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Abstract. The domain struchre of femlas t ic  BiVOa crystals was inves t iwd by x-ray 
diffracrion. nuclear magnetic resonance, optical polarizing microscopy, transmission electron 
microscope, and electron diffraction techniques. From these results, it is found that the BiVOa 
crystals have only prominent W walls and no non-prominent W' domain walls. A model of the 
twin suucture i s  suggested and all experimental results are explained in term of this model. 
However, the prominent W wall obtained h m  our experimental results should not occur in the 
ferroelastic species 4JmF2fm previously reported. From the acoustic symmeuy character of 
the elastic behaviour, it has been established that there exist two possible W and W' walls for 
permissible planar walls that are consistent with all experimental observations. Thus, it can be 
concluded that the BiVOa clystals having only the W walls found by our group and W' walls 
obtained by other groups a e  consistent with the ferroelastic species 4/mmmF2/m ather than 
4JmF2fm. 

1. Introduction 

Increasing applications for the ferroelastic bismuth vanadate (BiVO4) crystal have been 
found in recent years. The crystal was first synthesized by Roth and Waring [l], and 
has received considerable attention since the discovery of a ferroelastic-paraelastic phase 
transition at 528 K by Bierlein axid Sleight [2]. The transition is from a tetragonal scheelite 
structure (space group, I41 /a) to a low-temperature monoclinic system (space group, 12fa) 
[3]. Recently, there have been a great many experimental investigations such as x-ray 
diffraction, neutron diffraction 141, and optical properties [5] to study the structural changes 
and the phase transition. Pinczuk et al [6] reported the Raman scattering at the transition 
temperature. David and Wood [7] extended the study on the femelastic phase transition of 
BiV04. 

Ferroelastic domains occur necessarily in all ferroelastic crystals as a consequence 
of the reduction in symmetry between the paraelastic and ferroelastic phase. Sapriel [SI 
theoretically investigated the orientation of domain walls in ferroelastic crystals belonging 
to various crystal classes. According to him, the domain walls are classified into two kinds: 
the W wall and the W' wall. The former has its orientation governed only by symmetry, 
no matter what values the strain components of the ferroelastic domain wall take. On the 
other hand, the latter has its orientation determined by the concrete values of the strain 
components. Since the discovery of ferroelasticity of BiVO4, many experimental studies 
have been made in order to elucidate its domain structure. Previous authors [9-141 reported 

-W' domain walls in BiVO, following various experimental studies. Below 255°C. two 
groups of W' domain walls of BiV04 crystal are oriented at 91.5 & 0.5" to each other, 
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which compares favourably with the calculated value of 91.14" obtained from the cell 
parameters [2]. The boundary was shown to be at the angle of 39 f 3" from the a axis 
from measurements under a polarizing microscope as reported by Sawada and Ishibashi [9]. 
The theoretically deduced angle 31.4' between the boundaries and the a axis is in good 
agreement with the observed value of 32" reported by Manoliias and Amelinckv [lo]. From 
transmission electron microscope ("EM) and electron diffraction measurements, Wainer er al 
1111 reported the measured value of 37.4' corresponding to the (1pO) plane with p = 0.78. 
Masanori et al [12] measured an angle of 39" with the [loo] direction. These results agree 
reasonably well with the 36" orientation [13] calculated by Sapriel's formulae [8]. The 
relationship between the domain wall orientation and the spontaneous strain in ferroelastics 
was discussed, with particular reference to the W' walls in BiV04, by David and Wood 
[14]. All reported results for the non-prominent W' wall in a BiV04 crystal are summarized 
in table 1. 

Ae Ran Lim et al 

Table 1. The observed and calculated values of non-prominent W' wall directions with respect 
to the [I001 axis in a BiV04.c@al.  

Reference OOb (deg) 8, (deg) ExperimentaJ method 

I91 39 Polarizing microscope 
[IO1 32 31.4 E M ,  electron diffraction 
[I  I1 37.4 36 TEM, electron diffraction 
[I21 39 
I131 35 
~141 37.4 36 

In our preceding paper [15], a prominent W wall in the BiV04 crystal was observed 
using x-ray diffraction and "V NMR: the domain boundary made an angle of 44.25" with 
respect to the a axis. The theoretical W and W' wall orientations for permissible planar walls 
that are consistent with all experimental observations was discussed by Lim et al [16]. Two 
kinds of nearly Fqendicular domain wall were observed using a polarizing microscope [17], 
and "EM 1181. The domain boundaries resulting from possible combinations of the four 
orientation states were also discussed by Lm etal [17]. From TEM and electron diffraction 
measurements [18], the angle obtained between [loo] axis and the domain boundaries was 
44 =!= 1". All reported results for the prominent W wall in a BiVO4 crystal are summarized 
in table 2. 

Table 2. The observed and calculated values of prominent W wall directions with respect to the 
[I001 axis in a BiVO4 crystal. 

Reference Bob (deg) @d (deg) Experimental method 

[I51 44.25 x-ray diffraction?'v NMR 
[I61 45 
U71 44- 5 ' ~  NMR. polarizing microscope 
[18l 44 TEM, electron diffmction 
1191 44.2 Mnz+ EPR 
Presentwork 44.25 mBi NMR 

In this paper, we extend the theoretical analysis of the domain structures obtained by the 
x-ray diffraction, 51V NMR, optical polarizing microscopy, TEM, and electron diffraction 
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methods. In addition, we have observed ZOgBi NMR in a BiV04 crystal having twin domains. 
Furthermore, we propose that BiV04 crystals having the W and W' walls are consistent with 
all experimental observations of the ferroelastic species 4/mmm F2/m instead of 4 / m F 2 / m .  
This assignment is also supported by the Mn2* ESR study in BiVO, [19]. 

2. Crystal structure 

The BiV04 crystal is known to undergo a reversible second-order phase transition at Tc 
(= 528 K) between the ferroelastic fergusonite~and the paraelastic scheelite structure [3]. 
In the paraelastic phase the structure is tetragonal as the lattice parameters determined at 
573 K are a = b = 5.1507 A, c = 11.730 A, and y = 90.0" 1201. It was suggested that 
the point group is 4 / m  for T z Tc. 

The ferroelastic phase of BiVO4 has the point group 2 / m  with unit cell dimensions 
a = 5.1966 A, b = 5.0921 A, c = 11.704 A, and y = 89.62" at room temperature [2]. 
There are two permissible orientations of the ferroelastic state, and, thus. twinning in the 
low-symmetry form is common. 

3. Experimental procedure 

BiV04 crystals were grown by melting a mixture of Bi203 (3N) and V20, (3N) powder. 
The crystals of the two types with either a single domain or twin domain were grown by the 
Czochralski method. Structures were confirmed by x-ray diffraction, and "V NMR [E]. A 
distinct cleavage plane perpendicular to the long [OOI] axis was observed in these crystals. 
This cleavage is not affected by twinning since the twin domain boundaries have a common 
direction along their [OOl] axis. A very striking change in colour of BiVO4 crystals was 
observed at different temperatures. At liquid ni&ogen temperature, the colour is pale yellow. 
As the temperature is raised this colour deepens, being orange at room temperature, deep 
red at 523 K,' and purple at 773 K [ZI]. This process is completely reversible. 

For the investigation of the relative orientation of the grains. a crystal goniometer for the 
back-reflation Laue camera was especially designed which was movable up to 10 cm right 
and left, and to 3 cm up and down, while the goniometer head was accurately maintained 
with respect to one reference direction. 

A Varian model wL112  wide-line spectrometer was used for the NMR measurement. 
The magnetic field was provided by an electromagnet with 30.5 cm pole diameter and 
4.45 cm pole gap, up to the maximum field of 1.8 T. A Varian E229 goniometer was 
employed for mounting the specimen. The high temperature was maintained by flowing 
nitrogen gas, heated using a home-made nichrome heater, over the sample. 

The domain structure was examined by employing an optical polarizing microscope, 
a transmission electron microscope, and electron diffraction. The sample was a thin plate 
cut along the monoclinic (001) plane and polished with rouge. The sample was mounted 
on a transparent heating stage in order to observe the domain structure as a function of 
temperature. 

4. Results and analysis 

4.1. Twin structure determined by x-ray diffraction 

Laue patterns were obtained at 10 different local points systematically chosen on the surface 
of the crystal. Selected patterns are shown in figure 1, where (a) shows the picture obtained 



7312 Ae Ran Lim et a1 

Figure 1. Back-reflection Law pallcins ohtained with the incidcnr beam antiparallcl to the [OOI] 
axis. ( a ) .  (b). and (c) are dcrcrihcd in the text. 

at three points, (b)  at five points, and (c) at the remaining two points. 
The x-ray photograph shown in figure I(a) was found to correspond to that with the 

x-ray beam directed in the [Wl]  orientation from the (001) standard stereographic projection 
drawn with the crystallographic data a = 5.1966 A, b = 5.0921 A, c = 11.704 A, and 
y = 89.62". The grains with the [CO11 orientation are denoted by A. The Laue picture in 
figure l ( b )  was for the [OOi] orientation coinciding with twofold rotation about the [ 1 i O I A  
axis [151. The grains with the [ O o i ] ~  orientation are denoted by B. Analysis of I(c) indicates 
a superposition of grains A and B with the [ 1101 coaxis as shown in figure 2. The shape 
of the grains A and B was also examined by simultaneous x-ray Berg-Barrett reflection 
topography. Two simultaneous topographs of (327 )A  and (%6)B planes were recorded with 
parallel stripes of black and white contrast. The information from these two topographs is 
displayed in figure 3. 

The results for the three Laue patterns and two topographs in figures 1 and 3 show that 
the grains A and B are parallel to each other, and their domain structures are sketched in 
figure 4: their interfaces at boundaries are (llO)A and (iiO), planes. 

The numbers 1 to I O  in figure 4 refer to the points at which the IO Laue photographs 
were taken. Figure I(a) was obtained from points marked 1, 3, and 5 ;  l (b)  was from 4, 7, 
8, 9, and I O  I(c) was from 2 and 6. 

4.2. Twin structure determined by 51 V NMR 

5'V NMR data were obtained at a fixed frequency of 6 MHz in the ferroelastic phase. 
While the seven resonance lines (one group) of the 5'V (I = I) nucleus observed with the 
single-domain structure were reported previously 1221, two groups of resonance lines are 
shown in figure 5.  The signal intensity of one group is stronger than that of the other, but 
there are similarities between the two groups. The rotation patterns of the 51V NMR spectra 
measured in the ac (and bc) plane are displayed in figure 6. Although the two patterns in 
figure 6 look different, they are simply related. From the data of the crystal with a single 
domain reported previously [22], it is found that the patterns in figure 6 are superposed 
on those in the ac plane (solid line) and bc plane (broken line) of the single domain. In 
particular, when the external magnetic field is applied along the c axis, the two groups of 
resonance lines coincide with those of the crystal with a single domain [22]. 

By using the quadrupole coupling constant, the asymmetry parameter, and the principal 
axes of the electric field gradient tensor of the crystal with a single domain (X = a, Y = b, 



Prominent ferroelastic domain walls in BiVO, 7313 

Figure 2. The superposed stereographic projection showing the relative orientations of grains 
A and B, oriented dong 10011~ and [ooi],,. respectively. 

"im 
Figore 3. The superposed stereographic projection of BiV04 showing all the topographic 
information on the huo simultaneous images of (327)~ and (%)B phnes. 

and Z = c) [ZZ], the principal axis systems, the quadrupole coupling constant, and the 
asymmetry parameter of the two groups were analysed 1151. The quadrupole coupling 
constant and asymmetry parameter are found to be exactly the same except the direction 
of the principal axes. Furthermore, the principal axis systems are simply related, as shown 
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Figure 4. A schematic diagram of lhe hvin suuctures in a BiVOa crystal. The numbers I to IO 
indicate the local points where 10 back-reflection Laue photographs were taken. 

4 300K 
6MHz 

rl. 
3 

I I ! I I 

0.47 0.49 0.51 0.53 0.55 0.57 0.59 

APPLIED FIELD (TI 
Figure 5. NMR spectra of 51V in a BiVO4 crystal. The magnetic field is applied along 509 
iium the a axis in the ac plane. 

schematically in figure 7. The Z axis of one group (Z,) is coincident with that of the 
other (22) .  but the XI axis corresponds to the negative Y2 axis and vice versa, where the 
subscript 1 (2) refers to the first (second) group. 

In the paraelastic phase, the rotation patterns of 51V NMR spectra measured in three 
mutually perpendicular planes [21] are displayed in figure 8. These patterns are similar 
to 51V NMR with the single domain, and the resonance line of two groups displayed in 
the ferroelastic phase transformed into one group in the paraelastic phase. This resuIt is 
consistent with the phase transition from the ferroelastic phase with the twin characteristic 
to the paraelastic phase which has no domains. 
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Figure 6. The rotalion patterns of 5'V NMR in the nc plane for one group and the be plane for 
the other group. 

Figure 7. The relation between the two prinapal axes of the EFG tensor of thc two groups for 
51V NMR. 

4.3. Twin structure determined by 'OgBi NMR 

209Bi NMR data were also obtained at a fixed frequency of 6 MHz at room temperature. 
The nine-line structure was expected as a result of the quadrupole interaction of the '09Bi 
( I  = g) nucleus. A part of nine lines as one group of the 'OgBi nucleus were previously 
reported in the single domain 1231. However, two groups of resonance lines were measured 
in the twin-domain crystal. The rotation pattern of Z09Bi NMR spectra measured in the ba 
(and ab ) pIane of the twin-domain crystal is shown in figure 9. The rotation pattern in 
figure 9 displays simultaneously one "'9Bi NMR and another displaced by 90". The rotation 
patterns shown in figure 9 are superposed on those in the ba plane (solid line) and iib plane 
(broken line) of the single domain. The two groups of resonance lines measured in another 
crystallographic plane turned out to be not the principal plane of the EFG tensor. The 
maximum separation of the resonance line due to the quadrupole interaction was observed 
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0 3 0 € 0 % 3 J € 0 % ? B € O %  

A3GLE (DEGREE) 
Figure 8. The rotation panems of "V NMR measured in the three mutually perpendicular 
planes in the paraelastic phase. 

when the magnetic field was applied along the c axis of the crystal and this direction is 
analysed to be the Z axis of the EFG tensor. The principal X, Y, and 2 axes of the EFG 
tensor of 209Bi in the ferroelastic phase are found to be along the crystallogmphic a + 25", 
b + 25". and c axis, respectively, for one group. The *09Bi NMR lines in the twin-domain 
crystal are a superposition of the resonance l i e s  of one domain and lines rotated by an 
angle 90" with respect to the c axis in the single-domain crystal. The relation between the 
principal axes of the EFG tensor of the two groups and the crystallographic axes is shown 
in figure 10. 

The two sets of quadrupole parameters (the quadrupole coupling constant and asymmetry 
parameter) for the Bi ion in the twin-domain BiVO4 are found to be the same except for 
the 90" discrepancy of the principal axes of the EFG tensor. The parameters obtained in the 
twin-domain crystal agree with those of the single-domain crystal [23]. From these results, 
one can deduce that the BiVO4 single crystal possesses two distinctive domains, having the 
a axis in one domain parallel to the b axis in the other domain. NMR study of 51V in BiV04 
cannot differentiate between the b and 6 axis nor between the a and ?I axis because of the 
parallel relation between the principal axes of the EFG tensor and the crystallographic axes 
(XI la, Yllb, and Zllc). From "V and m9Bi NMR study in the twin-domain crystal, a model 
of the twinning structure is suggested as shown in figure 11. Here, the XV and YV axes are 
the principal axes of the EFG tensor for 'lV NMR, and the X B ~  and YB~ axes are those for 
'09Bi NMR. 

4.4. Twin structure examined by optical polarizing microscopy 

Figure 12 shows an optical micrograph at room temperature of a BiVO4 crystal containing 
domains [NI. This picture for the doubletwin-domain crystal contains two nearly 
perpendicular parallel lines which are the domain walls. Furthermore, it is worth mentioning 
that this multidomain crystal is subdivided into two regions having two different groups of 
parallel lines [17]: a nearly horizontal group and a vertical one with much narrower spacing 
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ANGLE (DEGREE) 
Figure 9. The rotation p u m s  of 2wBi NMR in the ba plane for one group and the rib plane 
for the other group. 

C 

Figure 10. The relation between the two principal axes 
of the EFG tensor of the two p u p s  for "Bi NMR. 

Figure 11. The twinning mechanism for the prominent 
W wall of BiVOa (7 = 89.62'). 

between the lines. As the temperature was raised, the domain width broadened. The domain 
walls disappeared near T,. On cooling, the domain walls reappeared again. This process is 
reversible. 
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Figure 12. Domain wall in a BiVOa crystal having two nearly perpendicular parallel domains 
at room temperature (magnification xZW). 

4.5. Twin structure determined by TEM and electron diffraction 

A configuration of domain boundaries with two orientations separated by two nearly 
perpendicular groups of parallel lines is shown in figure 13. The pattern having two 
nearly perpendicular groups of parallel lines was similar to that observed by the optical 
polarizing microscopy mentioned above. A twofold splitting of the diffraction spots in the 
parallel domain wall was also observed by electron diffraction as shown in figure 14 [IS]: 
the diffraction pattern taken from the circled area of figure 13. The spots shown in the 
diffraction pattern correspond to, as usual, the reciprocal lattice points. 

Figuw 13. Bright-held micrograph with [OOI]  zone Figure 14. The pattern of rlcctrun dtllractinn taken 
a i s ,  showing B typical configuration of domain from the domain houndary marked with il circle in 
boundaries separated by two nearly perpendicular figure 13. 
groups of parallel lines. 

A detailed schematic representation of the diffraction pattern is shown in figure 15. The 
direction of the splitting of two diffraction spots makes an angle 44 f 1" with respect to 
the a; (or by) axis in reciprocal space: this is the angle between the a (or b)  axis and 
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the domain boundaries in real space. Therefore, the measured value of the angle 44 f 1" 
between the [loo] axis and the domain boundaries is that €or the the prominent (110) W 
plane. 

i 
; 

Figure 15. The winning mechanism for the prominent 
W wall proposed by the diffracton pattem shown in 
figure 14, where the a+ (orb') is the axis in reciprocal 
space. 

5. Diseussion 

The angle of the prominent W wall was obtained as 44" with respect to the [lo01 axis 
from the x-ray diffraction, NMR, TEM, and electron diffraction techniques. From these 
experimental results the model of the twin structure is presented as shown in figure 11. 
Therefore, we depict the detailed domain structure of the W plane as being formed with two 
nearly perpendicular groups of parallel lines (W, and WZ) as shown in figure 16. When the 
WI and WZ walls are present, there are four orientation states related by a 90" rotation with 
respect to the c axis. When we analyse the structure of domain boundaries resulting from 
possible combinations of these four orientation states, we find that the boundary between 
the states 1 and 1' is the WI wall and the W, wall is between 2 and 2*. Using the strain 
compatibility criterion given by Sapriel [SI, we find that states 1 and 2 can be matched along 
any direction (the same for 1* and 2*), i.e., no preferential boundary exists between them. 
On the other hand, states 1 and 2* (or 1" and 2)  cannot be matched by a 90" rotation with 
respect to the c axis. The orientation states 1 and l", and 2 and 2* are separated by the W1 
wall and W, wall, respectively. Nevertheless, the orientation states 1 and 2*, and 1* and 2, 
respectively, are magnetically equivalent, beacause the a axis direction of orientation state 1 
is different from that of orientation state 2' by an angle of 180" and the BiV04 crystal has a 
twofold symmetry about the c axis. Therefore, only two groups of NMR lines are,expected 
as confirmed by the 51V and *09Bi NMR results. When the two nearly perpendicular groups 
of parallel domain walls are obtained by the optical polarizing microscope and "EM, two 
groups of resonance lines of "V and 209Bi NMR are also recorded. These results are found 
to be related to the facts that the crptallographic a and b axis of one domain 1 (1*) are 
rotated by an angle 90" to be the crystallographic a and b axis of the other domain 2 (2*), 
and the c axis of the BiV04 crystal has a twofold symmetry. 

However, the domain walls in BiVO4 reported by previous authors 19-14] were the W' 
wall with the angle of 36" between the [lo01 crystallographic direction at room temperature. 
In order to understand the structure of the prominent W wall obtained from our experimental 
results [15-19] and the non-prominent W' wall reported by previous other groups [9-14], 
we have discussed two possible types of permissible domain wall using the elastic constants 
to explain why the domain walls have certain structural orientations. 

In principle, the domain wall directions in BiVO4 can be determined from elastic 
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Domain 2 1 domain 2' 
w2 - wall 

(x=-y) 
Figure 16. F e m b t i c  domain s v u c t ~ ~ ~  farmed by two n w l y  perpendicular groups of panllel 
domain walls. Here, the XV and Yv axes are the principal axes of the W G  tensor for 51V NMR, 
and the Xei and Yei axes are the principal axes of the EFG tensor for "Bi NMR. 

constants 1251. The elastic constants of the 4 / m  crystal may be obtained from the values of 
the velocities of ultrasonic waves [26]. Scheelite structure crystals have 4 / m  Laue symmetry 
and normally their elastic constants are referred to an XYZ axis set in which the Z axis is 
paraIleI to the fourfold axis [27J. It is common practice for the centrosymmehical elastic 
stiffness constant tensors ( C i j k ~ )  to divide tetragonal crystals into two Laue groups: 4,"" 
(TI) and 4 / m  (TII). In a conventional crystallographic axis system, the higher-symmetry 
crystals belonging to the TI group (the constituent point groups are 4mm, 422, 4 h ,  and 
4jmmm) have six independent elastic stiffness constants. We use the generally accepted 
replacement of pairs for indices of components of the tensor C;j, by one index such that 
1 1  -+ 1, 22 + 2,  33 + 3,  23 (32) + 4, 13 (31) + 5,  and 12 (21) + 6 [28],  then 

1: : : :'c:cLj 
The reference set (+X, +Y, +Z), orthogonai, right-handed, and axial includes the Z axis 
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parallel to the fourfold axis, and the X and Y axes are then in the 2 plane along~the a and 
b crystallographic axes, respectively. The presence of vertical planes of symmetry or diad 
axes in the Z plane imposes the condition that cl6 should be zero. 

This is not the case for crystals of the TII group (the constituent point groups are 4, 
z, and 4 /m)  for which the elastic stiffness constant matrix referred to the frame of the 
crystallographic axes (a, b, c) is 

c11 c12 c13 0 ~ 0 c16 

ClZ c11 c13 0 0 - c l 6  

(2) 
0 0  

0 c44 
0 c44 

c16 -c16 0 0 0 c66 

The non-zero value of c16 in the 4 / m  (TII) h u e  crystals gives rise to apparently more 
complicated elastic behaviour than that is found for the 4 h m m  (TI) Laue symmetry. For 
this special case of tetragonal crystals, Khatkevich 1291, and Blanchfield and Saunders [30], 
showed that the usual requirement of seven elastic tensor components to describe the elastic 
behaviour of tetragonal 4/m (TIt) crystals could be reduced to six parameters when referred 
to a suitable choice of reference frame. This was also shown in BiV04 [16]. 

In the tetragonal scheelite structure of BiV04, the isolated V04 tetrahedra have a point 
symmetry 4. The fourfold axis of tetrahedra  makes^ an angle q5b = 28.97" with respect to 
the [lo01 direction. This angle, called the setting angle [31], has been shown to be related 
to the components of elastic constants along the k and y axes of the acoustic symmetry, 
respectively [U]. The transformation of the components of the elastic tensor of the 4fm 
(TII) crystal due to a rotation about the Z axis through an angle q5k makes Clb equal to zero, 
and consequently yields a tensor form of 4 f mmm (TI) materials. From these results, the 
elastic properties referred to the acoustic symmetry axes of tetragonal BiV04 are identical 
to those of 4/mmm (TI) and 4 /m (PI) point group symmetry [27,29,32]. 

David and Wood [14] reported that the BiV04 crystal belongs to the ferroelastic species 
4fmF2Jm; the paraelastic and the ferroelastic phases have 4 / m  and 2/m symmetry, 
respectively, and F represents the ferroelastic phase. For the ferroelastic species 4/mF2/m, 
the spontaneous monoclinic distortion takes the following form: 

~ . 

-f L? 0 E12 

0 0 0  0 0 
+I1 - &22)/2 0 

where 811, 822, and 812 are determined from @e monoclinic (m) and tetragonal ( t )  lattice 
parameters measured at temperature T; 

EII(T) (am(T) -az(T))/am(T) 
EZZ(T) = (bm(T) - bt(T))/bm(T) (4) 
E I ~ ( T )  = tan[(y, - 900)/21. 

Consequently, the orientation of domain walls can be derived as follows[8]: 
f (xZ - y2)  - 2gxy = 0. 

x = p y  x = - y / p  

(5) 
The solution of equation (5) gives 

~ 

where 
2 If2 

~ P = [ g + ( f 2 + g )  ID.  
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Using the spontaneous strain tensors given by Aizu 1331 and the formulae proposed by 
Sapriel [SI, we can evaluate the domain wall orientations. 

In the case of the transition from 4jmmm to 2jm symmetry, the domain wall orientations 
are expressed by the following equations 181: 

Ae Ran Lim et al 

W' X = P Y  andx=-y /p  
x = -py and x = y j p  

and 

These directions lie along the crystallographically prominent W wall as well as the non- 
prominent W' wall. Using the monoclinic axis system, we have shown that the non- 
prominent domain walls are the (1pO) planes with p given by equation (6). The calculated 
angles of the domain wall were obtained by a suitable choice of lattice parameters as 
indicated. In addition to the non-prominent W' wall, the prominent W wall with x = y and 
x = -y is also permissible [16]. Therefore, the W wall makes an angle of 45" with respect 
to the [IOO] axis. 

The formation of single- or twin-domain crystals seems to be dependent on the 
conditions of crystal growth. Natuial BiVO4 single crystals, occuning as the mineral 
pucherite, are known to have an orthorhombic structure. Apparently, laboratory syntheses 
have never achieved this modification. Low-temperature syntheses produce a tetragonal 
zircon-type BiVO4 and high-temperature syntheses result in a monoclinic form of BiVO4. 
Consequently, BiV04 single crystals may have different crystal structures according to the 
conditions of the natural and laboratory syntheses. 

6. Conclusion 

The domain structure of the ferroelastic BiVO4 crystals has been studied by x-ray 
diffraction, 5'V and *OgBi NMR, optical polarizing microscope, "EM, and elemon 
diffraction techniques. From these experimental results, we have established that the BiV04 
crystal has a prominent W wall. A model of the twin structure for this crystal is suggested. 

The twin-domain crystal grown by our group has only prominent W domain walls (one 
or two W planes) and no non-prominent W' domain walls. However, the prominent W 
wall obtained from our experimental results should not occur in the ferroelastic species 
4/mF2/m previously reported. We have established that there exist two possible W and 
W' walls for permissible planar walls from the ferroelastic species 4/mmmF2/m. Thus, 
we may conclude that the BiV04 crystals having only W walls found by our group and W' 
walls obtained by other groups are consistent with the ferroelastic species 4/mmmF2/m 
rather than 4/mF2jm. 
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