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Magneto—optical effect of TEB30A liquid
crystal doped with thulium oxides*
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The influences of an external magnetic field on the optical properties of the TEB30A nematic liquid crystal doped
with thulium oxides (Gd;O3, Dy,03, Nd»O3, Y03, and Sm,03) are studied. It is shown that a magnetic field applied
parallelly to the sample cell surface leads to the rotational orientation of mesogenes. All samples except for the sample
doped with Sm;O3 nanoparticles undergo structural deformations. The behavior of the TEB30A/Sm; O3 differs from those
of the TEB30A liquid crystal doped with other four nanoparticles. The presence of Sm,O3 nanoparticles in the TEB30A
liquid crystal does not cause the structural deformation of the liquid crystal matrix. At the same time, the anchoring type of
the liquid crystal molecules on the nanoparticle surface is different. The director n is parallel to the magnetic moment gt
in the TEB30A/Sm, 03, and inclined to the magnetic moment g in the TEB30A/Nd, O3, and perpendicular to the magnetic
moment g in each of TEB30A/Gd;03, TEB30A/Dy,03, and TEB30A/Y,03. Besides, the dependence of the structural
deformation on the critical magnetic field for the TEB30A is obtained.
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1. Introduction

Magnetic nanoparticles suspended in the liquid have at-
tracted wide interest in many areas of science, technology,
and medicine.!'"3 Recently, magnetic nanoparticles-doped
nematic liquid crystals become a new focus.*~1%) It is known
that nematic liquid crystal with a weak anisotropy of diamag-
netic susceptibility can undergo the rotational orientation of
mesogenes under the action of an external magnetic field H.
The rotation takes place with or without being accompanied
by structural transitions in the nematic liquid crystals.

The threshold field H. of the structural transitions is about
10* Oe (1 0e=79.5775 A-m™!) for the nematic liquid crys-
tal (relatively large) since the diamagnetic susceptibility of the
nematic liquid crystal is rather small (about 10~7).1 In order
to reduce the value of the operated magnetic field, Brochard
and de Gennes*! have suggested the incorporation of mag-
netic grains into liquid-crystalline matrix. If the grains are fine
in shape, elastic interactions give rise to their orientation in the
liquid crystal matrix. Such a system is the so-called ferrone-
matic or ferrocholesteric system. These systems have mag-
netic susceptibilities that are at least some orders of magnitude
higher than a pure liquid crystal. They allow their structures to
be controlled by relatively low magnetic fields. Therefore, the
most essential characteristics of these systems are the orien-
tational coupling between the magnetic nanoparticles and the
liquid crystal matrix.

In this paper we study the optical properties of the
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TEB30A liquid crystal doped with thulium oxide nanoparti-
cles (Gd;03, Dy,03, Nd,03, Y03, and Sm;03) in magnetic
field parallel to the surface of the sample cell. The magnetic
field ranges from O mT to 1200 mT. The size of thulium oxide
nanoparticles is several hundred nanometers. It is shown that
the anchoring type of the liquid crystal molecules on the par-
ticle surface is different, and the dependence of the structural
deformation on critical magnetic field for the liquid crystal is
found. In the case of the structural deformation, the value of
the threshold field is strongly reduced if orientational coupling
between the thulium oxide nanoparticles and the TEB30A ne-
matic liquid crystal matrix is realized.

2. Experimental methods

About 1 mg of thulium oxides was dissolved in 6 ml of
alcohol under 20-min ultrasonic irradiation. Then 0.1 ml of
the TEB30A nematic liquid crystal was added into the thulium
oxides alcohol solution, and stirred for 30 min. The quantity
of thulium oxide nanoparticles in the TEB30A nematic liquid
crystal was 10 mg/ml. The liquid crystal cell consisted of two
identical glasses, the gap between which was filled with the
mixture. The cell thickness value was 20 pm.

The thulium oxides were Gd203, Dy203, Nd203, Y203,
and Sm, 03, respectively. And each of these thulium oxides
had a purity of 99.99% and a size of several hundred nanome-
ters. The birefringences of the TEB30A nematic liquid crystal
were n. = 1.69 and n, = 1.52, at wavelength 532 nm.
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The cell was placed in a steady constant magnetic field
H || x, which enable to reorient the nematic director smoothly
through 90° within the xz-plane in Fig. 1.
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Fig. 1. Schematic illustration of experiment setup.

3. Results and discussion

Figure 2 shows that the dependences of transmission T’
on applied magnetic field H for the pure TEB30A and the
TEB30A doped with thulium oxides (Gd,0O3, Dy,03, Nd;O3,
Y03, and Smy03). It is clearly seen that the behaviors of the
TEB30A doped with thulium oxides differ significantly from
that of the neat liquid crystal, while the strong influence of
magnetic nanoparticles is immediately noticeable.
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Fig. 2. Curves of transmission T of samples versus the applied magnetic
field H.

In the case of the liquid crystals doped with the magnetic
nanoparticles, the magnetic moments of the magnetic nanopar-
ticles are oriented along the magnetic field direction, and the
liquid crystal molecules anchored at the magnetic nanoparticle

U151 Therefore, cover-

surfaces should follow their movements.
ing the thulium oxide nanoparticles with the TEB30A nematic
liquid crystal leads to orientational coupling between the mag-
netic moment and the local director i, and causes the TEB30A

liquid crystal matrix to deform. The structural transitions of

the TEB30A depend on the magnetic intensity of the thulium
oxide nanoparticles and the external magnetic field.

The relationship among the distortion amplitude / of the
director n and the threshold H, and the magnetic moment g

may be described by the following equation!*!
kl
He=—, )]
u

where k is the average elastic constant of the nematic liquid
crystal.

Equation (1) shows that the magnetic moment u is larger
and the threshold H. is smaller in a certain distortion [ of the
director . Therefore, the threshold field H, of the neat liquid
crystal must be larger than that of the liquid crystal doped with
thulium oxide nanoparticles. Figure 2 shows that the thresh-
old field H. of the neat TEB30A is about 720 mT, while the
threshold field H, of the TEB30A doped with thulium oxide
nanoparticles is significantly lower than 720 mT. Meanwhile,
figure 2 also shows that in the pure TEB30A when the mag-
netic field is below 720 mT, the structural transition does not
appear, but the magneto—optical effect of the pure TEB30A
still exists, for example, the transmittance of the pure TEB30A
decreases from 53.33% to 46% with the increase of magnetic
field. And the deformation occurs when the magnetic field is
above 720 mT.

Both of magneto—optical characteristics and threshold
field H, are significantly different among the samples of the
TEB30A nematic liquid crystal doped with different thulium
oxide nanoparticles (Fig. 2). Accordingly, we discuss the in-
fluence of the magnetic moment of thulium oxide nanopar-
ticles and the type of anchoring between the liquid crystal
molecule and the particle surface on the optical properties of
the TEB30A nematic liquid crystal.

The magnetic moment vector can be expressed as!!”!

n=—s(3)J. @)
where J = L + S is the total angular momentum vector, L
is the orbital angular momentum vector, S is the spin angular
momentum vector, and g is Land factor.

The magnetic moment modulus is given by

p=g\J(J+1)us, 3)

where J is the total quantum number, and ug is the Bohr mag-
neton.
Land factor g for trivalent thulium ions is given by

JT+1)+8(S+1)—L(L+1)
2(J+1) ’

g=1+ “
where S is the spin quantum number, and L is the orbital an-
gular momentum quantum number.

The Y3* ion belongs to the transition element, and the
orbital angular moment of material consisting of the transition
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elements is frozen. Therefore, the magnetic moment of the
Y,03 thulium oxide is given by

1=2/S(S+ 1)ug. )

Since the sum of the magnetic moments is zero for the
full electronic shell, we only consider the contribution of the
outer electrons to the total magnetic moments.!'”) The mag-
netic moments of the thulium oxides can be shown in Table 1.

Table 1. Magnetic moments of thulium oxides.

Thulium oxides L S J u/up
Gd,03 6 32 912 7.937254
Dy,03 5 52 572 3.944043
Nd, 03 0 772 772 3.618137

Y,03 0 12 172 1.732051
Smy03 5 512 1572 0.084516

Table 1 shows that the magnetic moment of Gd;O3
nanoparticles is largest. Thus, as can be seen from Eq. (1),
with the low field in the TEB30A/Gd;0O3, it should be possi-
ble to align the grains completely. We have seen in particular
that when the magnetic field increases from 0 mT to 280 mT,
the sample transmittance obviously rises from 25% to 30%.
When H = 1200 mT, its transmittance increases to 43%. This
shows that the liquid crystal molecules are strongly anchored
at the Gd,O3 particle surface, and the anchoring orientation
n is perpendicular to the magnetic moment g of the Gd,O3
nanoparticles. So the sample responds to the applied magnetic
field sensitively, and the critical magnetic field is significantly
reduced, far below 300 mT.

As can be seen from Table 1, the magnetic moment
of Dy>03 nanoparticles is 3.944043 pg. It is the sec-
ond largest. From Eq. (1), the threshold field H. of the
TEB30A/Dy,03 is larger than that of the TEB30A/Gd;0s3.
Figure 2 shows that there are no magneto—optical characteris-
tics in the TEB30A/Dy, 03 when the external magnetic field H
is below 520 mT, but the transmittance significantly increases
from 43.33% to 53.67% when H increases above 520 mT. It
is indicated that the structural transition occurs above 520 mT
in the TEB30A/Dy,0s3. It is also shown that the liquid crys-
tal molecules are strongly anchored at the Dy, O3 nanoparticle
surfaces and the anchoring orientation m is perpendicular to
the magnetic moment g of the Dy,0O3 nanoparticles. There-
fore, if the Dy,0O3 nanoparticles rotate materially, the thresh-
old field H. must be above 520 mT. The value is more than the
magnetic field H, of the TEB30A/Gd,03.

The magnetic moment of Nd;Osz nanoparticles is
3.618137up. Based on Eq. (1), the threshold field H, of
the TEB30A/Nd,;O3 is larger than that of the TEB30A/
Dy,03. Figure 2 shows that the threshold field H, is below
720 mT. Compared with the neat TEB30A, when the mag-
netic field H is below 720 mT, the TEB30A/Nd,O3 has hardly

any magneto—optical characteristics. And when H is above
720 mT, the TEB30A/Nd;O3 transmittance slightly increases
from 39.33% up to 43.33%, while the neat TEB30A transmit-
tance from 46% up to 52.67%. It is indicated that the lig-
uid crystal molecules in the TEB30A/Nd, 03 are strongly an-
chored at the Nd,O3 nanoparticle surfaces, and the director n
is inclined to the magnetic moment p, and the angle between
the director 1 and the magnetic moment g is very small.

The magnetic moment of Y;0O3 nanoparticles is
1.732051 pg. Seeing Eq. (1), the threshold field H. of the
TEB30A/Y,03 should be very large. But the result shows that
the threshold H, is only about 280 mT, and the transmittance
obviously increases from 33.33% to 43.33% in a range from
280 mT to 1200 mT (Fig. 2). The theoretical value is incon-
sistent with the experimental result. There must be other fac-
tors contributing to the magnetic moment. It is suggested that
the liquid crystal molecules are strongly anchored at the Y,03
nanoparticle surfaces, and the anchoring orientation 7 is per-
pendicular to the magnetic moment g of the Y,O3 nanoparti-
cles. So the TEB30A/Y,03 responds to the applied magnetic
field sensitively, and the critical magnetic field H, is signifi-
cantly reduced to less than 300 mT.

The magnetic moment of SmyO3; nanoparticles is
0.084516. It is very small. From Eq. (1), the threshold field
of the TEB30A/Smy03 is very large. Figure 2 shows that
there is a significant magneto—optical effect rather than struc-
tural transition in the TEB30A/Sm;0O3 in the whole range of
magnetic field. For example, the transmittance obviously de-
creases from 49.67% to 41.67% with the increase of mag-
netic field. It is shown that the liquid crystal molecules are
anchored at the SmyO3 particle surfaces, and the anchoring
orientation n is parallel to the magnetic moment g of the
Sm;0O3 nanoparticles. Therefore, the structural transition in
the TEB30A/Sm, O3 could take place only when the threshold
H_ of TEB30A/Sm,0j3 is above 1200 mT.

The aim of this experiment is to confirm that thulium ox-
ide nanoparticles can modulate the magnetic optical properties
of the TEB30A. Owing to the presence of the bonded magnetic
additives of the thulium oxides, a weak magnetic field can ori-
ent TEB30A/X,03 (X denotes trivalent thulium ions) particles
into its direction.

4. Conclusion

In this paper, it is found that in order to improve the
magneto—optical properties of the TEB30A, the TEB30A lig-
uid crystal should be doped with the magnetic nanoparti-
cles. When the TEB30A liquid crystals doped with different
thulium oxides expose to an external magnetic field, they can
present different novel properties. The results show that these
properties depend on the magnetic moments of these thulium
oxide nanoparticles and the type of anchoring between the
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TEB30A molecule and the thulium oxide particle surface. One
of the aims of future work is to study the composite systems
described here under the crossed polarizers, without and with
magnetic field applied. It is also planned to characterize the
anisotropic electrical properties by creating thin films with the
oriented thulium oxide nanoparticles or embedding them in
polymer matrices to form anisotropic nanocomposites.
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