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Dynamics of pattern coarsening in a two-dimensional smectic system
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We have followed the coarsening dynamics of a single layer of cylindrical block copolymer microdomains
in a thin film. This system has the symmetry of a two-dimensional smectic. The orientational correlation length
of the microdomains was measured by scanning electron microscopy and found to grow with the average
spacing betweert 3 disclinations, following a power law,(t) ~tY4 By tracking disclinations during anneal-
ing with time-lapse atomic force microscopy, we observe dominant mechanisms of disclination annihilation
involving tripoles and quadrupoldthree and four disclinations, respectivelyVe describe how annihilation
events involving multiple disclinations result in similarly reduced kinetic exponents as observed here. These
results map onto a wide variety of physical systems that exhibit similarly striped patterns.
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[. INTRODUCTION pattern coarsening dynamics. The optimal experimental sys-
tem must be easily imaged, large enough to produce disloca-
_ ) _tions and disclinationstranslational and orientational topo-
Striped patterns are produced by a variety of mechamsm%gicm defects, discussed in Sec. )|Hree from edge

including Rayk?'ilgh-Bengrg. (:Ionyetzltion, fehrrimaé:]netich re%L.'I'effects and either be freely suspended or tailored such that
sion in garnet films, and biological growth such as that dis- - g
played by a zebra’s stripd4]. The simplest realization of a the microstructures do not couple to any potential field from

nondriven striped system is the two-dimensiof2id) smec- a substrate. Since translational order is precluded thermody-
tic liquid crystal, which consists of liquidlike order along one N@mically in a 2D smectic it is the development of orienta-
axis and a mass density wave along an orthogonal[&ks  tional order which dominates the pattern coarsening kinetics
1(a)]. Though there are few suitable experimental realiza{3]. As we shall show, the growth of orientational order is
tions of this system, it has been a focus of theoretical worklominated by the annihilation of disclinations. Previous in-
since being discqssgd by several seminal papers two decadesstigations have been limited to smaller syste(as.,
ago[2—4]. In equilibrium and at a nonzero temperature, a 2DRayleigh-Benard convection cellaith less than 10 repeat
smectic is predicted to have short-range translational ordepacings. These allowed for the study of dislocation interac-

‘_’r";]th Iquasi-long_—ran_ge o&i.entgtional order.d_A I_Kos:terlitz- tions but not that of disclinations. Without investigating the
ouless transition is predicted to occur as disclinations Ungyeracvign of disclinations, the full story of pattern coarsen-

bind at elevated temperatures, destroying orientational ordqﬁg could not be elucidated. In contrast, our use of a copoly-

[5.6]. [Figure 1b)]. However, little is known about the ki- mer system has satisfied all of these constraints and allowed

hetics and mechanism by which order evolves in a 2D SMEGis to examine coarsening in a system with a lateral extent

tic or striped system after being quenched from the disor- ; ; :
. L ) reater than 10repeat spacings. This system contains up to
dered state, the focus of this work. This is expenmentallyg P bacing y P

. 10 disclinations with a dislocation density approximately an
relevant as many systems are quenched from the disorder g; Y app y

. . er of magnitude higher. By tracking and analyzing the
region of the phase d'agr?m and the degree of_ord_er depen otion and annihilation events of both types of defects si-
largely upon the controlling parameters of kinetics, €9

. - ultaneously we develop insight into the dominant mecha-
time, temperature, and boundary conditions rather than theﬁisms of coarsening. We measure and explatdapower
modynamic quantities. § .

A. Motivation

An experimental svstem ina th mmetrv of a 2 w for the growth of the correlation length via an unex-
experimental systém possessing the Symmetlry 0t a 2lg 0y coarsening mechanism involving annihilation events
smectic must meet certain rigorous conditions for elucidatin

nvolving multiple disclinations.

* Author to whom correspondence should be addressed. Perma- B. Block copolymer microdomains as a model 2D smectic

nent address: Polymers Division, Mailstop 8542, 100 Bureau Drive, Block copolymers consist of two or more homogeneous
National Institute of Standards and Technology, Gaithersburg, MObut chemically distinct blocks that have been connected with

20899. a covalent bond. For components that are sufficiently dis-
TPermanent address: Department of Physics, Universidad Nacigimilar, microphase separation occurs in the melt where the
nal del Sur., Av. Alem 1253, 8000-Bahia Blanca-Argentina. volume fraction largely sets the microdomain morphology,
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A techniques which quickly and reliably obtained images of
microdomains in thin filmgsee Sec. Il € which are typi-
cally spun onto silicon wafers, a sample preparation method
incompatible with traditional transmission electron micros-
copy imaging techniques. In the course of this work, we
ascertained that a single layer of cylindrical microdomains
has the same symmetries as a 2D smectic system, which
enables us to study the classic 2D smectic in an unexpected
realization with the desirable properties mentioned in the
preceding section. In what follows, we will develop the anal-
ogy between polymeric structures and classic liquid crystal
symmetry.
Though standard smectic liquid crystals consist of a mass
B density wave with a single molecular component, two com-
ponent systemuch as the two blocks of our model copoly-
mer system create structures with consistent symmetries
[10]. For example, copolymers that contain blocks of ap-
proximately equal volume produce lamellar microdomains in
re<t, >t Temperature bulk [Fig. 2(@)]. This structure is the three-dimensional co-
go(r)y~short range  gg(r)~short range gc(r)~short range polymer analog of the classical structure shown in Fig. 1,
%.(Odong tage | EC-Osslons raec s where the copolymer chain composition plays the role of
) . mass density. The low and high mass density regions of Fig.
FIG. 1. (a) The smectioA phase where the nematogensdlike 1) then, respectively, correspond to each of the two poly-
spegle}; periodicially arrange themselvésepeat spacing) along o plocks of Fig. 23). The amphiphilic nature of copoly-
the x direction to form a mass density wave but with liquidlike mers dictates that the repeat unit is two molecules, and is
order along they direction. A 2D smectic consists of one layer of formally denoted smectié—2.
nematogensgshown but for a 3D smectic the regions of high mass  The two-dimensional analog of this bulk copolymer struc-
density extend into and out of the page. While nematogens havgre would consist of a slice perpendicular to the shown
traditionally consisted of nanometer-sized hydrocarbons, C°p0|y'p|anes with a thickness of approximately one radius of gyra-
mers with significantly longer chains produce structures with simi-;ion 5o as to contain a single layer of polymgsshematized

lar symmetries(b) At zero temperature, 2D smectics exhibit long- without showing the individual chains in Fig(®]. How-

range .O”emat'one." and t.ran5|at'°nal order. We -indicate theever, the well-known difference in the surface tensions of the
respective correlation functions here @gr) andgg(r). At non-

two blocks would make such a structure difficult to create, as
zero temperatures and at length scales less than average spacgﬁe block or another would oreferentially wet the polvmer-
between dislocationgdenotedéy), thermal fluctuations lower the P y poly

translational order to short range while maintaining long-range ori-a'r or polymer-substrate §urfgc§ﬂs1]. Hence an alternative
entational order. At greater length scalgseater tharg,), disloca- mlcrpdomaln Structure{cyllndrlcal,. prqduced by an asym-
tions lower the orientational order to quasi-long-range.AKosterli’[z-r_net”_caI copolymer where the minority bk_)Ck volume frac-
Thouless transition consisting of disclination unbinding occurs at 410N is around 0.25) was employed, which consists of a
critical temperature, destroying orientational order. The critical tem-Single layer of cylindrical microdomains and is schemati-
perature is close to the order-disorder temperatlieg,¢) for our ~ Cized in Fig. 3A). This schematic was previously ascer-
copolymer system. Rather than focusing on equilibrium phenomtained by dynamic secondary ion mass spectromitg].
ena, we examine the kinetics of a copolymer system during patterhiere the polymer chains are not individually drawn but the
coarsening below its disordering temperature. light and dark regions of Fig.(3) correspond to the light and
dark regions of Fig. @). The cylinders consist of polymer
e.g., lamellas, gyroid, cylinders, or spheres. A good introducblock A (darke) in a matrix ofB (lighter). Note that Fig. 1b)
tion to the history and physics of block copolymers can bes analogous to a cross sectional slice along the symmetry
found in the articles by Bates and co-workgrs8]. A more  plane of Fig. 8a). Cylindrical microdomains(and hence
recent review of the physics of thin copolymer films can bepolymers are confined in the thin film such that only lateral
found in the work by Fasolka and Mayg3). Block copoly-  distortions and diffusion are possible. The cylindrical micro-
mer morphologies adopt a polydomain configuration wheredlomains adopt an orientation parallel to the substrate due to
the grains are on the order of microns. While these systemetting constraints and are characterized by a mass density
have been industrially useful in forming plastic elastomersvave consistent with the symmetries of the 2D smeétic
for several decades, careful studies of the phase diagram?2 liquid crystal. Note also the polymer wetting layers on
have emerged only within the past decade. Investigations dhe top and bottom surfaces which separate the microdomain
microdomain morphology have been carried out via smalpolymers from the surfacg42,13. Polymer chains that may
angle x-ray scattering, neutron scattering, atomic force mibe pinned at the interface by a chemical reaction therefore
croscopy, and electron microscopy. Our work has focused ohave a minimal effect on the motion of polymers in the mi-
real-space studies of thin films of microdomains for theircrodomains. A representative scanning electron microscope
ultimate use as lithographic masks. To this end we developeiinage of the stripelike microdomains is shown in Figh)3
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> Q FIG. 3. (a) Schematic of one layer of polyisoprefdarke) cyl-
FG. 2 A ical block | it wh h inders in a polystyrene matrix on a silicon substrate. Note the layers
- 2. (8) A symmetrical block copolymer melt, where eac of polyisoprene wetting the free and confined surfaces. The Pl layer

block .(;;CUE'T.S a.‘g equall vglume fractlon, ﬁroduses adlamegclar E(Netting the upper surface is uniformly removed by reactive ion
smecticA =2 liquid crystal. Here we have schematicized one bloc etching to allow for optimal imaging of the cylinders underneath.

with thick lines (dark backgroundand the other with thin lines Note that(b) is consistent with a slice though the midplane or

£|Ight backgroungl The polymer chains adopt liquid order in the symmetry plane of a single layer of cylinders, imparting the sym-
X-Z plane§ and a mass density wave perpendicular to the plane(ﬁetry of a 2D smectic to these cylindetb) SEM image of cylin-
along they axis. The amphiphilic nature of the polymer dictates ders lying parallel to the substrate, where contrast is provided by
that the repeat unit is two polymer chairis) The classic represen- selective staining of the polyisoprene cylinders, which appear
tation of a two-dimensional smectic where we denote regions ofighter in the image. At 3 disclination is centered in the left circle,
high and low mass density with dark and light regions. This two-5 — 1 disclination is centered in the right circle, and an elementary
dimensional smectic is consistent with a slice through p&@eh  gislocation is enclosed in the smaller lower circle. Contrast has
thex-y plane ory-z plane, where the orientational undulations have been enhanced by averaging the electron yield parallel to the cylin-
been removed. We do not draw the chains here but denote thger axes. Ba#400 nm.

variation in chemical composition with the background color.

] N
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I

. . . - . making them optimal for studying coarsening dynamics.
with several topological defects identified. The light and darkHowe\?er the 20pnm length scal)é zﬁso has the grav)\:back that

r?glor??)flgi th%b?i%rrrr'gg ilneé:ttr(())g T;‘;r?/?gwgmof m)e rgl(l:i;(gers nonoptical techniques are needed for imaging purposes, forc-
grap g- P P y ing one to use more time-consuming scanning techniques

and matrix in Fig. 8a). The larger length scale of the repeat which are not trulyin situ. However, the complementary

unit (tens of nanometeyf block copolymer systems over techniques of atomic force microscopy and scanning electron

Fradltlonal nanometer-saed liquid crystal; a||0'WS. for Surprls'microscopy provide sufficient information to measure both
ingly greater ease in high resolution imagirigither by the kinetics and dynamics, albeit separately.

atomic force or scanning electron microscpfacilitating
our experimental work.

Since an entire three-in silicon wafer can be coated with a
single layer of 20-nm-sized microdomains, the sample spans Though the fundamental morphologies of block copoly-
an extent of 1Brepeat spacings. In practigein-sized pieces mer microdomains have been well studied for decades, the
were used but these smaller samples still span an extefdctors that determine the range of orientational and transla-
greater than 10repeat spacings. To our knowledge, blocktional order(grain sizé have only recently been examined.
copolymer systems are the only nondissipative striped sy€9rdering kinetics have been examined in bulk samples, but a
tems where edge effects can be fully negatéd the large  mechanistic understanding of coarsening dynamics has failed
system sizeand thousands of disclinations can be observedio emerge. Coarsening kinetics in polystyrene-polyisoprene

C. Previous studies of kinetics with block copolymers
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systems have been studied by Balsara and co-workers in 3t@chnological applications, this task will be aided by a pat-
via depolarized light scatterind 4,15, finding a slowing of  tern which is well ordered, the focus of this paper.

grain growth with time, which was suggested to occur via the

pinning of microdomains at grain boundaries. Using a simi- F. Overview of paper

lar technique, Amundson and Helfand studied the develop-
ment of order in a polystyrene-pgmethyl methacyrlateco-
polymer system under the influence of an electric flalfl.

We present an overview of this paper’s organizational lay-
out here. In Sec. Il we describe the polymer synthesis, thin

Calculations were carried out to examine the feasibility offllm preparation, electron and atomic force microscopy im-

various coarsening mechanisms under the influence of afd!"d techniques, and methodology for correlation function
electric field[10]. However, the lack of real-space observa-Measurements. In Sec. Ill, we examine the coarsening pro-
tions on the dynamics limited these researchers’ abilities t§€SS by measuring the time dependence of the orientational
elucidate the dynamics. Additionally, these b(®D) studies c_orrelatlon length, dlscllnauon.densny, and dislocation den-
introduced many complications concerning defect motions'_ty- We show that the correlation length follows the average
which are eliminated in 2D studies. Therefore we focus oufdistance between disclinations, suggesting that disclination
research on real-space studies of the coarsening of Copo@.nmhllatlon drives the coarsening process. Disclinations and

pattern is essentially two dimensional. (greater than Rannihilations are shown to drive the growth

of the correlation length. Section V discusses a model that
incorporates the observed coarsening process and results in a
similar kinetic exponent as observed. We also compare our

The most pressing application for understanding patterfiesults with those from previous simulations and discuss fur-
formation in 2D smectics is block copolymer lithography—a ther work along these lines, which warrants investigation. In
process that uses self-assembled pattesush as single lay-  Sec. VI, we attempt to extrapolate the equlibrium properties
ers of cylinders or spherpas a template to fabricate devices of the copolymer system by first showing the existence of
at the nanometer length scdle7—-19. For example, when |ong-range orientational order and short-range translational
the 2D smectic template consisting of one layer of cylindersyrder. We use the strain fields of disclinations and disloca-
is used as a mask via block copolymer lithography, the cortions to measure the ratios of elastic consta€g#K ; (bend/
rglaﬂon length(domain or grain sizeof t.he ordered patte.rn splay and K1/§ (bend/layer compressi@nFinally, in Sec.
dictates the length over which the cylinders can effectlverV” we draw attention to the similarity of the microdomain
be used as wires for connections. Alternatively, the addres Sattern to that of fingerprintédermatoglyphs and discuss

ability of an array of spher_es for information storage ‘?'epe”d e relationship between pattern formation in the two sys-
upon developing translational order over large grains. Ou

motivation is therefore for both fundamental understanding
of pattern coarsening and an application which we and other
groups have used to pattern a variety of semicondufts
template metal “necklaces” for transport measureme¢pis, A. Polymer synthesis
produce an unprecedented density of metal dots for informa-
tion storagd 22], and most recently, fabricate InGaAs/GaAs
guantum dots for laser emissia3].

D. Technological motivation

Il. EXPERIMENT

Asymmetric polystyrene-polyisoprenéPS-P) copoly-
mers were synthesized via living anionic polymerization
with a mass of 30 kg/mole for the PS block and 11 kg/mol
) for the PI block to form PI cylinders in a PS matfistenoted
E. Controlled means of ordering S| 30-11, chemical structure shown in Figay [31]. This

While we focus here on pattern development and theopolymer was synthesized in a cyclohexane/benz@d0
growth of grains, other efforts have developed means of conv/v) mixture to yield a 90% 1,4 content in the polyisoprene
trolling microdomain orientation. Jaeger and co-workKerg block. The microdomains formed by this polymer were stud-
controlled the microdomain orientation in thin films in small ied by scanning electron microscopy. Gel permeation chro-
regions (square micronswith isolated electrodes, and this matography(GPQO revealed a polydispersity of 1.04 and the
has been more recently extended to larger areas with an im@bsence of polymers, which inadvertently terminated before
terdigitated set of electrodd®5]. Thurn-Albrecht and co- the addition of the second block. The upper glass transition
workers have used electric fields from parallel platelike electemperature Tg) was measured to be 367 K by differential
trodes to macroscopically orient a thin film of cylindrical scanning calorimetryDSC).
microdomains over macroscopic aréaguare centimetgto For atomic force microscopy, another PS-PI diblock was
align perpendicular to the substraf€6,27. Segalman, synthesized and the polyisoprene block was saturated with
Yokoyama, and Kramer have recently examined the influhydrogen to form polfethylene-alt-propylene[Fig. 4(b)]
ence of an edge on the alignment of spherical micrdomaing32]. This hydrogenated copolymer, denoted PS-PEP 5-13, is
[28]. Additionally, macroscopic orientation of the copolymer less prone to degradation during annealing, as all double
microdomains in thin films is being investigated by direc- bonds were saturated. Small angle x-ray scattering confirmed
tional crystallization and by applying pressig9,30. While  that PS-PEP 5-13 consists of PS cylinders in a PEP matrix,
these efforts are designed to control the local or macroscopide morphological inverse of SI 30-11. At room temperature,
control of the microdomain orientation for the purposes ofthe PEP block is above it and is rubbery while the PS
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A While a strict comparison of the kinetics of these two
copolymers would be inappropriate due to their different mo-
lecular weights, their segregation strengths are similar, sug-
gesting that similar coarsening mechanisms would be at
work in a thin film of either copolymer. To calculate the
segregation strengths, we start with the interaction energy

polystyrene-polyisoprene

T I|{ Ir T Ir densities. The measured interaction energy densities for the
PS-PI and PS-PEP copolymers, as obtained byeLal. are
_'T_C___T_T_C_T__ listed below[33]:
H © m H CH; H n XPS-F‘I: —0.30+ 10137]—, (21)
B We calculate the segregation strengtiN of the copoly-
mer blocks via the usual equation below, wh&rés the gas
polystyrene-poly(ethylene-alt-propylene) constant ang is the average density of the copolymers,
H H H H H H
| | ( | | | ‘ xN=X(M,,/pRT). (2.3
S5 %7 Using the average densities of these copolymers as pre-
’ p | | | | q sented by Fetters and co-workexd =28 at 413 K for both
H @ H CH H copolymers, the middle of the three temperatures examined
& here[34].
PS PEP Though the molecular weights of the two copolymers

studied here differ by a factor of 2, their repeat spacirgys (
distance from adjacent cylinder centediffer by no more
than 25%. The repeat spacing for SI 30-11 is 25 (am
measured by SEMand 20 nm for PS-PEP 5-18s measured
are on average 286 and 162, respectively) Polystyrene- by atomic force microscopyAFM)]. Both .of these systems
poly(ethylene-alt-propylene (PS-PEP 5-18 was investigated by are strongly segregategti>10, whereN is the number of
atomic force microscopy. The number of PS and PEP monomers af@onomers per chajpfor which the repeat spacing depends
indicated byp andq and are on average 48 and 186, respectively. UPON molecular weight as

FIG. 4. Chemical composition of diblock copolymers and prin-
cipal means of pattern investigatio@@ Polystyrene-polyisoprene
(PS-PI 30-1)1 was investigated by scanning electron microscopy.
The number of PS and Pl monomers are indicatedntgndn and

. . . . d~M2By Y8y, (2.9
block is below itsT, and is glassy. The higher of the two
Ty's is referred to as the upp@y and was measured by DSC hereh is the statistical segment lendi®5]. While the large
to be 330 K. This difference in moduli of the two blocks gigterence in molecular weights favors a disparate repeat
gives rise to the contrast observed by atomic force MICr0Szhacing, it is mitigated by both the interaction parameter

copy. Since this is more novel than the synthesis employed ig,q the statistical segment lendifin the above equation to
the previous diblock we include more detail here. The hydroy,q,ce copolymers with similar repeat spacifigé].
genation was conducted in cyclohexane at a polymer concerﬁ)—

tration of about 10 g/l in a 2-1 Parr batch reactor. To selec-
tively hydrogenate the polyisoprene block, a homogeneous
Ni-Al co-catalyst was prepared by combining 30 ml of /.1 Silicon wafers(Silicon Quest Internationpalvere cleaned
nickel 2-ethylhexanoate in cyclohexane with 10 ml ofM.0 by vigorous washing in boiling acetone, trichloroethylene,
triethylaluminum in hexanes under a dry nitrogen atmo-and isopropyl alcohol. The native oxide was dissolved by a
sphere. The cocatalyst was injected into the reactor, and hyrief dip in buffered oxide etch and then reoxidized with
drogenation was carried out at 350—360 K and 400—500 pgiure nitric acid. The details of this procedure can be found in
hydrogen for 5 days. The catalyst was removed by vigorouan earlier publication36]. Copolymers were applied to
stirring with a 10% solution of aqueous citric acid until the carbon-coatedDenton Vacuum carbon coater, model DV-
dark catalyst color disappeared. The polymer was then preés02) or bare silicon substrates via spin coating from a dilute
cipitated into acetone/methanol. Ugith H nuclear magnetic solution (typically 1% in toluene, a good solvent for both
resonance spectroscopy, the level of polyisoprene saturatidiiocks. The thickness of one layer of cylindrical micro-
was determined to be greater than 99% with no detectabldomains for SI 30-11 was 50 nm. The thickness of one layer
saturation of the polystyrene block. GPC analysis revealed af cylindrical microdomains for PS-PEP 5-13 was 30 nm.
polydispersity of 1.042. In certain cases, atomic force microAfter annealing, terracing at discrete thicknesses was ob-
scope images of the resulting copolymer revealed an unacerved in spin-coated samples of nhoncommensurate thick-
ceptably high level of remaining alumina particles. Thesenesse$37]. Sample sizes were typically on the order of a 1
were removed by repeating the citric acid wash. cm.

B. Wafer treatment and spin coating
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C. Microscopy techniques employed the polymer film at high resolution for accurate measure-
Both SEM and AFM were employed as complementaryments of the average grain size. As Q=taining arrests the

techniques to characterize pattern coarsening. The SEM hggarﬁelnl]?g proc_ess,t_multlple_ Sﬁec'g;aeigisn wetz(r)e fg?or:/silﬁg n
the ability to obtain high resolution images of large areas ofparaliel for varying times prior to g

the sample, making it suitable for accurate correlation Iengtrc]:oarsenlng kinetics. Figure(l§ shows a representative im-

. ) [ | cylinders appear lighter due to a
measurements. SEM images also suffered from less dlstoage where the stained PI cy bp g

. ; ) fﬂgher electron yield and can be seen lying parallel to the
tion (such as skeywthan AFM images. However, the osmium substrate. The microdomain repeat spadihg 25 nm, as

tetroxide staining process used to provide electron contraghaasured from the wave number of dominant intensity in

arrests all polymer dynamics, making it unsuitable for studytqrier space. The longest annealing time attainable during
ing the dynamics of individual defects. Additionally, the g, experiments is limited by the onset of polymer degrada-

polymer film etching necessary for optimal imaging damagesjon, which occurred sooner at higher annealing tempera-
the polymer chaingsee Sec. I C]L Disclination and dislo-  tyres. Polymer degradation was monitored by gel permeation
cation motion, therefore, were studied by time-lapse AFMchromatography analysis of polymers annealed in parallel.
using a method that does not alter or damage the sampl@olymer degradation was immediately evident with SEM as

While the AFM could, in principle, measure grain sizes bya diminished contrast between the stained microdomains and
stitching together many high resolution images of small armatrix. Further annealing and hence degradation resulted in
eas, in practice this tends to be impossible due to distortiondisordered microdomains, and in some cases, evolution of
in the image due to hysteresis of the piezos used for poskylinders to disordered spheres. We report here data only
tioning the sample. While the mechanisms of image generarom polymers which exhibited no degradation.

tion differ dramatically from SEM to AFM, the cylinders

appear lighter for both cases and hence all images presented 2. Atomic force microscopy

here. We organize the remainder of the sample preparation ror atomic force microscopy, spin-coated samples were

techniques along the microscopy technique employed.  jnaged at ambient temperature, annealed above the Tgper
in air on a temperature-controlled heater stage mounted on
the AFM [41]. and then reimaged after cooling. Phase con-
For scanning electron microscopy, order was inducedrast between the microdomains and the matrix disappeared
through vacuum annealinetter than 10° torr) above the for temperatures above the Uppky, suggesting that phase
glass transition temperatufeneasured by differential scan- contrast originates from the difference in moduli of the two
ning calorimetry as 367 K The vacuum probe consisted of blocks. By repeating this cycle dozens of times and reimag-
an aluminum pipéchosen for its good thermal conductivity ing the same area we observed the annihilation processes of
evacuated with an oil-based diffusion pump backed with alisclinations. While previous AFM investigations of block
roughing pump. Aluminum shelves were attached to the incopolymers have investigated the microscopics of micro-
side of the pipe for placement of copolymer-coated silicondomain joining and scissiop42], we focused our attention
wafer samples. Good thermal contact between the silicoon events concerning defect annihilation where the pattern is
wafers and the stage was assured by liberal use of thermaufficiently well ordered that identification of topological de-
grease. The temperature was monitored by a thermistor arfdcts is straightforward. To this end samples were annealed at
the pressure was monitored by an ion discharge {88  temperatures up to 383 K for many hours to produce well-
The vacuum pipe had a skirt built around it to seal the frontordered patterns. While annealing unsaturated polydienes un-
of a vacuum over(Fisher Scientific Model 280 in effect  der these conditions in air typically causes degradation, here
functioning as the oven door. Vacuum annealing produced the saturated PEP showed no evidence of degradation.
pattern which is schematically shown in FigaB After an- We chose to study the relatively low molecular weight
nealing, microdomains were preferentially stained with va-PS-PEP 5-13compared to S| 30-)1via AFM because its
pors of OsQ (Polyscience, Ing.for at leas 2 h to provide  smaller chain length minimizes the distance between the sur-
contrast for electron microscopy. The microdomain patterrface and the microdomains thereby facilitating satisfactory
was examined with an imaging technique which uniformlyimaging. While microdomains submerged beneath the sur-
etches away the surface of the structure schematized in Fig.face can be easily imaged for this low molecular weight PS-
for imaging with a SEM. The details of the etching and im- PEP copolymer, the larger length scale of higher molecular
aging technique employed can be found elsewhere, but weeight copolymers of similar chemical composition was
briefly describe the procedure hdrE2,39,4Q. Optimal im-  shown to submerge the microdomains sufficiently below the
aging contrast was found by etching away 12 nm of thetop surface such that images of the microdomains were im-
polymer film with low power, low pressure, Gfbased reac- possible to obtain. This was demonstrated by comparing two
tive ion etching[39] (Applied Materials, Ing.to expose the PS sphere forming copolymers, the lower molecular weight
microdomains to the surface. Images of the exposed micrd?S-PEP 3-2Zsynthesized in a manner consistent with PS-
domains were then obtained with a low voltage, high resoluPEP 5-13, and the much higher molecular weight PS-PI 10-
tion Zeiss 982 SEM. Optimal imaging was typically found 69, a commercially available diblock copolymsynthesized
with an operating voltage of 1 k\& 3 mmworking distance, by Gary Marchand for Dexco Polymer#A\FM scans of the
a spotsize of 3, and by mixing both secondary and backscafree surface of PS-Pl 10-69 copolymer filnysrepared as
tered electrons. The SEM allowed us to image large areas afescribed in Sec. Il,Byielded little or no contrast of the

1. Scanning electron microscopy
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microdomains underneath. SEM scans of Qs€ained images (51X 512 pixel$ were flattenedthird order polyno-
samples yielded similar results. While we were able to etchinial fit), contrast enhanced, and then exported as similar
away the surface wetting layer to subsequently image thdlFF files. All images were then Fourier filtered to remove
submerged microdomair@s with the RIE/SEM techniqiie high frequency noise and low frequency intensity variation.
via AFM or SEM, this damaged the copolymer chains and\ext, the microdomain cylinder orientation was obtained by
altered the sample chemistry. However, the lower moleculameasuring the local intensity gradigialveraged over an area
weight PS-PEP 3-22 copolymer produced excellent phasef d2). To enhance contrast in some cases, the intensity fields
contrast by AFM without reactive ion etching. The line to of microdomain images were locally averaged along the di-
line repeat spacing of hexagonally packed PS spheres in a Fgction of the microdomains, which provided a surprisingly
or PEP matrix, as measured by the dominant wave number i@ood improvement to the image quality. Correlation func-
Fourier space, was 22 nm for PS-PEP 3-22 and 33 nm fdiions were measured only from images without such local
PS-PEP 10-69. Evidently this 50% increase in repeat spacingirectional smoothing. We produce an orientational field
dramatically decreases the ability to sense microdomains a&r) for each image while taking account of the twofold
it shifted the thickness for one layer of microdomains fromdegeneracy of this cylinder in orientation with respect to its
30 nm to 60 nm for 3-22 and 10-69, respectively By selectgradientd44]. With this field we generate a continuous order
ing copolymers with lower molecular weightsuch as PS- parameter fieldy(r), defined as below,

PEP 5-13, the distance from the microdomains to the free

surface is reduced and the tip can obtain satisfactory images Y(r)=exd 2i 6(1], (2.5)
without etching.

Tapping mode AFMDigital Instruments model IlIAwas
employed with tapping mode OTESRRIgital Instrument$
silicon tips. Each tip was initially tuned so as to find a sui
able resonance frequency, usually around 250 kHz. The RM
target amplitude during tuning was set with a correspondin
magnitude of 2 v. The RMS amplitude of the piezo-driven tip . : .
typically decreased by about 25% upon engadig. For tion pairs at a given distance over all angles. We note that the

the purposes of optimal imaging, either the drive amp“tudecorrelation function was directly calculated from correlation
was increased or the set point was decreased until satisfaBa'"s, rther than via .by converting to Fo_uner space via the
ual Wiener-Khintchine shortcut to avoid introducing any

tory images were obtained. The magnitudes of these changé‘é. ) . . .
varied from tip to tip. Optimal contrast was found with phaseart!facts' in the correlation function, especially at large sepa-
mode imaging though microdomain contrast was observed ifRtion distance$4s],
height images when the AFM was operated with a high drive . .
amplitude. Care was taken to operate the AFM with the least go(|r)) ={(#(0) h(r)). (2.6)
amount of tapping force as higher driving amplitudes scored
the polymer film. On average one out of three tips as purThe orientational correlation lengty was measured by fit-
chased produced satisfactory images. Though the tip holdefirng 92(|F|) with e~I"é2. Error bars were estimated by the
was removed during annealing to prevent deposition of vay g iation in£, from the many images taken of each sample.
pors on the tip, we found upon replacing the tip holder that \ve 4150 measured the orientational correlation lengths
registry could be maintained to better thanm. Further ), parajel €) and perpendicularg( ) to the microdomain
registry during each annealing cycle was obtained with theyis orientation. This was done by locally measuring the mi-
low density of fiducial marks consisting of alumina particles ~.oqomain orientation at each position and then measuring
introduced by the hydrogenation process. In certain caseg,qo decay of the correlation intensig(r) parallel to the
aqueous solutions of silica particles were spin coated on thgicrogomain and perpendicular to the microdomain, respec-
PS-PEP films to act as add|t_|ona| fiducial marks. . tively. Checks were performed on artificially created images
Thoug.h satlsfactory_AFM images of bloc_:k copolymer mi- (such as stripes with a uniform orientatjoto verify that
crodomains were obtained where the matrix was rubbery, Wi, ase correlation functions were rigorously defined.
were unable to obtain images from copolymers where the e (rangiational order parameter was determined by

matrix was glassysuch as with SI 30-11 shown in Figl&].  co0sing a region free from disclinations and Fourier trans-
We suggest that the tip was unable to penetrate the glas?

polystyrene matrix in this case to sense the rubbery micro; rming to measure the d_ommant wave ”“T“'&r It was
domains underneath. found to be more convenient to macroscopically orient the

cylinders to be parallel to one axis of the image so that only

one component ofc was nonzero. The image was then
D. Data analysis: Correlation length measurements thresholded and skeletonizéinage Processing Toolkit, by
gReindeer Games, running in Adobe0TOSHOPS b to locate
the center of the cylinders. We conventionally define the
translational order parameter as

wherer is position andé is the microdomain orientation

t- (similar to a director[36].

S The orientational correlation functiam,(r) was then cal-
ulated from the order parameter field in the usual way,
here the angular brackets below imply averaging correla-

Data analysis of SEM or AFM images was performe
with algorithms written invisuAL c++ (Microsoft) on a PC-
clone computef36,44. We describe our algorithms briefly
here. Zeiss SEM imagedsypically 1024x 768 pixelg were R o
directly saved as 8-bit gray scale TIFF file formats. AFM Ya(r)=exdiG-r)]. (2.7
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The translational correlation functiogg(|r|) was deter- 1.00
mined in the usual way. Again, the angular brackets implic- ,
itly imply averaging over correlation pairs with no prefer- . 0.75
ence to directiorazimuthally averaged =) 0.50 \\ 7
oh \ \ |
- - 0.25 \
9o(IrD)=(¥s(0)grs(1)- (2.8 \ .
0.00 =
The translational correlation length; was measured 0 1000 2000 3000
from the characteristic decay lengthai(|r|) when fit to an
exponential function. r (nm)

The correlation functions were used to determine the

range of translational and orientational order in the images FIG. 5. Orientational correlation functiongy(r) for samples
9 9 annealed for 1 Hthin line) and 111 h(thick line). The correlation

For accurate measurements of the range of short-range Ofinctions are fit with an exponential decay exp(&,) and reveal

entational order, mutlple imagegypically four) of _each Torrelation lengths of 145 and 478 nm for short and long times.
sample were obtained from random sample locations wel

away from the edge. The size of the image and the resolution
level was chosen such that the repeat spadimgs at least

six pixels and the width and height were at least ten correla- A. Introduction
tion lengths.

IIl. COARSENING KINETICS

In order to characterize the coarsening kinetics, an entire
3-in. silicon wafer was spin coated with SI 30-11 from a
E. Data analysis: Locating topological defects dilute polymer solution(less than 1% by weightt a thick-
ness(50 nm equal to one layer of microdomains. This was
broken into many centimeter-sized samples, which were an-
. i ot " nealed in parallel. The as-cast microdomain pattern was dis-
tions, closed path integrals of the variation of the micro-,.qared as confirmed by SEM and AFM. The rapid concen-
domain angle 6(r) were performed throughout the ya4an of the polymer via evaporation during spin coating is
microdomain orientational field. If the integral over a COUN- analogous to a quench of the polymeric system from a dis-
terclockwise closed path about a potential disclination core,.qareq high temperature state to an orde@Heit glassy
equalled= , then it was identified as a disclination of the |, temperature state. Samples were annealed for various
rgspective sign. This condition is formally written @ghere lengths of time(1—300 B, stained, and examined by SEM to
sis path length quantitatively characterize the degree of microdomain order.

90 Many images were collected per sample at random locations

—Js=* 7. (2.9 to estimate the variance in the measured quantities. We re-

Js port here the results on carbon-coated substrates, but films on
bare substrates yielded consistent results but with a lower
degree of order for the same annealing time, most likely due
to a lower diffusion constari44.

Both orientational and translational defects were exam
ined. To locate orientational defects, such®$ disclina-

For example;+ 5 disclinations were identified with paths
consisting of rotations,—3 disclinations were identified
with paths consisting of- 7 rotations. The density of discli-
nations of either sign is denoted by . Further details as to
the actual implementation of this algorithm can be found in  The azimuthally averaged orientational correlation length
the thesis by one of ugi4]. (&,) of the cylindrical microdomain pattern was measured as

Elementary dislocations were identified by decompositiora function of annealing time by fitting the orientational cor-
into two closely spaced disclinations of opposite sig#6].  relation function g,(r) with an exponential decay. Two
The dislocation density is denotgd.. Dislocations of all sample correlation functions are shown in Fig. 5, where the
orientations were counted, and their proximity to disclina-thin line corresponds to a sample annealedIfc and the
tions was identified by calculating a dislocation-disclinatonthick line to one annealed 111 h at 443 K. Correlation lengths
correlation functiorh(r), of 145 and 478 nm were measured here and the increase in

&, with time reflects the coarsening of the microdomain pat-
R _ tern during annealing.
h(Jr])={(p+1/2(0)pr)){p=1,(0)). (2.10 Using this analysis technique, three annealing tempera-
tures(443 K, 413 K, and 398 Kwere examined and the time

R dependence of the correlation lengths are plotted in Ra. 6
h(|r|) measures the dislocation density as a function of disas closed circles, open circles, and squares, respectively. For
tance from a disclination of either sign. When counting dis-the upper two annealing temperatures, a power law can be
locations, a proximity-based cutoff was imposed such thaseen where the best fits are shown with solid lines. The data
disclinations would not be identified as dislocations. is well fit by a power lawé,(t)~1%2°= 9023t 443 K and a

B. Azimuthally Averaged Correlation Lengths
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A i dependence with a significantly lowered coarsening rate. The
10°4 - pattern is sufficiently disordered over the entire range of the
i W A 398 K anneal that the average spacing of topological defects
" i;* 22, is on the order of one repeat spacidg=25 nm and the
T | interaction forces derived from linear elastic strain theory
YoA break down. Consequently, if the 1/4 exponent observed
A from the upper two annealing temperatures is produced by
interactions of topological defects, we should expect a dif-
ferent coarsening exponent here, perhaps dominated by other
effects, such as polymer diffusion. Additionally, the closer
proximity of the glass transition temperature—which may
have a dramatically broadened transition in thin films as op-
10° 10* 10° 10° posed to bulk—may play a role hef47]. Lastly, at the ear-
liest times(1-2 h), the poor contrast observed between the
Pl cylinders and the PS matrix via SEM may result from
incomplete microphase separation—the Pl may still be sig-

3.
[V 1w

‘Mr 4” »
AL

&, (nanometers)
ot
(el

Annealing Time (sec)

B nificantly mixed with the PS.
10° Polymer properties that measure a relevant time scale—
7 - 11 5 such as diffusivity, viscosity, or here a correlation length—
£ ] L s are often described by the William-Landel-FertWLF)
g Ly ‘rﬁ RN equation. Though semiempirical in derivation, the WLF
s E:E_...---""_"_ equation captures the activatedlike nature of polymer prop-
Q5102 erties in the vicinity of the glass transition temperature re-
"o markably well. We use this here to create a master curve of
the correlation length’s time depender(agset of Fig. 6. In
order to create this master curve, we first calculate the rel-
evant shift factorar via the WLF equation:
1
10103 10* 10° 10° Inar=—cX(T—To)/(co+T—Ty). (3.
Annealing Time (seconds)

FIG. 6. (a) Orientational correlation length for SI 30-11 as a  For PS {[[3=373 K), the constants are3=13.7, ¢
function of time. The lowest data set, consisting of filled squares,=50.0, andT,=373 [48]. Additionally, an appropriate
corresponds to 398 K. For the remainder of the data, the opeforrection was applied aBy is depressed in the copolymer
symbols correspond to 413 K and the closed symbols correspond {@s compared to pure P8y the Pl block. The shift factors
443 K. The solid lines are produced by fitting a power law to thefor 413 K and 443 K are 18 and 797, respectively, and have
data. The measured kinetic exponent for the 443-K data is 0.2%een used to multiply the time scale &f(t) for both tem-
*+0.03 and for the 413-K data is 0.29.03. The 398-K data is peraturesé,(t) for the two upper temperatures nicely maps
closest to the glass transition temperature, which may explain itynto a single ling(with power law 1/4), buté,(t) for the
deviation from power law behavior. Data from this set was suffi-|ower temperature significantly diverges. This suggests that
ciently disordered that topological defects were difficult to identify. simjlar physics drives pattern coarsening for sufficiently or-

Inset: Plot. ofgz(t) where the time axis for 413 K and 443 K have ygred microdomainsé,>1), but patterns with little or in-
been multiplied by the WLF shift factors of 18 and 7&&e text sufficient order (398 K, &~1) coarsen by other mecha-
Symbols indicate same temperatures as in larger graph. Note th ms '

the correlation length for the two upper temperatures nicely falls on Lastly, Lodge and co-workef#9] have measured the dif-
a master curve but the lower temperature does(bpfThe average -astly, 9 . ..
fusivities of a PS-PI copolymer with similar molecular

spacing between disclinations as a function of annealing time for cights over a wide temperature ranae. Rescaling the time
the data sets shown in pan@). The closed circles correspond to welg v wi P u ge. Ing !

443 K, the open circles to 413 K, and the squares to 398 K. Th(.§Cale (_)f§2 by the dif‘fusipr_l constants we extrapolated d_oes
interdefect spacing was measured from¥’2, wherep.. is the dis- not S_hIfF the curves sufficiently such that they oye_rlap in a
clination density of the respective sign. Due to their similar values CONVincing manner, perhaps because of a sufficiently dis-
almost all data points 0p 2 lie directly on p~Y2 (not shown.  Similar value ofyN.
Note that the correlation length increases with the same power law
as that for the interdisclination spacing, implying that disclination
annihilation dominates the coarsening process. Also note that the
magnitudes op_ Y2 are similar to&,. To understand the driving force for the development of
orientational order we studied the role of orientational topo-
power law &,(t) ~t%25= 092 gt 413 K, suggesting a kinetic logical defect§46,50,51. Disclinations were identified by
exponent of 1/4. Longer annealing times were prohibited byotations of the director field along a closed path about a
the onset of polymer degradation. For the lower temperaturdisclination core. We focused our attention ar3 disclina-
(398 K), the correlation length deviates from a power lawtions (orientational or winding number defects that cannot be

C. Orientational defects—disclinations
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removed through thermal fluctuations alpnthe dominant A
orientational defects observed in our samples. Defects o
other winding numbers were not observed with statistical
significance.

We first measured the densitips of + 3 disclinations as
a function of time and temperature from the same data set:
shown in Fig. 8a). Examples of both+ 3 and — 3 disclina-
tions are indicated in Fig.(B). We found that pattern coars-
ening reduces the density of defegts as the correlation
length £, increases. We plot the time dependence ot?, X
the average distance between disclination cores of the re
spective signs in Fig. (). The magnitudes o *? and
p:llz were virtually identical at all times and temperatures
such that visual comparison is difficult as each data lies di-
rectly on top of the other, allowing only one to be visible.
Here we only show_ *2. The interdisclination spacing can
be seen to increase with the same power law,#8 shown
in Fig. 6(a), indicating thatp~§2‘2. Note also that the mag-
nitudes of¢&, and p~ Y2 are within a geometrical factor of
each other(about 3, confirming that the orientational order

of the sample Is_?gmlnate_dllzby orientational defects. The FIG. 7. Four configurations which we use to make arguments

similar values ofp ~* andp_~“ throughout the experiment cqnceming correlation lengths perpendicular and parallel to the mi-
suggest that the annihilation of disclinations of opposite sigitrodomain orientation(@ Molecular splay. The light and dark re-
is occurring, driving the growth of,. The low density of gions correspond to the regions of each of the two polymer blocks.
disclinations(typically of order unity in each SEM image at The polymer chains are drawn as open and closed ellipses with an
late timeg contributes to the large error bars seen at lateaverage orientation perpendicular to the light-dark interfaces. An
times. example of the parallel and perpendicular orientations at one loca-
The similarity of £,(t) and p~Y(t) suggests that discli- tion is given. In general, the parallel direction follows the region of
nation annihilation dynamics are driving the increase in cordight or dark and the perpendicular direction necessitates crossing
relation length. We suggest then that the key to understandgto light then dark, etc. The microdomains undergo the distortion
ing the coarsening process of stripes lies in ascertaining th@f bend, forcing the polymer chains into a configuration of molecu-

interaction and annilhilation of defects, which is the focus oflar splay. This distortion, which is typically observed in smectics,
subsequent sections. results ing, > ¢ . (b) Same aga) but now with the polymer chains

distorted into molecular bend. This configuration involves layer
compression and expansion and is hence prohibitively energetically
costly. However, if this configuration were to exist, it would result
in & <&. (c)—(d) Isolated disclination+ 3, panel(c); — 3, panel
In addition to the azimuthally averaged correlation (d)] with defect cores in image centers. An example of the perpen-
lengths, we measured the correlation lengths perpendiculalicular and parallel directions is indicated in pare). Note the
(¢,) and parallel §) to the cylinder microdomain axis for higlher density of dislocation&ircled) in the strain fields of the
the two higher annealing temperatures, which are shown i 3 disclination in paneld). For both disclinations, we measure
Fig. 6(a) as up and down triangles, respectively. The ratio ofé, > ¢ . Bar=200 nm.
&, 1§ remained approximately constant{.5) during an-
nealing at 443 K as the microdomain orientation influencecrodomain layers in Fig.(@) is classified as bend, this forces
was felt further perpendicular to the cylinder axis rather thanthe distortion of the polymer chains to be molecular splay.
parallel to the axis, as dictated by the energy cost of eachjenceforth the distortion of splay and bend will always refer
type of distortion. As this measurement was made on a coargo the molecular distortion of the polymer chains. An ex-
ening system, we do not interpret this ratio as an equilibriumample of the perpendicular and parallel directions with re-
property, but rather discuss the origin of this imbalance.  spect to the pattern is presented in Fi¢g)7For this situa-
The higher value of, with respect tofy can be under- tion, both £, and £ are long ranggnonzero at distances
stood by examining four hlgh'y idealized diStOI’tiOﬂS:_ mo- Comparab|e to the image Sizéut gH(r) decays faster than
lecular splay, molecular bend, and both plus and miBus ¢ (1) The microdomain orientation is parallel to theaxis
disclinations. Wg first consider the case restricted to molecus; e crest or trough of the undulations. Proceeding along
lar splay only. Figure (& shows a block copolymer pattern A . . . .
which is analogous to that shown by a 2D smectic. Here Wéhe y axis (perpendiculay therrlentatlon of the micro-
schematicize the chemical composition as light and dark redomain remains parallel to the axis and the correlation
gions[similar to Fig. Zb)]; the molecular chains are shown function remains high. Proceeding instead along xhexis
as open and closed ellipses with an average orientation pefparalle), the orientation of the microdomain fluctuates, de-
pendicular to the interfaces. Since the distortion of the mi<reasing the correlation function. The regions of high corre-

D. Correlation lengths perpendicular and parallel to
microdomains
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lation however liftg, (r) with respect tog(r). Hence the
distortion of molecular splay produces a pattern whére
>¢|. At length scales much geater than the wavelength of
the undulations, the correlation function intensjityhether
g.(r) orgy(r)]is comparable.

We next consider the case of molecular bend, the comple-
mentary strain field to splay. We schematicize a possible mi-
crodomain configuration in Fig.(), which consists exclu-
sively of molecular bendthough the layers then exhibit 'I?-R
splay. This distortion would result in a pattern whegg .I‘*.=
> ¢, as the microdomains are perfectly straight and corre- 1 \1
lated parallel to their orientation but not perpendicular to st
their orientgti_on. In practice this_ configurgtiqn is never ob- 1x10° 1x10* 1x10° 1x10°
served as it involves compression and dilation of the layer
spacing, which is prohibitively energetically costly as it in- Annealing Time (seconds)
volves distortions of the polymer chain size rather than the

reorientation associated with molecular splay. However, if F!G- 8. Density of defects as a function of time for a sample
this distortion took place, it would result in regions where annealed at 443 K on a carbon-coated substrate. Note that the den-

£ <& sity of elementary dislocation@pper curvgis at least an order of
+ ThIHrd we consider the influence of-a2 disclination on magnitude greater than the density of disclinatidoser curve at
2

the relative value of the correlation functioffsig. 7(c)]. As all tirr_1es. W.hile annihilatic_)n_of disclination pai_rs alon_e will in_cr_ears,e
the dislocation density, this is offset by both dislocation annihilation
was shown in the following section, the block copolymeranol quadrupole disclination annihilation.
microdomain pattern is dominated by disclinations, so their
influence should be large. The energetic cost of molecular
splay is relatively small as it only involves a reorientation of
the molecules. However, the energetic cost of of layer com-
pression and dilatiofsee earlier sectigns relatively expen-
sive as it necessitates molecular elongation or contractio
with an associated entropic penalty. This produees dis- -
clination patterns which maintain a constant layer spacing _ _
due to the relatively high cost of molecular bend, but whose E. Dislocations
layers rotate byr around the disclination corgexhibiting While nematic order breaks rotational symmetry and in-
molecular splay [52]. This pattern can be dislocation free troduces the possibility of orientional disclinations, smectic
while maintaining a constant layer spacing, but in practiceorder additionally breaks translational symmetry and intro-
several are typically seen near the disclination c@is-  duces the possibility of edge dislocations. Though orienta-
cussed further in Sec. IlllEMeasurements af, (r) andg;  tional order may develop after a quench through the annihi-
for Fig. 7(c) reveal that¢, > &, which can be understood lation of disclinations alone, the movement and annihilation
with a few arguments. Since the left half of par(e) is  of disclinations involves iterative steps which involve dislo-
uniform, there we must havé, ~ ¢ and we consider only cations (further discussed and schematized in Sec). IV
the right half. In this configuration, the orientation of the Therefore, to try to understand the role of elementary dislo-
microdomains is preserved as one travels radially from theations in pattern coarsening, we investigated the density of
center outwards{| ) to the furthest extent, whereas the mi- dislocations p.) and their proximity to disclinations. Dislo-
crodomain orientation changes as one follows a microcations were computationally identified by the typical
domain azimuthally around a disclination cor¢))( This  method of decomposition into tightly bound disclination
contributes to forcing, to be greater thag; . pairs with a maximum cutoff distance between the cores of
Fourth, we consider the influence ef; disclinations on  one repeat spacind [46]. An example of a dislocation is
the relative values of the correlation functiditsg. 7(d)]. In shown in the lower circle of Fig.(8). As there was no par-
contrast to thet+ 3 disclination in panelc), where the mi- ticular orientation to the sample, the orientation of the Bur-
crodomain or stripe spacing can be held constant throughoufers vector associated with the dislocation was generally ig-
the strain field, a- 3 disclination with this constraint cannot nored. We found that the dislocation density decreased
be constructed without either introducing dislocations orduring annealing with the disclination density. In Fig. 8 we
other defects. Evidence for this can be seen with the mucplot the time dependence of both the; disclination density
higher density of dislocations in the strain field of the; (lower data set, which has almost exactly the same magni-
disclination in Fig. 7d). Measurements of, (r) andg(r) tude as the- 3 disclination densityand the dislocation den-
reveal thatgl>§H , though the discrepancy should not be assity (upper data sgfor samples that were annealed at 443 K.
large as for+ 3 disclinations as the strain field is less depen-The density of dislocations decreased at a slightly slower rate
dent on the elastlc constaris2]. than the density of disclinations, as shown in Fig. 8. Even
Therefore, of the four possible configurations, three conthough pairwise disclination annihilation alone produces dis-
figurations produce distortions whege>§; (splay and= 3 locations(to be further discussed in Sec. 1,(here we see

_
3
»

—_
<

density of defects (um”)

dISC|InatI0n$ and the configuration of bend does not con-
tribute as it involves layer compression and dilation. It is the
particular topology of a smectic which prohibits molecular
rpend from occurring, thereby increasigg with respect to
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0.375 the remaining dislocations are not associated with a specific
disclination, but rather are relatively free to move in re-
sponse to strain introduced by disclination motion. Addition-
ally, at times greater than 10s, Fig. 8 shows that the de-
crease of dislocation density slows while the disclination
density continues to decrease. While dislocation annihilation
can proceed with glide and climb, disclination movement in
order to annihilate requires the collective motion of many
dislocations as well.

e

o

O

o
n

0.125

dislocation density (d 2)

! IV. OBSERVATIONS OF DEFECT ANNIHILATION
0 2 4 6 8 10 12 A. Introduction

0.000

Distance from Disclination (d) While scanning electron microscopy was employed for
the most accurate measurements of the correlation lengths,
tion of distance greater than repeat spacinfom plus (narrow _the o_smium tetroxide staining meth_od necessary for effective
line) and minusithick line) § disclination cores. Dislocations are 'Maging arrests all polymer dynamics. Therefore, to observe
detected by decomposing them into bound disclinations of separdh€ dynamics of individual defects, which is the key to un-
tion distance less thath While there is a higher density of disloca- derstanding the measured kinetic exponents, an alternative
tions near both+ 3 disclination cores, note the higher density of method of observing the microdomains was employed,
dislocations near the- 3 core than near thé core. This higher which did not alter the chemical composition of the blocks.
density results from the hard constraint of a fixed layer spacingrhis was accomplished by taking advantage of the modulus
dictated by the perturbed radius of gyration of the polymer chaindifference between the two blocks and using tapping mode
While + 3 disclinations may be constructed with a fixed layer spac-AFM to image the microdomain pattern. To minimize deg-
ing with only the lower energy strain associated with molecular;gqation during annealing, a hydrogenated diblédénoted
splay, the formation of- 3 disclinations necessarily involves layer PS-PEP 5-18was employed, which consisted of PS cylin-
spacing distortion, or altt_ernative_rly, th_e inserti(_)n of a dislocationders in a PEP matrix. Since PEP is a hydrogenated version of
near the core, as shown in the right circle of Figh)3 Pl, PS-PEP 5-13 is akin to the morphological inverse of Sl
30-11. The interfacial wetting blocks for PS-PEP copolymer
a monotonic decrease in both the dislocation and disclinatiothin films is currently being examined by dynamic secondary
density, suggesting that other processes are occurringhn mass spectrometry and will be discussed in a later pub-
Throughout the experiment, the dislocation density wasication. Spin-coated samples were imaged at ambient tem-
about an order of magnitude higher than the disclination denperature, annealed in air on a temperature-controlled heater
Sity. _ o . . _ stage mounted on the AFNM1], and then reimaged after
We next examined the distribution of dislocation Ioca‘uonscoo”ng to examine the coarsening microdomain pattern. By
throughout the sample with the correlation functib(r),  yepeating this cycle dozens of times and reimaging the same
which is essentially thelislocationdensityp, as a function  area, we observed the annihilation processes of disclinations.
of distance from alisclination core. We plot the density of The annealing temperature was sufficiently (868 K) and
dislocationsh(r) as a function of the distance away from the annealing time was sufficiently shehours that an in-
+ 3 disclination cores in Fig. 9 in units normalized with the sjgnificant amount of degradation occurred. While, in prin-
repeat spacingd. This data was obtained from a well- ¢jple, the time dependence of the correlation length could be
coarsened sample whegg~10d. The pronounced rise in measured via AFM as was done in the earlier section via
h(r) for r<4d shows that the dislocation density is highestsgwm, in practice this was made impossible by the limited
near the core of either disclination of either Sign, perhaps t(humber of pixe|s per imagén the current AFM imp'emen_

relieve the local strain field of the disclination. In addition, tatjon) and image distortion introduced by piezohysteresis.
Fig. 9 shows a higher density of dislocations neaf dis-

clination cores than near 3 disclination cores. This is due
to a physical constraint+ 3 disclinations can maintain a o _ ] o
constant layer spacing about the core wheregsdisclina- ~ The decrease in dislocation densjty shown in Fig. 8
tions cannot. Dislocations near: disclinations can allevi- |nd|ca§es that pairs qf d!slocat|ons of opposite orientation are
ate the higher strain about the cdsee Fig. 7d)]. At large  attracting anq anmhllatmgour.foc.us her}eor thqt they are
distances, the dislocation density recovers to that of th&€ing drawn into the core of disclinations. Elastic thel&y]
sample average, and the difference between the dislocatidf1ds that the strain energy, of dislocations with Burgers
density about disclinations of different signs disappears. vectorsb; andb; is

Integrating the dislocation density in Fig. 9 reveals that 5
there are typically one to three dislocations trapped in the W :1» BB [ A ex;{ B (X1—X2)
strain field of each disclination. Since Fig. 8 shows that there 17471 27N q|z— 2 AN|zy— 25| )"

are around ten dislocations per disclination, this reveals that (4.1

FIG. 9. The density of elementary dislocatidmg) as a func-

B. Dislocation annihilation
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FIG. 10. Schematic of two dislocations of opposite Burgers vec- }
tor annihilating.(a) The dislocations are separated by three layers.
(b) The dislocations approach and are now separated by one layer. F|G. 11. AFM data showing two dislocations of opposite Bur-
(¢) Annihilation leaves a region free from topological defects. gers vector approaching and annihilatite). Dislocations separated
by nine layers.(b) Separation distance between dislocations has
An example of a schematicized dislocation pair is showrbeen reduced to four layers. The two dislocations have additionally
in Fig. 10; we use th&— z axes as convention dictates where shifted their center of mass, presumably under the influence of de-

the structure is uniform in thé direction. The elastic con- fects out of the field of view(c) The dislocation center again shifts
' and forms a bound paikd),(e) The bound pair annihilates. Bar

stant\ is defined asVK,/B, whereK is the splay elastic _150 nm
coefficient andB is the layer compressibility. This strain en-
ergy results in an attractive forc& {,F,) for oppositely ori-

ented dislocations as follows: locations, as is schematicized in Fig. 10. Two oppositely ori-

ented dislocations are shown attracting and annihilating, pro-
BB X 2 ducing a pattern free of topological defects. The peculiarity
12 /—ex;{ ) (4.2  of the interaction is evident in the change of signFofas
mZ one crosses the parabolaxdf= 2\ z. Note also that the force
drops off withx exponentially—dislocations interact signifi-
cantly weaker in a smectic than in hexatic crystals where
: dislocations interact exclusively via a power law. This is per-
(4.3 haps partly responsible for the lack of observed grain bound-
aries(clusters of dislocationdfor this 2D smectic system.

This force would pertain to the upper dislocation of Fig. An example of this annihilation process in our system is
10(a) with the lower dislocation considered to be the origin.shown in Fig. 11. This data comes from a relatively well-
The interaction force that results from the above expressionoarsened pattern annealed at 368 K where the total prior
causes like-signed dislocations to repel and oppositely oriannealing time for the pattern shown in the first panel is 9
ented dislocations to attract. However, the resulting motiomin. In panel (a) two oppositely oriented dislocations
causes the dislocations to follow a path which is longer tharfcircled) are shown where the distance between the indicated
their initial separation distance. The annihilation process thadlislocations is shorter than the distance to the nearest topo-
results from this interaction reduces the total number of distogical defect. While the dominant forces on the two dislo-
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acknowledge here. The coarseness of our movies prevents

measurement of the interaction force based upon the speed ¢

defect motion. In addition, this coarseness limits our ability -, - - -,
to examine the subtleties of dislocation motion—such as th '\_\"\ w
direction of the interaction force as a function of location. \

Lastly, while we examine here dislocation pairs that may be \

so close enough that their motion is dominated by their own \
D RS

interaction forces, strain fields from nearby topological de-
FIG. 12. Annihilation of disclination dipole, observed infre-

fects must play some role, as is evidenced in the moveme
of the center of mass of the dislocations from paagto (b). —

quently. (a) Schematic of a disclination dipole with Burgers vector
3d, where the+ 3 disclination core is indicated with a closed circle,

Our lab is currently improving measurement methodology to C '\
increase our time resolution such that a better time sequen :\
can be obtained.

Topological constraints dictate the favorability of various and the— 3 disclination with an open circle. The strain fields cause
possible coarsening mechanisms involving orientational dethe defects to annihilate, producing three dislocations after annihi-
fects. We first discuss a disclination dipole and its relatedation in panel(b). (c) AFM image of a disclination dipolgBurgers
orientational strain energy. For nematic systems, the orientasector &, cores indicated as in pan@)], plus six additional dis-
tional strain of a disclination paitsuch as shown in Fig. 12 locations, three each of the two orientations. One is cir¢@dThe

cations may be their interacting strains, nearby defetts-
est is about ten layers awaynay also influence their
trajectory. Subsequent panels show the pattern after annea
ing interludes of 1 min each. Pan@) shows that the two
dislocations have both translated and reduced their separe
tion distance. In panelc) the dislocation pair has again O
translated, reduced its separation distances, and appears
have formed a bound pair, which persists in paigl The
pair disappears by panéd), leaving a defect-free region.
There are several limitations to this observation which we

@

Z

7

C. Annihilation of disclination dipole

dictates a logarithmic interaction potential: dipole has annihilated, and four dislocatiofsch circleg, of the
orientation corresponding to the dipole’s original Burgers vector,
Enem= mk1koK o In[r/d], (4.4  remain in the field of view. Additional dislocations have moved out

of the image area.
whered is the repeat spacing, akg andk, are the winding
number for the defecthere+ 3 and— 3, respectively. The

i . cation production. This seems counterintuitive as there are
attractive force then is

ten times as many dislocations as disclinatigfig. 8 and
; we observe their mobility to be high as compared to discli-
Frem= 27k KoK . (4.5 nations. However, a few dislocations of the appropriate ori-
r entation may be trapped in the strain fields of other defects,
0(ﬁ,ee earlier sectignmitigating their potential usefulness in

There is also a strain energy associated with compressi A o ! NN
9y b 1aSS|st|ng in the annihilation of a pair of disclinations.

and dilation of the layer spacing for such a configuration, bu
we focus here on the strain associated with the director field.
This defect pair has an associated Burgers vector equal to
twice the separation distan€®3]. Hence the annihilation of

a disclination pair produces a number of dislocations equal to The annihilation of two disclination paifsvhich we refer

the original Burgers vector divided by the layer spacihg to as a quadrupole as it contains a total of four disclinagions
This is schematically represented in par@sand(b) of Fig.  allows the pattern to coarsen while both eliminating all ori-
12 and is also shown by the AFM data in pan@sand(d).  entational defects involved and minimizing the production of
While dislocations shed in this process slowly annihilatedislocations. In striking contrast to dipole annihilation, this
with other oppositely oriented dislocations, this is less favor-mechanism of coarsening was observed during the entire
able than an alternative disclination annihilation processoarsening process, from virtually the initial state of disorder
which produces few or no dislocatiofishich we describe in  to samples with correlation lengths on the order of dozens of
the following sectioh Consequently, we rarely observe this repeat spacings. We try to establish this here by discussing
coarsening mechanism for disclinations pairs separated byvo quadrupole annihilation events—one with an initial
more than a few layers, though we thoroughly searched ouwsmall separation distancep between disclinations and one
data for such annihilations. We suggest that the lack of suctvith a large separation distance (§0Such quadrupole and
annihilations result from the topological constraint of dislo- tripole (further discussed in Sec. IV)Gnnihilation events

D. Annihilation of disclination quadrupole
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FIG. 13. lllustration of quadrupole configuration 1. This se-
quence shows two dipoles of disclinations in a configuration with
zero net Burgers vector. The dark and light circles refer to the cores
of plus and minus disclinations. Pand®—(d) show a possible
annihilation process.

were observed approximately ten times as often as dipole
events and were observed at all stages of the coarsening pro-
cess(all length scales

A quadrupole consists of two disclination pairs where
each pair has an oppositely oriented Burgers vector of simi-
lar magnitude. One possible quadrupole configuration i?ati

show_n schematically n F.Ig' .1@' The net Bu_rgers \_/e_ctc_)r eight layers.(a) After annealing for 6 min at 368 K, the spacing
for this cluster of four disclinations is zero, so its annihilation 1o _ .
between+ 5 disclinations is eight layergb) After annealing 2 min

Is not tODOIOgicaHY hindereq "k.e that of a disclinatiqn dipole further, the separation distance has been reduced to seven layers.
anne._ The a_ssomated strain f|e_Ids of th.e defects induce ,th er annealing of 3 min further, the separation distance is 5.5 lay-
four disclinations to attract, Ieav!ng f"‘ region free of FOpOIOg"ers. A Burgers vector construction reveals that there is a surplus of
cal defectypanels(b)—-(d)], albeit with a screened interac- ,ne jayer on the right hand side. Subsequent images are shown with
tion. o o o _ 1-min intervals.(d) The separation distance is 3.5 layef®. The

The annihilation process schematicized in Fig. 13 is obseparation distance is three layef$ All orientational defects have
served in the AFM images shown in Fig. 14. Paf@Ishows  annihilated, leaving the requisite dislocation on the right hand side.
four disclinations in a configuration reminiscent of two di- Bar=150 nm.
poles. The separation distance between the positive disclina-
tions is eight layers after annealing for 6 min at 368 K. Afterthat the separation distance has been reduced to 4.5 layers,
2 min of annealing further, panéb) shows that this distance and in panele) (+1 min) three layers. Finally in panef)
has been reduced to seven layers, and in p@néanother 3  (+1 min), the orientational topological defects have com-
min), 5.5 layers. The nonintegral separation distance resuligletely vanished, leaving the requisite single dislocation
from the disparate cores of the positive disclinations, the leftvhich simply conserves the Burgers vector.
plus disclination consists of a cylinddighter) in panel(b); We now consider another typical quadrupole annihilation
the right consists of the matrixdark. Distances are not but with a larger initial separation distance. We schematicize
counted in absolute numbers but in the number of light-darkhis larger sized annihilation process with Fig. 15 and present
oscillations one encounters in traversing the distance behe AFM images in Fig. 16. While Figs. 15 and 13 are topo-
tween cores. A minimal Burgers vector construction in panelogically identical, Fig. 15 perhaps more effectively captures
(c) reveals that there is a surplus of one layer on the righthe subtleties of the larger-sized quadrupole annihilation. The
hand side. Similar constructions for pan@sand(b) reveal representative panels of Fig. 16 were taken from a sequence
an extra layer on the left hand side of the image—of AFM images tracking the coarsening process at 368 K.
dislocations can diffuse in and out of the field of viées-  Four well-separated disclinatiorisvo + 3 disclinations and
pecially pertinent for longer anneal times between observaiwo — 3 disclinations can be seen in Fig. 18 after anneal-
tions), negating the Burgers vector conservation laws.ing for 21 min. The separation between positive disclination
Subsequent panels occur after 1-min annealing steps, mincores is 3% 1 layers and the separation between negative
mizing this effect. Pandld) (1-min annealing furthe@rshows  disclination cores is 151 layers. The uncertainty reflects

o T

FIG. 14. AFM images taken from a sequence showing annihi-
on of disclination quadrupole which is initially separated by only
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/\ FIG. 16. AFM images taken from a sequence showing annihi-

lation of a disclination quadrupole, which is initially well separated
during annealing at 368 K. Cores are indicated by filled cirdi@s.
After 21 min of annealing, the disclinations are widely separated,
C and there are other topological defects in the field of vidyAfter
13 min of annealing further, the disclination spacing has decreased
roughly twofold; the quadrupole has a Burgers vector of abaljt 5
depending on the exact location of the chosen path. Subsequent
panels are obtained with 1-min intervals of annealing, for which the
spacing continues to decrease until paiegl where the quadrupole
has annihilated, leaving a cluster of about four dislocations. This
cluster can best be seen by viewing the image at an oblique angle
parallel to the stripegf) Dislocations repel and separate. B&00
nm.
FIG. 15. Schematic of the quadrupole mechanism which domi-
nates the coarsening proce¢s. A symmetric quadrupole having Nations has disappeared, and a small group of like-charged
net Burgers vector zero, with-3 disclinations indicated with a dislocations remains after their annihilation. Note that the
“+"and —3 with a “—.” (b) Same quadrupole after disclination number and Burgers vector of these dislocations is largely in
motion where the average separation distance is redicedfter agreement with the five excess layers associated with the
annihilation, no topological defects exist, as no disclinations remairquadrupole in pandb). While there is reasonable correspon-
and no dislocations are produced. However, for a quadrupole hadence between the quadrupole Burgers vector and the num-
ing a nonzero Burgers vector, the requisite number of dislocationber and sign of dislocations produced after annihilation, the
would be created during annihilation. poor time resolution of this sequence of stills and the high
mobility of dislocations limits our ability to absolutely asso-
: . . . ciate particular dislocations with the quadrupole annihilation.
annealing for 13 min furthefFig. 18b)], the spacings de- e 16f) shows these like-charged dislocations as they

crease to 171 layers and 121 layers, respectively. AS e ang separate from one another, consistent with Eqs.
there are many dislocations also present nearby, the net Bu(?f 2) and (4.3
n

gers vector for the disclination quadrupole is quite depende
on the precise path one choses to encircle it. However, a
typical closed path which encircles the disclinations, passing
a few layer spacings away from their cores, reveals that there The time dependence of annihilating disclinations allows
is a surplus of approximately five layers on the left in panelone to test the consistency of the measured 1/4 power law
(b). Panels(c)—(f) are obtained sequentially with 1-min in- with defect motion. We apply this to Fig. 16 and plot the
tervals of annealing. The disclination cores continue to ataverage separation distance raised to the fourth power be-
tract until panele), at which time all evidence of the discli- tween like-signed disclinations in Fig. 17. The earliest time

the difficulty in locating the disclination core center. After

E. Quantitative analysis of quadrupole annihilation
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FIG. 17. We plot the average spacing between disclinations
raised to the fourth power as a function of time for the images
shown in Fig. 16. A straight line would indicate consistency with a
t* power law.
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is chosen as the point at which the strain field bounded by
the quadrupole contains no other disclinations. Dislocations,
however, were identified at all times. By plotting the distance
between defects raised to the fourth power, we examine the . ) 1o

. . o FIG. 18. Mechanism for moving & 5 disclination up by mov-
consistency with a 1/4 power law for their interdefect spac-

. hich d ai ) h | ith th ing a dislocation down. Dark lines denote cylindeées.Disclination
Ing, which would give rise to the power law with the same only centered in panel, core identified by+:" (b) By cutting one

exponent foré,(t). The average separation distance can b&nnermost dark line and reconnecting with center line we have cre-

seen to decrease at an initially slow rate, which rapidly in-ated an extra terminated cylinder and the disclination core has
creases and becomes somewhat linear. A straight line woulloved up.(c) Dislocation moves dowr(d) Dislocation moves fur-

indicate consistency with a 1/4 power law, and the agreemenher down and away from disclination strain field.

here is surprisingly good. Though the limited range of dis-

tance(factor of 2—3 in distandereduces our confidence in G. Partial annihilation of disclination tripole

any measured exponents, it is inconsistent with a 1/2 power while annihilation events involving two disclinations

law as one might expect for a disclination pair for a nematicyere rarely observed, events involving three disclinations

system, hence supporting the idea of topologically conwere frequently seen. For the case of three disclinations

strained disclination motion giving rise to a low exponent. where one charge is dissimilar, two can annihilate and the
third can act as a sink and absorb disclinations as shown

F. Interaction of dislocations with disclinations earlier. The upper portion of Figs. @Qb shows an illustra-

While the number of dislocations is reduced by annihila-
tion events as discussed above, disclinations can also act as a
source or drain for dislocations. In doing so, disclinations
facilitate their motion in response to strain fields. An ex-
ample of this is schematicized in Fig. 18. These four panels
show that a dislocation can facilitate the motion of a discli-
nation. Panelga)—(d) show the motion of a dislocation to-
wards the lower part of the diagram, which in turns moves
the disclination core towards the upper part of the diagram.
When the panels are observed as moving forward chrono-
logically, the disclination acts a source for dislocations.
However, the disclination acts as a drain if one views the
panel in reverse order.

We present supporting data in Fig. 19 taken from a time
sequence of AFM images. The core of the disclination is
initially light, then dark, then light. This alternation of the
disclinations core was seen for all disclinations examined.
These changes in the disclination core may reflect the move-
ment of the disclination by dislocation absorption or emis-
sion, but our time resolution here is not sufficient to resolve
this motion. Positive disclination cores were examined sta- FIG. 19. Time sequence of AFM images where the disclination
tistically throughout the coarsening experiment, but no prefcore (circled) alternates between light, dark, and light. Almost all
erence for light or darkcylinder or matriy was seen. This is disclination cores were observed to fluctuate in this manner. Bar
surprising as there is an asymmetry between the[&@ =200 nm.

(R
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FIG. 20. Tripole going to monopolga) Schematic showing
three disclinationsgtwo plus, one minus Note that the net disclia-
tion charge ist+ % (b) Final state after a plus and minus disclination
have annihilated, leaving a soIitary% disclination. f

\
W

\

tion of three disclinations, two plus and one minus, trans-
forming into one dislocatioflower parj. The single positive
disclination is created, conserving disclination charge. The
dislocations produced by this process are absorbed in th%
remaining disclination, as shown earlier. :
. Figure 21 _Shows a s_econd tripole ann'h'l,at'on process FIG. 21. AFM data of tripole of three disclinations merging to
v_\/|th enough time resolution such that some dlfsloqat|qn MO%orm a monopole(a) Three disclinationgtwo plus, one minusare
tion can be observed. Pan@) shows three disclinations present in the oval. The two lower disclinations form a bound pair
(two plus, one minuscontained within an oval after anneal- of sorts with a separation distance of five layéks.An intermedi-
ing at 368 K for 10 min. The size of the upper disclination ate state where the topological defects are not easily identifiahle.
suggests that it will be of larger influence and we identify theThe topological defects are once again easily identifiable. The upper
lower two as a bound pair of sorts. Further annealing for Zircle shows thet % disclination, an arrow indicates two disloca-
min more [panel (b)] changes the lower two disclinations tions, and the lower oval shows the “bound” state of a plus and
into several dislocations, or alternatively, into a sort of grainminus disclination pair. Note that their separation distance is
boundary. Pane(c), obtained after annealing for 3 min fur- smaller(about three to four layerghan in panela). The disloca-
ther, is more straightforward to interpret. The lower circletions indicated here may be in the process of “exchange” from the
shows that the Burgers vector for the bound pair has beelower pair of bound disclinations with the upper disclinatigd)
reduced, necessarily involving the shedding of dislocationsThe lower two disclinations have shed dislocations which move
Several of these dislocations are indicated by the arrowowards the upper disclinatiorte) The upper disclination absorbs
which we suggest are being absorbed by the larger uppérost of the remaining dislocations. Ba200 nm.
disclination (circled). Panels(d) (+ 2 min)—(e) (+3 min)
show the almost complete absorption of the balance of dig54,55. Pattern coarsening will progress if the free energy is
locations into the upper disclinations. being reduced. Processes involving the creation of fewer dis-
While the coarseness of our time resolution prevents ufocations are favored since each costs a core energy. Thus the
from tracking dislocations with the preferred level of preci- annihilation of a pair of disclinations alone is rarely seen as
sion, we argue here that this is an example of the type ofthis requires transforming the Burgers vector into disloca-
dislocation motion that is necessary for disclinations to antions. Multidisclination annihilations are more favorable be-

\

\\

=

=
-

nihilate or translate. cause a third disclination can act as a source or sink of dis-
locations, relieving the topological constraint and allowing
V. UNDERSTANDING THE DYNAMICS an oppositely charged pair of disclinations to approach and

annihilate. Alternatively, a set of four disclinations can be
A. Our model arranged that they have no net Burgers vetfdy. 15); these

We now discuss the origin of the measured kinetic expofour may then mutually annihilate without a net production
nents using the above mechanism of coarsening as a guidef dislocations. Only about one-half of all disclination anni-
The essential topological constraint on the evolution of thesdilations could be characterized in our experiments; of these,
stripe patterns is that disclination motion requires the proalmost all involved are tripoles or quadrupoles, leading us to
duction or absorption of dislocations, lowering the kinetic consider associated annihilation mechanisms to motivate the
exponent from that observed in nematic systems (1/2)neasured kinetic exponents.
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For concreteness consider a disclination quadrupoléttle or no work on the coarsening dynamics of disclinations.
where the average separations areThis model applies However, recent work on convection in a zig zag morphol-
equally to multidisclination annihilation events. Oppositely ogy has yielded a consistent 1/4 exponisg].
charged disclinations attract with a potential varying as)Jn( While experimental work on the the coarsening kinetics
wherer is the distance between them. This produces forcesf stripes is limited as described above, there have been nu-
on the disclinations varying asrl/However, the disclina- merous simulations during the past decade which bypass
tions cannot simply move in response to these forces, due tedge effects with periodic boundary conditions. Though ear-
the topological constraint. Let us assume that the elementafier simulations focused on striped systems well described by
step that allows a pair of 3 disclinations to move together the nonconserved dynamics of Rayleigh-Benard déi-
by one layer requires the motion of a dislocation from one68] recent work has established the applicability of this work
disclination pair to another. Thus a dislocation must move 40 smectic or diblock copolymer systems where the dynam-
distancer in order for the disclinations to move only one ics are governed by a conserved density fi@]. Simula-
unit. The resulting decrease in the free energy of the disclifions predict that the orientational correlation length grows
nation strain field is of ordeAE~1/r. The forcef driving ~ With @ fractional power law with an exponent of 0.25 for

the dislocation’s motion is the energy change divided by thé?0th dissipative Swift-Hohenberg simulations and the con-
distance traveled, f~AE/r~1/r? (naively. If we as- served dynamics of diblock copolymer systems in the ab-

sume that the dislocation motion is viscous with a speed€nce of noise. The addition of a small amount of néase
proportional to force, the dislocation’s speed ds-1/2.  analogy is made to increasing the tempergtwas consis-
Since the dislocation has to travel a distancéne time for €Nty sholwn to increase thle measured exfpongantsﬁ with re-
this procesgwhose net result is only one unit of disclination POrted values up to 0.3. A large amount of noise has been

motiondr~1) is dt~r/v~r3. Thus the disclinations move shown to decrease the_ me_asured expoesk Hen_ce our
towards one another as-dr/dt~1/3, yielding r~(t; measurement of the kinetic exponent for the orientational

—1)¥4 wheret; is the time when they annihilate. This sce- correlation lengthFig. 6) of 0.25 is consistent with the the

nario suggests that the typical spacing between the remainiA@r%Sht.’lOdY of Illttgratu[]e on Srt]r'%?d s',yziem?. it
disclinations at time grows ast(t) ~t*#, consistent with our lie simuiations have shed insight onto pattern coarsen-

R ing kinetics, there has been almost no discussion or analysis
measured exponent in Fig(e. Ing ' ;
Finally, it is worth noting that the interaction force of (with th? notable exception 9f Hou and Goldenf¢&S]) .Of
Coulombic dipoles interacts with ar#/force in 2D as well, the p_artlcular tppology of striped systems and how this may
yielding at'* power law as well. In some sense, the kineticsphys"c""IIy motivate the measured exponents. For example,

here can be thought of as the interactions of charged particl%gﬂe attention has been paid to the often-observed disloca-

in 2D where the driving force is their Coulombic interaction lons or disclinqtions. The large role of the latter in the_coars-
ening of nematic systems would suggest that topological de-

subject to the constraint that only quadrupoles can annihilat(?. o ; ) :
ects should play a similarly large role in smectic coarsening
[55]. To our knowledge, there have been few studies of the
motion of individual disclinations or their annihilation pro-
Though there are few nondissipative systems appropriateesses. Researchers studying coarsening in other systems,
for studying the pattern coarsening of stripes, dissipative syssuch as the-y model, have made considerable progress by
tems such as the rolls observed in Rayleigh-Benard conve@hoosing their initial configurations to consist of two or four
tion cells have been extensively investigated. Unfortunatelygdefects [54]. Similar artificial configurations—such as a
the sample cell size is experimentally limited to less thanquadrupole of disclinations—could be studied for a smectic-
several hundred “rolls,” precluding their use as a model sysdike system to gain insight into screened defect interactions.
tem for the study of coarsening exponents. Edge effects playhis would simply require that the initial conditions be
a large role in small systems and collections of well-space@dwitched from a random field to a specifically tailored dis-
interacting disclinationgsuch as those studied hgwge dif-  clination configuration. While this has not been done for
ficult to generate. However, other properties of driven con-stripes, the temporal evolution of defect configurations in
vection patterns have been extensively studied as a functidmexagonally symmetric patterns have been investigated
of quench depth and as a function of tiffe]. Dislocations [70,71]. These researchers have yielded insight into the evo-
have been studied by nucleation and an evolution to graitution of grain boundaries from starting configurations of
boundaries has been reporf&¥]. Similarly driven nematic  disclination clusters. With similarly seeded configurations for
systems exhibit a roll periodicity for which observations con-stripes, we suggest that great progress could be made as to
cerning dislocation strain fields and their motion have beerthe interaction of disclinations and dislocations.
made though there has been little or no work concerning the An additional application of simulations would be for in-
annihilation of orientational defec{$8,59. Lastly, garnet creasing our time resolution. The current coarseness of our
films are also experimentally accessible and produce patteriigne resolution prevents us from observing dislocation mo-
of high contrast, but the observed coarsening primarily retion with the desired level of detail. For example, we cannot
sults from the adoption of an equilibrium repeat spacing remeasure the relative velocities of glide vs climb. For smectic
sulting from a temperature or field jump. Little temporal systems, climb igsurprisingly predicted to be more favor-
coarsening has been reported where the repeat spacing able[72]. The finer time resolution of simulations may allow
held constanf6,60,61. In all of these studies, there has beenfor a more complete picture of defect motion.

B. Comparison to simulations and previous results
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VI. RESULTS—QUASISTATIC PROPERTIES OF STRAIN e —
FIELDS IN DEFECT-FREE GRAINS AND NEAR

ISOLATED DISCLINATIONS OR DISLOCATIONS
A. Introduction

Though the previous sections show that this system is far
from equilibrium, studies of the well-ordered state can be
used to extrapolate the elastic constants of the system. To this
end we examine large grains of virtually defect-free regions
and also the strain fields of relatively isolated topological
defects. The measured orientational and translational corre-
lation functions provide evidence that our system is consis-
tent with the predictions for a 2D smectic system. We show
that in defect-free regions translational order is destroyed by
variation in the orientation field rather than by dislocations.
The strain fields of disclinations are used to measure the ratio
of elastic constant&3/K;, whereK; reflects the energetic
cost of molecular bend ani; reflects that of molecular FIG. 22. SEM image of the relatively well-ordered grain of
splay. The strain fields of dislocations are used to measure &s-PI 30-11. Two dislocations are circled. While this region exhib-
upper bound on the ratio ¢&f5/B whereB is the layer com- its orientational order, translational order is destroyed within a few

pressibility at fixed densitynot the bulk compressibility repeat spacings by the orientational undulations of the micro-
domains(see Fig. 23 Bar=200 nm.

L

et i

B. Grain . . . R
relation functiongy,(r) andgg(r), which are plotted in Fig.

At finite temperature, theory dictates that a 2D smectic23(a). The orientational correlation function decays from 1.0
has quasi-long-range orientational order and short-rang® about 0.8 at a distance comparable to the image size,
translational ordef2]. While translational order is typically hereas the translational correlation function decaystb
destroyed by d_lslo_catlo_ns in three-dlmenglonal crystalsyithin a few repeat spacingst¢~3d) and then fluctuates
defect-free elastic distortions alone are predicted to destroypout zero. Since this latter decay distance is much shorter
translational order for a 2D smectic. To test the consistencyhan the distance between dislocations, we argue that orien-
of our system with these predictions, we studied sufficientlytational distortions have destroyed long-range order in agree-
well-coarsened samples such that micron-sized grains coulghent with predictions for a 2D smectic.
be readily identified. By choosing a grain with few disloca- A semianalytical and somewhat geometrical argument can
tions we can test whether translational order is destroyed ahow the influence of the orientational distortions on trans-
length scales shorter than the separation distance of dislocggional order. We show this by first calculating the azimuth-
tions. This was accomplished by calculating the correlatlon§leIy averaged angle-angle correlation functioaz(r)

g,(r) andgg(r) for a well-ordered region. _ _ 2\ IEi i i B}
In order to fully and most convincingly ascertain the na- ([0(0)=6(r)1%) [Fig. 23b)]. A careful inspection of pan

ture of order in the sample, one must examine samples witf'S (& and (b) of Fig. 23 shows thab®(r) can be mapped
a single, well-oriented grain, with subsequent experiment@M092(r) by multiplying the former by~3 and subtracting
showing that any correlation functions measured for thigdt rom 1. A small angle expansion df,(r) is useful to
sample were largely independent of the size of the sampld/lustrate why:
While the small grain size of our system makes this impos- _ 7 42i(6(0)— O(M)\ ; _
sible, we believe the trends in our data are meaningful as the 92(r)=(e e ())> 1+2i[6(0) = 6(r)]
many grains and disclinatior(svith different annealing his- —A4[6(0)—O(r)]?--. 6.
tories have yielded consistent results.

A typical grain from our well-annealed samples is shown The second ternjlinear in 8(0)— 6(r)] in the above
in Fig. 22, where the long-range orientational order is evi-equation averages to zero, leaving only the quadratic term
dent from the largely horizontal orientation of the cylinders,yitny the unity offset. This implies thag,(r)~1—462(r).

throughout the image. The translational order, however, apan inspection of Fig. 2&) reveals this to be approximately
pears to be de;troyed by thg softness .Of the system to und8()rrect—g (r) decreases aEz(r) inceases, and vice versa
lations in the microdomain orientation field; the cylinders are 2 ! ‘

not straight. The orientational deformations shown here arérhe correlation func'uorgz(ws to about 0.8 at 30

quasistatic and unlikely to be thermal fluctuations—they argepeat spacings, whereas-#%(r) is around 0.68 at the
presumably imposed by history, distant defects, or other imsame distance. The slight difference in magnitudes is most
perfections. Two dislocationcircled can be seen in the likely due to higher order terms in the expansion.

entire field of view, but disclinations are entirely absent from The translational correlation length corresponds to a dis-
the image, preserving the long-range orientational order. Thisance over which the cylinder layers become displaced by
is made more quantitative with the azimuthally averaged cord/4, or out of phase byr/2, from that of the cylinder at the
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FIG. 24. Distortional fields in a smectic crystal as produced by
o the displacement field(x,z) = u, sin(@-X). () Hereq is parallel to
0 5 10 15 20 25 30 35 the x direction. The layers undulate with amplitudg and wave-
r (d) length 2m/q, the latter being equal in width to this panel. The local
C magnitude ofu(x,z) is indicated by arrows in three places, which
originate at the dashed linéwhere the layers would reside if un-
perturbedl and terminate at a distance determined by the magnitude
N gJ;(r and sign of the local value af. The direction of the unit normai
k \ : is indicated in one locatior{b) Compression and dilation of layers
\ S~ is produced by rotatinj to be normal to the layers and parallel to
‘ : z. We indicate the magnitude of the compression or dilation with
‘g“ (1) / arrows in the center. The layers are uniform in theirection. The
filled circles indicate regions where the layers are unperturbed and
0 4 8 12 16 20 the wavelength of the perturbation is equal to the height of this
T (d) panel. The two opposing arrows indicate a region of dilation
(oul/9z>0) and the two self-pointing arrows indicate a region of
FIG. 23. (8 Orientationalg,(r) (thin line) and translational compression {u/3z<0).
gg(r) (thick line) correlation functions for a grain of well-oriented
microdomains(previous figureé Note the orientational order re- ——
mains nonzero at a distance of 35d (whered is the repeat spac- 6%(r), we obtainr ~3d. This suggests that the orientational
ing of the cylindery, comparable to the image size. However, the deformations alone produce a translational correlation length
translational order has decreased to the noise level at a distance of 3d, consistent with the rapid decay of the translational
r=5d. This demonstration of long-range orientational order with correlation function for a 2D smectic at nonzero temperature.
short-range translational order is consistent with the theoretical un-
derstanding of a 2D smecti¢b) Orientational fluctuations for the
same data. The apparent mirror symmetry between pgaeknd C. Fixed repeat spacing

(b) is .cons.istent. with destrqction of t.ranslgtional order yvith micro- A casual inspection of Fig. 28) reveals that this system

o_Iomam orientation und_ulat|onsc) Qnentanonal correlation func_:- exhibits a narrow distribution of layer spacings with long

gons for c’(zlrrtela;[;]on palrsé perpendicular a_r:jcil paf:}”%'. t(: the rPh'c'ro'wavelength undulations in the layer orientations. We show
omains. Note thag(r) decays more rapidly with distance than here that this results from the distortional energy associated

g, (r) for this single grain. This is also seen for multiple grains, as_ - .
is shown with¢, andé, in Fig. 6. The ripples ong, (r) occur with molecular splay K,) being 1§ lower than that for

with a separation distance corresponding to the repeat spacing at@lyer compressibility B) [16]. We start with the two-
are an artifact of image processing, they can be removed with furconstant phenomenological equation for the relative energies
ther smoothing. of molecular splay and layer compressibility. For layers in
_ the x—y plane, with a unit normaf in the z direction (Fig.

starting point. Givers*(r), we can solve for the distande 24), the energy can be written as
necessary to travel along a cylinder axis in order for the

antati : - - 1 1{gu)\?
orientational deformations to displace the cylinder center by W:J K (v’.ﬁ)z_}_g(
d/4. If we solved(r)r~d/4, wheref(r) is determined from 21 2°\0

1.0

g(r)
/

0.8

IXdz, (6.2
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whereu(x,z) is the spatially dependent distance by whiching the deformations of layer compression and dilation in
the layers are displaced from their undistorted configurationsmectics for nowis shown below whera is the local di-

The pattern is assumed to be uniform in thdirection. This  rector oriention,
equation can be cast in a more useful form for our purposes,

which depends only on(x,z) by modifying the splay cur-
vature term:
1 [ou)® 1au)\?
7K1 Pl +5Bl 57| [9%IzZ. (6.3 Each of the three lowest order deformations—molecular
X splay, twist, and bend—are represented by the elastic con-

w-
. . _ stantsK,, K,, andK3 and the associated expressions above,
‘We may calculate the ratio of energy densities by considiggpeciively{51]. Since our system is two dimensional, we
ering two sinusoidal perturbations to a defec’i—free orientayy not have twist and the anistropy I6f andK s completely
tional field with amplitudesi, and wave numberg. Parallel  determines the strain field of the observed disclinations. We
to the cylinder axis, the microdomains meander with longtake advantage of this to measure a lower bound on the anis-
wavelength undulations, which maintain a constant repeakopy ¢ in elastic constants, where= (K;—K;)/(K;+K3),
spacing, loweringg| with respect tog, , as was shown in  py quantitatively examining the director fields of disclina-
Sec. 1D and is schematicized in Fig. @4 For this distor-  tions. Again we wish to emphasize that the patterns exam-
tion, whereq is parallel to the cylinder axis we se(x,z)  ined here are not equilibrium structures, but these observa-
=ug sin(@-X). The associated splay elastic energy is then protions pertain to the entire coarsening process, with the
portional to Klugq“_ The sinusoidal dependence of the cal-exception of the poorly ordered patterns seen at short anneal-
culated energy is removed by averaging over many wavelng times. Therefore, we believe that the analysis pertains to
lengths. This low energy distortion involves only molecularthe equilibrium state as well.
splay of the polymer chains, an orientational rather than size The strain field about a disclination is characterized by the
perturbation. The perturbation forwhich includes only the director field# as a function of azimuthal anglé [see Fig.
distortions of compression and dilatiomot splay is ~ 25@]. In the simplest single-constant approximatidf,
u(x,2) = Uy Sin@-2), where the distortional wave numbgis s forcing e=0 and the director field(¢) about a dis-
now perpendicular to the microdomain akigg. 24b)]. The clmapon is a Ilnear_ function inp. Similarly Io_vv values_ of
energy density for compression and expansion of the r(_:.peggastlc constant a}nlsotropy are .often seen in nematics. For
spacing is proportional t(ﬁuzq2 The ratio of these two Eg.l‘ a pg_rturbauon to the equiconstant case can be_used,
! ) . oH - T = which facilitates the generation of the function associated

distortional energiessplay to compressibilityis (K1/B)q°. it the director field 75,76. This perturbation is not useful
The ratio ofK, /B is commonly denoted as?, where\ has  for the smectic case here, where 1 and numerical calcu-
units of distance and is comparable to a fraction of the repedations were necessary to generate the predicted form of
spacing of the microdomains. The ratio of distortional ener-g(¢) for a givene,
gies is then written as\@)?. Amundson and co-workers
showed thah can be calculated for copolymer systel#§]; -
analysis reveals that~d/10 here, consistent with that of ¢=pJ [(1+ e cos %)/(1+ p?e cos X)]Y%x,
most nematic systems. We set our wave nuntpegual to 0
2wl &,, which we approximate as 210d for the well- (6.5
coarsened samples. This results in the ratio of distortions as
(Ag)?~10"3, which shows that a splay distortion is three Wherep is defined as
orders of magnitude lower than a compressibility distortion.
In Sec. VIE we measure the upper boundoro be d/2, m
resulting in an upper bound of the energetic ratio of 1/10. 7=(s— 1)Pf [(1+ecos )/(1+ p?e cos )] %x.
This large ratio in the distortional modes results in a pattern 0

) > . : : . (6.6)
which displays molecular splay with very little microdomain
spacing distortion.

... L L1 Lo
f=EKl(V~n)2+sz(n~VXn)2+§K3(nXVXn)Z.
(6.4)

In smectic systems, the fixed layer spaciiiy our case
largely determined by the polymer’s radius of gyrajiaiic-
tates that bend is more energetically costly than splay, forc-
ing K3>K. Discussion and illustration of these two distor-

Well-coarsened samples exhibit disclinations separated bjons can be found in Sec. IlI D and Figgay and 1b). We
dozens of repeat spacings which can be used to measure tban directly measure this ratio by examining the director
anistropy in elastic constanit§2,74]. Examples of both posi- fields about a disclination and comparing it to the predicted
tive and negative disclinations are shown in Fig&)3and functional form[52,74]. Our measurements focus on positive
7(c,d. The form of the strain field about a disclination is rather than negative disclinations as the strain field of the
determined by the energetic cost of the associated deform&srmer deviates greater from the equiconstant cases, facilitat-
tion. The strain energy densifyffor a nematic systertignor-  ing greater accuracy in measurirg We also observe that

D. Disclination characterization—measurement of elastic
constant anisotropy
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negative disclinations consistently contain dislocations,
which would either invalidate or complicate this analysis.
[See Fig. &) or 7(d).]

A + 3 disclination from a well-coarsened sample is shown
in Fig. 25@a). This disclination is chosen so as to be largely
free of nonequilibrium structures, such as kinks, and suffi-
ciently far away from other defects such that its own strain
field dominates the director field. Our coordinate system ori-
gin for analysis is the disclination core. The director field
was measured as described in the experimental section. We
plot the director field as a function of angle at four radii (
=2.9d,4.4d,5.9d,8.8d) to show the insensitivity of the di-
rector field to the particular chosen radiidg. 25b)]. Note
the high nonlinearity of¢ as a function ofep. The director

; | field 6 fluctuates about zero fap<<w/2, then increases with
a slope of about 1.0, then levels off atfor ¢>3#/2. This
is consistent witlK;>K, i.e., e~1. To minimize the influ-
ence of the director field on the particular strain field of an
/‘ individual defect(which may have kinks or the subtle influ-
1 / ence from far away defedtswe average the strain field at

N

N
N

r=4.4d over five disclination defects. This radius was cho-
0 sen due to its proximity to the disclination cores, where the
strain is the highest, yet a distance at which the higher dis-
0 2 4 6 location density near the core only begins to increase. We
Azimuthal Angle ¢ compare this to the predicted functional forms of the director
fields in Fig. 2%c). A fit to this data can be made to this plot
using the functional form of Eq$6.5 and(6.6), yielding a

Director Angle 6

C 3 3 8=1_0ﬁ%| lower bound for the anisotropy ¢f;/K;~40, ore~19/20.
B0 | We note that the limit on the upper bound is set by the
g 2 Va e=0.5 accuracy of our director angle measurements and by our pa-
< tience in performing the numerical calculations in extracting
5 1 V4 the angular dependence @fThis high ratio ofk3/K origi-

L} . . . . .

131 0 4 nates from the high energetic cost of deviations from a fixed
L | repeat spacingand hence molecular bendnd is consistent
"Q" 0 2 4 6 with our interpretation of a single layer of cylindrical micro-

Azimuthal Angle ) domains as a 2D smectic.

FIG. 25. (a) An SEM image of a+ 3 disclination for which the
director strain fieldd(r,¢) is examined to measure the anisotropy
in the elastic constants. The cylinders appear lighter. The director is The strain fields of dislocations allow us to measure the
measured by appropriate manipulation of the local gradient of thegmectic penetration depiy a measure of the relative cost of
image intensity(b) Measured values of(r,¢) at several radii( he gominant distortions of splay and compressibility. The

=2.9,4.4,5.9,88) as a function of azimuthal anglé. The four . - -
traces of6(¢) largely overlap, confirming that the director field is length scalex is defined as the square root of the ratio of

relatively insensitive to the chosen radius, as long as neighboringlastic constant§'K; /B, whereK is molecular splay anB
disclinations are sufficiently far away. Note that the director field isiS the layer compressibility at constant density. Measurement
constant forp< /2 and¢ for ¢>3/2. Between these values, the of \ requires choosing an isolated dislocati@n a closely
director angles increase linearly with a slope of about unity. This isspaced clustérwhich is far away from the strain fields of
largely consistent with a high anisotrogywith K;<Ks. (c) We  other disclinations or dislocations, measuring its orienta-
present the average o(r =4.4d,¢) for five disclinations(dashed  tional field, and comparing to that predicted by elastic strain
line) and the calculated values @(r,¢) for several values ot.  theory. Using the standard nomenclature of the Burgers vec-

The calculated)(r) fields includee= 0 (thick line of constant slope tor oriented along the axis and the layers parallel to the

1/2 with labe), e= 1.0 (thick line with zero slope fo< /2, unity . A . - )
slope form/2< $<3w/2, and zero slope fogp>37/2, with labe). i‘r’;xg’ltg% S%am on the director angld defined as Fig. 28)]

The three smooth thin lines are of increasing value ¢6.7, 0.9,
0.95 as one proceeds along the direction of either arrow, roughly
perpendicular to the line 0=0.5. Note that the measuret{r) 9= d

trace is closest te=0.95. 4712 (\z)1/?

E. Dislocation characterization—measurement o\

exp(—x?/4\z). (6.7
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A

longer correlation length@t least on the upper layéor this
copolymer system. Dislocations were therefore farther apart
on average and produced strain fields which were less per-
turbed by nearby defects. The accuracy of the measurement
of the cylinder orientation is limited by the mottled nature of
the cylinder, an artifact introduced by AFM. This artifact is
absent in the higher resolution of electron microscopy, but
the PS-rich copolymer®.g., S| 30-11examined by electron
microscopy exhibited lower correlation lengths and hence
higher densities of defects. Analysis revealed that the lower
density of defects observed in the PS-PEP 5-13 system was
the most important factor for accurate measurements of
and hence all analysis presented here originates from AFM
data. This mottling limits us to measuring an upper bound on
\.

N

Pt

Dislocation cores were identified as the center of the ter-
minated cylinder or a cylinder which bifurcated into two.
/ The orientational field? was measured as a function of azi-

y muthal angle¢ (similar to that about a disclination in Fig.
R 25) about the dislocation center for several radii and many

\\\ ,7 dislocations. The radius of Id5was determined to be the
""" r AP optimal location—a compromise between the strong influ-

ence of the dislocation strain field for small radii while fa-
cilitating accurate measurements of the local microdomain
0 5 ] 6 orientation by not being too close to the dislocation core. The
strain fields at distances significantly greater than this were
Azimuthal Angle ¢ too strongly influenced by other defects. The influence of
other disclinations and dislocations on the measured strain

FIG. 26. (a) An AFM image of an isolated edge dislocation fie|d was minimized by averaging the strain field over that
(centey in an otherwise strain-free region of a cylindrical micro- o four dislocations, but a large amount of asymmetry is still
domain forming sample. The protrusions along the individual Cy"quite evident[Fig. 260)]. The best fit to the strain field
inders(lighter) are artificacts of the AFM tip. The cylinders are light yields an upper bound fox of d/2. As a comparison, the
and the matrix is dark. Ba&r100 nm.(b) Measured director strain calculations of Amundson and Helfand suggest théar the

field 6(r=1.5d,¢) (line with circles of microdomains as a func- ) . .
tion of azimuthal angle. As a comparison we show the theoretica?l. 30-11 copolymer studied here should bed).donsistent
with an upper bound of 0cb[73].

director strain field for values of =0.1d (solid line), 0.5d (dashed
line), and 1.@ (dotted ling, centered on the dislocation core. For

oy,
>

Director Angle 6
o o
(=] w

=
</'3

A=0.1d to 1.0d, the peaks sequentially lessen in magnitude and VIl. EINGERPRINTS
widen. Note that foln <d, the director strain is concentrated into
peaks of high magnitude at=w/2 and ¢=3=/2. For\ compa- There is a striking similarity between the pattern of block

rable tod, the strain diffuses throughout such that the peaks i copolymer microdomains shown in Fig(b3 and the der-
become wider and of lower magnitude. From these theoretical straimatoglyphic prints on the palms of our hands and the soles
fields we estimate an upper boundof-d/2 for this system. In-  of our feet. This similarity is dictated by the similar topologi-
strumental and annealing constraints severely limit our ability tocal constraints, as both are intrinsically director rather than
obtain a lower bound. vector fields[78,79. While we have investigated the aca-
demic problem of coarsening in a 2D smectic here, one could
This equation can then be cast into a more useful form fofhyestigate the development of dermatoglyphs in animals as
our purposes where we descriBes a function of azimuthal \ell. The community which investigates fingerprints ob-

angle¢ and radius, serves the same topological defects as we do;tbhidiscli-
nations are referred to as loops and disclinations as tr-
d 1 iradii. There is general agreement that dermatoglyphs serve

exd — (r coS¢)/4\ sing].

two functions: increasing one’s gripping ability and acting as
(6.8 @ stitching to secure the epidermis to the dermis layer. The
development of dermatoglyphics in humans occurs around
Figure 26a) shows an isolated dislocation in the center ofthe third month of gestation and the resulting pattern is both
an AFM image obtained from a PS-PEP 5-13 film which wasenvironmentally and genetically determined—identical twins
annealed at 423 K for=14 h. This film consists of two do not have identical fingerprint@lbeit similay [80—82.
layers of cylinders(white). While consistent strain fields One significant difference in the pattern development of der-
were observed in films with single layers of microdomains,matoglyphs(opposed to 2D smectigss the fact that they
films containing two layers of microdomains exhibited originate at isolated regior(.g., central point of the tips of

0:
4712 (Nt sing)?
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fingerg and proceed from the distal to proximal portions of ever, have examined this problem for over a decade, reveal-
the limb, rather than forming ubiquitously and straighteninging a kinetic exponent similar to the one quarter that we have
out, as our system does. Additionally, volar pads on palmsneasured. A variety of systems have been examined, with
and finger tips may play a role as their regression occurs ajoth conserved and nonconserved dynamics, but similar low
the same time as the development of ridges. Penrose h@gctional exponents are typically measured. Whereas the ori-
pointed out that the origin of dermatoglypf@3] must notbe  gin of the exponent was unclear from simulations, we argue

from a vector field as their symmetry is that of a director.that it arises from the particular topology of striped systems,
Rather, the process which brings about patterns on handghich disfavor pairwise disclination annihilation.

must be from a field with a tensor character, such as stress or |, aqdition to the work on coarsening, equilibrium prop-
strain, perhaps resulting from surface curvature. Supportin
evidence is provided by the observation that fingerprints i
the absence of whorls or defects produce lines which follo

lrties were extrapolated by measurements on well-annealed
rEamples. We show that translation order is destroyed by fluc-

the path of greatest curvature. For example, it is observe ations in the local director field rather than by dislocations.

that defect-free dermatoglyphics form rings about digits; thezgIS : cct>inS|i;ent Wr't%T?]rt]er ?rt]ﬁ Nreltison Sfpggilggilsn;?;ris
ridges run perpendicular to the long axis of the finger smectic. Measurements of the ratios o

[81,84. K,/K3; andK;/B were made by examining the strain fields
from disclinations and dislocations, respectively. While these
measurements provided only upper bounds, the values mea-
sured are consistent with systems of this symmetry.

In closing, we have demonstrated that a 2D smectic sys- Some open questions remain for future studies which
tem has additional topological constraints, which lower thecould be answered through either simulation or experimen-
kinetic exponents to 1/4 from the value of 1/2 observed intation.
2D nematic systems. Pattern coarsening occurs predomi- (i) How general is this 1/4 exponent? Does it apply to
nantly by an unexpected annihilation process involving thredoth driven and nondriven systems?
or four disclinations such that a minimum number of dislo-  (ii) How sensitive is this exponent to temperature? If rais-
cations is produced. We quantitatively demonstrated that thing the temperature and bringing the system closer to melting
orientational correlation lengté, increases with & power  reduces barriers to defect coalescence, should this not change
law during coarsening as the disclination density de-  the exponent? Perhaps even allow it to be 1/2 expected for a
creases. Throughout the experiment, the density éfdis-  nematic?
clinations equals the density of disclinations, suggesting (i) What are the details of dislocation motion? In our
that annihilation of opposite winding numbers was occur-current configuration, the motion of dislocations is too fast to
ring. Moreover, the magnitude of the correlation length di-be satisfactorily captured, but a truily situ analysis of mi-
rectly scaled withp;m, suggesting that the dynamics of crodomain motion could reveal this. Surprisingly, climb has
&,(t) can be understood by studying the interaction of topo-been predicted to be more favorable than glide for smectic
logical defects. Dislocations were examined as well, and isystemq72].
was shown that the dislocation density is about ten times as (iv) What is the effect of an alignment facet on the micro-
large as the disclination density. The dislocation density dedomain orientation? Presumably cylindrical microdomains
creased during coarsening, in part due to dislocationerient parallel to a facet, but at what rate does the alignment
dislocation annihilation events. The dislocation density wagropagate away from the facet? How far does it propagate?
shown to be higher nearer the cores of disclinations, and the (v) If diffusivity of polymer chains is higher when parallel
highest densities were seen near the cores éfdisclina-  to microdomains opposed to perpendiculdue latter requir-
tions, perhaps to alleviate the strain of its particular topologying mixing of blocksg, what is the effect of the ratio of dif-

After examining this coarsening process statistically, afusivities on the kinetic exponents? Does dislocation glide
second copolymer system was examined via atomic forceequire diffusion perpendicular to the microdomains?
microscopy, which allowed for tracking of individual de- (vi) What is the spatial dependence of the interaction
fects. Pairwise annihilation of disclinations was shown to beforce of pairs of quadrupoles of disclinations—can these be
suppressed, and this was explained by pointing out that paisimulated so that the pattern evolution can be examined with
wise disclination annihilation processes necessarily produceirtually infinite time resolution, in contrast to our coarse
dislocations, which we interpet as being uphill in energy.time scale experimentally?

However, multidisclination annihilation eventsuch as qua- With the application of AFM to thin copolymer films,
drupoles were observed to occur an order of magnitudethese questions become straightforward to investigate.
more frequently. Such multidisclination events would resultTemperature-controlled heater stages with heated tips have
in lowered kinetic exponents and a model is proposed tdinally begun to allow investigators to examine these ques-
explain this. Our model includes the necessity of dislocatiortionsin situ, which promises to reveal new insights into pat-
exchange during annihilation disclination; this was furthertern formation. Additionally, the phenomenal increase in
supported by examining annihilation events involving threecomputational power during the past decade allows investi-
disclinations. gators to examine larger systems where correlation functions

To our knowledge, this is the first experimental explora-can be calculated quickly and accurately. We suggest that
tion of the coarsening of a 2D smectic. Simulations, how-pattern formation and evolution in copolymer realizations

VIIl. SUMMARY
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