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A promising approach in designing composite materials with an unusual physical behavior

combines solid nanostructures and orientationally ordered soft matter at the mesoscale. Such

composites can not only inherit properties of their constituents but also can exhibit emergent

behavior such as ferromagnetic ordering of colloidal metal nanoparticles forming mesoscopic

magnetization domains when dispersed in a nematic liquid crystal. Here, we demonstrate the

optical patterning of domain structures and topological defects in such ferromagnetic liquid crystal

colloids, which allows for altering their response to magnetic fields. Our findings reveal the nature

of the defects in this soft matter system which is different as compared to non-polar nematics and

ferromagnets alike. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4928552]
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illumination, 95ll of pentylcyanobiphenyl (5CB, Chengzhi

Yonghua Display Materials Co. Ltd.) was mixed with 5ll of
azobenzene-containing Beam 1205 LC (Beam Co.). Non-

isomerizing FLCCs (protocol 2) utilized for surface-enabled

optical defect patterning were based on using 100ll of pure
5CB as the host medium, but the preparation protocol was the

same otherwise. Silane-PEG capped magnetic nanoplatelets

dispersed in ethanol were then added to the LC while follow-

ing the dispersion procedures reported previously.5 5ll of
ethanol was added to 15ll of the LC mixture to bring it to

the isotropic phase, followed by adding 15ll of 0.5–1wt.%
magnetic platelets dispersed in ethanol. The sample was kept

at 90 �C for 3 h to fully evaporate the ethanol, yielding an

excellent dispersion in the isotropic phase at zero field, and

then was rapidly cooled to the nematic phase of the mixture

while vigorously stirring. The ensuing FLCC was centrifuged

at 2000 rpm for 5min to remove residual aggregations so that

the final composite contained only well-dispersed platelets.

The final fraction of magnetic platelets in the LC was varied

within 0.05–0.1wt.%, as determined based on absorbance

and magnetization values. Nanoplatelets exhibited spontane-

ous alignment with large-area faces orthogonal to n(r) and

magnetic moments along n(r), as confirmed by measuring

polarization-dependent absorbance16 and probing response of

their dilute dispersions to magnetic fields. Dispersions of fer-

romagnetic platelets in the LC mixture were stable at all used

fields (up to 20mT) exhibiting a facile response already at

fields below 1mT. Homeotropic glass cells with polydomain

FLCCs and M pointing in one of the two anti-parallel direc-

tions along the vertical far-field director n0 were prepared

using 1- or 0.17-mm thick glass plates treated with an aque-

ous solution of 0.1wt.% N,N-dimethyl-N-octadecyl-3-ami-

nopropyl-trimethoxysilyl chloride (DMOAP, AcrosOrganics)

via dip-coating. The cell gap thickness of 30lm or 60lm
was set by inter-spacing the glass plates at their edges with

UV-curable optical adhesive (NOA-65, Norland Products) or

epoxy containing silica spacers of corresponding diameters.

Cell filling was done at room temperature using capillary

action. FLCC cells exhibit spontaneous formation of random

magnetic domains of lateral dimensions typically compara-

ble or somewhat larger than the cell thickness

and dependent on the initialization field of 10–35mT (Refs.

4 and 16) (Fig.





the orientation of M(r) flips to an opposite in-plane orienta-

tion, as depicted in Fig. 3(b), although n(r) stays continuous

(Fig. 3(a)) because half-integer defects are allowed in the n(r)

line field but not in the M(r) vector field.

Although, in principle, simultaneous patterning of both

M(r) and n(r) can be achieved by combining the two

approaches described above, it is interesting to note the evolu-

tion of domain structures in M(r) when only the director is

patterned (Fig. 4). The M(r) within magnetic domains in the

patterned region follows the spatially varying n(r) within the

magnetic domains and behaves discontinuously (flipping to

opposite domains) at the inter-domain walls. At applied mag-

netic fields, the polydomain nature of the FLCC interplays

with the topologically required wall connecting the half-

integer defect lines in n(r), causing a complex pattern of

domains and wall defects inter-spacing them, which slowly

evolve with time and strongly depend on both the direction

and strength of B. Interestingly, the width of wall defects

within the regions of distorted n(r) is often larger than that in

regions of uniform director (Fig. 4). To uncover the nature of

magnetic inter-domain walls in the FLCCs, we used dark field

microscopy observations that reveal both locations and orien-

tations of individual nanoplatelets (supplementary video S1)22

at zero field and when B at different orientations selectively

switches the domains of opposite M. Unlike in conventional

magnetic systems, where magnetic domains are typically

separated by the so-called Bloch or N�eel walls8 with continu-

ous albeit localized solitonic deformations of M(r), magnet-

ization at the inter-domain walls of the FLCCs is not defined,

so that they are singular in nature. This is because M(r) and

n(r) are strongly coupled, so that the solitonic deformations of

M(r) between the domains would be costly in terms of the

corresponding elastic deformations of n(r). Instead, the do-

main walls in the FLCC have uniform director but undefined

M(r), so that there is no associated elastic free energy cost

due to such walls. At applied fields, the inter-domain walls

can be partially deprived of nanoparticles (supplementary

video S1) and ranging in width from the average spacing

between individual nanoparticles to �1lm, as determined by

colloidal interactions between nanoplatelets with differently

oriented dipole moments of the neighboring domains of oppo-

site Mkn0. When n(r) kM(r) within the domains is distorted,

this interplay is further altered by the energetic cost of elastic

distortions (Fig. 4). Although the domain wall defects in the

FLCCs are singular in M(r), different from the solitonic

Bloch or N�eel walls commonly observed in magnetic sys-

tems,8 one-, two-, and three-dimensional twisted solitons can

also form in the chiral counterparts of the FLCCs, in which

twisted n(r) kM(r) structures are promoted by the chiral na-

ture of the LC host fluid.16

Unlike conventional LCs, which exhibit a response to

magnetic fields that is much less facile than the response to

electric fields, the FLCCs are switched at �1mT fields and

exhibit polar response. Although either only magnetically uni-

form or random polydomain FLCC samples were studied pre-

viously,4,7,16 our work demonstrates that the magnetic

domains can be patterned on mesoscopic length-scales in

many different ways, thus allowing for engineering the mac-

roscopic response of such materials to magnetic fields. Since

this patterning is achieved in a re-configurable fashion, using

low-intensities of light, our findings may enable designs and

implementations of mesostructured soft matter composites

with unusual properties and facile pre-defined responses to

weak external stimuli. Beyond the potential practical uses, the

experimental framework we have developed may allow one

to study how the polar nature of ordering in soft matter gives

rise to new types of topological defects and solitons. In addi-

tion to small-molecule liquid crystalline hosts of magnetic

nanoparticles, the FLCC ordering can potentially be patterned

in polymeric, elastomeric, and other soft matter systems.

To conclude, we have demonstrated the optical patterning

of magnetic domains and defects in the FLCCs. Because of the

facile magnetic switching with easily configurable domain po-

larity and elastic distortion patterning, our experimental frame-

work may lead to realizing structures and composites well

beyond the ones presented in this letter. The introduction of

chirality and particle-like excitations can enable magnetic con-

trol of complex optical phenomena, such as nematicon forma-

tion and deflection,17 selective reflection tuning,18,19 non-

contact manipulation of defects,20,21 etc. Moreover, polymer or

elastomer networks in the FLCCs may yield novel mechanical

behavior of the ensuing soft solids, such as programmable

strain biases and selective mechanical actuation.12,14

We acknowledge discussions with N. Clark, W.

Gannett, M. Keller, P. Ackerman, A. Martinez, T. White,

FIG. 4. POM images of FLCCs with photo-patterned defects. (a) A micro-

graph of the structure corresponding to n(r) shown in Fig. 3, with the wall in

M(r) visible as a bright jiggling line. An in-plane B along opposite direc-

tions marked in (b) and (c) switches complementary domains with anti-

parallel non-uniform M(r). (d)–(i) POM images of the FLCC cell with a dis-

clination pair. The inter-disclination and other M-wall defects separating

magnetic domains are clearly visible. Polarizing micrographs (a)–(d) and (g)

were taken with crossed polarizer “P” and analyzer “A,” while the rest were

obtained with parallel P and A, as shown using white double arrows. The

red-light illumination used to obtain POM micrographs shown in (a)–(f) and

yellow-light illumination used in (g)–(i) prevent unintended changes of sur-

face boundary conditions through photoalignment during imaging. The com-

parison of micrographs (d–f) and (g–i), which were taken �10min after

(d–f), demonstrates slow evolution of domains with time.

071906-4 Hess, Liu, and Smalyukh Appl. Phys. Lett. 107, 071906 (2015)



and Y. Zhang. This research was supported by the NSF grant

DMR-1420736. A.J.H. and I.I.S. acknowledge the AFSOR

faculty fellowship and the hospitality of the Air Force

Research Laboratory during the time when this work was

under preparation for publication.

1P. Poulin, H. Stark, T. C. Lubensky, and D. A. Weitz, Science 275, 1770

(1997).
2C. P. Lapointe, T. G. Mason, and I. I. Smalyukh, Science 326, 1083 (2009).
3Q. Liu, Y. Cui, D. Gardner, X. Li, S. He, and I. I. Smalyukh, Nano Lett.

10, 1347 (2010).
4A. Mertelj, D. Lisjak, M. Drofenik, and M. �Copič, Nature 504, 237 (2013).
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