, and K!. The technique used in our experime
allowed the lattice parameter studies in a very wide temp
ture range~5–250 K!. With the results obtained we dete
mined the temperature behavior of the spontaneous s
es and its components~e112e22 and e12!. The correlation
between the domain wall orientation and the tempera
changes of spontaneous deformation is discussed. We
gest that KLHS has monoclinic symmetry at room tempe
ture; however, the temperature range of the prototype ph
is still an open question.

II. EXPERIMENTAL PROCEDURE

Crystals of ALHS, RLHS, and KLHS were grown isothe
mally at 310 K by the dynamic method from the acid aqu
ous solution (pH<1) of the appropriate initial salts in sto
ichiometric proportion.20 Since ~NH4!4LiH3~SO4!4 contains
19 hydrogen atoms per molecule, it is impossible to obt
good quality coherent scattering data. To be able to make
analysis reliable, it was necessary to grow fully deutera
samples. Full replacement of H by D atoms was achieved
the use of D2SO4, ~ND4!2SO4, D2O, and Li2CO3. No signifi-
cant isotopic effect was detected in the phase transition t
s
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perature, lattice parameters, differential thermal-analy
~DTA! signals, and elastic properties of the deutera
samples.

High-resolution neutron powder diffraction data ha
been collected for ALHS, RLHS, and KLHS in wide tem
perature ranges. The main point of interest was the temp
ture behavior of the lattice parameters in the ferroela
phase. The DUALSPEC C2 Powder Diffractometer, loca
at the NRU Reactor at Chalk River Laboratories, was use
the studies presented. The 800-wire detector subtende
scattering angle of 80° with 0.1° wire spacing. The wav
length of the neutrons selected by a Si~531! monochromator
was 1.505 Å. Neutron diffraction profiles were measured
scattering angles from 5° to 121° in 0.05° steps. The d
were analyzed with the Rietvald analysis programGSAS.21

III. EXPERIMENTAL RESULTS AND DISCUSSION

The discussion of our results of neutron scattering stud
in ALHS and RLHS crystals will be based on the RLH
crystal as the example, since for this material there is a
extensive x-ray data. The approach proposed for this mate
has been successfully applied, with a slight modification
ALHS. Finally, we shall present the results of structural
vestigations of KLHS for which a ferroelastic phase tran
tion has not been observed in the studied temperature ra

The room-temperature structure of the RLHS compou
has been determined by Zunigaet al.9 and Pietraszko and
Lukaszewicz8 from single-crystal x-ray diffraction as well a
optical activity measurements. The authors found that
room temperature its structure is tetragonal with space gr
P41 . In analyzing the present neutron diffraction data, t
atomic positions determined by Zunigaet al. were used as
the initial values. Since the positions of the three H ato
could not be determined by the x-ray diffractio
measurements,9 we have determined these positions from t
Rietveld analysis on the present neutron diffraction data
the tetragonal phase RLHS. In the Rietveld fit, it was n
possible to vary the temperature factors for the different
oms, and thus we assumed that the low-temperature temp
ture factors for the constituent atoms in RLHS are prop
tional to those determined by x-ray diffraction at roo
temperature averaged over the same type of atoms, and
the temperature factor for the H atoms was varied. In this
the lattice parameters, background function, scattering a
zero position, profile parameters, and the scale factor w
varied. Attempts to further refine the positions of Li or
atoms, previously determined by the x-ray diffraction me
surements by Zunigaet al.,9 were not successful. For tem
peratures between 140 and 167 K, good fits to the d
(Rw52.90–3.19 %) were obtained for the tetragonal sp
groupP41 . Since the single-crystal x-ray data on RLHS b
Zunigaet al.9 indicated the presence of a small fraction of
phase with space groupP43 , the data were also analyze
including a component withP43 space group. However, in
clusion of this component worsened the fit, indicating th
the structure is a single phase with space groupP41 . The
fractional atomic coordinates and isotropic mean-square
placements in the tetragonal phase RLHS at 170 K are g
in Table I.

We have also attempted to determine the low-tempera
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11 176 55MRÓZ, KIM, POWELL, KIEFTE, AND DONABERGER
monoclinic structure of RLHS from the observed neutr
powder diffraction intensities. The atomic positions in t
tetragonal unit cell were used as the initial data. As the
tragonal space groupP41 contains a fourfold screw axi
along thez axis, the unit cell contains four layers of RLH
molecules. The monoclinic space groupP21 , on the other
hand, allows only a twofold screw axis along thisz axis.
Since the monoclinic unit cell also contains four RLHS m
ecules, as shown by the present neutron diffraction meas
ments, the lowering of the screw axis symmetry from 4 to
leads to the second- and fourth-layer atoms being slig
displaced from their tetragonal positions.

We assumed that in the monoclinic structure the positi
of the second and fourth-layer atoms constituting the RL
molecule transform as a rigid body. Various possible d
placements of the rigid body origin as well as various p
sible rotations of these rigid molecules were then tried
significant improvement in the fit~Rw54.42 versusRw
54.58! was obtained when the origin of the tetragonal co
dinate system is moved by20.045(10) Å along thex axis,
20.020(9) Å along they axis and20.137(16) Å along the
z axis. The fractional atomic coordinates and isotropic me
square displacements in the monoclinic phase RLHS at
are given in Table II.

In Figs. 2 and 3 we present the lattice parameters

TABLE I. Fractional atomic coordinates and isotropic mea
square displacements (Å2), U iso5

1
3^u

2&, in tetragonal phase RLHS
at 170 K.

x y z Uiso

Rb~1! 0.0645~2! 0.8853~2! 0.71800~5! 0.0163~5!

Rb~2! 0.3652~2! 0.3840~2! 0.70491~5! 0.0163~5!

Rb~3! 0.5291~2! 0.9751~2! 0.08343~5! 0.0163~5!

Rb~4! 0.2271~2! 0.4808~2! 0.07356~4! 0.0163~5!

S~5! 0.4620~4! 0.1245~4! 0.20459~9! 0.0123~5!

O~6! 0.575~1! 0.255~1! 0.2250~3! 0.0213~5!

O~7! 0.377~1! 0.209~1! 0.1618~3! 0.0213~5!

O~8! 0.319~1! 0.077~1! 0.2332~3! 0.0213~5!

O~9! 0.561~1! 20.022(1) 0.1862~3! 0.0213~5!

S~10! 0.4107~3! 0.1222~4! 0.45631~9! 0.0123~5!

O~11! 0.341~1! 0.253~1! 0.4867~3! 0.0213~5!

O~12! 0.256~1! 0.028~1! 0.4343~3! 0.0213~5!

O~13! 0.510~1! 20.006(1) 0.4793~3! 0.0213~5!

O~14! 0.506~1! 0.206~1! 0.4197~3! 0.0213~5!

S~15! 0.0361~4! 20.0053(4) 0.08669~8! 0.0123~5!

O~16! 0.170~1! 0.108~1! 0.0664~3! 0.0213~5!

O~17! 0.130~1! 20.154(1) 0.1088~3! 0.0213~5!

O~18! 20.059(1) 0.087~1! 0.1221~3! 0.0213~5!

O~19! 20.087(1) 20.068(1) 0.0522~3! 0.0213~5!

S~20! 0.5380~4! 0.6973~4! 0.33303~9! 0.0123~5!

O~21! 0.393~1! 0.599~1! 0.3503~3! 0.0213~5!

O~22! 0.489~1! 0.845~1! 0.3064~3! 0.0213~5!

O~23! 0.627~1! 0.774~1! 0.3766~3! 0.0213~5!

O~24! 0.668~1! 0.588~1! 0.3102~3! 0.0213~5!

Li ~25! 0.279~2! 0.869~2! 0.2704~7! 0.0143~5!

H~26! 0.293~4! 0.311~4! 0.1686~9! 0.014~8!

H~27! 0.831~4! 0.277~4! 0.1216~9! 0.014~8!

H~28! 0.075~4! 0.802~4! 0.1511~9! 0.014~8!
-

re-
2
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S
-
-

-
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K
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TABLE II. Fractional atomic coordinates and isotropic mea
square displacements (Å2), U iso5

1
3^u

2&, in monoclinic phase
RLHS at 5 K.

x y z Uiso

Rb~1! 0.6160~2! 0.3652~2! 20.0451(5) 0.010~2!
Rb~2! 1.1147~2! 1.0645~2! 20.0320(5) 0.010~2!
Rb~3! 1.2271~2! 0.4808~2! 0.0736~4! 0.010~2!
Rb~4! 0.5291~2! 0.9751~2! 0.0834~5! 0.010~2!
S~5! 1.1245~4! 0.5380~4! 20.0454(9) 0.008~2!
O~6! 1.255~1! 0.425~1! 20.0250(3) 0.013~2!
O~7! 1.209~1! 0.623~1! 20.0882(3) 0.013~2!
O~8! 1.077~1! 0.681~1! 20.0168(3) 0.013~2!
O~9! 0.978~1! 0.439~1! 20.0638(3) 0.013~2!
S~10! 0.5893~3! 0.8778~4! 20.0437(9) 0.008~2!
O~11! 0.659~1! 0.747~1! 20.0133(3) 0.013~2!
O~12! 0.744~1! 0.972~1! 20.0657(3) 0.013~2!
O~13! 0.490~1! 1.006~1! 20.0207(3) 0.013~2!
O~14! 0.494~1! 0.794~1! 20.0803(3) 0.013~2!
S~15! 0.6973~4! 0.4620~4! 0.0830~9! 0.008~2!
O~16! 0.599~1! 0.607~1! 0.1003~3! 0.013~2!
O~17! 0.845~1! 0.511~1! 0.0564~3! 0.013~2!
O~18! 0.774~1! 0.373~1! 0.1266~3! 0.013~2!
O~19! 0.588~1! 0.332~1! 0.0602~3! 0.013~2!
S~20! 1.0361~4! 0.9947~4! 0.0867~8! 0.008~2!
O~21! 1.170~1! 1.108~1! 0.0664~3! 0.013~2!
O~22! 1.130~1! 0.846~1! 0.1088~3! 0.013~2!
O~23! 0.941~1! 1.087~1! 0.1221~3! 0.013~2!
O~24! 0.913~1! 0.932~1! 0.0522~3! 0.013~2!
Li ~25! 0.8480~2! 0.7052~2! 0.0246~7! 0.009~2!
H~26! 0.293~4! 0.311~4! 20.081(1) 0.009~2!
H~27! 0.831~4! 0.277~4! 0.122~1! 0.009~2!
H~28! 0.075~4! 0.802~4! 0.151~1! 0.009~2!
Rb~29! 0.629~1! 0.618~1! 0.200~1! 0.010~2!
Rb~30! 20.070(1) 1.112~1! 0.213~1! 0.010~2!
Rb~31! 0.513~1! 1.228~1! 0.319~1! 0.010~2!
Rb~32! 0.019~1! 0.527~1! 0.329~1! 0.010~2!
S~33! 0.456~1! 1.125~1! 0.200~1! 0.008~2!
O~34! 0.569~2! 1.257~2! 0.220~1! 0.013~2!
O~35! 0.371~2! 1.209~2! 0.157~1! 0.013~2!
O~36! 0.313~2! 1.077~2! 0.229~1! 0.013~2!
O~37! 0.555~2! 0.980~2! 0.182~1! 0.013~2!
S~38! 0.116~1! 0.588~1! 0.202~1! 0.008~2!
O~39! 0.247~2! 0.658~2! 0.232~1! 0.013~2!
O~40! 0.022~2! 0.742~2! 0.180~1! 0.013~2!
O~41! 20.012(2) 0.487~2! 0.225~1! 0.013~2!
O~42! 0.200~2! 0.493~2! 0.165~1! 0.013~2!
S~43! 20.001(1) 1.034~1! 0.332~1! 0.008~2!
O~44! 20.114(2) 1.167~2! 0.312~1! 0.013~2!
O~45! 0.148~2! 1.129~2! 0.354~1! 0.013~2!
O~46! 20.093(2) 0.938~2! 0.367~1! 0.013~2!
O~47! 0.062~2! 0.911~2! 0.298~1! 0.013~2!
S~48! 0.532~1! 0.699~1! 0.328~1! 0.008~2!
O~49! 0.387~2! 0.599~2! 0.346~1! 0.013~2!
O~50! 0.483~2! 0.846~2! 0.302~1! 0.013~2!
O~51! 0.621~2! 0.776~2! 0.372~1! 0.013~2!
O~52! 0.662~2! 0.590~2! 0.306~1! 0.013~2!
Li ~53! 0.289~1! 0.848~1! 0.270~1! 0.009~2!
H~54! 0.684~4! 0.293~4! 0.164~2! 0.009~2!
H~55! 0.717~4! 0.834~4! 0.367~2! 0.009~2!
H~56! 0.192~4! 1.074~4! 0.396~2! 0.009~2!

-
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monoclinic angles of RLHS and ALHS calculated from o
neutron spectra. The standard deviations are less than
diameter of the circles representing the data. For the AL
crystal, the ND4 molecule was approximated as an atom
cated at the Rb site with the scattering length correspond
to the ND4 molecule. This approximation is adequate for o
purposes since the size of the ND4 molecule ~2.06 Å! is
comparable with that~1.47 Å! of the Rb atom. It is eviden
that both materials undergo a continuous phase trans
with a typical splitting of thea andb lattice constants below
Tc . The monoclinic angleg of RLHS and ALHS shows a
critical behavior reaching the values of 0.40° and 0.70°,
spectively, at 60 K belowTc . In the case of ALHS, a sligh
anomaly of thec-lattice constant atTc was observed.

For KLHS both tetragonal~space groupP41! and mono-
clinic ~space groupP21! fits were tried for all temperature
between 4.2 and 250 K. In the tetragonal fit, atomic positio
were assumed to be the same as those for RLHS. In
monoclinic fit, the second- and fourth-layer atoms, i.e.,
second- and fourth-layer KLHS molecules, as shown in F
1 of Zunigaet al.,9 were assumed to be displaced sligh
from their tetragonal positions as a rigid body as was d
for the Rb compound.

Significant improvement in the fit was obtained for t
monoclinic symmetry when the second- and fourth-la
molecules, shown in Fig. 1 of Zunigaet al., were rotated
counterclockwise as a rigid body about the tetragonalx axis
by 1.7°. The reliability factors for this monoclinic structu
(RW55.25–6.64 %) are significantly better than those
the tetragonal structure (RW55.90–7.29 %) for all tempera
tures between 4.2 and 250 K. The degree of this coun
clockwise rotation about the tetragonalx axis appeared to be

FIG. 2. Lattice parameters of RLHS vs temperature.
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rather insensitive to temperature: We obtained 1.6
60.08° for 105 K and 1.65°60.08° for 125 K in the Ri-
etvald analysis. The observed temperature dependence
the lattice parametersa, b, andc and the monoclinic angleg
are shown in Fig. 4.

From a comparison of these results with the results
Brillouin scattering studies of KLHS,6 it may be concluded
that this crystal in low temperatures undergoes an isost
tural phase transition inside the monoclinic phase. Howe
the existence of the paraelastic tetragonal prototype is q
tionable since our thermal expansion studies performed
higher temperatures did not reveal any critical behavior.22

IV. SPONTANEOUS STRAIN CALCULATION

Let us calculate the spontaneous strain resulting from
group-subgroup relation for the case of a 4→2 ferroelastic
transition. The symmetry elements of point groups 4 an
are

4 $4,4252,43,4451% paraelastic,

2 $2,2251% ferroelastic. ~1!

The number of elements of paraelastic (np) and ferroelas-
tic (nf) groups gives the expected number of the orientat
states of the low-temperature phase. In our casenp /nf52.
The strain tensor of the monoclinic group 2 has the form

e~s1!5S e11 e12
e22

0
0
e33

D . ~2!

FIG. 3. Lattice parameters of deuterated ALHS vs temperat
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To find the possible form of the spontaneous strain ten
we have to calculate the mean value of the strain tenso
acting on the tensore(s1) which is lost atTc . Acting on
e(s1) with the four-fold axis matrix, we get the second po
sible tensor of deformation:

e~s2!5S e22 2e12
e11

0
0
e33

D . ~3!

The spontaneous strain tensores(sk) of the k-orientation
state is calculated as,

es~sk!5e~sk!2 1
2 @e~s1!1e~s2!#, ~4!

FIG. 4. Lattice parameters of KLHS vs temperature.

FIG. 5. Temperature dependence of the spontaneous straeS
and its components, RLHS.
r,
y

-

where the last term in Eq.~4! is the mean value of the strain
Using this expression, we get the forms of spontaneous st
es for the orientation statess1 ands2 :

es~s1!5S e112e22
2

e12

2
e112e22

2

0

0

0
D , ~5!

es~s2!5S 2
e112e22

2

2e12
e112e22

2

0

0

0
D . ~6!

The value of spontaneous strain is given byes5( i , jAei j2 .
Taking into account thate12

s 5tan@(g290)/2#, we havees for
the 4F2 ferroelastic phase transition:

es5A 1
2 ~e112e22!

212e12
2 . ~7!

With the results given in Figs. 1 and 2, we calculated
temperature dependences ofes and its components (e11
2e22) and e12. The plots@see Fig. 5~RLHS! and Fig. 6
~ALHS!# were fitted~solid line! with the critical exponent12 .
The fitting parameters of the functione5A(T2Tc)

1/2 are
given in Table III. As is evident from Figs. 5 and 6, th
mean-field approximation holds very well in a wide tempe
ture range for both crystals.

In the last column of Table III, we give the approxima
temperature rangeDTL of the ferroelastic phase where th
Landau fit diverges from experimental data. This will b

FIG. 6. Temperature dependence of the spontaneous straeS
and its components, deuterated ALHS.

TABLE III. Fitting parameters of the functionei5A(T
2Tc)

1/2 for RLHS and ALHS.

Tc (K) A (1024) DTL (K)

e12 4.0260.01 60
RLHS 134.360.2 1

2(e112e22) 211.960.2 45
es 17.760.3 45
e12 7.160.1 110

ALHS 233.860.3 1
2(e112e22) 214.660.3 60
es 20.660.3 60



tio
ur

ls
no
-

ffe

o

s

n
n
n
ra

u

e
e

t
e

Th

-
av-

e-
ec-
at
es
es-
-

cts
pa-
ure
oop

g
r a
ib-

tion
ergy
ter-

p-

res
ply-
te

ed
,
ce of
-

55 11 179FERROELASTIC ORDER PARAMETER ANDW8 DOMAIN . . .
used in the next section where we discuss the correla
between the domain wall orientations and temperat
changes of spontaneous deformation.

V. W8 DOMAIN WALLS IN ALHS AND RLHS

According to the classification given by Sapriel,12 one
may distinguish two types of ferroelastic domain wal
W-type walls, which appear when the crystal loses the mi
crystallographical plane atTc and which are crystallographi
cally prominent planes of fixed indices, andW8-type walls,
whose orientation depends on the actual values of the di
ent components of spontaneous strain.

In general, the orientation of any type of ferroelastic d
main walls between two orientation statess1 ands2 is given
by12

@es~s1! i j2es~s2! i j #xixj50, ~8!

wherees (sk) i j are the components of the spontaneous ten
of the k-orientation state. From Eqs.~5!, ~6!, and ~8!, we
have

•S e112e22
2 D x212e12xy2S e122e22

2 D y250. ~9!

Combining Eq.~9! with y5Ax, we finally have the form of
the domain wall equation for the 4F2 phase transition:

y5S be6AS beD
2

11D x, ~10!

whereb5e12 ande5 1
2(e112e22).

According to Eq.~10!, the orientation ofW8 domain walls
may be temperature dependent. The necessary conditio
such a dependence is, of course, the difference betwee
critical exponents ofb ande components. In the case whe
bothb ande show the same critical behavior, their tempe
ture dependences cancel each other and Eq.~10! becomes
temperature independent.

As follows from Table III and Figs. 5 and 6, the Landa
fits of (e112e22) and e12 hold very well for temperatures
down to 45 K belowTc for both ALHS and RLHS.

In Fig. 7 we have plotted the expected temperature dep
dence@calculated from Eq.~10!# of the angle between th
tetragonalx axis and the actual direction ofW8 walls for
ALHS and RLHS crystals. For the temperatures close
Tc , the results obtained are in good agreement with dir
observations of domain structure in those crystals.16 From
Fig. 7 it appears that the expected rotation is about 1°.

FIG. 7. Temperature changes inW8 domain wall orientation:
solid line, RLHS; dashed line, deuterated ALHS.
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only difference is that for ALHS one expects the slight low
ering of the angle, whereas RHLS shows the opposite beh
ior.

The results obtained for ALHS are also in good agre
ment with the results of calculations of the pure-mode dir
tion. As reported in Ref. 16, the pure-mode direction is
33° with respect to thex axis and decreases by a few degre
when the crystal is cooled far from the transition. The qu
tion can be asked whetherW8 walls can undergo reorienta
tion and what factors can inhibit this process.

VI. PINNING OF THE DOMAIN WALLS
TO THE IMPURITIES

We shall now discuss the influence of the crystal defe
on the temperature dependence of the ferroelastic order
rameter. In this discussion we shall resort to the proced
used in interpreting the shape of the double-hysteresis l
in ferroelastic LiCsSO4,

23 involving the introduction of a
pinning energy to the energy balance:

Epin~es!5kE
0

es
des , ~11!

where k is proportional to the average density of pinnin
sites and the characteristic pinning energy of the site fo
domain wall. Herees denotes the actual strain energy exh
ited by the sample, in contrast toes

0, which is the so-called
antihysteretic strain responsible for lossless reorienta
processes. In such a case the elastic deformation en
equals the lossless contribution minus the loss due to hys
esis:

E eSdseff5E eS
0~seff!dseff2kE S deSdseff

Ddseff , ~12!

whereseff , the effective stress, includes both externally a
plied stresss and the mean-field contribution, so that

seff's1aeS , ~13!

with a being the mean-field constant.
Differentiating Eq.~12! with respect toseff yields

eS5eS
01dkS deSdseff

D , ~14!

whered51 if seff increases in the positive direction andd
521 if seff increases in the negative direction. This ensu
that the pinning opposes changes in reorientation. By ap
ing the approach of Ref. 23 we finally get the approxima
expression for spontaneous strain:

eS>eS
01

dk

2A2
, ~15!

whereA2 is the soft elastic constantc2S . It is obvious that
the pinning modification ofeS given by Eq.~15! changes the
temperature behavior ofeS .

SinceeS is a two-component quantity, it can be conclud
that if the orientation ofW8 walls changes with temperature
the crystal defects must affect the temperature dependen
the components ofeS to a different degree. This is particu
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larly well illustrated in Fig. 6 wheree12 ~proportional to the
monoclinic angle! shows the temperature dependence w
the exponent12 over almost the whole temperature ran
studied, whereas the temperature change of1

2(e112e12) re-
veals less critical behavior. This may indicate that the lin
spontaneous deformation is more sensitive to the presen
defects in the material than the shear component.

The latter problems will be discussed in more detail in
work under preparation.

VII. SUMMARY

We have reported neutron scattering studies of three c
tals from the family of materials with compositio
A4LiH3~SO4!4 whereA5NH4, Rb, and K. Our experiment
measured the lattice parameters of these crystals over a
wide temperature range from 5 K. From the results it w
possible to calculate the spontaneous straineS and its com-
ponents for ALHS and RLHS. The temperature changes
the orientation ofW8 walls were calculated to be about 1
~deg! at TC2T5100 K. It was shown thatW8 walls may
rotate, remaining perpendicular to each other only when
s

s.
h

r
of

e

s-

ery
s

of

e

components ofeS appearing in the wall equation have diffe
ent critical behavior. The analysis of the equations forW8
walls given by Sapriel12 at different ferroelastic phase tran
sitions indicates that the above conclusion must be gene
valid for all transitions characterized by a multicompone
order parameter. The effect of crystal defects on the temp
ture behavior of spontaneous deformation is also discus
It has been shown that the introduction of the pinning ene
to the free energy causes a decrease in the critical expo
of eS . The experimentally observed differences in the te
perature dependence of the spontaneous deformation co
nentse12 ande112e22 suggest that the normal deformatio
can be more sensitive to the presence of defects than
shear deformation.

ACKNOWLEDGMENTS

This work has been partially supported by State Comm
tee for Scientific Research~KBN! Grant No. 2 P302 036 06
We also wish to acknowledge the Natural Science and E
neering Research Council grant for this work.
r-

n-

uk

ic
d,

of

-
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