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Field-induced tetragonal blue phase (BP X)
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Hornreich et al. predicted that blue phases I, II, or III should undergo structural transformations
into anisotropic uniaxial blue phases in electric or magnetic fields. It is shown here that, besides a
hexagonal blue phase BP H' discovered previously, a novel blue phase, called BP X, can be ob-
tained either from BP I for E~

~
[110]or from BP II for E~

~

[100]. Using the method of Kossel dia-
grams, clear-cut evidence is presented that blue phase X has tetragonal symmetry. The transforma-
tion of BP I into BP X involves a homogeneous strain in the plane perpendicular to E and a dilation
in the field direction.

I. INTRODUCTION

In cholesteric materials such as, for example, the exten-
sively studied mixtures of a cholesterogene CB15 with a
nematic liquid crystal E9, four different mesophases have
been identified: (i) an amorphous blue phase III or "blue
fog," BP III; (ii) cubic blue phase II of symmetry, 0
(P4z32), BP II; (iii) cubic blue phase I of symmetry 0
(I4;32), BP I; (iv) the usual helicoidal or cholesteric
phase, C.

Theoretical studies of this cholesteric polymorphism
have accounted for these four mesophases as well as other
phases with different symmetries. In particular,
Homreich et al. ' pointed out that cholesteric materials
with positive dielectric anisotropy (such as mixtures of
CB15 with E9) should exhibit uniaxial anisotropic phases
in an electric field. This theoretical prediction was con-
firmed recently in Ref. 2 where the first evidence for a
field-induced hexagonal phase was given.

The experimental results, concerning a mixture of
49.8% of CB15 in E9 (Ref. 2) differed, however, from the
predictions of Hornreich et al. in two main points: (1)
The observed phase (called H ) was three dimensional in
contrast to the two-dimensional (2D) hexagonal phase
considered in Ref. 1. (2) On the phase diagram (Fig. 1 in
Ref. 2, temperature versus field) between the low-field BP
II phase and the high-field H phase, there was another
phase, different from both BP II and H . Since we
could not exclude the possibility that this intermediate
phase was BP I, we called it, by precaution and for the
time being, BP X.

In this paper, we present clear-cut experimental evi-
dence that the BP X of Ref. 2 is not cubic and therefore
neither BP I or BP II, but a new blue phase with tetrago-
nal symmetry. We deduced the structure of BP X from
its Kossel diagrams, i.e., the diffraction patterns of mono-
crystals in a divergent light beam.

In Sec. II we report our new results concerning the con-
ditions for the occurrence and microscopic observations of
the BP X phase. In Sec. III we describe the experimental

setup for the divergent beam technique and show Kossel
diagrams of BP I and BP X phases. In Sec. IV we inter-
pret Kossel diagrams of the BP X phase qualitatively
(symmetry) and quantitatively (parameters of the tetrago-
nal lattice).

II. CONDITIONS FOR THE OCCURRENCE
OF THE BP X PHASE IN MIXTURES

OF CB15 WITH E9

Before showing Kossel diagrams of the BP X phase ob-
tained for the first time only recently, it is useful to
describe other characteristic features of this new phase,
accessible by direct observations in a metallurgical micro-
scope with monochromatic illumination.

The observations were made on several samples with
concentrations c of CB15 in E9 ranging from 40% to
60%. The samples were introduced by capillarity into a
cell made of two parallel glass plates Sb and S„coated
with semitransparent In0 electrodes and separated by 30-
pm Mylar spacers (Fig. 1). The bottom glass plate (Sb)
was thin (=0.15 mm) and in thermal contact, through
immersion oil (IO), with a 40x objective. The objective
was fixed on an aluminum piece Pi whose temperature
Ti was regulated using Peltier-effect elements. The upper
glass plate (3 mm thick) was pressed against an aluminum
piece Pz by two metallic, elastic lamellas (Li,Lz) also
used as electric contacts. The electrode of the bottom
glass plate was connected by a conducting epoxy to the
lamella L2. The electrode of the upper plate was connect-
ed to Li. The frequency of an ac voltage, applied to the
cell through Li and L2 was f=10 kHz. The tempera-
ture T2 of the aluminum piece Pi was regulated, indepen-
dently of Pl, by other Peltier elements.

A. BP II—+BP X, 46% ~ c (52%

Individual crystals of BP II can be nucleated and grown
in the isotropic phase in samples where the concentration
c is between 46% and 52%. As reported before, when
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shown in Fig. 2. Heppke et al. also observed this effect.
At E =E~, a first discontinuity marks the transitions

BP II~BP X while that at E =E2 corresponds to the
transition BP X—&H . As reported before, the square
shape of field oriented BP II crystals is preserved in the
BP X phase. In the H phase the crystals become hex-
agonal. In conclusion the discontinuity of the wavelength

'l(E) of the Bragg reflection from square-shaped crys-
tals is the "fingerprint" of the BP II~BP X transition.

B. BP I~BP X, 42%% ~ c & 46%%uo
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FIG. 1. Experimental cell.

the nucleation and growth take place in electric field E
less than E~ (E~, following Ref. 2 is the critical field for
the BP II~BP X transition) then all BP II crystals orient
with their fourfold axes (for example, [001])parallel to E.
The wavelength ABp II(E) of circularly polarized Bragg re-
flection from (001) planes increases with increasing E as

In samples where the concentration c of CB15 was less
than 46%%uo, BP I crystals, instead of BP II crystals, nu-
cleate directly and grow in the isotropic liquid phase. BP
I crystals that nucleated on the glass plates are oriented
with their (110) or (211) planes parallel to them. When an
electric field is applied to such surface-oriented crystals at
E =El~„,the crystals with (110)

~
~Sb [Fig. 3(a)] undergo a

drastic modification of their shapes, shown schematically
in Fig. 3(b). This deformation involves a dilation along a
[001] axis and compression along a [110]axis. Figure 3
shows [001] and [110]directions in the (x,y) plane per-
pendicular to the field (E~~z). Consequently, the angle
a=109.5 between (112) and (112) facets becomes
a'=90 [Fig. 3(c)]: When such field transformed crystals
are grown by slowly cooling the sample, new facets (001)
and (001) develop progressively [Fig. 3(d)], and the overall
crystal shape turns to a square one [Fig. 3(e)].

It is interesting to note that the wavelerigth of the
Bragg reflection from (110) planes parallel to S does not
show a detectable discontinuity at BP I~BP X transition.
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FICx. 2. Field dependence of the wavelength APpyf(E) of a circularly polarized Bragg reflection from (001) planes perpendicular to
the field E.
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The image of the crystal is then formed by rays Bragg re-
flected from (hkl) planes. The quality of this image and
the resolution of a corresponding Bragg spectrum
deteriorates rapidly when the aperature diaphragm is open
because when a convergent beam illuminates the sample,
other crystal planes (h'k'I') oblique to O can also reflect
incident rays. Let the direction of the rays be described
by angles 8 and P (Fig. 5) and I (8,$) I be a set of (parallel)
beams reflected from ( hkl) and (h'k'l') planes. In the im-
age plane of the objective each of those reflected beams
gives rise to a different image of the crystal. The super-
position of all these images introduces confusion and
deteriorates the quality of visual information. On the oth-
er hand, each of the ray beams from the set I(8,$)I is
focused into a different point (8,$) in the focal plane of
the objective. With the aperture diaphragm open, it is
clearly more interesting to observe the focal plane of the
objective rather than the image plane.

B. Experimental setup for the convergent beam technique

Most polarizing microscopes can be converted into a
conoscope by introduction of the so-caHed Bertrand lens
between the objective and the eye piece. This additional
lens forms an image of the focal plane of the microscope.
Unfortunately this option did not exist in the reflecting
metallurgical microscope, used in our experimental setup
shown ig Fig. 6, and we adopted the following solutions.
To directly observe (visually) the focal plane, we replaced
the ordinary eye pieces by telescopes made of achromatic
lenses L and the eye pieces. Lens L is here effectively a
Bertrand lens. We used a standard photographic camera
equipped with a long-focal (135 mm) objective (LFO) in
order to take a photographic picture of the focal plane.

C. Kossel diagrams in BP I and BP X

The photographs shown in Fig. 7 were obtained as fol-
lows. In a sample with the concentration of CB15
c =42.5%, large monocrystals of BP I were first grown
from the isotropic liquid phase. Using the microscope in
its orthoscopic (normal) configuration, a large (=30 pm
in diameter) isolated monocrystal of a suitable orientation
(see below) was selected and moved (using the microscope
stage) into the center of the field. The diaphragm was
then closed, the aperture diaphragm opened, and the eye
pieces replaced by the telescope.

1. BP I, I1IOJi)o, E=O

A typical conoscopic photograph of a BP I crystal with
orientation [110]~~O, shown in Fig. 7(a), reveals a very
characteristic pattern of Kossel lines. Identical patterns
have been observed previously, by a different technique, in
bcc colloidal crystals so we concluded that BP I has a bcc
structure.

2. BP I~BPX transition

When an increasing electric field was applied to the
sample, the Kossel pattern started to deform In .weak
fields this deformation is not large but is obvious if one
considers intersections of Kossel lines. For example, in
Fig. 7(a) three Kossel lines of indices (200), (101), and
(101) cross at one point. This kind of degeneracy is not
accidental (depending on the wavelength of the illuminat-
ing beam) but characteristic of cubic symmetry. In a field
this degeneracy is removed. Instead of crossing at one
point, the lines now cross at three points making a trian-
gle (cf. Fig. 10 where a series of corresponding theoretical

I
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FIG. 6. Experimental setup (general view): S, sample; MO, microscope objective; FP, focal plane; C, condenser; MC, mono-
chromater; EP, eye piece; L, lens; LFO, long-focal objective; PC, photographic camera.
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diagrams are shown). The deformation of the Kossel dia-
gram increases with the field but its twofold axis is
preserved for F. &Ei&z. A.t E =Ei~~ there is a rapid but
still continuous change in conformation of Kossel lines
and the Kossel diagram acquires fourfold symmetry
[Figs. 7(c) and 7(d)].

IV. THE STRUCTURE OF BP X FROM ITS KOSSEL
DIAGRAMS

We now have at our disposal observations in both direct
and reciprocal space of changes in BP E monocrystals dur-
ing the transition to BP X. Are the changes observed in
the Kossel diagrams during the transition compatible with

$F

FIG. '7. Photographs of the focal plane of the objective: {a) E=O, BP I; {b) 0&E &Eiq~,' (c) E=EI~~, (d) E=EI~&. (a)—(c)
A, =529 nm, (d} A, =496 nm. The sample is 42.5%%uo CB15 in E9.
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conclusion (5) in Sec. II which was based on direct obser-
vations of this transition? Our strategy to answer this
question, crucial for understanding BP X, is to first con-
sider how the reciprocal lattice is modified as a result of
conclusion (5) deformations, then we reconstruct the Kos-

[001)
)k

sel diagrams of this modified reciprocal lattice and show
that it is indeed consistent vvith observations.

A. Deformation of the bcc lattice in real space

Let i,j,k be orthogonal unit vectors parallel to [110],
[001], and [110] directions, respectively, of the BP I crys-
tal shown in Fig. 8(a). Consider now an orthorhombic F-
centered unit cell, instead of the cubic centered unit cell
[Fig. 8(b)]. The edges adjacent to the origin of this
orthorhombic unit cell can be represented by three vectors
x,y, z given by

x=v 2li,

z=v 2lk .

The deformation proposed in Fig. 3(b) consists of a super-
position of an elongation of the crystal in the [001] direc-
tion and a contraction in [110] direction. To be more
general, we suppose that the crystal can also be deformed
in the third direction [110]. Finally, we consider the crys-
tal as incompressible. Under these conditions x,y, z
change their lengths, but preserve their directions so that

x'=av px,

(2)

t:1003

where a is a parameter of the deformation in the (x,y)
plane and P corresponds to an additional axial deforma-
tion in the direction of the field (E~ ~z) ~[110]). Thus one
finds easily that the orthorhombic cell (v 21 Xl Xv 2l) is
deformed into a tetragonal one [(2) l X(2) 1XV2l]
for a =2 '~ and P= 1.

(c)

B. Deformation of the fcc lattice in reciprocal space

Consider now the reciprocal fcc lattice of BP I, shown
in Fig. 8(c), with basis a, b, c reciprocal to x,y, z. One has

2&c=~ k.
2l

In the crystal deformed following Eq. (2), these basis vec-
tors become

FICx. 8. (a) Orientation of a crystal of BP I with respect to
axes x, y, z shown in (b). Choice of bases and of unit cells in
direct space t,'b) and in reciprocal space (c). The field E is paral-
lel to z.

b'= ~b,
c'=pc .

The orthorhombic I-centered unit cell

(4)
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4m 4m 4m

v21 l v2l

alternative to the cubic unit cell is deformed into a tetrag-
onal one

4m 4m 4m

(2)' l (2)' l v21

fora=2 '~4and P=l.
Using the basis a,b, c, defined in Eq. (3), each point of

the reciprocal lattice of BP I can be represented as

q=ha+kb+lc .

As the crystal deforms in the electric field, q becomes

q'=ca'+ kb'+Ic',
where a', b', and c' are vectors of the deformed base given
by (4).

rays in the (8,$) direction of the cone. In spherical coor-
dinates 8,$, defined on the sphere S, with the polar axis
z~ ~O~ ~E, the set Cq corresponds to a circle of angular ra-
dius given by Eq. (7) centered at P(8q, gq) with coordi-
nates

8q=arccos(n, ), n, =

P~ =arcsin(n~ /sin8q), n~ = k [bf

(8a)

D. Kossel diagrams of BP I~BP X transition.
Discussion

The series of Kossel diagrams shown in Fig. 10 was ob-
tained with the following choice of parameters.

Each of the reciprocal lattice vectors q situated inside the
sphere S gives rise to its own Kossel line on the sphere S
and all such Kossel lines make up the Kossel diagram.

C. Principle of construction of Kossel diagrams

Knowing the reciprocal lattice of the crystal„ the con-
struction of the corresponding Kossel diagram is then
straightforward. Let us consider the convergent light
beam of wavelength A, illuminating the crystal (Fig. 5),
and a family of lattice planes (hkl) corresponding to a
vector q (hkl). Among all rays of the beam of direction
defined in Fig. 5 by polar angles (8,$), those which satisfy
the Bragg condition on (hkl) propagate differently (i.e.,
are backreflected) than all other rays which do not obey
this condition.

Rays satisfying the Bragg condition form a cone of axis
q (hkl) and angle

58q arccos (7)
29o

where qc ——2rrn/A, is the wave vector in the sample of re-
fractive index n Obviou. sly, Eq. (7) makes sense only if

~ q ~
& 2qc which means that q must be inside a sphere S

of radius 2qc (Fig. 9). Let Cq ——I(8,$)Iq be the set of

J»
&q

a

e)

FIG. 9. Principle to construct Kossel diagrams.

FIG. 10. Kossel diagrams of BP I progressively deformed
into the BP X. (a) BP I, E=0; fcc reciprocal lattice: al ——1,
P= l. (f) BP X, E =Elq», tetragonal F-centered reciprocal lat-
tice: a» ——2 ', P=1. Configurations of Kossel diagrams for
intermediate deformations ex=1 —n (1—2 ' )/10: (b) n =2, (c)
4, (d) 6, (e) 8. The patterns shown in Fig. 7 can be recognized in
the central region of these drawings.
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(1) The ratio w =nl/A, , which fixes relative dimensions
of the sphere 5 and of the reciprocal lattice, was set to
1.25.

(2) With the above choice of w, the reciprocal lattice
vectors situated inside the sphere S {in its "north hemi-
sphere" ) have coordinates: (1,1,1), (1,1, 1), (1,1, 1),
(1,1, 1), (0,2,2), (0,2, 2), (2,0,2), (2,0,2) (1,1,3), (1,1,3),
(1,1,3), {T,1,3) in the base a, b, c.

(3) The parameter P was set arbitrarily to 1 while a was
varied from 1 [Fig. 10(a)j to 2 '/ (Fig. 10).

Several conclusions can be formulated from a compar-
ison of these theoretical diagrams with the observed ones
on Fig. 7. First of all it is clear that only a central seg-
ment of the sphere S of radius b.8=37' is effectively
"visible" in the focal plane of the microscope. This effect
is obviously due to a finite angular aperture of the micro-
scope objective. Second, the transformation of this visible
part of Kossel diagrams in Fig. 10 is in qualitative agree-
ment with observations reported in Sec. IIIC. This con-
firms the tetragonal symmetry of BP X and answers the
question posed at the beginning of Sec. IV. Finally, BP X
can be obtained by a continuous deformation of BP I.

and

q(202) =
I

c'
I
(4+4p )

'/

q(111)=
I

c'
I
(1+2p )'

(12a)

(12b)

are situated inside the sphere S. From Eqs. (7), (10), and
(12) one gets

and

(4+4 2) 1/2

5020& ——arccos
( 9+2p 2 ) 1 /2 (13a)

or, using the aspect ratio P, one has

R, =
I
q(»3)

I

=
I

c'
I

(9+»')'" . (10b)

The angle 8'1"13 is then given by Eq. (8),

th0»3 ——arccos
(9+2p 2)1/2

48202 and 68111. The vectors q(202) and q( 1 1 1 ) of
respective lengths,

6ii3 —31 + 1

~202 3,1'+ 1',

~ei&i =8'+1' .

(9b)

(9c)

Theoretically, these angles are functions of the aspect
ratio p and can be calculated as follows.

8113. In the photograph of Fig. 7(d) the wavelength )1,

of the illuminating beam was chosen in a way to obtain
(113) Kossel rings of very small diameter. In terms of the
construction shown in Fig. 9 it means that the radius
R, =2qo of the sphere S in the reciprocal space equals the
length

I
q(113)

I
of the vector (113) in the reciprocal lat-

tice. In the basis a', b', c', this length is

R =Iq(113)I=[(3Ic I) +2(a) ] (10a)

E. Aspect ratio of the tetragonal unit cell
of the blue phase X

Although it is clear at this stage of our discussion that
the unit cell of BP X is tetragonal, we are still ignorant of
its aspect ratio p =

I
Z'I /I X'

I

=
I

a'
I I

C'
I

which is
equal to the height of the unit cell divided by the dimen-
sion of the square basis. In Sec. IV 8 by setting P= 1 we
fixed its value to po ——p(P=1)=2'

In order to measure p, a dimensionless quantity, it is
enough to measure angles in the Kossel diagrams. Let us
consider, for example, the Kossel diagram of Fig. 7(d).
Several angles such as 0~~3, 60202, and 68»&, defined in
Fig. 11(a), can in principle be determined from the photo-
graph in Fig. 7(d) provided that the relationship between
the radius r in the plane of the photograph and the polar
angle 8 on the sphere S is known (see Fig. 5). We have
realized the desired calibration using Fabry-Perot fringes
produced by multiple reflections between the glass plates
S, and Sb. Using this calibration we found from Fig.
7(d) 50 (b)

CA0
U

g)
0

0

th
~e202

~~eth
113
th

&em

I

1.5 p

p pf0
0

FIG. 11. Determination of the aspect ratio p of the tetrago-
nal unit cell from the Kossel diagram: (a) definition of angles
0]]3 602p2 and 56» &,

' (1) determination of p from plots 8$ g3,

~6I2p2(p), and ~~]"]](p).
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(1+2 2)1/2
50» &

——arccos (13b)
(9+2p2)1/2

Similarly, from the Eqs. (8) and (12) one obtains

2
82p2 =arccos (14a)

(4+4p 2)1/2

10I ]] arccos
(1+2p )'

The desired angles 602p2 and 50~~~ are then following
functions of p:

(14b)

(4+ 4p 2)1/2

602p2 ——arccos
2

—al ccos
(4+4p2)1/2 (9+2p2)1/2

(15a)

and

1 (1+2p)'
60&"~

&

——arccos, —arccos
(1+2 2)1/2 (9+2p2)1/2

(15b)

The measured values are compared with the theoretical
ones in Fig. 11(b). The aspect ratio p =1.3+0.02, corre-
sponding to the best fit, is larger than
po ——p(P=1)=2'/ =1.19. It means that during BP
I~BP X transition the unit cell, defined in Fig. 8(b),
elongates in the direction of the field. The parameter P
which measures this elongation, is

2/3
m

P 21/4
=1.061 .

V. DISCUSSION AND CONCLUSIONS

The conjecture, formulated in Ref. 2 on the existence of
a uniaxial blue phase of tetragonal symmetry induced by
electric fields has been demonstrated in the present paper
in the direct and reciprocal spaces. This new blue phase
has been shown to have the following principal features:

(a) its Bravais lattice in real space is centered tetragonal,
(b) its tetragonal axis is a screw axis 4„
(c) it can be obtained from BP I by a continuous defor-

mation consisting of a shear in the plane perpendicular to
the tetragonal axis, and of an elongation in the field direc-
tion,

(d) it can also be obtained from BP II by a discontinu-
ous transformation whose nature has not been elucidated.

Among all space groups of the tetragonal system only
one D4 (I4,22 or F—4122)—is compatible with (a) and
(b). From the point of view of symmetry, the property (c)
means that for 0&E &Ei&„,the symmetry of the blue
phase is "intermediate" between 0 (I4132) and D4
(I4122). A gossible assignation of this intermediate sym-
metry is D2 (F222); as required, the Bravais lattice is
orthorhombic F-centered [Fig. 8(b)] and only twofold
symmetry axes persist. In conclusion, the following se-
quence of symmetries are proposed:

E~o E =El(x
BP I(0 ) —+ D2 ~ BPX(D4 ) .

The proposed symmetry of BP X also explains the
discontinuous character of the BP II-BP X transition.
The symmetry of BP II is 0 (P4232) and its Bravais lat-
tice is simple cubic. Such a lattice cannot be transformed
into a tetragonal F-centered lattice by a continuous defor-
mation. In terms of space group symmetries it means
that in the following sequence

E~O
BP II(0 ) ~ D4~BP X(D4 ),

the second tran'sition must be first order.
As final evidence that indeed we have observed an

electric-field-induced structural transition and not a
tetragonal distortion of the cubic phase, we define order
parameters q ~ and g2 to describe the tetragonal-
-orthorhombic transition. g& and q2 are defined in general
as components of a deformation tensor e,j of the tetrago-
nal unit cell. When z is parallel to the fourfold axis,
g~ ——e~ —

eyy and q2 ——ex++|.'yy 2ezz In the tetragonal
phase, E & El&&, q&

——0. At El&z the 422 point symmetry
of the tetragonal phase is broken and replaced by the 222
symmetry of the orthorhombic phase so 2)1&0. The free
energy Fj is even in g & by symmetry:

2 4
F& =gi+Bpni+ ' (17)

At EI/x, a=0. Here the analogue of temperature is E
and a is the elastic constant ( C11 —C12)/4. The energy to
distort the unit cell in the direction parallel to the field is

1 2F2=Fp+ g2 .
2X

Here, 1/2g is the elastic constant

( C11+C12 —4C» +2C33

9

(18)

Because g2 is an invariant of the 422 group, there is a
coupling between the two order parameters g &

and g2 that
to lowest order is of the form

F)2 ———I g)g2, I )0.2 (19)

The total energy F =F&+F2+F&2 is now seen to be iden-
tical to the familiar nematic —smectic-A transition when
the layer order parameter, g, is coupled to the orientation-
al order parameter S; or, the Bean-Rodbell magnetic tran-
sition, where magnetization is coupled to lattice deforma-
tions. ' In our case 2), is analogous to g/magnetization
and r12 to S/lattice deformations. As de Cxennes has
shown, the presence of F12 renormalizes the coefficient
of the fourth-order term to B=BO XI /2. Thus B may-
be negative for large enough X and I'.

A negative B, of course, means that the transition is
first order and higher order terms must be included in Eq.
(17). Bean and Rodbell' have explicitly calculated a pa-
rameter proportional to 1 —B.

g~ is measured directly from the Kossel diagrams by
measuring cot('4, where cot/4 is defined in the following
way. Each of the larger Kossel rings begins and ends on
the boundary of the visible part of the focal plane. Draw
a line joining these two end points. Then g4 is the angle
between this line and the horizontal line that bisects the-
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figure; cot/4 ——I+g~. g4 measures the ratio of the two
sides of the [110]face. For a bcc crystal cot/& ——V2. We
find cot('& ——1.43 when E =0 within experimental error.
Comparing the variation with field of g& ——cot/4 —1 in
Fig. 12 with their theoretical estimates for the magnetiza-
tion as a function of temperature, the tetragonal-
orthorhombic transition seems weakly first order. 8 is
slightly negative or the Bean-Rodbell parameter is about
1.3.

The occurrence of the tetragonal phase has the follow-
ing important implication on BP I structures. While the
fundamental idea"' that double twist relieves cholesteric
frustration is indisputable, detailed models with extended
objects like double twist cylinders threading many unit
cells' may not be the building block of BP I. The reason
is that an 0 model built of rigid double twist cylinders
cannot be deformed to a structure with fourfold symme-

try without breaking cylinders. With the deformation we
have described, its twofold axis remains a twofold axis.

Our main conclusion is that we have observed an elec-
tric field induced structural phase transition. The field is
applied along a twofold direction of the crystal that
transforms to the fourfold direction of the tetragonal
crystal. Since the [110] direction maintains its twofold
symmetry right up to the transition (Fig. 7), we can ex-
clude rigid rotation of the crystal as a cause for the four-
fold pattern at E, . Rotation of the crystals is also exclud-
ed by direct observation. They deform but do not rotate
in the field. Additional evidence that the structure has
indeed undergone a phase transition to the tetragonal
phase is found when the fct monocrystal transforms back
to the distorted cubic phase. When the field is decreased
below E„in general domains separated by grain boun-
daries corresponding to both signs of q& occur. One
domain may eventually be favored and a bcc monocrystal
is again recovered.
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FIG. 12. Variation of the elastic order parameter g~ as a
function of electric field.
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