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Lamellar copolymers confined into a film of thickness D by two stripe-patterned surfaces, which are

rotated against each other by a twist angle �, form lamellar domains that register and align with the

respective chemical surface patterns. The two domains of thickness x and D� x are separated by an

interface that resembles a twist grain boundary. At small twist angles � or strong selectivity of the surface

patterns, this interface fluctuates around the middle of the film, x � D=2, while the interface is localized at

one of the surfaces, x � 0 or x � D, in the opposite limit. These two morphologies are separated by an

interface localization-delocalization transition (ILDT) that can be controlled by the twist angle �. For thin

films, we find a second-order ILDTwhile the ILDT is first-order for large D values. A phenomenological

interface Hamiltonian is used to relate the findings to the ILDTof symmetric mixtures, and the predictions

are confirmed by molecular simulation.
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Block copolymers are amphiphilic molecules that self-
assemble into spatially periodic structures. The length
scale of this microphase is dictated by the interplay be-
tween the free-energy cost of the internal AB interfaces,
favoring a large periodicity, �0, and the concomitant loss of
configurational entropy. �0 is comparable to the mole-
cules’ end-to-end distance, Re0, i.e., in the range of
10–100 nm. In the following, we consider symmetric AB
diblock copolymers that self-assemble into a lamellar
phase in the bulk [1,2].

Confining such a spatially modulated phase into a thin
film, geometrical constraints, or interactions with the con-
fining surfaces can induce phase transitions [3–8]. The
transition between lamellar phases with parallel and per-
pendicular orientations induced by the mismatch between
the film thickness and the bulk periodicity has attracted
abiding interest. Strong confinement can also induce new
morphologies, e.g., the hexagonally perforated phase.

Utilizing a chemically patterned bottom substrate and a
nonpreferential top surface, one can direct the assembly of
copolymer materials. If the two-dimensional chemical sur-
face pattern coincides in symmetry and length scale with
the bulk morphology, the chemical pattern will be repli-
cated without defects [9,10]. Deviations between the sur-
face pattern and the bulk morphology, however, may lead
to novel structures [11]. (i) If the periodicity of the stripe
pattern, �b, is much larger than the lamellar spacing, �0, in
the bulk, the copolymer will replicate the surface pattern in
a thin layer at the chemically patterned surface (surface
reconstruction) but will adopt a lamellar morphology with
periodicity, �0, away from the surface [12]. The interface
between the registered substrate morphology and the bulk
morphology on top resembles a grain boundary. (ii) If
the surface pattern differs in geometry from the bulk
morphology, the surface reconstruction may lead to

complex bicontinuous morphologies with no analogue in
the bulk phase diagram [13].
Recently, the morphology of copolymer films confined

between two surfaces with orthogonal stripe patterns has
been studied by experiment and simulation [14,15]. The
copolymer replicates the stripe pattern at the respective
surface, and the orthogonally oriented lamellar domains
meet around the center of the film forming an interface
(twist grain boundary) that resembles Scherk’s first mini-
mal surface.
In this Letter, we show that this system exhibits an

interface localization-delocalization transition (ILDT)
and discuss the relation to the ILDT in symmetric binary
mixtures [16–23]. The ILDT is the analogue of a wetting
transition in a thin film with antisymmetric boundary con-
ditions. Consider two phases (e.g., an A-rich and a B-rich
phase of a binary AB mixture or two lamellar phases with
different orientations) that coexist in the bulk. If one brings
the system in contact with a surface that is only weakly
preferential, the preferred phase will form a microscopi-
cally thin layer at the surface (nonwet). Upon increasing
the surface preference, one encounters a wetting transition,
where the thickness of the preferred phase diverges; i.e.,
the preferred phase wets the surface [22,24,25]. In an
antisymmetric film, where the bottom surface prefers one
of the coexisting bulk phases with exactly the same but
opposite strength than the top surface prefers the other
coexisting phase, domains of the coexisting phases form
at the respective surfaces. If the surface preference is
strong, the interface that separates these two domains
will run parallel to the film surfaces and will fluctuate
around the middle of the film in this delocalized state. If
the surface preference is small, in turn, the interface will be
localized at one of the surfaces. The transition between
these two states, which is illustrated in Fig. 1, is the ILDT,
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and it occurs close to the wetting transition of the semi-
infinite system [16].

While the ILDT has attracted much interest in theory
and simulation [16–18,20–23], it is difficult to observe
experimentally. Generically, neither are the coexisting
bulk phases strictly symmetric nor are the surface inter-
actions strictly antisymmetric. In the absence of these
stringent symmetry requirements, however, one observes
a gradual crossover between ILDT and capillary conden-
sation, which occurs for symmetric boundary conditions
[26]. Copolymers confined between two chemically pat-
terned surfaces is a unique system that fulfills the stringent
symmetry requirements for ILDT: Since the two micro-
phases only differ by their orientation, they are strictly
symmetric [27]. Using the same chemically patterned sur-
faces, which are twisted by an angle �, one also fulfills the
requirement of strictly antisymmetric surface interactions
without fine-tuning of the microscopic interactions.

We discuss the qualitative behavior by describing the
complex morphology (cf., Fig. 1) only by the position, x,
of the interface between the two lamellar domains (grains)
in the film of thickness D. The free energy of the system
takes the schematic form

�FðxÞ
A

¼�bð�Þþ�tð�Þþ�ð�Þþ1

2
Bð�b��0Þ2x

þ1

2
Bð�t��0Þ2ðD�xÞþgbðxÞþgtðD�xÞ: (1)

�t and �b are the surface tensions of the block copolymer
morphology replicating the top and bottom surface pat-
terns, respectively. � characterizes the strength of the
surface interactions. �ð�Þ denotes the free energy per
area of the interface that depends on the twist angle, �,
between the two lamellar grains. The second line accounts
for the free-energy increase of the domains due to a mis-
match between the bulk periodicity, �0, and the periods, �b

and �t, of the bottom and top surface patterns. B is the bulk
compression modulus of the lamellar phase. The third line
describes the effective interaction per area between
the interface (twist grain boundary) and the patterned
surfaces, gbðxÞ and gtðxÞ. These interface potentials are
short-ranged, and their characteristic length, �, is set by
the spatial extent of the distortion of the lamellar struc-
ture due to the surfaces or the interface, ���0�Re0.
They vanish for x ! 1. In the opposite limit, gbðxminÞ ¼
��b � �, where xmin � 0 for a strong first-order wetting
transition. ��b > 0 is the difference in surface free ener-
gies at the bottom between the lamellar domain that is
aligned with the top surface and the lamellar structure that
is aligned with the bottom surface. The minimal form
of the interface potential in the vicinity of a first-order
wetting transition is gbðxÞ þ gtðD� xÞ / ~m2ð ~m2 � rÞ2 þ
t ~m2 with ~m2¼2expð�D=2�Þfcoshð½x�D=2�=�Þ�1g,
where r and t are constants that depend on the surface
interactions [21,28]. This interface Hamiltonian gives
rise to a rich behavior, which is qualitatively illustrated
in Fig. 1.
Equation (1) implies that the ILDT can be controlled by

geometrical parameters of the system: In the semi-infinite
system, the aligned registered lamellar domain will wet the
chemically patterned surface if the difference ��b exceeds
the interfacial free energy, �ð�Þ. In the simplest approxi-
mation, ��b can be estimated by the interaction energy
with the surface, which is approximately independent from
�. The interfacial free energy, �, in turn, decreases with �
and vanishes for � ! 0 [29]. Thus, we expect that the
interface will be delocalized around the center of the film
for any finite strength of the surface interaction in the limit
of vanishing �.
If the wetting transition is first-order, the ILDT in a thick

film will also be first-order (path 2 in Fig. 1). There is a line
of triple points, where the delocalized state and the two
localized states have the same free energy. Upon reducing
the film thickness, the order of the ILDT changes from first
to second (critical, path 1) at a tricritical film thickness,
Dtc. For D<Dtc, the two localized states continuously
merge into the delocalized state.
Another difference between the IDLTof binary mixtures

and the geometry-controlled ILDT in spatially modulated

FIG. 1 (color online). (top) Contour plots of the time-averaged
composition of the localized and delocalized state for �N ¼
0:035 and twist angles � ¼ 90� (m< 0) and 28�, respectively.
The position of the interface, x � 0 (localized) and x ¼ D=2
(delocalized), is indicated by a plane. The green surfaces show
the internal AB interfaces of the microphase. (bottom, left)
Sketch of the ILDT as a function of inverse film thickness,
inverse twist angle, and mismatch between the pattern and
bulk lamellae, �� B½ð�b � �0Þ2 � ð�t � �0Þ2�. Paths (1) and
(2) in the plane � ¼ 0 correspond to a second- and first-order
ILDT, respectively;�> 0 for paths (3) and (4). Path (3) does not
show any singularity of the interface position, while path (4)
crosses the surface of prewetting transitions. (bottom, right)
Position x of the interface as a function of 1=� for the four paths.
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phases of copolymers is the absence of the conservation of
the order parameter. Thus there is no analogue of a mis-
cibility gap, and generically one controls the thermody-
namical variable conjugated to the order parameter. In a
symmetric binary AB mixture, the order parameter is
the amount of A, and the conjugated variable is the chemi-
cal potential. In case of the geometry-controlled ILDT
of spatially modulated phases, the mismatch between
the periodicity of the surface pattern and the bulk
morphology plays the role of the chemical potential,
�� B½ð�b � �0Þ2 � ð�t � �0Þ2�.

We use molecular simulations of a minimal, soft, coarse-
grained model to examine the predictions of this schematic
model. The n symmetric AB block copolymers are repre-
sented by chains of N ¼ 16 beads. The Hamiltonian H is
comprised of bonded, nonbonded, and surface interactions
[30,31]. The bonded interactions take the form of a bead-

spring model, H b

kBT
¼ P

N�1
t¼1

3ðN�1Þ
2R2

e0

½ri;tþ1 � ri;t�2, where Re0

is the end-to-end distance of the noninteracting copoly-
mers, and ri;t denote the coordinate of the tth bead on

molecule, i. The nonbonded interactions are given by

H nb

kBT
ffiffiffiffiffiffiffi
�N

p ¼
Z dr

R3
e0

�
�0N

2
ð�̂A þ �̂B � 1Þ2

��0N

4
ð�̂A � �̂BÞ2

�

with �̂AðrÞ ¼ 1
	0

P
i;t�Aði; tÞ
ðr� ri;tÞ. Here, �Aði; tÞ ¼ 1

if the bead t on molecule i is of type A and zero otherwise.
�0N ¼ 50 limits fluctuations of the total density from the
reference value, 	0 ¼ nN=V. V ¼ D� Ly � Lz is the

volume. �0N ¼ 20 describes the repulsion between A

and B beads. �N ¼ ð	0R
3
e0=NÞ2 ¼ 642 characterizes the

molecular density. The interaction with the surface takes
the form [11]

H s

kBT
ffiffiffiffiffiffiffi
�N

p ¼ ��NRe0

�

Z dr

R3
e0

ð�̂A � �̂BÞðfbðy; zÞe�x2=2�2

þ ftðy; zÞe�ðD�xÞ2=2�2Þ;
where the functions fb and ft describe the surface patterns
as a function of the lateral coordinates, y; z. They adopt the
values�1 on the respective stripes. We discretize space in
cells of linear dimensions, �L � Re0=6 in order to express

the local densities, �̂A and �̂B, explicitly in terms of the
bead coordinates. Smart Monte Carlo (MC) moves have
been used to update the molecular conformations and, in
some runs, we additionally attempted to swap the A and B
blocks of a copolymer. At �0N ¼ 0, the relaxation time is
� ¼ R2

e0=Dcm ¼ 2833 MC steps, where Dcm is the self-

diffusion coefficient. Simulation runs extend up to 2� 107

MC steps.
In contrast to experiment, the periodic boundary con-

ditions in y and z directions in conjunction with the

collocation used to compute �̂A and �̂B make it difficult
to continuously vary the twist angle � and, therefore, we
additionally study the dependence on �N. Since the two
blocks are structurally symmetric and the surface interac-
tions are symmetric, the surface free energy is dominated
by the surface energy [32]. The surface energy of a
misaligned lamellar domain approximately vanishes. The
surface energy of a perfectly aligned and registered
morphology in the strong segregation limit is

� ffiffiffiffiffiffiffiffiffi

=2

p
�N

ffiffiffiffiffiffiffi
�N

p
kBT=R

2
e0 ¼ ���b. The interface tension

�ð� ¼ 90�Þ also is of the order 0:1
ffiffiffiffiffiffiffi
�N

p
kBT=R

2
e0 [29].

Thus, the ILDT is expected to occur for �N � 0:1.
Rather than explicitly locating the interface, we employ

the order parameter m 	 1
V

R
drðfb � ftÞð�̂A � �̂BÞ. At

strong segregation, ideally, m ¼ 1 if the domain, which
is aligned with the bottom surface, pervades the entire film
and the interface is localized at the top of the film. At
m ¼ 0, the interface is located at the center, x ¼ D=2, of
the film, and m ¼ �1 if the entire morphology aligns with
the top surface pattern, and x � 0. At �0N ¼ 20 and
�N ¼642 (cf., snapshots in Fig. 1), however, the lamellar
morphology exhibits composition fluctuations and the
width of the internal AB interfaces is finite. Additionally,
if the interface is localized at x � 0, there is some distor-
tion of the morphology in the ultimate vicinity of the
bottom surface. Therefore, the order parameter does not
adopt its limiting values.
In Fig. 2 we present the order-parameter distribution for

D ¼ 1:234Re0 and � ¼ 90� for various values of �N.
For small strength of the surface interactions, the

FIG. 2 (color online). Probability distribution, PðmÞ, of the
order parameter for a thin film, D ¼ 1:234Re0, Ly ¼ 2Lz ¼
6:38Re0 � 4�0. The apposing surface patterns are orthogonal,
� ¼ 90�, and the strength of the surface interaction, �N, is
indicated in the key. Data for � ¼ 28� and �N ¼ 0:05 are also
included. The inset compares PðmÞ, scaled to unit variance,
at �Nc for two different lateral system sizes, 4�0 � 2�0 and
8�0 � 4�0, with the order-parameter distribution of the 2D Ising
model with aspect ratio 1:2.

PRL 109, 087801 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

24 AUGUST 2012

087801-3



distribution is double-peaked, indicating that the interface
is localized at one of the apposing surfaces. At large �N,
the distribution is centered around m ¼ 0 and the interfa-
ces is delocalized at the film center. The bimodal distribu-
tion of the localized state gradually transforms into a single
peak centered around m ¼ 0. Thus, for this thin film, the
ILDT at �Ncrit � 0:0534ð10Þ is second-order. The inset
depicts the distribution of the order parameter normalized
to unit variance for two different lateral system sizes and
compares the distribution to that of the two-dimensional
Ising model with the same aspect ratio. Given the very
limited lateral system size, we judge this agreement to
corroborate the anticipated 2D Ising critical behavior of
the ILDT.

The main panel of Fig. 2 also includes the result for
�¼2arctanð1=4Þ�28�, Ly ¼ 2Lz ¼ 4�0= cosð�=2Þ and

�N ¼ 0:05. For this smaller twist angle, the interface
tension is low and the interface is delocalized in the middle
of the film, whereas for � ¼ 90� the interface is predomi-
nantly localized at a surface.

Figure 3 shows the distribution function for a greater
film thickness. For small �N, the distribution also is
bimodal, indicating that the interface is localized at one
of the two apposing surfaces. For intermediate values,
however, it exhibits a trimodal form, and for large �N
values the middle peak dominates, characteristic for the
delocalized state. This behavior indicates that the ILDT is
first-order in the thicker film. The triple point can be
estimated by the equal-area rule, yielding �Ntri �
0:0396ð10Þ. A crossover from a critical to a first-order
ILDT upon increase of D has previously been predicted

[20]. The film thickness of the concomitant tricritical
transition is of the order of the range, �, of interaction
between interface and surface.
Additionally, Fig. 3 presents the probability distribution,

PðmÞ, between two orthogonal stripes with different pat-
tern periods, �t � �0 and �b � 1:1�0. Since the lamellae
at the bottom have a higher free-energy density, PðmÞ is no
longer symmetric but the interface position is preferen-
tially located in the lower half.
The inset of Fig. 3 depicts the probability distribution for

�N ¼ 0:054 and two different twist angles, � ¼ 90� and
� ¼ 2 arctanð1=4Þ ¼ 28�. For the orthogonal patterns, the
interface is localized at one of the two walls, while for
the smaller twist angle the interface fluctuates around the
center of the film. This observation confirms the qualitative
prediction in Fig. 1, which also depicts time-averaged
snapshots of the two morphologies.
In summary, we have demonstrated by phenomenologi-

cal considerations and molecular simulations that the di-
rected assembly of block copolymers between patterned
surfaces exhibits an ILDT. We argue that this is an ideal
experimental realization of an ILDT because the stringent
antisymmetry of the system is obeyed without fine-tuning
of interactions [23,26], which would be necessary for
observing the ILDT in a binary mixture or liquid–vapor
systems. Moreover, the location of the transition and its
order can be controlled by purely geometric characteris-
tics, the twist angle of the patterns and film thickness,
respectively. The morphology of the film and the location
of the interface is accessibly by small angle x-ray scatter-
ing experiments [15], and we hope that our predictions will
be confirmed experimentally.
Apart from the rich statistical mechanics of the system,

the directed assembly of copolymer materials has attracted
abiding interest in pattern formation at the nanoscale. The
understanding of the wetting transition or the ILDT is
important. (i) In thin supported films, defect removal
does not proceed via lateral diffusion and annihilation
but by shifting the interface between the registered bottom
morphology and the misaligned defect at the top towards
the top surface (liquid–vapor interface) of the film [33].
Recently, it was argued that defect formation during the
ordering will be strongly suppressed if the preference of
the patterned bottom surface is sufficiently strong for the
registered domain to wet the patterned surface [34].
(ii) The control of the interface between the two grains,
which are aligned with the respective surface patterns, is
important for directing the three-dimensional assembly of
copolymer materials and fabricating complex morpholo-
gies. For instance, the position of the interface can be
precisely controlled by the mismatch between the bulk
lamellae period and the pattern period.
The knowledge of thermodynamic equilibriummorphol-

ogies is an indispensable prerequisite for studying the ki-
netics of structure formation and transformation, which

FIG. 3 (color online). Probability distribution, PðmÞ, of the
order parameter for a thick film, D ¼ 2:468Re0, Ly ¼ 2Lz ¼
2�0, and various values of �N. The pattern periodicities of the
orthogonal bottom and top patterns are identical, �b ¼ �t ¼ �0,
except for the first data set, where �b ¼ 1:1�0 results in an
asymmetric distribution. The inset compares the distribution of
orthogonal patterns, � ¼ 90�, with PðmÞ of a less twisted
system, � ¼ 28�.
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may be protracted in experiments [15]. The kinetics can
play an important role in the localization of the interface. If
one chemical pattern starts the nucleation faster than the
other, then the grain induced by the first one is going to be
larger than the second one and, initially, the interface is
going to be located near the second surface [15].
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