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- I t is shown experimentally that amsing and intercommutation of &&nations in
bounded nematic cdl depend on surface orientation of the director and the relative strength
of disclioations. Lines of opposite strength switch the pinned ends between the bounding plates
and vanish jndepeudently of each other if the surface orientation is tangential. In contrast,
tilted surface orientation preserves the stability of lines.

Abstract.
a

Intduetion. - A conlrnon issue of current interest in cosmology [I]-[3] and candensedmatter physics [4]-[6]is the dynamics and interaction of topological defects. The problem
is centered around the mechanisms of defect production during the transition into a brokensymmetry state and subsequent phase orderjug. In condensed-matter systems, an additional
point of interest is the defect-mediated mechanical properties of materials such as liquid
mystdline polymers [q-[ll].One of the key p r o c e s s in the evolution of a network of linear
defects is their crossing. Numerical simulation in both cosmology [12]-[14]and condensedmatter systems [15], [16]demonstrated the process of reconnection: two initial lines exchange
parts as they cross so that each of the two ensuiug lines has segments of the two original
strings. Even in nematic liquid crystals, where any two singular lines are supposed to annihilate
upon merger, one can observe this effect of recont~ection. For example, as Chuang et al. [4]
demonstrated, if two topologicdly stable lines disclu~ationscross in the nematic bulk, the
rmult is a pair of two reconnectd, but still topologically stable, lines.
So far both experimental [4], [17] ,[18]and theoretical [19],[20]studies of defect crossing
have concentrated on the bulk feature. In this letter we explore how the boundedness of the
system d n e n c e s the resuit of crossing. The underlying idea is that the ensuing bulk lines can
transform into the surface lines. If this is so then the fmal result of crossing should depend on
the boundary conditions for the order parameter since the topological stability of defects in
the bulk and at the boundary is generally Merent [21].
Experiment. - The nematic liquid crystal 5CB (EM Industrjw, Inc.) was wed in all
experiments at roonk temperature. Glass plates were spin-qoated with dyedoped Polyrnethyl-

methacrylate (PMMA), supplied by IBM h a d e n b e a r c h Center. Two coated plates of
lateral size about 1crn x 1c m were assembled to form a flat cell with a gap 6 x 4 by thin ~ ~ l a r @
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(DuPont Go.) films. Although the cell thickness was not an essential factor in the experiment,
it was optimized to 25 Vrn for the observational clarity. The PMMA material powsses two
importwt features that make the experimental study of defect interaction possible.
First, the PMMA caating provides excellent azimuthally degenerated tangential orientation
of the director n so that the topologically stable disclinations of strength s = f l J 2 are easy to
create (for example, by cooling the system down horn the isotropic melt). Two dark brushes
emerge from the ends of disclinations terminating at the glass plates (so-called Schlieren
texture, fig. 1(a)). The brushes mark the regions where n is parallel either to the polarizer or
the analyzer. The two complementary mutually perpendicular states of n can be discriminated
by th,use of a quartz edge. Rotation of tbe sample between the crossed polarizer allows us
to rrt+onstructthe whole director field around the lines and thus to establish their strength.
Tlie second important feature is good adhesion of the ends of the disclinations to the
PhlXIA substrates. The disclinations that connect the opposite plates renlaitk stable against
approaching each other and in-plane annihilation. Under a gentle shift of the top plate the
corresponhng ends of the Lines follow the movement of the plate. This feature allowed us to
study the line crossing by rotating the upper plate of the cell. The plate was rotated in such
a manner that t w o initially vertical and parallel disclinations found themselves twisted in a
crossed position. The ends of the lines remaind pinned at the substrates, the crossing thus
took place in the bulk of the cell.
We also prepared samples with spin-coated pol y imide layers (Nissan Polyirnide 610) that
provide an alternative surface alignment with titled n. The polyimide layers were left nonrubbed to preserve azimuthal degeneracy. However, even nonrubb~dpolyimide has some
local anisotropy and the azimuthal degeneracy is preserved only when averaged over areas of
supramolecular size.
To check surface alignment, we measured the capacitance of the cells as the function of
the magnetic field applied parallel to the bounding plates. For PMMA cells, there was no
change in the capacitance as the field increased from 0 to 1 Tesla, indicating that PMMA does
indeed impose tangential anchoring. For the polyimide cell, there is a drop in the capacitance
value ( 5 % ) . Since t h e dielectric misotropy of 5C3 is positive, this shows that the nonrubbed
polyinude provides tilted aligmrnent with the angle between n and the substrate about 5".
Strictly speaking, isolated disclinatiom that connect the opposite plates are impossible for
tilted n; the Lines should be accompanied by surface walls. Across these walls, the director tilt
changes sign. Experiments reveal that such walls of weak optical contrast exist. However, for
mall tilt, the energy cost of the walls is small and one can still identi@ 181 = $ disclinations
and perform cross-linking.
The scenarios of interactions were recorded through a polarizing microscope with a CCD
camera.
Results. - Defect lines in nematic liquid crystals axe characterized by a director rotation
angle 2sn measured a s one goes rout~ter-clockwisearound the defect core [22], where the
strength 3 can be either integer or balf-integer. Lines with an integer 3 are unstable: they can
be smoothly transformed into a uniform st.ate s = 0. AU lines with half-integer rr are stable
and topologically equivalent to each other so that, for example, a line s = 112 can be smoothly
transformed into a line s = - 112. Thus, there is only one type of stable nematic disclinations.
Despite the fact that the sign of s is topologically meaningless, it controls defect interaction?
(repulsion of alike signs us. attraction of opposite signs [22]). The results below demonstrate
that the sigrk of s also controls the crossing of disclinations. The scenario for the pair ( $ , -+)
is different from the scenario for the pair (- , - $1.
Figure 1 shows the crossing scenario for the pair ( k , - $) in a tangentially anchored cell.
When the initial lines that connect the opposite plate (fig. l (a)) are brought close in the
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Fig. 1. - The actual images (left column) and schematic pictures (right column) of the crossing and
lines. Picture (a) was taken with crossed polarizers while (b)-(e)
reconnection in the case of and
were taken without them for clarity. Elapsed time measurement was started at (b). (a) Initial state of
by rotating the stage of the polarizing microscope.
the pair. One can identify the charges (+; , -;)
(b) The top plate is shifted. The disclination lines are elongated but are not yet crossed (0 s). ( c ) The
two lines are crossed and form a junction (1.0 s). (d) After the reconnection, the two ensuing lines
have their ends on the same plates (1.5 s). (e) One of the ensuing lines (located on the top plate) has
disappeared due to the shortening, another shrinks and eventually disappears (3.0 s).
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middle of the cell (fig. 1(b)), their central parts attract each other to form a joint segment
(fig. 1(c)). The joint segment disappears, leaving two reconnection cusps. Each resulting line
has both ends at the very same surface (fig. 1(d)), in contrast to the original geometry. As the
time elapses, the lines disappear independently of each other (fig. 1(e)). The end portions of
the line vanish because n reorients into a uniform state and the bulk portion shrinks. Hence
the crossing of lines in a tangentially anchored slab leads to their elimination at the bounding
surfaces.
The case of crossing of lines with the same signs (-+ , -$) for the same tangentially
anchored cell is different. Although the attraction between the lines is not apparent, they also
form a point of merger. The disclinations exchange ends, but this time each ensuing line still
has two ends located at the opposite plates. Thus the final structure is identical to the original
one: two stable lines that connect the opposite plates.
Tilted boundary conditions change the result of intercommutation of the pairs
, -+).
Until the reconnection, the process is the same as in the PMMA cell with tangential orientation.
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Fig, 2. - Schematic director mafigurations for a w i n g of pairs (ti.- $1 (a) m d (
the mwence in the winding numben ia the mutually perpndicuiiu paths 71 and
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?) (b). Note

72.

However, no shartening of the 6 d lines is observd, instewd the he.s transform into stable
surfark disrlinations. Thc corc width of llle sr~rfxedisclination (few p)
is much wider than
the core of the bulk ibsclination.

a) D i r e c t i o n of r e c o n n e c t i o n . - As stated above, the direction of reconnection
depends on the relative signs of s. The standard t.opohgica1approach [3],
[19], [20]i s to consider
two mutudy orthogonal planes, in our case, pardlel to the bounding plates and perpendicular
to them, fig. 2. The closed Iaaps 7.1 aud 7 3 drawn in these two plane^. correspond to diffcreut
botal winding numbers ,st
(.For the pair
, ) the contour 71encloses a mniiguation with
( s t ( = 0 , while 3 encloses a configuratioi~
with \st\ = 1 ( f q . 2 (a)). For the pair (- $ , -+), the
situation iu uppudte: "horizontal" 71 corresponds to (at ( = 1, while "verticai" -yz corresponds
to Jstl = 0 (fig.2(b)). Comparing this with experiment, one conclude^ that the direction nf
rec.omv.ctionis defined by J Y , 1. The plane \ s t \ = 0 crosses no disc~inationsin the final state,
while the plane Jstj = 1 crosses the ensuing lines. In other words, the dissection occurs in the
plane lstl = 0.
between ( s t ( = 1 and )aL1 = 0 is not topological though: these states
The
correspond to the same trivial element of the first Lunlutopy group a l ( H P 2 ) = 2 2 of the
nematic order parameter space which is the projective plane RP2 (Zz is the group of two
integers). The fact that the ~ R S W ~ ~ Onever
K L occwa in the plane JstJ= I means that the
transformation d ).st! = 1 into JstJ= 0 configuration is prevented by the energetics of the
director field. Such a trmsformatbl~reorients n dong the vertical z axis (fig. 2 (b)); this
process is hindered by tangential alignment (nis in the x, 3 plane) and residual in-plane 0ow.

(i -

b) S w i t c h i n g e n d s a n d elimination of d e f e c t s . - The elimination of
disclinations
, -;)
after crossing in the ceU with taneential alignment. is an interesting
consequence of diRerent topological stabitity of defects in the b d k and at the surface [21].
Two initial lines connect the oppmite plates and can annihilate only by approaching ewh
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other; pinning of the ends at the bounding surfaces prevenls this proccss if the lines are
sufficiently separated. 111mntrat. the l i n e that emerge after crossing have both their ends at
Ilie very same surface. Depending nn t h director
~
alignment at t,he surface, the surface parts
of these Iines can become topologically unstable.
The stabifitmy
of the surface disclinatio~lsis given by the relative homtopy group'111(R,@ [21]
where R = RP"~
is the order parameter space at the surface. For in-plane degenerate
dignmeut, depends on the angle a between n and the rlormal to the syrface [23j:

here S' is the circle and S1/Z? is the circle with antipodal points identified. The group
T I ( R P S1/zz)
~,
= 0 iu t,rivial: no stable dbchnations m s t on the surface with tangentially
degenenrte o. When a astable line 1s) =
comes from the bulk, it &appears at such a
surface through director reorientation along the disclination core (i.e. "escapes in the third
dimension" (221 1.
In contrast, tilted boundary conditions preserve the stability of discbnations: with 2 = S1,
one has n l ( R P 2 S1)
, - nl (l3P2)
= Z2 [23]and the surface disclinations are described by the
elements of the same group as the bulk disclinations. The only diRerence would be in the
structure and the energy of the core. The core radius I , of the surface disclinations is defined
by the surface anchoring coefficient W and the eIaytic constant K 1241: 1,, -As st result,
I , is macroscopic, 1, w I-1Op and thus significantly larger than the core radius of the bulk
linc, T,
10 nni [25]. Conwq~lently,the energy of the surface line is smaller than the energy
of the bulk line by a factor ln(%) 1241.
Finally note another peculiarity of mmsing related to the elastic energy. For tangential
alignment, the elastic ene1gy before the crossing iy Jut: to the i ~ t e r z t i o nbetween two diw1inations sl and 52: Uin = ~8~ s2Kdh(:), where x is the separation dong the boundimg plates
and d is tht: thicknws of the rpll and simultaneously the length of each line. The crossing
intercommutes not only the ends of the lines but also the characteristic lengths x and d and
the energy of each ensuing line, while in the bulk is Uf 2 n s 2 ~ x l n ( $ ) . Thus U f >> U,,,
since x > d in the experiment. Although the pit111ing force can prcvent the rnovem~ntand
annihilation of the initial lines, it niight be too weak to prevent the shortening of the bulk
segments of the lines after the rrnssing.
To conclude, we observed crossing and reconnection of disclinations in a hounded nematic
cell. The result of crossing depends on the dicliatian strength and boundary coa&tions.
When two lines of opposite sign crm in a cell with taugentid degenerate alignment, they
intercommute the ends and eventually bath disappear at the bounding surface. This defect
t.limination through c r o s s - l i h n g rm find practical appIications as a tooi to control the defect
densities in liquid crystal materials. Tilted boundary conditions preserve the topol~gical
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stability d the ensuing line.

The work was supported by NSF STC ALCOM, Grant DMR 89-20147.

