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Recently, a cubic bond orientational order model was proposed for blue phase (BP) III [Phys.
Rev. Lett. 71, 2757 (1993)]. It was suggested that in blue phase III, although there is no periodic
translational symmetry, a cubic orientational order persists. A spatially independent fourth-rank
tensor B:ﬁuv was used to describe the cubic bond orientational order. In this paper, we show that
since BP IIl is chiral, the bond orientational order parameter is expected to vary in space. Depending
on the relative magnitudes of the elastic constants in the free energy, the cubic bond orientational
order will twist along either a fourfold ([001]) or a threefold ([111]) symmetry direction. Due to the
twist, the cubic symmetry of the bond orientational order is replaced by a lower point symmetry
group, D4(422) or D3(32). Using Landau theory and dimensional analysis, we find that if there is
a chiral cubic bond orientational order in BP III, there should be a measurable birefringence even
in the absence of an external field. This is inconsistent with the knowledge that BP III is optically
isotropic without a field. We also point out that a phase with cubic bond orientational order can be
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distinguished from an isotropic phase using field induced birefringence experiments.

PACS number(s): 61.30.—v

I. INTRODUCTION

Blue phases appear in chiral liquid crystals between
either a helical (cholesteric) or smectic phase and the
isotropic phase in a narrow temperature range. In the
absence of an external field, three types of blue phases
have been identified. It is believed that in blue phases I
and II, the long axes of the molecules form periodic orien-
tational patterns; blue phase (BP) I has the periodicity of
a body-centered-cubic lattice and BP II has the periodic-
ity of a simple cubic lattice. Sharp Bragg reflection bands
of visible (often blue) light are observed in blue phases I
and II. The structure of BP III, however, is still uncer-
tain. It shows only a broad, weak selective reflection and
no spatial periodicity is found. A number of models have
been suggested for BP III. In general these models can be
put into three categories: (1) quasicrystal models where
the structure of BP III is characterized by the reciprocal-
lattice vectors derived from the edges and vertices of an
icosahedral (1, 2]; (2) amorphous models, which include
double twist model [1, 2], where BP III is considered to
be filled with randomly oriented double twist cylinders;
emulsion model [1,2] where BP III consists of cholesteric
droplets; cubic domain model (1, 2] where small cubic
domains predominate; and (3) the bond orientational or-
der model, recently proposed by Longa and Trebin [3].
It was suggested that in BP III, although there is no
translational periodicity as in blue phases I and II, a cu-
bic bond orientational order remains. This last phase
is described by two order parameters, the usual trace-
less symmetric alignment order parameter Q.g(7) and a
bond orientational order parameter, a fourth-rank tensor
B?, ., which results, for example, in new allowed tensors
for the third-order nonlinear optical susceptibility.

In the cubic bond orientational order model, the free
energy of the blue phases is written in terms of a mean-
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field free energy, which depends only on the alignment
order parameter Qqg(7), and a fluctuation part. The
fluctuation part of the free energy is approximated by
the free energy solely coming from the bond orientational
order Biﬁ uv and its coupling to the alignment order pa-
rameter Qog(7). In particular, the contribution to the
free energy from the bond orientational order alone is
written as

FB puk = azBiﬁ,ﬂ;Biﬁ,y& + asBiﬁﬂ/&Biﬁ#VB:&“V
+a4,1(Bagy6Bagrs)’
+a4,2BiBﬁB4 B4 .B‘1 (1)

Yéuv = pvpo paaf*

In order to minimize the total free energy, Fig puix is min-
imized first using group theoretical techniques [4] and the
cubic symmetry O(432) for the bond orientational order
parameter Biﬁ,ﬂ; is obtained. The total free energy is
then minimized and it is found [3] that the O%(I432)
structure is destabilized compared to the O?(P4,32) and
OB8(I4,32) structures, in contrast to the earlier analy-
sis [2] without considering the bond orientational order.
Also a purely bond orientational phase, in which Q.3 =0
and Bimw # 0, can appear right below the isotropic
phase where the BP III phase emerges.

For a nonuniform, spatially dependent, bond orien-
tational order, Bgﬂ,ﬂ;(i’), there are other symmetry al-
lowed terms in the bond orientational order part of the
free energy, Fp, besides the bulk free energy, Fp pulk
of Eq. (1). One must also consider gradient terms,
such as VaBj5,5VaBagyss VaBpypoVaBhy e and
€apyBapuy VB, (if not specified otherwise, summa-
tion on repeated indices is implied throughout this paper;
€apy is the commonly used antisymmetric tensor). Just
as the gradient terms of the ordinary order parameter
Qap(7) in the free energy introduce the helical phase,

847 ©1995 The American Physical Society



848 HUA ZHONG AND ROLFE G. PETSCHEK 52

the additional gradient terms in the bond orientational
order free energy lead to a chiral bond orientational or-
der. Although it is known that the bond orientational
order is not chiral in blue phases I and II, its chirality
can manifest itself in BP III.

This is analogous to the well studied cholesteric to
smectic A transition. In smectic A there is quasi-long-
range translational order and there is no global twist as-
sociated with the chirality of the constituent molecules.
This chirality is only exhibited in cholesteric phase. Re-
cent theoretical analysis [5] of the similarity between the
type II superconductors and the smectic A phase with
chirality shows that there can be phase with smectic or-
der and twist, the twist grain boundary phase. How-
ever this occurs only when the chirality is large enough.
When the chirality is not that large the quasi-long-range
translational order completely suppresses the twist of the
order parameter. A few materials, such as nP1M7 and
+14P1M7, have been confirmed experimentally [6] to ex-
hibit the twisted grain boundary phase.

We find that the chiral cubic bond orientational or-
der lowers the total bond orientational free energy, Fg =
FB vuk + FB grad, comparing with the cubic bond orien-
tational order in BP III. The twist direction of the cubic
bond orientational order is either along [001] (one of the
axes with fourfold symmetry) or [111] (threefold symme-
try axis), depending on the relative magnitudes of the
elastic constants. The chiral cubic bond orientational
order is characterized by a symmetry lower than a cu-
bic, such as the symmetry of the point group D4(422)
or D3(32). This makes it plausible that the system will
have a second-rank order parameter even without the
influence of an external field. Using Landau theory and
together with dimensional analysis to estimate the size of
the phenomenological parameters, we find the chiral cu-
bic bond orientational order induces a second-rank order
parameter, and the system should be birefringent even
without an external field, which contradicts the common
knowledge that BP III is optically isotropic. We also pro-
pose to detect a possible cubic bond orientational order
in BP III through a simple experiment, observation of
the birefringence in a plane perpendicular to an applied
weak field.

The paper is organized as follows. In Sec. 11, we argue
that in chiral systems with only orientational and not
translational order parameters the order will be spatially
dependent and through the analysis of the Landau the-
ory we present the chiral cubic bond orientational order
model. We then use the dimensional analysis to estimate
the magnitude of the birefringence for both cubic and
chiral cubic bond orientational order models with and
without an external field. In Sec. IV we briefly review
current available experimental results of BP III relevant
to the bond orientational order models.

A (7) = (sin @y cos ¢(z), sin B sin ¢(z), cos 6;),

II. CHIRAL CUBIC BOND ORIENTATIONAL
ORDER IN BP III

Blue phases appear only in chiral systems with short
pitches so the system can be considered to be highly chi-
ral. In such a system, the molecules tend to stack with
their long axes at an angle relative to one another from
point to point. Therefore the order parameter describing
such a system should depend on spatial variables. For
a spatially dependent bond orientational order parame-
ter, additional gradient terms should be included in the
free energy besides the terms in Eq. (1). In particu-
lar, for this bond orientational order parameter which
transforms as the I = 4 irreducible representation of the
SO(3) group, up to the second order in derivatives, the
additional rotationally invariant terms quadratic in the
order parameter are

Fpgrad = / d7(L1VaBigysVar Baigys

+L2V°‘Bé'rpavaBg'ypv
+L36°‘»37Bipyuv“/B§pyu)’ (2)

where the bond orientational order parameter Bgﬂv sisa
completely traceless symmetric fourth rank tensor,

Biﬁ’y& = B[n'anign’,ns
— 3 (00805 + 8arydps + Sasdpy)], (3)

and 7¢ are the unit vectors along the three fourfold sym-
metry axes. In the chiral cubic bond orientational order
model, parameter B is assumed to be a constant and
7t(F) (i=1,2,3) are varying in space. It is more conve-
nient to express the gradient part of the bond orienta-
tional free energy, FB graq, in terms of the gradients of
the vectors #(7) [7],

FB,grad =/df{%K1(V L% 4 LKAt - (V x a))2
+3KslA’ x (V x A9 + Kalf - (V x af)}. (4)

If derived from Eq. (2), the elastic constants K; and
K3 are equal, although they would be different if higher
order terms were included. As we see below, our results
are not affected by any relations between K; and Kj.
One can easily evaluate the free energy associated with
a twisted cubic bond orientational order using the above
expression.

Suppose we choose the coordinate system such that the
z axis is along the rotational axis and at z = 0, A! is on
the xz plane. In general, one can write

A% (F) = (sin @2 cos[¢(z) + ¢p2],sin b, sin[¢(z) + ¢2], cos 62), (5)
A3 (7) = (sin 03 cos[p(z) + P3], sin O3 sin[¢(2) + @3], cos B3),

where ¢(2)|:=0 = 0 and 6;, ¢; are spatially independent and they are related by orthogonal relations
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sin @, sin 62 cos ¢ + cos By cosf; = 0,

sin @, sin 63 cos ¢3 + cos ; cos b3 = 0,

(6)

sin 6, sin 63 cos ¢, cos @3 sin 5 sin O3 sin ¢, sin @3 + cos O, cos f3 = 0.

Eliminating ¢, and ¢3 from the above relations, we find 6; must satisfy equation

sin? @; + sin? @, + sin? 65 = 2.

()

Substituting Eq. (5) into the free energy, Eq. (4), we can express Fg grad in terms of §; and 8¢/9z,

9o
Oz

1 2
FB graa = / dz{ S K2 (—) (sin* @y + sin* @ + sin* 63)

1 a¢\>
+§K3 (—is) (sin2 01 cos? 0, + sin® 0, cos? O, + sin? 03 cos? 03)

0z

e (32) G e o ©

oz

Minimizing the above free energy using the constraints
Eq. (6), we find that if the elastic constants satisfy
K, > K3, Fg graa = —0K?%/K; (2 is the bulk volume) is
the smallest when 8, = 0, = 03 = arctan +/2, which cor-
responds to a twist along a [111] direction with 8¢/9z =
K/Kz, and if Kz < K3, FB,grad = _3QK2/(2K2 + K3)
is the minimum when 6; = 0, §; = 63 = 7/2, which cor-
responds to a twist along a [001] direction with 8¢/8z =
3K/(2K2 + K3).

Since Fp puk of Eq. (1) is rotationally invariant and
has the same value for both the cubic and chiral cubic
bond orientational order model, and FB gaq is zero for
the uniform cubic bond orientational order model but
negative for twisted, chiral cubic bond orientational or-
der model, the total bond orientational order free energy
Fp = FBpuik + FB,graa is lowered if there is a twisted,
chiral bond orientational ordering in the system. The
fact that the additional gradient terms in the free energy
lead to chiral bond orientational order is analogous to
the well-known theory that the gradient terms of the or-
dinary order parameter Q,g lead to a helical phase [1].
The magnitude of the expected pitch depends on the mi-
croscopic interpretation of the order parameter B. If B
is a molecular orientational average, then it is reasonable
to expect that the ratio of the chiral and elastic terms
is comparable to that for the ordinary nematic order pa-
rameter so that the pitch of the chiral cubic bond orienta-
tional order in BP III should be comparable to the cubic
lattice constant of the BP I and II, or around 10% [A]. On
the other hand, B could be related to a structure with a
size approximately that of the cholesteric pitch. For ex-
ample, if BP III is approximately BP II on short length
scales so that lattice vectors can be identified locally, B
might be the average of a fourth-rank tensor formed from
such vectors. In this case, the chirality is very large (the
unit cell of the BP II phase is highly chiral) and the length
scale is the lattice spacing of the BP II phase so again the
expected pitch of the bond orientational order parameter
is of order the pitch of the nematic order parameter.

It is known that the BP I and II have periodic struc-
tures with cubic symmetry and therefore their underlying
bond orientational orders also have cubic symmetry and

there is no twist involved. However, this does not exclude
the possibility of a twisted bond orientational order in BP
III. It is easy to see that if the cubic bond orientational
order is twisted along the [001] direction, the chiral cubic
bond orientational order will have the symmetry of the
point group D4(422); if twisted along the [111] direction,
it will have the symmetry of the point group D5(32). This
local decrease in symmetry is directly analogous to that
in the cholesteric or chiral nematic which has Dy, (002)
symmetry when nonchiral but D(222) symmetry when
twisted. Due to the breaking of the cubic symmetry, the
bond orientational order parameter will result in finite
expectation values for lower rank tensor order param-
eters, including the second-rank order parameter Qa.g.
We shall discuss this further in the next section.

III. EXPERIMENTAL PROBES
OF THE BOND ORIENTATIONAL ORDER

In this section, we use the Landau theory to estimate
the magnitude of the induced birefringence in the chi-
ral cubic bond orientational order model. We also pro-
pose to identify possible cubic bond orientational order in
BP III through the observation of birefringence under a
weak field. Using the Kerr effect to distinguish the cubic
bond orientational order has been previously proposed
by Saidachmetov [7] for smectic D. Here we shall briefly
discuss it in the context of BP III and use Landau the-
ory and dimensional analysis to estimate the magnitude
of the birefringence.

In the cubic bond orientational order model (3], BP III
corresponds to a purely bond orientational phase where
the alignment order parameter Q.3 = 0 and Biﬁ'y& # 0.
Under the influence of an external field, however, just as
the simple isotropic phase, there would be an induced
second-rank order parameter Q.3 which couples to the
field and this part of the free energy can be written as

Fo = QX0(QapQpa — MQas[EaEp)), 9)

where )¢ is introduced to simplify the dimensional analy-
sis and it has dimensions of energy per unit volume with
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magnitude of kgT /S (T is the room temperature and
is the bulk volume); A; has the dimension of the third-
order nonlinear optical susceptibility and is of the order
[8] of 1071€ [m?/V2]. The induced order parameter Q.z
is the anisotropic part of the induced dielectric tensor,
Qap = €ap — €yy0ap/3. In order to ensure that Q.g is
traceless and symmetric, tensors which couple to Qg
in the free energy must also be traceless and symmet-
ric. For example, if a tensor T,g3 is coupled to Qug, we
include a term, Q.g3[Tag] in the free energy, where we
define [Taﬁ] = (Tag + Tﬁa)/2 — T\I‘(T)(Saﬂ/:‘l.

If the system is isotropic, one can easily minimize Eq.
(9) and find that Ae ~ 2nAn ~ AQ ~ AE?. With the
field strength E of the order of 10° [V/m], the birefrin-
gence An is around 1078, One must keep in mind that
the birefringence in isotropic systems can only be ob-
served in a direction perpendicular to the applied field.
If observed along the field direction, the system is still op-
tically isotropic. We show in the following that if there is
a bond orientational order, in general, the system is bire-
fringent when observed along the field direction, which
makes it easy to distinguish the bond orientational mod-
els from the amorphous models of BP IIIL

For systems with cubic bond orientational order under
the influence of an external field, the total free energy
includes Fg of Eq. (9), FB,buk of Eq. (1), and the cou-
pling terms among the bond orientational order param-
eter B2; 5, the induced order parameter Qag and the
external field, F,

Feoupl,buik = 2Ao(A2 QaﬁBgﬂ—y&Q'y&
+/\3QaﬂBzﬂ7,§E7E6)- (10)

The total energy for BP III of the cubic bond orienta-
tional order model is, therefore,

Ftot,cubic = FQ + FB,bulk + Fcoupl,bulk- (11)

For chiral cubic bond orientational order, one needs to
further consider additional gradient terms, such as

Feoupl,grad = Ao / dr(A\4Qap {eamlBgtruuva:alw]

+As5Qap [B::lz-yp.ve"lﬂ"lvﬁB':ﬂyV]
+A6Qaﬁ [VO&B:lrytuﬂBfryuu])’ (12)

and the total free energy is

Ftot,chiralcubic = Ftot,cubic + FB,grad + Fcoupl,grad- (13)

In Eq. (12), we have assumed that Qg is spatially inde-
pendent and we only included the lowest order nonzero
terms which are at least first order in Q,5. The symbol
[] which was defined earlier means that the tensor within
the bracket has been made to be symmetric and trace-
less. Notice all the coupling terms which are first order in
Q and B*, such as QapV+VsBis s Qapéyps VB2

poafB
and Qa;;V.,V.,BiﬁM‘ are zero because B of Eq. (3)

is a symmetric and completely traceless fgﬁggh—rank ten-

sor and B is assumed to be a constant. Surface terms

such as [ diQapV,B%,,, V,Bj},,, are also neglected.
In the preceding section we have shown that the bond

orientational order part of the free energy Fppu +
Fpg graa is minimized with a chiral cubic bond orienta-
tional order, with the chiral axis along either the [001] or
[111] direction. We follow the standard procedure and as-
sume this same bond orientational order would minimize
the total free energy, Fiot chiralcubic- Omne can therefore
obtain the induced order parameter @ by minimizing the
total free energy, i'e" aFtot,chiralcubic/aQaﬁ = 0.

In the absence of an external field, from Eq. (11) it
is obvious that Qg = 0 for the cubic bond orientational
order model. However, for the chiral cubic bond orien-
tational order model, Q.3 # 0, or there exists a bond
orientational order induced birefringence. The magni-
tude of Q can be estimated by minimizing Eq. (13) with

E set equal to zero,
ZAQaﬁ +2A23:ﬁ76Q‘75 + A‘1[eﬁlﬂ"l‘Bga'm/VVJI'B;l;crmz]
+A5[Bgz~/uue‘7pflva4 ]

nBuv
+26[VaBiy . VB =0. (14)

For the chiral cubic bond orientational model with chi-
ral direction [001], for example, we find Q11 = Q22 =
—Q33/2 = 5B2(8¢/Bz)(/\4 + 45 + 8A68¢/8z)/(10 +
6B);). From Eq. (10), we see that A, is dimension-
less and has the magnitude of 1. As the transition is
expected to be first order we expect that the bond ori-
entational order parameter B is in the range of 0.2 to
0.4. Also from Eq. (12) we see that both A4 and A5 have
units of length and, if B describes the microscopic order
we estimate they have the magnitude of the character-
istic length scale of the molecules, 10~° [m]; A¢ has the
dimension of length squared, A¢ ~ 1071 [m?]. We ex-
pect that the pitch of the chiral cubic bond orientational
order has the same order of the magnitude of the lattice
constant of BP I and II, (8¢/0z) ~ 2n/P ~ 107 [m™!].
With these dimensional analyses, we therefore estimate
that the birefringence An ~ Ae ~ 0.1|Q11— Q33| ~ 1074,
If on the other hand B is associated with ordering on the
scale of the cholesteric helix, that length is the typical
length and the resultant birefringence should be much
larger. In other words, the chiral bond orientational or-
der induced birefringence is large enough to be easily
detected in the absence of an external field.
Additionally for the cubic bond orientational order
model, birefringence should be measurable under a weak
field. Minimizing the total energy, Fiot cubic, We obtain

2Qap — M[EaEp] + 2X2B5,5Q~s + AsBls, s EyEs = 0.
(15)

If the field is along the [110] axis, E = (E, E,0), for
example, we find Q11 = Q22 = —Q33/2 = (51 —
3BA3)E2/(30+ 18.BA2) and ng = (5A1 —ZBAs)Ez/(IO—
4B)z). It is easy to see that A3 in Eq. (10) has the same
dimension as A; in Eq. (9) with the magnitude of 1016
[m2/V?2], the birefringence observed along the field direc-
tion is therefore An ~ 0.1|Q33 — |Q11 — Q12| ~ 1077,
assuming the field strength of the order of 10° [V2/m?].
Birefringence when the light is propagating along the
field direction is symmetry forbidden in isotropic (e.g.,
amorphous) models of BP III. Birefringence of the or-
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der of 10~7 is experimentally observable. Note that as
this system is known to have large scale chiral fluctu-
ations which couple to light there should be apprecia-
ble and temperature or condition-dependent optical rota-
tion, thus birefringence may be better observed through
crossed (right and left) circular polarizers (rather than
the more usual linear polarizers). Also when observation
direction is perpendicular to the field direction, say along
the z axis, with the same field strength, the birefringence
is around An ~ 0.2Q;2 ~ 1078 and this is about the same
order of magnitude as for the isotropic phase, discussed
earlier.

Care must be taken in the birefringence measurement
experiment. It is expected that if the sample is large
enough (so surface effects do not dominate) and the sam-
ple is cooled from the isotropic phase, then the direction
of the bond orientational order parameter will vary in
space in complicated ways, rather as the nematic order
parameter does with similar preparation. Through the
analysis of the torque [9] and the free energy [7], it has
been shown that depending on the sign of the parameter
a in the expression for the nonlinear susceptibility tensor,

X(as[;'yts = ana'ng'n, ' ns' +b(8apdys+0ay0ps+0as0py)s

(16)

the system tends to rotate with the field such that the
field direction is parallel to the [001] or [111] direction.
It is easy to see using Eq. (15) that with such arrange-
ments birefringence can only be observed perpendicular
to the field direction, which makes it difficult to distin-
guish from an isotropic system. To avoid such a problem,
one needs to limit the field strength well under a thresh-
old so that the cubic bond orientation does not rotates
with the field. For blue phases I and II, Pieranski et al.
have estimated the critical field to rotate a free standing
single crystal to be around 10® [V /m]. Since the surface
also tends to reorient the ordering in BP III [10], the
sample must be sufficiently thick so that one can observe
the birefringence through the ordering of the bulk.

In summary, we find that if there is a chiral cubic bond
orientational order in BP III, the system should be bire-
fringent even in the absence of an external field. If there is
a cubic bond orientational order in BP III, under a weak
field, below the threshold of reorientation, one should be
able to observe a birefringence along the field direction.

IV. SUMMARY AND DISCUSSION

Through the analysis of the Landau theory we propose
a chiral cubic bond orientational order model for BP III,
in which the cubic bond orientational orders found in BP
I and II are twisted along either the [001] or [111] direc-
tion depending on the relative magnitudes of the elastic
constants. The chiral cubic bond orientational model of
BP III would yield a lower total bond orientational free
energy comparing with the cubic bond orientational or-
der model. Due to the twist, chiral bond orientational
order has a symmetry lower than cubic, which implies
that the system will have a finite expectation value for

a second-rank order parameter. Landau theory predicts
that there will be an order parameter Q.3 induced by
the chiral bond orientational order even in the absence
of an external field. We propose a simple experiment to
observe possible birefringence along the field direction to
distinguish the cubic bond orientational model from the
amorphous models of BP III. This experiment should be
considerably easier than the three-wave-mixing experi-
ment proposed by Longa and Trebin [3].

We should stress that, like cholesteric, a blue phase
with only orientational and not translational order will
twist. Of course this does not change results for the crys-
talline blue phases which have translational order. How-
ever, it is interesting in this context to speculate that
if orientational order in blue phases is important, there
may, for large enough chirality (or weak enough trans-
lational order) be a phase like the twist grain boundary
phase found in chiral smectic A. Such a phase would
likely be birefringent, a reflection of the birefringence in
the twisted bond orientational phase discussed above.
There are some inconclusive experimental suggestions
that this may occur [11]. It would also have an array of
dislocations in the blue phase translational order which
would result in additional Bragg peaks, likely close ei-
ther to former Bragg peaks or the origin. A splitting of
the [110] peak in BP II has been observed by Rakes and
Keyes [12]. Such dislocations might also be observable in
a photomicrograph; Sammon [13] has observed disloca-
tion arrays induced by thermal gradients in this way.

It is worthwhile to review currently available experi-
mental facts on BP III to further discuss the bond orien-
tational models. Both cubic and chiral cubic bond orien-
tational order models are consistent with the belief that
there are some fundamental resemblances between BP III
and BP II due to the small latent heat measured for the
BP II-BP III transition. Recent light reflection experi-
ments on BP III under an electric field reveal [14,15] that
for systems with negative dielectric anisotropy, there is a
large increase of the intensity of the reflected light, while
for systems with positive dielectric anisotropy, the inten-
sity has little change or even decreases. Also for systems
with either dielectric anisotropy there is not much shift of
the wavelength corresponding to the intensity peak and
the relaxation times in BP III are about three orders of
magnitude shorter than those of the cubic blue phases.
These are the indications that the mechanism in BP III
under the influence of a field is not electrostriction of
the blue phases I and II. By studying the linewidth of
the reflected light as a function of the field strength, the
experimental observations can be understood using the
double twist model through the surface effects. It was
suggested [15, 16] that the sample wall orders the sam-
ple to a penetration depth Lo and the external electric
field enhances the ordering and increases the penetra-
tion depth to L > Ly. Light incident on the sample
is backscattered from the periodic modulation near the
surface. With a simple model free energy of the form [15]

F = J[4Q? + B(dQ/dz)? — xQ*E", a7

where Q is a scalar order parameter which couples to
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the field E and z is the distance from the surface, it was
found that the line shape and the intensity can be well
fitted with the exponent n = 2. It was argued [15, 16]
that in the absence of the field there must be a uniaxial
component in the order parameter (anisotropic part of
the dielectric matrix) in BP III which couples to the field
as E2. This essentially ruled out the models which have a
cubic or icosahedral symmetry in the surface region. It is
easy to see that if cubic structure dominates near the sur-
face, the exponent on the external field in the free energy
E™ would be n = 4. The reason is that there is no uniax-
ial component in the cubic order parameter; the induced
order parameter Q,3 ~ E2 and its contribution to the
free energy would be Q.3E.Eg ~ E*. The strong cor-
relation between the sign of the dielectric anisotropy of
the system and the change of the reflection intensity are
also successfully explained using the double twist model
(15, 16].

Apparently in the cubic bond orientational order
model, where the BP III is described as a purely bond
orientational phase with the periodic mean-field align-
ment order parameter Qo3 = 0, there is no order pa-
rameter which couples to the field as E2. However, we
have shown that the chiral cubic bond orientational or-
der can induce a nonzero second-rank order parameter
even without an external field. In this aspect that chiral
cubic bond orientational order model seems to be more
consistent with the recent experiments than the cubic
bond orientational order model. However, the chiral cu-
bic bond orientational order model expects the system
to be birefringent in the absence of a field, which con-
tradicts the common knowledge that BP III is optically
isotropic.

There are quite a few experimental reports on the Kerr
effects of BP I and II [10, 14]. Similar reports on BP III
are still rare. We are not aware of any reports on the ex-
periment we suggested in this paper, observation of the
birefringence along the field direction in BP III. Singh
and Keyes [8] have designed an experiment to directly
detect the electric-field-induced birefringence by observ-
ing the samples perpendicular to the applied field. They
found that the birefringence is proportional to the square
of the field, both in BP III and in the isotropic phase, and
there is almost no change of the birefringence from the
isotropic phase to BP III. As discussed in the preceding
section, when observation direction is perpendicular to
the field, birefringence is expected to be the same order
of magnitude in both the isotropic phase and the cubic
bond orientational ordered phase. One cannot therefore
justify or defy the existence of the bond orientational
order in BP III from this experiment.

Overall, more experimental probes to the structure of
BP III are certainly needed. Current available experi-
mental facts seem to be more consistent with the amor-
phous model (such as the double twist model) than with
the bond orientational models of BP III [17].
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