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Critical orientational states in lyotropic liquid crystals induced by a magnetic field
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The existence of a critical state in a lyotropic liquid crystal has been recently predicted, induced by a
magnetic field and corresponding to a uniform orientation parallel to the magnetic field, but not reversible. In
this paper we report the observation of two critical states, differing by the final orientation with respect to the
magnetic field. We discuss the surface interaction that could explain the experimental results.
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Liquid crystalline phases are observed in materials com- Some attempts have been made to obtain a theoretical
posed of interacting molecules or aggregates of moleculedescription of both stati€9] and dynamical propertid<.O]
that are anisotropic in shape. In the nematic phases the mdier the experimental results. In a recent experimiri] a
ecules tend to align parallel to each other with a long-rangé&reedericksz transition was used to estimate the anchoring
orientational order. The average molecular orientation deenergy of a lyotropic system in a planar configuration, as-
fines a unit vecton called the directof1]. The orientation of suming that the surface enerfy is described by the Rapini-
the director can be fixed by external fields or by the surfacesPapoular expression. The anchoring strengthobtained
The existence of a limiting surface introduces a perturbatiofrom such an experimefit1] is about 102 erg/cnt and the
in the order of the molecules imposing some preferentiakxtrapolation length.~6 wm. This description is not com-
orientation, which propagates to the bulk, by means of elastipletly satisfactory, because according to this, there should
interactions. exist a relaxation process by removing the field, due to the
The interactions of the liquid crystal with the boundary surface energy. However it gives some idea of the magnitude
surfaces are usually described, in a phenomenological apf the surface interactions.
proach, by means of an anisotropic surface enérgylt is This problem was also analyzed in analogy to the dry-
characterized by an anchoring strenghand an easy-axis friction phenomenon that takes place between one body and
Ny, which corresponds to the preferential orientation of thea solid substratfd]. According to the dry-friction model the
nematic phase, imposed by the boundary surface, in the almonreversible orientation induced by the magnetic field on
sence of bulk distortions. The simplest expressiofr §fvas  the nematic liquid crystal can be described as follows. The
proposed long ago by Rapini and Papoyt According to  director at the surface tends to align parallel to the figfd,

these authorE g is given byF = — (W/2)(n-ny)?, with typi-  the anisotropy of the diamagnetic susceptibility is posi-
cal values ofw in the range of 10° to 10 * erg/cnf, for  tive) due to the elastic torque coming from the bulk, where
thermotropic liquid crystal§3]. is already oriented parallel tbl. The reorientation of the

However, the validity of the Rapini-Papoular formula is director at the surface is possible only when the elastic
contested by some authdi,5]. Some other expression for torque acting on it is large enough to break the physical
Fs has been proposed including terms of higher order in thebonds” of the micelles in contact.wn.h the §ubstrate. This
expansion ofFg in terms of f-ng), to take into account takes place for a certain magnetic field higher thap,
other effects like polar interactiorf$] or the flexo-eletric ~called thesurface critical field For fields lower tharHg ,
effect[5]. there is no reorientation of the surface and the orientation of

It has been recently shown that lyotropic liquid crystalsthe bulk is reversible. This means that if the field is removed
exhibit anchoring properties very different with respect tothe director in the bulk aligns again parallel ng. For H
thermotropic liquid crystals. In particular, the easy axis can>Hpg the reorientation of the director in the surface takes
be altered by an external magnetic fi¢itj8]. Two orienta- place, and the director tries to align parallelHo The final
tion processes have been observed under the action of a magrientation will be dependent on the intensity of the magnetic
netic field H; a fast one related to the orientation of the field, and for fields very large the director in the surface can
director in the bulk, parallel t¢d, and a slow one, with a be oriented parallel téi.
characteristic time of about &, related to the orientaction We consider a planar nematic sample of thickndss
of the director in the surface layer. If the surface orientatiorwheren is parallel to the boundary surfaces everywhere, and
process is completed, the final orientation is uniform and thehe surfaces are locatedzat +d/2. The initial orientation is
field can be removed without any significant change of ori-described by the vectar,, parallel to thex axis. SinceH is
entation of the sample, and the final state is stable. parallel to the surfaces of the slab, the deformation induced

on the nematic is a pure twist. Letbe the angle formed by
n with the x axis. The orientation of the director at the sur-
*Present address: Dipartimento di Fisica, Politecnico di Torinoface is given by the angleos=¢(z==*d/2) and in the
Corso Duca degli Abruzzi 24, 1-10129 Torino, Italy. middle of the sample by, = ¢(z=0). The magnetic field is
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at an anglef with respect to the direction ofy. According ol L
to the dry-friction model, the orientation of the director in the “F - Ho3180G ]
surface ispg(H) [9]: RN H=11000G ]
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In Eq. (2) H, is the usual critical field for a Freedericksz i ) 1
transition H.=(7/d)VK/x,), derived from strong anchor- 00 b —— 1
ing assumptions is the elastic constant associated with the N LT
induced distortion andl', is the critical torque that must be 0 5000 10000 15000
applied in the surface to allow the surface reorientation pro- time (s)
cess.
We have experimental access to the valueppénd ¢, FIG. 1. Experimental curves of transmittan@bitrary unity

by measuring the transmittance of the nematic sample bdor different intensities of the applied magnetic field. The magnetic
tween crossed polarizers, as a function of the tim)enhen  field is turned on at=0 and the reorientation process of the surface
the magnetic field is applied. The experimental setup is detakes place, resulting in decreasing transmittance. The arrows indi-
scribed in detail in Ref8]. The lyotropic mixture consists of cate the instant when the field is removed=<0), and we notice
potassium lauraté?9.4 wt 99, decanol6.6 wt %), and water that there is no significant change in the transmittance.

(64 wt %), that for such composition has a calamitic nematic B

phase in the range of 15-50 °C, followed by an isotropic For H>HZ, Eq. (4) has to be modified to match the
phase for higher temperatures. The sample holders are glaBgundary conditions in the surface,(d/2t)= ¢4(t). The
microslides (Vitrocom, 200 um thick, 4 mm wide, and profile is then described by
~2cm long and the director tends to align parallel to its

length. The geometry of the experiment is such that the nor- o '{ |z| —d/2 .
malized transmittance is maximum at=0 and minimum ¢(21)=| ¢r—arctarp ex ¢ t9(er) ||& Tt es(t).
when the director is parallel to the field. 5)

The experimental curves of transmittance are compared to
calculated curves for some profile of the direcipfz,t), by  In the bulk, ¢(0.t)=¢;, independent on. The calculation
assuming that the nonuniform and optically anisotropicof the transmittance is carried out dividing the sample into
sample can be divided into many thin layers, with a uniform50 layers, takingrs and ¢; as fitting parameters.
orientation in each layer. The propagation of the light For fields lower than 5000 G it is possible to fit the ex-
through this medium can be calculated using the Jones m#&erimental curves using the profile described by &g.and
trix where in each layer there is a phase shift between thwe obtain values of proportional toH ~2 as expected from
ordinary and extrordinary ray, and a rotation of the directionthe dynamical analysigl0]. We observe that the final orien-
of polarization of the light. Since the orientation of the di- tation of the sample is uniform, with the director at the sur-
rector in the bulk is fast compared to the orientation in theface parallel to the director in the bulk.
surface, we can assume that the dependence afi time The reorientation process is nonreversible, as shown in
comes only from the dependence @f on time. The orien-  Fig. 1, for field strengths of 11 000 and 3180 G. The arrows

tation of the director at the surface as a function of the timdn the figure indicate the instant when the magnetic field is
is given by removed, and we observe that there is no relaxation. We

observe also that fdd =11 000 G the final orientation of the
o) =@i(1—e V7s), (3)  sample is uniform and parallel to the direction of the mag-
netic field. ForH=3180 G the final orientation is also uni-
whereg; is the final orientation of the director at the surface,fom, but not parallel tH. This can be noticed from Fig. 1,
with respect to thes axis, and 6<¢¢< 6. since the transmittance of the final state fdr=3180 is
The profile of the director can be obtained from the mini- higher than forH=11 000 G.
mization of the free energy, considering the elastic and mag- For fields higher than 5000 G, it is no more possible to fit
netic interactions in the bulk. Fdd<HZ, ¢s=0, ¢(2) is  the experimental curves using the profile described by Eq.
given approximatively by1] (5), and we adopt aiscountinousprofile, for which we as-
sume that the director is parallel to the magnetic field every-

B || —d/2 4  Where, except in the thin boundary layers of thickngst
¢(2)= ¢ arctanex £ ta(er) ), “) Fig. 2, it is possible to compare the shape of the curves for
high and low fields and the respective fitting to these curves.
where ¢ is the magnetic correlation length;é The final orientation of the director at the surface, ob-

=(1/H)JK/xa. tained from the fittings of the experimental curves of trans-
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FIG. 2. Experimental and calculated curves fé@) H  the fitting obtained from Eq(10), assumingHg = 1000 G.
=2742 G. The dashed line corresponds to the calculated transmit-
tance with the profile described by E¢p) for 7=6700 s and According to the dry-friction model, only one critical
¢¢=22°.(b) H=11 110 G. The dashed line represents the calcustate was expected, stdte). However we observe that there
lated transmittance using tléscontinuousprofile described in the are two critical states. The discontinuity between stélies
text, with 7s=950 s andp;=0. and (Ill) seems to indicate that there is no more an elastic

mittance, is plotted as a function of the magnetic field in Fig.Coupllng between the surface layer and the bulk.

3. Each point corresponds to an average of several measurte- V\{[e m" aear}a_h({_ze t?'ks p_r(:blenj[f contsL?]ermg fthat, L?] add."
ments, with an uncertainty of 2° in the value of. We ion to the dry-friction-like interaction at the surface, there is

observe a region of low fields corresponding to small vaIue?Iso an elastic interaction, given by the Rapini-Papoular ex-
of ¢, increasing very fast with, tending to a saturation Pression. Thgrefore, the torque in the surface due to the sur-
regime, but with a jump foH=5000 G. We observe that, face interactions can be written as
for H>5000 G, the final state corresponds always to a uni-
form orientation of the sample, with the director parallel to dFs w
H, = m/4. We can clearly identify three different states. FS:dcpS = 7 Sin(2¢g)+ 1, ®)

(I) There is no reorientation of the surface, although it can
happen in the bulk. The final state is not uniform and the ; :
re()F)rIi:)entation phenomenon is reversiblig) The final orien- wherel'y is the dry torque at the surface arid is the total
tation is uniform, but the orientation of the director is in surface energy. - . . . :
some intermediate direction between the easy axis in the sur- The magnetic f'?'d mduces a distortion O.f the d|re_ctor In
face (ny) and the direction oH. The reorientation induced the bulk, resulting in an elastic torque that is transmitted to
by the magnetic field is a irreversible phenomen@ih) The the surface. . . .
final orientation is uniform, with the director parallel kb, The expression of the elastic torque is
everywhere in the sample, including the surface layers. The q K
(raen%r;ﬁntatlon induced byl is also an irreversible phenom K d_(zz E[cosz(e— %)_Cosz(g_ (PS)]l/z_ )
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The equilibrium at the surface is obtained by the balancéf the above condition is not fulfilled, the final state is not

of the surface and elastic torques: homogeneous and the final orientation will be alasigde-
fined by
w o K de
Fd+§S|n(2@s):ES|n(0_QDs):K dz . (8
z=+d/2 W
The reorientation of the director at the surface is possible 2 sin 2p=1"%. (12

only if 'y is smaller than a certain critical torque. Assuming

that, forH<H} , ¢s=0, the critical torqud’,, is given by . o _ _
From the experimental results it is possible to estimate the

_ K value of Hf = (1000+ 100) G, and from the threshold con-
arel 0, ©  gition in Eq.(9), one obtains the value of the critical torque
I'.=7x10 ° erg/cnt. In Fig. 3b), the curveep(H) calcu-
which defines the value ¢i} . ForH>H} the values ofps  lated from Eq.(10) is fitted to the experimental data. The
can be obtained as a function Bff, from Eg. (8) and the first part of the curve can be reasonably fitted, for 8

Fy=T¢

calculated value of 4: X 10" erg/cn?. However, it is not possible, with this
model, to explain the discontinous behavior f for H
ﬂ)sin2‘p +isin 6 =5000G.
1 2K S The values ofl'. andw are of the same order of magni-
e sin(6— @) : (10 tude and of the order of 105 erg/cnt, which corresponds

to a weak anchoring at the surface. The discontinuity ob-
This equation shows that fdd— o (which implies é—0), serverd atH=5000 G seems to be connected to the break-
ps— 0. If H is removed, the final state is stable and homo-down of the elastic interaction between the surface layer and
geneous alongs (given by the above equatipif the elastic  the bulk, probably because the distortions of the director in
torque in the surface is smaller than the critical one: the surface layer become very large, corresponding to a limit
value of ¢s=0.57 rad(12°). In this case, the value of the
second critical fieldrelated to the jump in the value af;)
can depend on the thickness of the sample.

w

5 sin 2p,<TI';. (17
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