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A sample of an aligned smectic liquid crystal, suspended in a magnetic field, can be excited to 
oscillations. Measurement of the oscillation period allows a direct determination of the aniso-
tropy of the magnetic susceptibility. Liquid crystals exhibiting the phase sequence isotropic-
nematic-smectic A can be aligned very well and precise y.A values can be determined. A direct 
transformation from the isotropic to the smectic phase or phase transitions between smectic 
phases can cause an incomplete alignment of the liquid crystal and worse results. 

Introduction 

The anisotropy ya of the magnet ic susceptibi l i ty 
in liquid crystals is of part icular interest because it 
depends on the orientation of the l iquid crystal and 
is proportional to the order pa rame te r in perfect ly 
aligned liquid crystals. Using the me thods of Fa ra -
day or Gouy, the determinat ion of ya is ra ther a 
difficult task. The forces on d iamagne t i c samples 
are very small and y.d is only the 10% di f fe rence 
between the y values in the isotropic and the l iquid 
crystalline phase. A direct method for the deter-
mination of / a would therefore be advantageous . 

As the torque on the director in a magnet ic field 
is proportional to / a , static and dynamic m e t h o d s 
can be developed for samples in which the di rector 
is fixed to the sample vessel. In the static m e t h o d 
the torque on the director can be de te rmined by 
measuring the torsion of a suspension wire or by 
using Krishnan's flip angle method. As the to rque 
on the sample has to be exerted for a long t ime, the 
director orientation will not remain fixed to the 
vessel for smectic samples with compara t ive ly low 
viscosities and a creeping of the equ i l ib r ium posi-
tion results. This disadvantage can be avoided in 
the dynamic method in which the sample oscillates 
in a magnetic field (oscillating sample m a g n e t o m -
eter). This method has been previously used to 
determine the anisotropy of the susceptibil i ty of 
ferromagnetic materials [1, 2] and even of high 
viscous nematic liquid crystals [3]. T h e s imple set-
up. the permanent torque reversion and the precise 
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determination are advantages as compared with the 
static methods. 

Experimental 

The experimental set-up is shown schematical ly 
in Figure 1. The sample tube T (high precision 
N M R sample tube with 1.5 cm diameter ) contains 
up to 12 cm3 of the degassed liquid crystal C and is 
suspended from the glass rod R and the torsion 
wire W (tungsten wire. 1 m length, 30 pm diameter ) . 
Period and ampl i tude of the sample oscillation can 

Fig. 1. Experimental set-up. 
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4'-cyano-4-n-octylbiphenyl 
4,4'-di-n-pentylbiphenyl 
4'-n-hexyloxyphenyl-4-n-octyloxybenzoate 
4'-n-butyloxybenzylidene-4-n-butylaniline 
4'-n-pentyloxybenzylidene-4-n-butylaniline 
4'-n-hexyloxybenzilidene-4-n-butylaniline 
4'-n-heptyloxybenzylidene-4-n-butylaniline 
4'-n-octyloxybenzylidene-4-n-butylaniline 

8CBP SA 33.7 N 411 
55BP SE 46 SB 52 I 

K 54.6 S c 65.6 N 89.3 I 
4 0 - 4 SG 42.7 SB 45.3 SA 46.1 N 75.3 I 
5 O • 4 SG 52.1 SA 52.5 N 69.2 I 
6 O • 4 SG 56.5 SB 58.6 SA 69.4 N 77.3 I 
7 0 - 4 SG 62.5 S c 65.0 SA 73.8 N 76.3 I 
8 0 - 4 SG 63.5 SB 67.5 SA 81.2 I 

be determined by means of the laser L, the two 
mirrors M l and M2, the scale S and the photo-
diode D which is coupled to an electronic clock. 
The sample is placed between the pole shoes of an 
electromagnet (20 cm pole shoe d iameter , 3 cm pole 
gap, 0 - 1 . 5 T ) and surrounded by a double-wal led 
glass tube G which is kept at constant t empera tu re 
within + 0.02 K by means of a water thermosta t . 

Measurement of the field strength is pe r fo rmed 
with a Hall probe which is calibrated with an N M R 
Gaussmeter. The moment of inertia of the sample is 
determined by comparing the oscillation per iod of 
the sample at 0 T with that of an a l u m i n i u m 
cylinder with known moment of inertia. 

The liquid crystals used in this invest igat ion are 
either commercial products (4 ' -cyano-4-n-octylbi-
phenyl f rom BDH) or are synthesized according to 
well-known reactions. Transition t empera tu res (in 
°C) and acronyms for the liquid crystals are shown 
in the Table. 

Theory 

The oscillation of the sample is s tudied under the 
following assumptions. 
I There is no motion of the l iquid crystal with 
respect to the sample tube. The axis of a l ignment 
(director) is fixed relative to the sample tube and 
the orientation is uni form and pe rpend icu la r to the 
oscillation axis. 
II The torsion of the wire as well as the magne t ic 
torque vanish in the equi l ibr ium posit ion. 
III Damping can be neglected. 

Then, the energy balance can be writ ten as 

Z*B2V . 
sin2 (p 

ld„2 + i u Y max — 2 S l i r </W , (1) 

where cp denotes the angle between field direct ion B 
and director rt (tp = 0 in the equi l ib r ium posi t ion) , 
/ the moment of inertia, D the torsion constant of 

the suspension wire and F t h e sample volume. Fo r 
small angles <p and small ratios of torsional to 
magnetic torque, (p can be replaced by sin cp 

, I D / a B 2 V \ . , 
r = ~ r + - — — I ( S i n > m a x - s i n > ) . (2) 

I Vo I 

The oscillation period is obtained by integrat ion 

- d (p 

ysin2<pmax - sin2 <p 4 \ / / / 0 / 

1/2 
(3) 

The substitution sin <p/sin cpm.M = sin t// leads to a 
complete elliptic integral of the first kind 

, 1 [D+*>B2V\/2t 
K(sin<pmax) = — — + — I T . 4 \ / / / 0 / 

(4 ) 

Series representation of K and introduct ion of the 
angular frequency co = 2 n/T leads to 

2 = 
D 

cof = — + 

/ / / 0 / 
(5) 

cor = co(l + j s i n 2 ^ m a x + sinVmax + • • •), (6) 

where the reduced angular f requency cor is the 
angular frequency for vanishing ampl i tude cpmax. 

A plot of co2 versus B2 should therefore give a 
straight line with a slope f rom which can be 
calculated. The moment of inertia can be directly 
determined f rom the angular f requency at B — 0 
according to D/I = or. 

The method described above can be used for uni-
axial smectic liquid crystals (SA or SB) as well as for 
biaxial liquid crystals (SE , S G etc.). Fo r biaxial 
liquid crystals, the susceptibility tensor exhibi ts 
three different components ( / ] , y2 and / 3 ) in a 
properly chosen coordinate system. If the axis of 
highest susceptibility yA is parallel to the di rect ion 
of the magnetic field in the equi l ibr ium posit ion of 
the sample and if there is no preferred or ienta t ion 
of the other axes, / = y\ and y ± = j {y2 + Z3) results. 
Therefore, the anisotropy is = yx — y (y2 + / 3 ) . 

Difficulties arise when measur ing / a in Sc phases. 
If the S c phase is formed f rom a nemat ic or smectic 
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A phase in the presence of a strong magnet ic f ield, 
the director will be aligned parallel to the magne t i c 
field direction. The smectic layers are tilted by the 
tilt angle with different azimuthal angles. In contrast 
to liquid crystals with director or ientat ions per-
pendicular to the layers, the director can rota te on 
cones around the layer normal if the sample is 
excited to oscillations. 

Numerical calculations on the basis of the Horn-
reich-Shtrikman [4] model show that one can dis-
tinguish three different cases. 

I If the characteristic t ime for the director align-
ment on the cone is short as compared with the oscil-
lation period, a small damping of the oscil lat ion 
amplitude is expected. For small amplitudes, the de-
pendence co2=f(B2) is still linear. D e p e n d i n g on 
the direction of the layer normal , the d i rector can 
follow the magnetic field direction in a varying 
degree. This effect reduces the effective / a by a 
factor of 2. 
II If the characteristic t ime and the oscil lat ion 
period are comparable, a large damping should be 
observed. Generally, the dependence co2=f (B2) 
will be non-linear. The small n u m b e r of oscil lat ions 
will prevent an accurate measurement of the oscil-
lation period. 
III If the characteristic t ime is much larger than the 
oscillation period, the director rotat ion becomes 
very small for all sample oscillation ampl i tudes and 
/ a can be determined by means of (5). 

Testing 

In order to ensure correct operat ion of the set-up, 
we have performed the following tests: D e p e n d e n c e 
of the angular frequency on the oscillation ampl i -
tude, linearity of the plot co2 versus B2, f low of the 
liquid crystal with respect to the sample tube and 
asymmetry of the sample tube. 

The reduction of the angular f requency co accord-
ing to (6) is shown in Figure 2. We observe con-
stant ojr values within the error for the de t e rmina -
tion of the oscillation ampli tude. Figure 3 shows the 
experimental verification of (5). With thin sus-
pension wires, the precise linear dependence of co2 

on B2 is even fulfilled for small inductions (0.01 T). 
Deviations, which are due to the app rox ima t ions 
used in the derivation of (5), are only observed with 
thicker wires (150 pm iron wire) and at induct ions 
smaller than 0.1 T. 

d e g 
Fig. 2. Observed (co) and reduced (wr) angular frequency 
as a function of the oscillation amplitude <pmax (8CBP, 
25 °C, 0.8 T). The co curve is calculated from (6) assuming 
a constant value for cor. 

If a flow of the smectic liquid crystal takes place 
with respect to the sample tube dur ing the oscilla-
tion, (5) is no longer valid for the de te rmina t ion 
of / a . This flow of the l iquid crystal can be detected 
by measuring the equi l ibr ium position of a sample 
on which a magnetic torque is exerted. In order to 
get a strong torque on the sample we used an in-
duction of 1.55 T and a 150 pm iron wire. Figure 4 
shows the observed variation of the or ientat ion of 
the sample as a function of t ime after changing the 
direction of the magnetic field by 33.5°. The torsion 
angle c of the suspension wire at the beginning of 
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of time after application of a magnetic torque of 
1.8 • 10~6 Nm on 8CBP at 25 °C. The sample is suspended 
from a wire with D = 3.5 • 10"6 Nm. 

Fig. 5. Torque M on an isotropic sample (8CBP above the 
clearing point) as a function of the angle 9 between field 
direction and an arbitrarily defined direction of the sample 
at 1.5 T. 

the experiment amounts to 30.3° which cor responds 
to a torque of 1.8 • 10~6 N m . T h e exper iment shows 
that the director rotation dur ing an osci l lat ion 
period is very small and that the inf luence of a 
possible flow of the liquid crystal can be neglected. 

Furthermore, a lower limit for the appa ren t ro-
tational viscosity yx in the SA phase can be der ived 
from this measurement. A value of 3 - 1 0 6 P a - s is 
obtained for 8CBP at 25 °C. This value is four 
orders of magnitude larger than the limit presented 
by Dong [5]. A further conf i rmat ion of the fixed 
director orientation with respect to the s ample tube 
is the very small damping of the oscillation which 
amounts to 4 -10~ 3 s~ ' . T h e independence of this 

quantity on the field strength shows that it is mainly 
caused by the viscosity of the surrounding air. 

All quantities for the de terminat ion of / a with 
this method can be measured with high accuracy. 
These quantities are: oscillation period of the 
sample, induction of the magnetic field, mass or 
volume of the liquid crystal, torsion constant of the 
suspension wire and moment of inertia of the 
sample. The temperature dependence of the torsion 
constant of the tungsten wire (1 • 10~ 4 K _ 1 ) can be 
normally neglected. 

The measurement of small anisotropics and the 
accuracy of measurement is l imited by imper fec t 
axial symmetry of the sample tube and i nhomo-
geneity of the magnetic field. The influence of these 
effects can be easily observed by measur ing the 
torques which are exerted on the sample at d i f fe ren t 
orientations of the rotable electromagnet (Fig. 5), if 
the sample tube is Filled with an isotropic l iquid 
(8CBP above the clearing point). In order to avoid a 
dependence of the equi l ibr ium orientat ion of the 
sample on the field strength, the y.A measurements 
were performed at a sample orientat ion with zero 
deflection. Neglect of the torques due to the sample 
anisotropy leads to a relative error of abou t 1 • 10~4 

i n / a -

Results and Discussion 

The major problem in measuring values in 
smectic liquid crystals is the al ignment of the l iquid 
crystal. Generally, the al ignment is ob ta ined by 
cooling down a sample in a strong magnet ic field 
f rom the isotropic phase via other l iquid crystalline 
phases to the desired smectic phase. Our measure -
ments show that the effective anisotropy /a,eff ° f the 
magnetic susceptibility depends strongly on the 
experimental conditions dur ing this cooling process. 
The best results, i.e. the smallest scattering of 
values, are obtained if the liquid crystal exhibi ts the 
phase sequence isotropic-nematic-smectic A. 

The alignment in the SA phase of 8 C B P was 
studied as a function of the cooling rate. It tu rned 
out that the highest anisotropics, i.e. the best align-
ment, were obtained with the highest cooling rates. 
This may be due to the fact that at low cooling rates 
the smectic phase grows f rom a few nuclei at the 
wall of the sample. Because of the surface a l ignment 
these nuclei may not be aligned in the direct ion of 
the magnetic field. At high cooling rates nucleat ion 
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Fig. 6. Effective anisotropy °f lhe molar magnetic 
susceptibility of 8CBP at 29 °C as a function of the inverse 
square root of the magnetic induction during the cooling square 
process 
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Fig. 7. Temperature dependence of the molar susceptibility 
anisotropy of 8CBP. 

Fig. 8. Temperature dependence of the molar susceptibility 
anisotropy of 55BP for two samples (I: 5 g, II: 11 g 55BP). 

is spread over the whole sample which results in a 
better alignment. Even at high cooling rates we 
found a dependence of y.d-eff on the induction of the 
magnetic field during the cooling process. In Fig. 6 
Za.eff is plotted versus ZT I / 2 giving a nearly l inear 
dependence. However, a dependence on which 
is expected for a nematic phase cannot be excluded 
because of the scattering of the values at low induc-
tions. Extrapolation to infinite induct ion gives a y.d 

value which is 3% (1% for the B~l dependence) 
larger than y.d<efT at 1.5 T. This extrapolat ion is not 
used in the following determinat ions . 

The temperature dependence of / a is presented 
for 8CBP in Figure 7. The values agree very well 
with those reported by Sherell and Crellin [6]. T h e 
increase in y.d with decreasing t empera tu re is p rob-
ably due to the increasing order parameter . 

4,4'-Dipentylbiphenyl exhibits the phase sequence 
isotropic - smectic B - smectic E. As this l iquid 
crystal does not exhibit a nemat ic phase, it has to be 
aligned during the phase transit ion isotropic-
smectic B. A large series of exper iments showed 
that the best al ignment was obta ined at m a x i m u m 
field strength and very low rates of cooling in the 
order of 0.1 K/h. Even under these conditions the yd 

values scatter between 60 and 100% of the highest 
value. The alignment could be improved by in-
creasing the temperature of the smectic sample for a 
short time giving an isotropic phase in the outer 
region of the sample and cooling down again. This 
improvement may be due to a bet ter al ignment of 
the center of the sample af ter the first cooling and 
an extension of this alignment to the outer regions 
of the sample dur ing the second cooling process. 
Nevertheless, the y.d values presented in Fig. 8 are 
only tentatively. The transition to the SE phase is 
coupled with a strong increase in density. Cracks are 
formed in the sample and a funnel -shaped depres-
sion of the free surface is observed. Fur the rmore , it 
was observed that the decrease in y.deff at the transi-
tion to the SE phase is reduced for samples with 
smaller filling height. As y™ should remain constant 
or increase at transitions between orthogonal phases, 
the decrease is probably due to the mechanical 
processes which can cause a breaking up of the 
sample into domains with slightly different align-
ment. This effect can only be avoided in very flat 
samples which are unfavourable for the measure-
ment because of sample volume and accessible field 
strength, resp. 
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for 4'-n-hexyloxyphenyl-4-n-octyloxybenzoate at 65 °C in 
the S c phase. 

^ i i i i i i 
20 iO 60

 (
 80 

Fig. 10. y'a1 f° r some 4'-n-alkoxybenzylidene-4-n-butyl-
anilines as a function of temperature. Chain lengths are 
indicated at the curves. Smectic phases are denoted as 
follows: SA: x, SB: +, Sc : (not measured, only as a 
guide for the eye), SG : • . 

The measurement of / a in S c phases can only be 
performed under favourable condit ions. Usual ly , 
the rotation of the director leads to a very strong 
damping of the oscillation and one has to start with 
large amplitudes in order to get one or two oscil-
lations. Figure 9 shows the dependence co2 = /(B2). 
Because of the director rotation the calculat ion 
of coT is not feasible. The bending of the curve is 
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