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A sharp increase of the rotatory power in the isotropic phase of cholesteric liquid crys-
tals is observed near the isotropic-cholesteric liquid transition. This is interpreted as
a manifestation of short-range chiral orientational order in the isotropic liquid. An ap-
plication of the Landau-de Gennes theory predicts a P' —& ) ~ temperature dependence,
in agreement with measuxed data in the immediate pretransition region.

The existence of short:-range orientational or-
der in the isotropic liquid phase of nematic liquid
crystals is firmly established, ', and the experi-
mental observations are well explained by a phe-
nomenological mean-field theory for nearly sec-
ond-order phase transitions. "de Gennes's ex-
tension of this theory to cholesteric liquid crys-
tals4 was recently tested by Rayleigh-light-scat-
tex'lng experiments ln the lsotroplc phRse of R

cholesteric system, ' which showed that chirality
plays a negligible role in Hayleigh scattering ex-
cept for a nax'row temperature range 0.68 C above
T*, the second-order transition temperature. In
this region, the experimental data couM not be
explained by the de Gennes theory. In this Letter,
we report the first experimental evidence for the
existence of chiral short-range order in the liquid
phase: the critical enhancement of optical rotato-
ry power in the isotropic phase of cholesteric
liquid crystals.

It is well known that the long-range spix'al mo-
lecular orientational order of the cholesteric
phRse gives x'lse to optlcR1 1otRtox'y powex's Rs
high as 10' deg/mm. ' Substances possessing a
cholesteric mesophase are also known to exhibit
molecular optical activity. The chiral ordering
dominates the optical activity of the ordered
phase. In the absence of any orientational order,
the isotropic liquid would exhibit only the molecu-
lar optical activity, which is very weakly depen-

dent on temperature. If chiral shox't-range order
exists in the isotropic phase, then the orientations
of different molecules may be coupled in a man-
ner preserving a local spiral conformati, on over a
small correlation distance, which should strongly
enhance the optical rotatory power of the liquid.
This enhancement is a direct measure of the de-
gree of chiral short-range order.

Experimental ana1ysis is complicated by the
fact that the rotatory power of the helical confor-
mation, gc (y,h;„1), and the molecular optical
activity yo both depend on the local molecular en-
vironment and may become temperature depen-
dent as the local order buiMs up near the phase
trRnsitlon. Since both contx'lbute to the obsel ved
rotations, any scheme fox extracting the tempera-
ture dependence of q~ from the data requires
justification. This can be circumvented if q~ pre-
dominates. Since this effect should vary quadrat-
ically with dielectric anisotropy 4&, we chose to
study materia1s for which 4c is large and whose
molecular optical activity is small. Esters of
cholesterol were found to be unsuitable, since
they give rise to pc& 1'/cm at 6328 A, while q&o

is 2.5 to 4.0'/cm. Thus we turned to chiral mole-
cules with a structure similar to that of typical
nematics (bE =0.7 or more), for which qc should
be more than 2 oxders of magnitude larger than
for the cholesterol eaters, while yo shouM re-
IQRln 8IQR11.
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With this as motivation, Dr. D. Dolphin and
Dr. Z. Muljiani prepared several "chiral nematic"
compounds by making Schiff's bases containing
optically active and racemic P-methlbutylaniline.
The optically active compounds p-alkoxybenzal-p'-
(P-methylbutyl)aniline form a right-handed cho-
lesteric mesophase, while their racemic counter-
parts form a nematic mesophase with identical
physical and thermodynamic properties (phase
diagrams, transition enthalpies, birefringence,
etc.) Mixtures of active and racemic forms of a
given compound produce a chiral nematic phase
in which the torsion q, (= 2w/pitch) varies linearly
with composition, while other thermodynamic
properties are independent of composition. Such
mixtures may then be treated as one-component
systems. '

We have measured the optical rotatory power
in the isotropic phase of (I) (+)-p-ethoxybenzal-
p'-(P-methylbutyl)aniline (EBMBA), and (II) a
30.15% dextro-EBMBA+69. 85% racemic EBMBA
mixture, with pitches of 2180 and 7280 A, re-
spectively, in the ordered phase. Samples were
carefully purified and protected against decompo-
sition in cells 5 cm long, and the temperature
was stabilized to 0.001'C. The polarimetry was
accurate to 0.02' arc, and the source was a He-
Ne laser (6328 A).

The temperature dependences of the rotatory
power of both samples are shown in Fig. 1, in
which we have divided the rotation scale of sam-
ple LI by 0.3015, the concentration of active EB-
MBA in the mixture, and shifted its temperature
scale by 0.15'C to compensate for a small differ-
ence between the second-order transition temper-
atures T* of the two samples (probably due to a
small difference in purity of the two samples).
The two curves are identical, which, in view of
the linear dependence of inverse helix pitch on
concentration, suggests the following: (1) The
chiral parameter qo of the isotropic phase, which
we interpret as the effective torsion of the short-
range order, has no effect on the temperature de-
pendence of the rotatory power. (2) The size of
the rotatory power is linearly dependent on the
concentration of active EBMBA, and therefore on
qo. (3) The sense of the rotation is independent
of the ratio of the wavelength of light to the helix
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FIG. 1. Open circles, optical rotation of sample I;
closed circles, sample II as a function of temperature
in the isotropic phase. The rotations of II have been
divided by 0.3015 and its temperature scale shifted by
0.15 C. The inset gives a magnified view of the pre-
transition region {Xo——6328 A).

pitch, in marked contrast to the optical rotatory
dispersion of the ordered phase. The rotatory
power varies significantly over a large tempera-
ture range, becoming singular as T-T*, but the
singular behavior is cut off at a temperature T,
by the first-order phase transition. (T, =60.565'
C for I and 60.75'C for II.)

The value of the molecular optical activity in
the absence of local order effects is approximated
by measuring the rotatory. power of dilute solu-
tions of dextro-rotatory EBMBA in benzene and
CCl„at concentrations of 2%, 5%, and 10%. Ex-
trapolation to 100%.EBMBA for each solution,
taking into account the Lorentz factors (n'+2)/3,
gives values of 0.98'/cm in benzene and I.028'/
cm in CC14, with a spread of 0.03 for different
solutions. This is quite small compared to the
peak rotation observed in pure EBMBA of 37 /cm,
so that the rotation due to chiral ordering is
clearly the dominating effect.

We interpret the effect in terms of de Gennes's
phenomenological theory. Only a qualitative de-
scription will be presented here. ' The free ener-
gy E is expanded to second order in a tensorial
order parameter Q s, which is defined in terms
of the local dielectric susceptibility tensor g„s..

E =ED+ &AQ+sQsa+ 2 x~LnQ sayQsy+sL2a&&zQ~yasQsy+qoLze~syQ~& yQ s&.
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g p na ly, we note
that T, = 7*+0.31'C, so that using the previous
estimates we obtain g(T, ) = 250 A and q, g(T, )
= 0.71. This is consistent with the de Gennes
prediction that the first-order transition must oc-
cur before the isotropic phase becomes absolutely
unstable at q, $ =1.

We propose the following explanations for the
discrepancy between the mean-field prediction
and observed data at higher temperatures:

(i) The mean field holds only in the vicinity of
the transition, where the coefficients of the Lan-
dau expansion are independent of temperature.
Far from T*, this assumption fails and the tem-
perature dependence of all coefficients must be
considered. In particular, the parameter qo de-
scribing the strength of the chiral coupling in the

I,T («)'
II,

'qadi.

(4)

Higher orders in k$ add negligible corrections.
An order-of-magnitude check can be performed

to test the plausibility of this result. Using the
known parameters of the chemically similar p-
methoxy-benzylidine, p-n butyl-aniline in (4), I, ,
=1.0x10 ' erg/cm, )=145 A at T*+ 1'C,"and
the measured qo(T,) =2.85X10' cm ', T*=332.4'
K, and the extrapolation 4~ =0.66,' we obtain y
=0.32 rad/em=18'/cm, compared with the ob-
served value of 22'/cm at T*+1'C. The differ-
ence is easily accounted for by slightly different
values of I., and $ for our sample of EBMBA.

We tried to fit the data of sample I by the form

In the absence of the last term, I" has the same form as for a nematic, and has a fluctuation spectrum
in which different components of Q 5 are uncorrelated. The last term, the lowest-order chiral term
for a cholesteric, couples different components of Q 5, thereby coupling the orientational order in dif-
ferent directions in a way which destroys local inversion symmetry. These correlations persist only
over a short coherence length $=(L,/4)' 'cc(T- T*) '~' according to mean-field theory. They contrib-
ute to the macroscopic properties of the medium by altering the dielectric susceptibility, giving it a
spatially dependent character responsible for optical activity. This effect is calculated via a model
outlined by de Gennes in which we picture each molecule to be polarized by an effective local electric
field containing the phase-shifted dipole fields of all other molecules. The average polarization is
given by

(P (0)) —= fd'r V '(X 5(r)@5'+fT57(r r')-)(7&(r')E&'exp[ik (r- r')]d'r'))
=IX'5~ 5+&fd'q(») '&X &'(a))(.5'*(q)»„.(k- a&]&5', (3)

where T»(R) =(3R„R„-5»R')/R' and T»(q) is
its Fourier transform, X' is the mean suscepti- leads to the value T*=60.25'C. To demonstrate
bility, V is the volume, k=nk, is the optical wave the temperature dependence of this fit, we plotte
vector in the medium, and E' is the incident field. log(ql —yo) versus log(T —T*) in Fig. 2, which
The calculated rotatory power, to the lowest or- shows an excellent linear fit in the pretransition
der in II (, ' is given by re ion with a slo e of -0 49 Fi 1

q) = q)0+constx T(T- T*) (5)

where rois the molecular optical activity. The
parameters T*, yo, and y are to be determined.
Our procedure assumed y= 0.50 as predicted by
mean-field. theory, and varied yo to obtain the
best linear fit to T /(q) —q) 0)'. In practice, no

value of yo gives a linear fit over the entire 55'C
range measured, but for go=1.00'/cm, an ex-
cellent fit obtains over a region within 6'C of T*.
For other values of po, the linear region shifts
away from T*. No other value of y gives a linear
fit to [T/(q) —yo)]"7 in the pretransition region.
For the reasons that (1) the molecular optical ac-
tivity in dilute solution is 1.00'/cm, and (2) this
value gives the best linear fit in the pretransition
region, in which the largest and most meaningful
effects are observed, we set q)0=1.00'/cm, which
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ing the -0.50 exponent in the pretransition region. The
sample is I, pure dextro-EBMBA, and )(0= 6828 ~.

1242



VOr. UME 2g, NUMSER 18 PHYSICAL REVIEW LETTERS $0 OCTOBER 1972

liquid may decrease at higher temperatures,
where therma1 fluctuations have destroyed the
local orientational order sufficiently to decrease
the effectiveness of the shorter-range chiral per-
turbations" in producing twisted structures. L,
and L, may also become temperature dependent
(probably much less so than q„as suggested by
some preliminary measurements on $). One may
adopt the viewpoint that mean-field theory is cor-
rect and let the discrepancy define the tempera-
ture dependence of q,.

(ii) Treating yo as a constant assumes it is not
coupled to the local order. While this can be jus-
tified by order-of-magnitude arguments on the
orientational-order's contribution to the Lorentz
local field, the theories of optical activity" are
suspect in their applicability to anisotropic, ori-
entationally correlated molecules. An enhance-
ment of yo near T*, where there is a large degree
of 1ocal order, may partially explain the discrep-
ancy.

Finally, a few remarks on the different behav-
ior of optica1 rotation in the ordered and liquid
phases. According to de Vries' rotation in the
ordered phase is proportional to q,(1—A,'), where
A, is the ratio of optical wavelength in the medium
to the pitch. Thus the sense of the rotation de-
pends on A. as well as q,. Our samples I and II
correspond to A. = 1.79 and 0.54, respectively,
and the fact that their rotatory powers in the iso-
tropic phase are not of apposite signs is indica-
tive of the absence of the long-range order which
produces the factor 1 —A.'. Following the rotatory
power across the transition into the ordered phase

phase, there will be a sign change for samples
with X &1, as was indeed observed in cholestery1
nonanoate (X = 1.8).
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Photoelectron energy spectra have been measured on clean and cesiated samples of
the fcc metals Rh, Ir, Pd, Pt, Cu, Ag, and Au. The behavior of structure on varying
the photon energy shows a consistent pattern across the series in agreement with the
resonance picture. The data are used to construct empirical band structures.

The resonance picture' ' of the noble and tran. -
sition metals has provided valuable insight into
the nature of their band structures. The d bands
are considered to arise through a singularity,
or resonance, in the tangent of the l = 2 phase
shift. As a consequence, once the position and
width of the resonance have been specified, the

v

internal features of the d bands, although com-
plicated, are almost completely determined and,
apart from a scaling, should be the same for
metals of the same crystal structure. We will
refer to this as the principal result of the reso-
nance formulation. The result can be verified
quite readily from a theo~eti ca/ point. of view by


