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signal-to-noise ratio, The unbroadened linewidths were
obtained by extrapolating the observed power depen-
dence to zero power input. This never caused a change
of more than 20% from the last measured value. The
extrapolation was assumed to double the measured un-
certainties in linewidth,

®If the collision frequency v is not independent of ve-
locity, converting cyclotron-resonance linewidths to
mobilities requires numerical integration [see F. Feh-
senfeld, J. Chem. Phys. 39, 1653 (1963)]. In 2D, v is
independent of v; in 3D v=nov. We find pyp=e7/m and
H3p=0.9eT/m, where 7=2Q/w, w being the experimen-
tal frequency, and @ has its usual meaning. The 2D
relation was used to convert our data.

SW. T. Sommer (private communication) estimates
that, in addition to 25% random error, there may have
been systematic errors of comparable magnitude in
his experiment.

0This calculation has been done previously by Cole
(Ref. 2); however, we find our p,yp to be a factor of 4
lower than his, using the same wave functions and elec-
tron-helium interaction (chosen to give the measured
value of 0). See also R. S. Crandall, Phys. Lett. 374,
389 (1971). T

Uy=4,9%10"1¢ ¢cm?, B. Bederson and L. J. Kieffer,
Rev, Mod. Phys. 43, 601 (1971).

2The same behavior was observed whether the dis-
charge point was inside the cavity or in the wave guide
although the decay rates were slower with the point in
the wave guide. When the point was inside the cavity,
the time constant was a few seconds at a discharge cur-
rent of a few microamperes.

3Since p,p depends on [@?dz, it is sensitive only to
the spatial extent of ¢. A confining electric field of
50 V/cm would give approximately the same value for
the integral as does the image potential,

Temperature Dependence of the Electrical Resistance for Isobutyric Acid—Water
near the Critical Point

Arnold Stein and Guy F. Allen
Department of Chemistry, Temple University, Philadelphia, Pennsylvania 19122
(Received 23 August 1972)

The electrical resistance of two sealed samples of critical mixtures of isobutyric acid—
water have been measured in the reduced temperature ranges le=T-7,)/T,] 6.7x107"

<€<3.2%x107% and 3.3x10""<e<$.6x1072,

Data analyses indicate that the temperature de-

rivative of the resistance is strongly divergent as € =~ 0.

Friedlander,' in his pioneering work, recog-
nized a possible connection between the electri-
cal resistance and the anomalously high shear
viscosity for the electrolyte isobutyric acid-wa-
ter in the critical region. He concluded qualita-
tively that the resistance was much less affected
by critical behavior than was the viscosity. Re-
cently, anomalies in the temperature derivative
of the electrical resistance have been observed
for ferromagnets near their Curie temperatures,®®
antiferromagnets near their Néel points,* and B
brass near the order-disorder transition.’> In
these materials the charge-carrying species are
electrons which are scattered by local magnetic
fluctuations that become very large near the sec-
ond-order phase transition. de Gennes and Frie-
del® and Fisher and Langer’ have presented the-
ories to describe this phenomenon. The Fisher-
Langer result that 9p/8T ~(T - T,)"*, where a
is the exponent describing the weak specific-
heat divergence, seems to be verified for the
ferromagnet nickel.? In isobutyric acid-water
the charge-carrying species are ions of opposite
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sign, and the fluctuations near the critical mix-
ing temperature are in the concentration or den-
sity. So far there are no theoretical predictions
concerning the temperature dependence of the
electrical resistance or its temperature deriva-
tive for a binary liquid mixture in the neighbor-
hood of the critical point.

In this Letter we report on an experimental in-
vestigation of the electrical resistance and its
temperature derivative for critical mixtures of
isobutyric acid-water as the critical tempera-
ture is approached from the one phase (high-
temperature) region.

The isobutyric acid and water used in this study
were the same as those described in our earlier
report® on the viscosity of this system. The crit-
ical composition was 38.0% isobutyric acid by
weight, and the critical temperatures were 26.238
and 26.233°C for the two different samples used.®

The conductance cells were of a modified Jones-
Bollinger'® design. The resistances of the cells
were measured with a Jones!! ac bridge utiliz-
ing a lock-in amplifier as a signal generator and
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phase-sensitive detector. The measured resis-
tances of the cells were very insensitive to the
frequency of the ac signal, so that all measure-
ments were made at 4000 Hz, The precision of
the resistance measurements was +0.001%. The
temperatures of the cells were controlled to
+0.0001°C in a specially constructed double ther-
mostat. Relative temperatures were precise to
+ 0.0001°C as determined by a Hewlett-Packard
quartz thermometer, while absolute tempera-
tures were measured to +0.001°C using a plati-
num resistance thermometer and d.c. bridge.

Two runs were completed in which the resis-
tances of mixtures of critical composition were
measured at a series of different temperatures
above T.. In the first run, 124 data points were
recorded in the reduced temperature range [e
=(T-T,)/T.] 6.7X1077<€<3.2X102, while in
the second run, 115 points were taken in the
range 3.3X1077<€<6.6X1072, Measurements
were made well away from 7, so that the be-
havior of the resistance outside the critical re-
gion could be ascertained. Thus, we were able
to separate the normal variation of resistance
with temperature from effects due to the large
concentration fluctuations associated with the re-
gion near the critical point. Plots of resistance
versus reduced temperature showed a very slight
excess resistance near the critical point (€ <3
X107%). The effect here is nowhere near as pro-
nounced as the anomalous increase in the shear
viscosity for the same system as T, is approached
from the one phase region.®!2

Guided by the behavior of the temperature de-
rivative of the resistivity for metallic systems
near a second-order phase transition, we first
analyzed the data from both runs according to
the model equation

dR/dT =Ae ®+Be?+Ce +D. 1)

Derivatives were calculated from the experimen-
tal data using a five-point sliding-parabola nu-
merical-differentiation computer routine.®* The
calculated derivatives were then fitted with Eq.
(1) using a weighted nonlinear least-squares pro-
cedure. The data analyses yield the following:
for run No. 1 with 2.7X107%<€<8.0X107%,

A=-0.4568+0.037 Q/°C,
B=(-1.554+0.33)x10® @/°C,
C=(2.534+0.33)x10° Q/°C,

D=(-4.775+0.098)x 102 Q/°C,
d=0.56+0.10;

for run No. 2 with 6.7X1077<€<4.3X107¢,
A=-0.2308+0.017 Q/°C,
B=(-2.917+0.97)x10® /°C,
C=(3.277+0.52)x10° /°C,
D =(-4.330+0.082)x10? Q/°C,
d=0.58+0.10,

with reduced x* of 0.95 and 1.7, respectively.

In both cases the seventy data points closest to
T, were used for the analysis, and the quality of
the fit and optimized parameters were insensi-
tive to variations in the temperature ranges
shown. Since Eq. (1) contains a large number of
adjustable parameters, T, was treated as an ex-
perimental quantity determined by an abrupt and
discontinuous change in the cell resistance as
the temperature was lowered in increments of
0.0001°C near T,. In run No. 1 this abrupt change
was a sharp increase in cell resistance, while in
run No. 2 the change was an abrupt decrease in
resistance. In both cases the value of the mea-
sured resistance was no longer reproducible for
a given temperature. The difference in behavior
in the two runs is attributed to different cell ge-
ometries in the two cases. The fact that different
cells were used for the two runs also accounts
for the differences in the parameters A, B, C,
and D for the two fits. Both the quality of the fits
and the value of the fitted parameters were not
changed appreciably when T, was incremented in
a small range around the observed values. The
critical temperatures for both samples were al-
s0 independently determined to be 26.238 and
26.233°C for samples 1 and 2, respectively, by
the visual observation of the appearance of the
meniscus as the temperature was lowered. These
values are consistent with those values of T, de-
termined during the resistance runs and are in
good agreement with other values reported for
the same system.*'2"!* Since very long times
are required for the appearance of the meniscus
when the isobutyric acid—water critical mix-
tures are only slightly below 7', we feel that the
abrupt change in resistance offers a more reli-
able method for estimating T, in this experiment.

In an attempt to avoid possible inaccuracies
associated with the numerical differentiation of
our experimental data, an alternate method of
data analysis was used. Since the direct differ-
entiation method established the existence of an
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anomalous increase in dR/dT near T,, we then
supposed that the data could be represented by
the power-law expression

d(R = Rygep1)/dT =A€™* + B,

where R4, is the resistance in the absence of
critical fluctuations or background resistance.
R4 Was estimated from the experimental data
for each run away from T, (32.5-35.7°C for run
No. 1 and 36-46°C for run No. 2) and could be
well described by the expression

Riges1 = @,€° +a,€% +a € +ay,

)

®3)

where the least-squares values of a, are physi-
cally reasonable when compared to the experi-
mental resistance near T.. Integrating Eq. (2)
and combining with Eq. (3) one obtains

R-R.=[A/(1 -d)]T €' +a,€%+a,e?

+ (BT . +ay)e, (4)
where R =a,+k is the resistance at the critical
temperature (€ =0) with 2 as the integration con-
stant. Dividing by — €R, and assigning new sym-
bols to the combined parameters for neatness,
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FIG. 1. (a) (R-R,)/€R, versus reduced temperatures € for critical mixtures of isobutyric acid—water, Trian-
gles, run No, 1, circles, run No, 2, For the sake of clarity only a fraction of the data points is shown. The inset
shows an expanded plot for the data near T,, For display purposes, runs No. 1 and No. 2 are displaced as indicat-
ed on the ordinate scales. Solid curves represent a least-squares fit with Eq. (5). (b) Deviation plots, (R —R;)/
€R;lexpr— (R —R;)/€R; lc1c for runs No. 1 and No. 2.
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we get
(R,-R)/eR,=[A"/(1 -d)]e"*
+B'e€2+C'e+D’,  (5)

which close to T, has the same form as the pow-
er-law expression of Eq. (1).

The data from both runs were fitted by Eq. (5)
using the weighted nonlinear least-squares meth-
od of Deming.'® The temperature range was sys-
tematically narrowed by leaving out high-temper-
ature points on successive calculations. The
range reported below was determined when fur-
ther range narrowing produced no further change
in the parameters and the reduced x®. Since the
values of the parameters, d in particular, were
very sensitive to the value chosen for R., we
have treated R, as a parameter rather than at-
tempting to estimate values from extrapolation
of the experimental resistance data. The opti-
mized values reported are in excellent agree-
ment with the actual data in each case.'® Again
the value of T, in each case was that observed
experimentally as explained above. The opti-
mized value of the parameters are as follows:
for run No. 1 with 6.7x1077<€<9.3x1074

A’=(1.3232+0.34)x107%,
B’ =(1.0093 + 0.096)x 10°,
C’=(~2.5939+0.16)x 10,
D’=9.0185+0.12,
d=0.71£0.10,
R,=16845.54+0.65 ;

for run No. 2,

A’=(7.5201+1.8)x10"¢,
B’ =(4.6835+0.52) X 10°,
C’=(-5.5540+0.42)x 10°,
D’=9.8198+0.14,
d=0.72£0.11,
R,=14374.60+0.35 ,

The seventy points nearest T, were included in
the fit for run No. 1 with the reduced x? of 0.85,
with 71 points for run No. 2 in the range 3.3x10"7
<€<4.2x107* yielding a reduced x? of 0.48. In
Fig. 1(a) the calculated values of (R, - R)/€R,
versus € are compared with the experimental
points from both runs. Deviation plots are pre-
sented in Fig. 1(b).

Both methods of data analysis of our results
indicate that dR/dT is approached from the one
phase region. Even with data of this high quality
it is difficult to suggest a numerical value for the
critical exponent since it is the derivative of the
measured quantity which diverges. This strong
divergence is perhaps surprising in light of the
weak divergence in dR/dT found in the ferromag-
netic nickel system.? Schurmann and Parks'’
have observed a strong divergence in dR/dT for
the liquid-metal system gallium-mercury near
the critical point. In this system however the
specific heat also appears strongly divergent,®
so that liquid metals as well as ferromagnets
may be amenable to the application of the Fisher-
Langer theory.” The limited data'® available on
the specific heat of binary organic liquid systems
suggest that the heat capacity is not strongly di-
vergent in the critical region. This suggests that
the Fisher-Langer treatment may not apply to
the divergence of dR/dT for these binary elec-
trolytes.

We wish to thank Professor Sigurd Larson,
Professor James Gunton, Professor Ted Mihal-
isin, and Mr. Bijan Bina for helpful discussions,
and Mr. Frank Zimmerman for his patience in
constructing many conductance cells.

!3. Friedlander, Z. Phys. Chem, (Leipzig) 38, 385
(1901).

’M. B. Salamon, D. S. Simons, and P. R. Garnier,
Solid State Commun. 7, 1035 (1969).

3F. C. Zumsteg and R. D. Parks, Phys. Rev. Lett.
24, 520 (1970).

‘A. Fote, H. Lutz, T. Mihalisin, and T. Crow, Phys.
Lett. 33A, 416 (1970).

°D, S. Simons and M. B. Salamon, Phys. Rev. Lett.
26, 750 (1971).

®P. G. de Gennes and J. Friedel, J. Phys. Chem.
Solids 4, 71 (1958).

M. E. Fisher and J. S. Langer, Phys. Rev. Lett. 20,
665 (1968).

8J. C. Allegra, A. Stein, and G. F. Allen, J. Chem.
Phys. 55, 1716 (1971).

While we were able to measure relative tempera-
tures to £0.0001°C, which were used for calculations
and data analysis, we report the critical temperatures
only to the nearest 0.001°C, which is the resolution of
our temperature standard (Pt resistance thermometer).

G, Jones and G. M. Bollinger, J. Amer. Chem. Soc.
53, 411 (1931).

1G. Jones and R. C. Josephs, J. Amer. Chem. Soc.
50, 1049 (1928).

2D, Woermann and W. Sarholz, Ber. Busenges. Phys.
Chem. 69, 319 (1965).

37, R. Barber and J. V. Champion, Phys. Lett. A29,

1239



VoLuME 29, NUMBER 18

PHYSICAL REVIEW LETTERS

30 OCTOBER 1972

662 (1969).

4B, Chu and F. J. Schoenes, Phys. Rev. Lett. 21, 6
(1968).

By, E. Deming, . Statistical Adjustment of Data (Wiley,
New York, 1935).

16The experimental resistances closest to T, are
16844.07 Q at €=6.6809x10"7 and 14373.87 Q at
€=3.3406%10"" for runs No. 1 and No. 2, respectively.
Since the data analysis was done in terms of resistance

directly rather than resistivity, careful determinations
of the cell constants were not necessary. We estimate
the cell’s constants to be 10+2 em™! for both cells.

"H. K. Schiirmann and R. D. Parks, Phys. Rev. Lett.
27, 1790 (1971).

*H. K. Schiirmann and R. D. Parks, Phys. Rev. B 6,
348 (1972).

A, F. G. Cope, H. H. Reamer, and C. J. Pings,
Ber. Busenges, Phys. Chem. 76, 318 (1972).

Pretransitional Optical Rotation in the Isotropic Phase of Cholesteric Liquid Crystals*

Julian Cheng and Robert B, Meyer
Gordon McKay Labovatory, Havvard University, Cambridge, Massachusetts 02138
(Received 18 September 1972)

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 (T —T*)'

2 temperature dependence,

in agreement with measured data in the immediate pretrangition 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-
tals* was recently tested by Rayleigh-light-scat-
tering experiments in the isotropic phase of a
cholesteric system,® which showed that chirality
plays a negligible role in Rayleigh scattering ex-
cept for a narrow temperature range 0.68°C above
T*, the second-order transition temperature. In
this region, the experimental data could 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 spiral mo-
lecular orientational order of the cholesteric
phase gives rise to optical rotatory powers as
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-
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dent on temperature. If chiral short-range order
exists in the isotropic phase, then the orientations
of different molecules may be coupled in a man-
ner preserving a local spiral conformation 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 analysis is complicated by the
fact that the rotatory power of the helical confor-
mation, ¢ (@ chira1), and the molecular optical
activity ¢, both depend on the local molecular en-
vironment and may become temperature depen-
dent as the local order builds up near the phase
transition. Since both contribute to the observed
rotations, any scheme for extracting the tempera-
ture dependence of ¢, from the data requires
justification. This can be circumvented if ¢ pre-
dominates, Since this effect should vary quadrat-
ically with dielectric anisotropy Ae, we chose to
study materials for which A€ is large and whose
molecular optical activity is small, Esters of
cholesterol were found to be unsuitable, since
they give rise to ¢ <1°/cm at 6328 A, while Po
is 2,5 to 4.0°/cm, Thus we turned to chiral mole-
cules with a structure similar to that of typical
nematics (Ae=0.7 or more), for which ¢ should
be more than 2 orders of magnitude larger than
for the cholesterol esters, while ¢, should re-
main small.



