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Structure of the Domain Walls in Soft 
Ferrocholesterics 

ALEXANDER ZAKHLEVNYKH* and VITALY SHAVKUNOV 

Physics Faculty, Perm State University, 614600 Perm, Russia 

Using the continuum theory the influence of the external magnetic field on the ferrocholes- 
teric - ferronematic phase transition is analyzed. The field being applied normal to the helix. 
Soft homeotropic coupling between the magnetic particles and the cholesteric molecules is 
assumed. The diamagnetic anisotropy of the matrix is chosen to be positive. In this case the 
dipolar and quadrupolar mechanisms of orientational interaction with the external field com- 
pete with each other. The transition field as a function of the material parameters of a ferroc- 
holesteric is found. The reentrant ferrocholesteric and ferronematic phases are discussed. It is 
shown that rising the field strength in the ferronematic phase leads to the change in the cou- 
pling between the particles and the director from homeotropic to planar one. A study on the 
structure of the domain walls in femnematic phase is undertaken. 

Keywords: ferrocholesteric; ferronematic; domain walls 

INTRODUCTION 

It is well known [l] that a cholcstcric: liquid crystal (CLC) with positive 
diainagnetic anisotropy x,, can be transformed by an applied magnetic field 
iiito a iieiiiatic state with tlie director n parallel to the field direction wheii 
R iiiagnctic ficld strciigth reaches a threshold value. Such a transition corrc- 
spoiids to a cholesteric helix uiiwindiiig. The &tical field of the transition 
is largc dnc to siiiall xo values. The iiicorporatioii of the needle-like fcrrtr 
iiiagnetic: particles into the CLC iiiatrix incrcascs tlie susceptibility of tlie 
systeiii [2]. Such A euspfmioiis are called ferrocholesterics (FC). Wc stiidy 
oriciitatioiial and iiiagiictic properties of tlie FC in the magnetic field which 
is pcrpcndicnlar to the spiral axis .  Two mechanisms of the field influence on 
the FC structure arc taken into consideration: dipolar (ferromagnetic) one 
cliie to tlic intaractioii bctwc!eii tlie particle magnetic iiioueiits p = M,wm 
itiitl tlie magnetic ficld H. and qiiatlrupolar (diamagnetic) oiit: conditioiicd 
by the interaction betweeii t.hr CLC iiiatrix aiid H (hcrc: M, is t,lie satiira- 
tiuii iiiagiietizatioii of a grain. '11 is tlitr grain vohiiiie. m2 = 1). We coiisitler 
the case wheii two iiiechaiiisiiis coiiipete with each other. i.e. cliaiiiagiictic 
iiiiisotro1)y x,, > 0 aiid soft aiiclioriiig of the Iionieotropic. type 011 tlic: par- 
ticles. In the field absencc? the iiiagnetic grains arc uniformly distributed 
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over the FC volume V and their magnetic moments p rotate around the 
z-axis with the director n and FC forms a helical structure with the pitch 
po = 27r/q0. The initial concentratioii fo = Nv/V  of the grains is assumed 
to be small and the magnetic dipolar-dipolar interactions are negligible. 

EQUATIONS OF STATE 

We assume that the helix a x i s  of the FC is iu the z-axis. the magnetic field 
H in the y-direction and xu is positive. Under the action of sucl~ a field 
norinal to the helical axis z the distorted director fields are assuuicd to be: 

n = (cos&(z).siii&(z).O), rn = (-sin$~(z),cos$~(z),O). (1) 
Deforiuation of a FC structurc can be studied in the framework of con- 

tinuum theory based on the free energy functional [2, 31 

dV - Kz - - - q o  d& - &sin2&- M.fHcos+ F = J  [ 2 ( d z  )' 2 

f W  . 1 + - s i n ( & - + ) + -  d 
Here K2 is the twist alastic constant. w is the michorisg energy. d is the par- 
ticle diameter. f is the volume fraction of the particles in a suspension. k~ is 
the Bolt.mnann constant and T is thc temperature. The first term iu Eq.(2) 
represeutr the free energy density of the orientation - elastic deforniation 
of the director (Rank potential). The second and third terms describe the 
quadxupolar (diamagnetic) and thc: dipolar (ferromagnetic) mechanisms of 
interaction of the diamagnetic CLC matrix and the particle magnetic mo- 
ments p = M,vm with the magnetic field H, respectively. Tlie fourth term 
describes the coupling between the particle surfaces a id  CLC iiiolcciiles mid 
so the angle between n and m can be varied under the action of a magnetic 
field due to finite anchoring cumgy w. The last term is coiincctcd with tlic: 
mixing entropy of the ideal solution of noninteracting magnetic particles. 

Miiumization of the total free energy (2) of a FC over &( z ) ,  $I( z )  and f ( 2 )  

(under the condition J fdV = Nit ) leads to the equations of orientationd 
and concentration equilibrium 

(ITsin1/) = Gsiii2(&-$). ( 4 )  

which enables us to detcriiine the depciicleiice &( z). +( 2). f ( z )  and tlici 
pitch p of the FC spiral structure: 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

39
 1

7 
A

ug
us

t 2
01

2 



DOMAIN WALLS IN FERROCHOLESTERICS [ 183911595 

Hcrc: i = q(,z. l7 = Hq~'(,y./~~)''~. aid a11 iiitegratioii coilstant C obeys 
thc: cquatioii 

r d d d  = 2n. ( 8 )  
U 

Paraiuc:ter ( = M ,  j"qi i (  K~x . ) - ' / '  characterizes the regiincs of spiral uii- 
wiiidiiig [4): if I >> 1. spiral uiiwiiidiiig is realized due to dipolar iriechaiiisiii 
a i d  if I << 1 due to quadrupolar oiic. Parameter G = tof"/(dKzqi) char- 
acterizes the aiichoriiig eiiergy of thc uiagnetic particles. This paraiiieter is 
clioseii to be positive a i d  so iii the field abseiicc the iiiain particle axes arc 
orieiited perpendicular to the director (m I n). ciisnriiig the hoiueotropic 
coupling. Tlie paraiiieter K = jokeT/(  oKzqi) c:haracterizes the so-called [2] 
segregation effect described hy Eq. (5): the iiiagiietic particles accumulate in 
those parts of the helix where the sun1 of their magnetic and oricntational 
eiiergies takes ininiinal value. This effect is negligible for K >> 1. 

We assunie that II, = +(+) is single-valued function determined from 
the Eq.(4). It iiieans that tlie pitch p corresponds to the distaiice along 
the helix axis over which the director and the niagnetization M =  M, fm 
h a w  turned by an aiigle of 2n. This heliavior is realized for Il7/C 5 1. 
If I U / C  > 1. then two differeiit helices for tlie director and iiiagiictizatioii 
mi1 o(:cur. The aiialogous heliavior occiires in liexatic siiiectics [5]. 

FERROCHOLESTERIC - FERRONEMATIC TR.ANSITION 

Tlie field H. iioriiial to tlie FC spiral. causes the unwinding of tlie spiral 
st,riic:ture (ferrocholestcric - ferroiieniatic transition) if the field streiigth 
l7 rc:aclies the critical value l7,. Tliiis. for l7 > I& the feiroiieinatic (FN) 
state occurs. Eqs.(3)-(5) have tlirce solut,ions for + aiid II, corresponding tu 
iiniforiii ( j  = j")  FN phase: 

rcgioii of paraiiieters a.. the regioii I. 
I: 4,l = $0 = 0. for n < (2G)1'2 Rlltl  ( 2 l7/ ( l -  l7*/(2C)). we call tl1is 

11: &( l7. (. G) and 1/lU( l7. 4. C). wlricli arr dctermiiied by 

Sill 24" = 2- n I sin 11'". Sil l  1/10 = j x q - q j ( q  (9) 
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This solution is valid for ( 5 I l / ( n 2 / ( 2 G )  - 1) at  l7 > (2G)l/ '  and [ 5 
n/(l - n 2 / ( 2 G ) )  at li' < (2G)'/' (the region 11). 

111: 40 = r / 2  aiitl ~ J O  = 0. for Il > (2G)'I2 and ( 2 I l / ( I 1 2 / ( 2 G )  - 1) 
(the ragio11 111). 

Thus. for low field strength. statc: I is stable. where n I m and so tlic 
honieotropic coupliiig betwccii the particles and tlie director takes place. 
However. above tlie boundary between tlie regions I aiid I1 statc I1 occurs. 
wlicrc n, m and W are coplanar hut cadi two of tliese quantities enclosc: 
an angle wliicli is different froni 0 to r/2.  The iuiglcs 4" and (9)  are 
ficlcl c1epc:iiileiit. 111 state I1 tlie oriciitat,ion of tlic inagiletic particles aid  
tlic director is coiiiproiiiise between the dipolar aiid quedrupolar aligiinient . 
Rising the fidd strength. & increases nioiiotoiiically. while $0 is first in- 
creasing and then. above a field l7 = (2G)'/ ' ,  decreasing. At a boiu~dary 
field between states I1 and I11 --t r / 2  and d)o is going to zero. thus 
reaching st,ate n 11 m which is stabh: for large fields. Therefore. in state 
I1 thc: change in the coupliiig bctwwii the particles and tlie director froiii 
lioiiieotropic ( n  I m) to pliuiar (nllrnllH) one takes place. i.e. the tlirc:c:t,or 
rotates to the field direction due to xu > 0 and finite iiliclioring G. 

The critical field of FC - FN transition can be obtained (GI froin tho 
equality between the value of frw ciicrgy for magnetically oriented system 
and for an untwisting FN saniplc. It is deteriiiined froni Eq.(8)  whcrc thc: 
coustaiits C and Q have tlie critical values C, = C(l7,) and Qc = Q(Il4: 

€n G c, = 21i t n2 SillZ 40. Qc = exp { -- cos $lo + T SiI?(& - +J} . (10) 
1i 

The critical field l7, of the FC - FN transition as a function of ( for 
G = 5 and two valucs of ti. is depicted in Figive 1 (h:  = 3) aiid Figure 
2 (1i = 2 ) .  The dashed line in these figures corresponds to the boundary 
betweeii tlie reg,i:ioiis I and 11. tliese regioiis are marked by "I" and "11" 
signs. The paraiiieter 1i l i ~  t,lie critical value K., = 2 r 2 G / ( n 2  +- 8G) .  Thus. 
for ti, > lic tlie FC - FN transition takes place at  l7 < r / 2  at, tlie dipolar aiicl 
quadrupolar reginie (Figurc: 1). For h: < ti., the equatioiis of state descrihc: 
two hranclies (Figure 2)  of tlic: L',(() CIII'VC. 

As it is seen froiii Figures 1 and 2 at the dipolar rc:giiiir (( >> 1) and 
ti > h:, tlie transitioii field l7, is mall in c:omparison witli its value a. = r/2 
in pure CLC [I]. At, relatively sinall valuc:s of 1i. wlicn tlic scgregatioii cffccts 
hcconic: significant.. two coiiipetitive orieiitatioiial iiiechanisiiis of tlic ficltl 
infliic!iicx 011  t,he FC lead to t,litr cliange in t,hc traiisitioii hcliavior at M < ti.,.. 
One can scc froni Figure 2 .  for ti < and ( 2 1.5 there arc three critical 
values f7, for iiiagnetic field strciigth l7,l < l7,z < l7=~. Tlicii as tlie field 
st,rciigth increases for Il < Il,l the FC phase exists. for l7,, < ll < l7 ,Z  the 
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DOMAIN WALLS IN FERROCHOLESTERICS [ 184 1 ]/597 

FIGURE 1: Critical field strength 
17, as a function of 6 for K = 3 
and G = 5. The shaded area cor- 
responds to the region of stability 
for N-domain walls 

FN state takes place, for I&2 < I7 < IZC3 the FC phase takes placc ones 
agBn (the so-called reentrant F C  phase) and for 17 > 17,s the reentrant FN 
phase occurs. Thus, 17,l and 17,s are the field strength of F C  - F N  transition, 
and 17,z corresponds to the field of FN - F C  transition. The existence of 
the reentrant FC phase for 11,2 < I7 < I7,3 is a result of the dipolar and 
quadrupolar ordering competition. In the region I the dipolar ordering 
predominates over the quadrupolar one and helps to  unwind the helix, but 
the quadrupolar mechanism hinders the unwinding and so tends to wind the 
structure in the opposite direction. When I7 reaches the value 17,2 which is 
in the vicinity of the boundary between I and I1 regions, the quadrupolar 
interactions become comparable with the dipolar ones and then predominate 
over them, and so the tendency to wind up the structure becomes stronger 
then the tendency to unwind the structure. As a result, the F C  spiral 
structure appears ones again. For l7,z < I7 < the FC structure has non- 
nionotonic p( I7) dependence: the pitch of the helix diverges a t  17 = 17,2 and 
I7 = I7,3 and takes its minima at  17 = I7-([, n, G) where 17,z < 17. < 17,s and 
n < K,. The behavior of the magnetization M =  M . f m  at  17,2 < I7 < ITc3 
is more complicated. At 17 = 17,z the dipolar oricntational meclianisni still 
predominates over tlie quadrupolar one and so the magnetic moments of 
the particles are directed dong the field, so 1/10 = 0 and ( M y )  -+ M.fo 
at 17 + UC2. When 17 + DC3, then (My) -+ M,focos~~, ,  where $,, is 
dctcrmincd by Eq.(9) and the angular brackets denote the averaging over 
the pitch of the structure. Such asymptotic behavior is a result of the 

FIGURE 2: Critical field strength 
l& as a function of [ for K = 2 
and G = 5. The shaded area mr-  
responds t o  the region of stability 
for N-domain walls 
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competition of the dipolar and quadrupolar ordering. 

DOMAIN WALLS 

At ll > ll, Eqs.(3)-(5) adinit a classs of nonlinear solutions knowii as soli- 
ton solutions. The soliton describes a domain wall which separates two 
regions of the uniforni FN states with different equilibrium orientatioii of' 
the particles and the director. 

At qudrupolar regime the competi- 
tion of the oricntational mechanisms 
leads to the possibility of two differ- 
ent kinds of domain walls. In that case 
the orientation of the director and the 
particles in the FN yhasc is coniprw 
mise (Eq.(9)) betwccn the dipolar and 

.l 0 quadrupolar alignment and the change 

.1 s vl in the coupling on thc particle surfrrccs 
takes place. In that regime the FN has 

zoo two permissible states of orientation for 
the magnetic particles (at II, = *&. 
where $0 is defined by Eq.(9)) in an 
external magnetic ficld. Thcse two pcx- 
mitted states (domains) are separated 
by -called [S] N-walls and W-walls. 
In N-walls $J changes from -$o to  +& 
and in the W-walls $ changes from +$o 
to (2n-d~"). Figure 3 shows N-walls for 
( = 0.5.G = 5. Thcse walls have the 

1 s  

a 
0 s  

-a 
L 4 f  
12s 

. 
incrcased concentration of the niagnet- 
ic particles. N-walls are energetically 
favoured over W-walls and their encrgy 

FIGURE 3: The structurc of N- 
domain wall for [ = 0.5. K = 2 
m d  G = 5: - ~ I ( z ) ,  b - -  f(~). 
Curves 1 - II = 1.58. curves 2 too 
.- I7 = 3 (II, = 1.572) EN = 1 ~ 4 J Z G G G - 2 4 0  (11) 

-40 

are lcss than thc energy of the uniform FN state in soiue intcrval of' the 
field strength d u e s .  In Eq.(11) the fuiiction A(d.dp(q5)) has the foriii (7). 
where the quantities C and 0 have their critical values (10). Eq.(4) have 
been taken into account M well. The regions of stability of thc: N-wds arc 
shown ati shadcd areas in Figures 1 and 2. At thc dipolar regimc Eqs.(3)-(6) 
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DOMAIN WALLS IN FERRWHOLESTERICS [ 1843]/599 

admit a solution corresponded to 2n-domain walls. Here inside the wall the 
director is confined to a plane and it turns through 2n. Domain structure 
with such a walls has energy more thaii that for uniforni FN state and so 
can not be realized. But if the field strc:iigth reaches the boundary betwcc:ii 
tlie region I aiid 11. N-walls appear aid are stablc oiies. 

In conclusion we note that sonic different possibilities of the FC orien- 
t a t i m d  behavior under tlic: action of 1iiagiic:tic field call occur. For K > K,. 

(Figure 1) and l7, < l71-11 (where l 7 l - r r  is the field strength correspoiicled to 
the boundary bctwwii the regions I and I1 shown by dashed line) as tlie field 
increilses the following states are energetically preferable: for 0 < ll < II, 

the helical FC structure. for l7, < l7 < l71-11 the FN state. for 
I 7 - 1 1  < l7 < l7c=o - the structure with N-walls. and for 17 > I&,,, - the 
uniform FN phase. Here l l f = o  - the field strength corresponded to  the up- 
per boundary of stability of N-walls. which can be found from thc equation 
EN = 0 (Eq.(ll)). For R > R, (Figure 1) and l7, > l71-11 as ll increases 
the FC helical structure is changing by the FN state with N-walls. which is 
stablc one for l7, < ll < l7~=". and for Il > l7~=, the u d o r m  nionodoiiiain 
FN phase is stable o w .  For R < K, (Figure 2) and l7, < l71-11 as the fields 
increases the following states are energetically preferable: for 0 < l7 < l7,l 
- the helical FC structure, for l7,l < l7 < l7,Z - the uniform FN state. 
for < l7 < lZc3 - the reentrant FC structure, for l7=3 < l7 < l7,,, 

thc FN structure with N-walls. and for l7 > l 7 ~ = 0  - the uniform FN 
phase. For R < K, (Figurc 2) aiid IZ, > l7r-11 thc behavior is the smie as 
for ri. > R, and l7, > l71-11. 
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