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A study of Bragg reflections in both blue phases (BPI, BPII) of two mixtures of chiral
and nonchiral biphenyls indicates both phases probably have the same translational sym-
metry and are either body-centered or simple cubic. The temperature dependence of
severa1 Bragg reflections indicates that the BPI-BPII transition may be either continuous
or discontinuous and that, given the bcc lattice, the lattice parameter is commensurate
with the pitch. These results are discussed relative to existing theories.

PACS numbers: 64.70.Ew, 61.30.Eb

The cholesteric "blue phase" is an optically iso-
tropic phase of matter' that is stable over a very
narrow range of temperatures (-0.5'C) between
the cholesteric and the normal isotropic liquid
phases. Its existence has long been known' but
its structure has been a mystery. A clue to the
solution is that the blue phase exhibits brightly
colored platelets in reflected light under crossed
polarizers. ' As the temperature is changed,
these platelets exhibit a sharp color change in
roughly the middle of the blue-phase range im-
plying that in fact there are theo blue phases, "
called BPI and BPII, with BPII being the higher-
temperature phase.

Recently, Meiboom and Sammon' (MS) have
studied BPI spectrophotometrically. From steps
in their transmitted intensity versus wavelength
data, they inferred that BPI is either simple cu-
bic or body-centered cubic (bcc). This agrees
with a suggestion by Saupe' that the blue phase is
cubic, and with a more complete theory of the
phase by Hornreich and Shtrikman. ' The BPII
data of MS exhibited only one step, thus leaving
the structure of BPII open. From a theoretical
point of view, the blue phase is of current inter-
est for two reasons. First, the recent work of

Brazovskii et al. ' suggests that the isotropic-blue-
phase transition may be an example of a new
class of phase transitions in which the fluctua-
tions are degenerate on a surface or line in recip-
rocal space. The orientational degeneracy of the
cholesteric twist fluctuations is the determining
feature here. Second, a recent Landau theory of
the blue phase by Hornreich and Shtrikman' pre-
dicts a bcc lattice of point defects in the order-
parameter field, which suggests an analogy with
the problem of melting in three dimensions. '

In this Letter we report the first direct meas-
urements of Bragg reflections from surface
oriented platelets in both blue phases of two mix-
tures of biphenyl materials having different cho-
lesteric pitches. Most of our measurements
were made while the platelets are simultaneously
observed under the polarizing microscope in re-
flection mode. We summarize the conclusions
we have drawn from our data and observations.

(1) Reflections from both blue phases of both
mixtures are consistent with body-centered-
and simple-cubic structur e. The reflections
have Bragg-like angular dependence.

(2) In BPI of both mixtures the lattice contracts
until the lattice parameter (given the bcc struc-
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ture) becomes equal to the cholesteric pitch
where the transition to BPII occurs. The lattice
parameter remains nearly constant throughout
BPII of both mixtures.

(3) For the shorter-pitch system, the BPI to
BPII transition appears to be a discontinuous lat-
tice contraction. For the longer-pitch system,
the transition is continuous and the contracting
lattice of BPI stabilizes at the value of the cho-
lesteric pitch.

(4) Not all "blue phases" are blue. The color is
determined by Bragg scattering.

(5) The Bragg peaks of the blue phases are
much sharper and do not exhibit" the character-
istic flat top or thin-film fringes of the choles-
teric Bragg peaks.

Our measurements were primarily of Bragg
back reflections from samples consisting of thin
(25- pm) films on microscopic slides coated with

polyvinyl alcohol and rubbed for alignment. This
allowed us to readily produce large bright sur-
face platelets. For the longer-pitch sample, the
(110) back reflections were in the infrared; con-
sequently these measurements were made at a
Bragg angle of 45', leading to the latter half of
conclusion (1) above. The temperature was con-
trolled by a Mettler heating stage and observa-

tions were made with a polarizing microscope in
reflection mode. The eyepiece was replaced by
an optical tee diverting half the light to an eye-
piece for observation while sending the rest to a
Jarrel-Ash spectrophotometer by way of a light
pipe.

The inset to Fig. 1 shows typical spectrophoto-
meter peaks for the cholesteric and blue phases.
The cholesteric peaks exhibited the characteris-
tic broad (300-350 A) flat top and fringes ex-
pected of thin well-aligned planar cholesterics. "
The blue-phase peaks, on the other hand, were
much narrower (100-150 A), more sharply peaked,
and without fringes. The data in Figs. 1 and 2

show the behavior of the selective-reflection
wavelength versus temperature in the cholesteric
and both blue phases of, respectively, 50-50 vol'//~

and 42-58 vol/0 mixtures of chiral (CB15) and
nonchiral (mixture E9) biphenyl. " The scatter is
due to hysteresis effects, possibly associated
with surface pinning of the blue-phase lattice.

We have labeled the observed selective-reflec-
tion peaks on the basis of Bragg scattering from
a bcc lattice, " i.e., X(k, k, l) =2nd sin0/(k'+k'
+ l')' ', where n is the wav'elength-dependent
index of refraction, 6t is the Bragg angle, d is
the lattice parameter, and (k, k, l ) are the Miller
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FIG. 1. Selective-reflection wavelength vs tempera-
ture in the cholesteric, BPI, and BPII phases of the
50-50 volVo mixture of CB15 and E9. All data were
taken on back reflection (0 = ~/2) and were normalized
by the factor 1.6/n (see Ref. 11). Note that BPI sup-
ercools substantially into the cholesteric below 33.6'C.
The inset illustrates the striking difference between
the cholesteric and blue-phase line shapes.

FIG. 2. Selective-reflection wavelength vs tempera-
ture in the cholesteric, BPI, and BPII phases of the
58-42 vol/o mixture of E9 and CB15, respectively. All
data except that labeled (110) were taken on back re-
flection (0 = 7t/2). The (110) data were taken at 8 = ~/4.
All data were normalized by the factor 1.6/n (see
Ref. 11). Note that BPI supercools substantially below
the cholesteric to BPI transition at 42.1 C.
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indices. The data in Figs. 1 and 2 have been
normalized to n(5350 A) = 1.6 with use of n vs A

data" taken by us on the 42/~ CB15 sample. The
dispersion of the refractive index for 4000 to
7500 A, relative to n(5350 A) = 1.6, was approxi-
mately + 3 and —1.5%. For the bcc lattice,
Miller indicates for Bragg scattering are con-
strained to 0+ k+ l even while for the fcc lattice
h, 0, l must be all odd or all even. In the simple
cubic (sc) all k, k, l are allowed. With the above
constraints, the first four bcc reflections come
from the (110), (200), (211), and (220) planes.

The agreement of these bcc Miller-index assign-
ments with our data is best illustrated by plotting
[n sin 0/(A(k, k, l ) ) ]' vs k'+ k'+ l ' which should
give a straight line thxough the origin if our
assignments are consistent with the Bragg law
for a bcc crystal. We have done this in Fig. 3.
Since the BPI data are temperature dependent,
we have taken average values, (h(h, k, l)), by
fitting the data with a straight line over the nar-
row (-0.25 'C) temperature region in which BPI
is stable, and choosing fitted values from the low-
temperature end of the fit range to avoid confu-
sion with BPII points. The error bars on the
plotted points in Fig. 3 are sufficiently large to
include the uncertainty in (A, (k, k, l )) due to scat-
ter in the data. For BPII the angular brackets
represent a simple algebraic average of the data
since these data are nearly temperature indepen-
dent. It is clear from Fig. 3 that data for both
blue phases of both mixtures studied are consis-
tent with our bcc Miller-index assignments.
They are also consistent with the sc assignments"
(100), (110), (ill), and (200), but they are in-
consistent with any simple fcc assignments. We
also ruled out possible hcp assignments by an ex-
amination of selective-reflection wavelength ra
tios. It is very important to note that the platelets
observed visually to produce the (110),(200), etc. ,
lines in BPI are the same platelets that produce
the data so labeled in BPII, strongly suggesting
that BPI and BPII have the same symmetry.

In spite of the fact that BPI and BPII have here
shown to be structurally similar (probably iden-
tical) and that both appear either to be bcc or sc,
we believe that neither is described by the theory
of Hornreich and Shtrikman' (HS) in its present
form. Our judgment is based on the fact that the
HS theory predicts a pitch commensurate with
the (110) plane spacings but we find it to be com-
mensurate with the (200) spacing. Both mixtures
have X(2, 0, 0) ~ X(Chol) in BPI with the equality
holding at the BPI-to-BPII transition and A(2, 0, 0)
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FIG. 3. n(l (A,(,k kl))]2 vs k2 + k2 +l ~ for both blue
phases of both mixtures. See the text for meaning of
the angular brackets. This graph illustrates the con-
sistency of our Miller-index assignments (see Figs.
1 and 2) with the predictions of the Bragg law for a
bcc crystal.

= A(Chol) throughout BPII of the longer-pitch mix-
ture. If this is a universal result, it would ap-
pear that A(2, 0, 0) = A(Chol) just below all BPI-to-
BPII transitions, and that a continuous BPI-to-
BPII transition, in which the lattice parameter is
stabilized at the pitch of the cholesteric, occurs
for sufficiently long-pitch cholesterics.

We now speculate on the three-dimensional melt-
ing analogy. According to theoretical ideas, "'
the BP lattice is a lattice of defects in the order-
parameter field. Given that the formation of de-
fects adds entropy to the ordered cholesteric,
the formation of the defect lattice on heating the
cholesteric into the BP is analogous to the de-
struction of the atomic lattice on heating a solid
to the isotropic liquid in that both processes in-
crease the entropy. Furthermore, lattice &on-
traction of the BP, which we have shown occurs
on heating, increases the defect density and hence
the entropy. This is analogous to lattice exPan-
sion in a solid which also normally occurs on
heating and also increases the entropy. Thus for
identical entropy reasons, heating creates and
contracts a lattice of defects but expands and
annihilates a lattice of atoms. This raises the
question as to why the BP lattice should be bcc

643



VGLUME 45, NUMBER 8 PHYSICAL REVIEW LETTERS 25 AUGUST 1980

if the universal factor favoring the relatively
open, bcc structure near the melting point of
solids is an entropy factor as suggested by Alex-
ander and McTague. ' One might guess, based
on that argument, that a more closely packed ar-
I angement of defects (fcc or hcp) would be pre-
ferred near the BP-isotropic transition and a
more open structure (bcc or sc) near the BP-
cholesteric transition. Its closeness in entropy
to the cholesteric would then determine the BP
structure, a reasonable result since the choles-
teric-BP transition indeed exhibits less latent
heat than the BP-isotropic transition.

Finally we discuss conclusion (4) above that
not all blue phases are blue. Short-pitch blue
phases are transparent and blue on reflection,
while our long-pitch blue phase is opaque and
snow white on reflection. Both observations are
consistent with optical properties dominated by
Bragg scattering where one expects all wave-
lengths A.(h, 0, l ) ~ 2nd(h, 0, f ) to be scattered
from bulk material. For our longer-pitch blue
phase where A.(1, 1, 0) -9000 A, strong scattering
occurs throughout the visible wavelength range,
which explains its opaque white color. Note that
the bulk focal conic cholesteric phase of our
longer-pitch mixture is visually opaque and blue
on reflection, again a result of Bragg scattering
at wavelengths A. &X(Chol) where A(Choo is orange
(6100 A). In shorter-pitch blue phases, only blue
and violet light is scattered at visible wavelengths,
thus their blue color, their name, and their trans-
parency. The existence of white "blue phases"
raises the question of whether we can have blue
phases in cholesterics having pitches in the red
or even infrared. This is an important point since
present theories" suggest that the BP is restrict-
ed to short-pitch cholesterics.
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