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ABSTRACT: A general theoretical framework for the study of anisotropic composition fluctuations about
an ordered block copolymer phase is developed. The approach is based on the idea that, in order to
study the effects of fluctuations around an ordered broken symmetry phase, the theory must be formulated
as a self-consistent expansion around the mean-field solution of this ordered state. A random phase
approximation treatment of the theory leads to anisotropic correlation functions for the system. It is
shown that the calculation of the polymer correlation functions in an ordered phase is equivalent to the
calculation of the energy bands and eigenfunctions for an electron in a periodic potential. This general
method is applied to the lamellar phase of block copolymers. The calculated anisotropic scattering intensity
captures the main features observed experimentally, including the secondary peaks due to fluctuations
with hexagonal symmetry. The origin of the anisotropic fluctuations can be traced to the formation of

“energy” bands, similar to electronic states in solids.

I. Introduction

Block copolymers are fascinating materials with
unique structural and mechanical properties.»2 Due to
their amphiphilic nature, AB diblock copolymers self-
assemble into a variety of ordered microphases.!=3 At
high temperatures, A and B blocks mix homogeneously
to form a disordered phase. As the temperature is
decreased (or the Flory—Huggins y parameter is in-
creased), the blocks undergo a spatial segregation.
However, a macroscopic phase separation cannot occur
because the AB blocks are chemically connected at the
junctions. The phase separation is, therefore, neces-
sarily on a mesoscopic scale, forming A- and B-rich
domains separated by internal interfaces. The competi-
tion between the spontaneous curvature of the internal
interfaces and the entropic stretching (or packing) of the
A and B blocks dictates the symmetry of the equilibrium
phases. The symmetry of the ordered phases is con-
trolled by the degree of segregation and the chemical
composition of the copolymers. The segregation of the
blocks is quantified by the product yZ, where Z = Zp +
Zg is the degree of polymerization of the copolymers,
and Zx and Zg are the degrees of polymerization of the
A and B blocks, respectively. The chemical composition
of the copolymers is quantified by the ratio f = ZA/Z. A
decrease in yZ drives the melt from an ordered phase
to the disordered phase. Changes in f affect the shape
and packing symmetry of the ordered structure. Be-
sides the well-known lamellar, cylindrical, and spherical
phases,3* more complicated structures such as the
bicontinuous cubic phase and the hexagonally modu-
lated and perforated layered phases have been recently
identified.356

Theoretically, the study of diblock copolymer melts
has been based on a simplified, standard model, in
which the diblock copolymer chains are assumed to be
flexible chains obeying Gaussian statistics.” The poly-
mer conformations are specified by the position of the
monomer, R(t). Each monomer is further assumed to
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have a statistical length b,. The hard-core repulsive
interactions between the molecules are accounted for
by an incompressibility constraint where the average
monomer concentration is required to be uniform. The
remaining interactions are modeled by a local enthalpy
term yoa(r)¢e(r), where ¢a(r) and ¢g(r) are the volume
fractions of the A and B monomers at position r. This
simple model captures the three most important fea-
tures of the system: chain conformation entropy, in-
compressibility, and immiscibility between unlike mono-
mers. The thermodynamics of a diblock copolymer melt
can, therefore, be described by the partition function of
the model. The partition function may be cast in several
equivalent forms. On particularly simple and conve-
nient formulation is to write the partition function of
the melt as a functional integral over the monomer
concentrations ¢.(r) and two auxiliary fields wq(r) (o =
A, B).89 The functional integral is carried out with the
incompressibility constraint and with an integrand of
the form exp{—F({ ¢}, {w})}. The free energy functional
is the sum of three terms: an enthalpic contribution,
an entropic contribution, and a coupling term,

F= f dr [xpa(r)eg(r) — Zwa(r)%(r)] —

VInQ({ 1
~nQed) M

where V is the volume of the system, and Q. is the
partition function of a single diblock copolymer chain
in the external fields wq(r).? Itis important to note that
Qc({w}) is a functional of wq(r). Specifically, the single-
chain partition function Q. is determined by

Q.= % f dr,drydrzQa(ry, Zalr)Qg(rz, Zglrs) (2)

where the propagators Q(r, t|r') are
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Qqu(r, tjr') =

t)=r . d 2
;((())):r,DR(t) exp’— ﬁ)z dt(i(—z{t(t)) + wa[R(t)])

2b?
@)

Physically Qq(r, t|r') is the probability distribution of
monomer t at r, given that monomer O is at r’, in the
presence of an external field wq(r). From the expression
for the free energy functional, it is obvious that there
are two kinds of inhomogeneities in the system. The
first is the inhomogeneity in the polymer concentrations,
¢o(r), which leads to an enthalpic contribution to the
free energy. The second is the inhomogeneity in the
field wq(r), which leads to non-Gaussian polymer con-
formations. These two kinds of inhomogeneities are
coupled. In principle, the partition function of a diblock
copolymer melt could be obtained by evaluating the
functional integral, and the thermodynamics of the
system would be determined. In practice, this is
intractable at present, and a variety of approximation
methods have been developed to study the phase
behavior of the system.

The simplest method for estimating the functional
integral is to use the saddle-point approximation, which
amounts to replacing the functional integral by the
maximum of the integrand. Physically, this approxima-
tion is equivalent to the mean-field approximation,
which ignores the composition fluctuations of the sys-
tem. The mean-field theory of block copolymers is, in
its most general form, a self-consistent field theory
(SCFT). Because of the complexity of the theory even
within the mean-field approximation, numerous ad-
ditional approximations have been developed to solve
the mean-field equations for diblock copolymer melts.
The approximation methods can be roughly classified
into the strong segregation theory!°~12 and the weak
segregation theory.1314 The strong segregation theory
introduced by Semenov!® makes the further approxima-
tion of ignoring chain conformation fluctuations, thus
restricting the theory to the infinite yZ limit. The weak
segregation theory introduced by Leibler,13 on the other
hand, is developed as a Landau expansion of the full
SCFT based on the random phase approximation (RPA)
around the high-temperature, homogeneous phase; thus
the theory is restricted to the weak segregation regime
(xZ ~ 10). A density functional theory in the form of a
truncated density expansion based on the RPA has also
been developed by several authors.1>~19 These density
functional theories give qualitatively correct results, but
they are quantitatively inaccurate. Other approaches,
which involve neither a priori assumptions about the
shape of the equilibrium density profiles nor a truncated
free energy, correspond to solving the mean-field equa-
tions numerically.29=24 Earlier numerical methods20-22
involved further approximations for solving the equa-
tions for the propagators. However, there is no further
approximation involved when the mean-field equations
are cast in terms of the basis functions with the full
symmetry of the ordered phases.?® With the develop-
ment of this plane wave expansion method by Matsen
and Schick,?® the mean-field theory of diblock copoly-
mers can be solved exactly for weak and intermediate
segregation regimes. The mean-field phase diagram of
the standard model for diblock copolymer melts has
been calculated and it captures most of the features
observed experimentally.?*
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Il. Nature of Anisotropic Fluctuations in
Ordered Phases

Comparing with the mean-field results, very little has
been done on the effects of fluctuations on the phase
behavior of block copolymers. The composition fluctua-
tions are ignored in the mean-field approximation, and
a proper treatment of the fluctuations leads to non-
mean-field results. The first work in the block copoly-
mer literature to treat composition fluctuations is by
Fredrickson and Helfand,?® who extended the Brasovskii
theory?6 to diblock copolymers. In this work, the Lan-
dau free energy functional of Leibler!® was reduced to
a form considered by Brasovskii,?6 and a saddle-point
approximation (the self-consistent Hartree approxima-
tion) was made for the fluctuations. However, this
theory is confined to the weak segregation region due
to the use of the Landau free energy functional. This
work was extended by Mayes and Olvera de la Cruz?’
to include the leading wave vector dependence of the
vertex functions but keeping the saddle-point approxi-
mation and remaining in the weak-segregation limit.
More recently, Muthukumar?® studied composition fluc-
tuation effects on the diblock copolymer phase diagram
by incorporating composition fluctuations into a density
functional theory. However, the chain conformations
are treated approximately due to the truncated form of
the free energy functional.

In this paper, we develop a theory for the anisotropic
fluctuations in the ordered phases of diblock copolymers
by a self-consistent expansion around the exact mean-
field solution of the system. The lowest correction to
the mean-field approximation is in the form of Gaussian
fluctuations around the mean-field solution. The ap-
plication of a generalized RPA for the system yields the
density—density correlation functions. The RPA has
proven to be a valuable tool in understanding polymer
systems. Essentially the RPA is a self-consistent ex-
pansion around the mean-field state. The RPA can give
the stability, and the magnitude of Gaussian fluctua-
tions in an equilibrium state. For example, with the
RPA one can predict the scattering function and phase
boundary of homopolymer?® and copolymer melts.13
However, the usual formulation of the RPA assumes a
spatially uniform mean-field state,?®13 whereby the
fluctuations are assumed to be isotropic. If the trans-
lational symmetry is broken, this assumption is no
longer valid. Instead, the RPA must be reformulated
as an expansion around the broken-symmetry mean-
field state. It is obvious that the correct mean-field
solution is crucial for the validity of the RPA, otherwise
one cannot distinguish between approximations to the
zeroth-order solution and contributions arising from
composition fluctuations. The essential result of this
approach is the RPA density—density correlation func-
tion CRPA(r,r"), characterizing the anisotropic composi-
tion fluctuations. The availability of the RPA correla-
tion function enables several important applications:30
(1) The experimentally observed scattering intensity,
which is the Fourier transform of CRPA(r,r'). Our
method accounts for the anisotropic nature of the
fluctuations, and the calculated scattering function
captures the main features found experimentally.® (2)
The mean-field solution is linearly unstable if any
eigenvalue of [CRPA]~1 is negative. The boundary where
an eigenvalue first becomes zero is the limit of meta-
stability of a particular phase, i.e., the spinodal line for
that phase. The least stable mode at this point domi-
nates the fluctuations. (3) The elastic moduli of the



Macromolecules, Vol. 29, No. 20, 1996

ordered phase can be extracted from the behavior of the
scattering function near the Bragg peaks. Significant
corrections to the limiting strong stretching theory
result are found for the experimentally relevant param-
eters. (4) The effect of fluctuations on the phase
diagram can be computed by calculating the Gaussian
fluctuation contribution to the free energy, as demon-
strated by Muthukumar?® using the approximate free
energy functional.

The calculation of the polymer correlation functions
in an ordered phase involves the eigenvalues and
eigenfunctions of the chain Hamiltonian

b2
H, = —E“v2 + o) 4

[o8

where a)g)’(r) are the self-consistent mean fields of the
ordered phase. Because the chain Hamiltonian has the
same form as the Hamiltonian of electrons in periodic
potentials, the eigenvalue problem for the diblock
copolymers corresponds to the quantum mechanical
problem of electrons in periodic potentials. In particu-
lar, the eigenvalues correspond to the energy bands in
solid-state physics.

As a first step in this study, we have applied the
generalized RPA to the diblock copolymer lamellar
phase and communicated the main results in a short
publication.3® The results are that the anisotropic
nature of the fluctuations is revealed in the scattering
functions, which can be obtained via small-angle neu-
tron scattering. For the lamellar phase, Hamley et al .6
have observed the following from shear-oriented
samples: (1) At low temperature, the scattering pattern
shows meridional Bragg peaks at a wave vector ko with
higher order reflections at 2k and 3ko, indicative of very
small layer undulations. (2) At higher temperatures,
four weak peaks corresponding to the layer undulations
are observed, which shows an approximate hexagonal
order. The periodicity of the in-plane undulations is
about 10% larger than the interlayer spacing. Our
calculated scattering functions for the lamellae capture
all these features.?° In this paper, we give a detailed
exposition of the theoretical framework and illustrate
the physics by studying a simple weak segregated
lamellar phase. We will leave the study of fluctuation
effects on diblock copolymer phase behavior for the
future.

In order to understand the origin and nature of the
anisotropic fluctuations in an ordered phase, we apply
the theory to the weakly segregated lamellar phase.
Close to the order—disorder transition, the mean-field
symmetric diblock copolymer densities can be approxi-
mated by sinusoidal profiles. The resulting eigenvalue
problem has the form of the Mathieu equation. Per-
turbation calculations reveal that there are two sources
of anisotropy: (1) The change in the eigenvalues leads
to a renormalization of the polymer radius of gyration
along the direction perpendicular to the lamellas, and
(2) the appearance of the gap in the eigenvalue spectrum
at the Bragg points leads to the strong resonance peaks.

The organization of this paper is as follows: Section
111 describes the model system, the derivation of the free
energy functional, the generalized RPA for diblock
copolymers, and methods for calculating the polymer
correlation functions in an ordered phase. Section IV
applies the theory to the simplest broken symmetry
phase, the weakly segregated lamellar phase. Section
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V includes discussions and conclusions. Some math-
ematical details are included in the Appendix.

I1l. Theoretical Framework

A. The Model and Functional Integral Formu-
lation. We assume that the polymer chains are de-
scribed by the many-chain Edwards Hamiltonian.3! The
degrees of polymerization of the chains are Za, Zg, with
Z = Za + Zg being the total degree of polymerization of
the diblock copolymers. We assume that there are N
diblock copolymer chains contained in a finite volume
V. We associate each block oo (= A, B) with a Kuhn
statistical length b, and a bulk monomer density poq.
Let R;(t) denote the position of monomer t at block a of
chain i. Let r denote a spatial position. The density
profile of the polymers is characterized by the volume
fraction of block o at position r, which can be expressed
in terms of the chain conformation,

. . . 1 N .
$o(r) = Bo(r{RLD}) = — Z [Z dto(r — RL®) (5)
pOu 1=

where the chevron denotes that $a(r) is a functional of

the chain conformations R.(t).

The partition function of the diblock copolymer melt
can be written in terms of a functional integral over all
the chain conformations

N

z.* .
z= N fDR(r)PO({R(r)})ud[l - Zrba(r)] x
exp[-W({¢})] (6)

where z is the partition function of a copolymer chain
due to the kinetic energy, and W({¢}) = V({¢})/keT is
the intermolecular potential. The integral is over all
space curves R.(t). The probability density functional
Po({R(t)}) is assumed to be of the form

Ne .
{0[RA(ZA) —

RE(Zo)IPo{ RAONPA RO} (7)

where the 6 function ensures that the copolymer chains
are connected at one end, and the single-chain prob-
ability distribution py({R!(t)}) has the standard Wien-
er form

Po{R(D}) =

3 2 dt(dRL(t))z

P RL(MD}) D exp 2o Tt

(8)

We have also introduced, in eq 6, a 6 function, J[1 —
Y ada(r)], to ensure the incompressibility constraint for
the system. The interaction potential W({¢}) is as-
sumed to have the two-body Flory—Huggins form

W({#}) =y [ dréandg(r) 9)

For simplicity, we will assume that all the reference
densities are the same and set to unity, poe = po = 1.
We also assume that both blocks have the same Kuhn
length by, = b.

We now introduce the monomer concentrations ¢q(r)
and two auxiliary fields wq(r) (o0 = A, B) following
Helfand® and Hong and Noolandi.® The partition func-
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tion of a diblock copolymer melt in a volume V can be
written as a functional integral over the volume frac-
tions ¢4(r) and fields wq(r),

z=f |:|{D¢>aDwa} uétl - Z«pa(r)] x
exp[~F({¢}, {w})] (10)

where the 6 functions are introduced to ensure incom-
pressibility Yqo¢qa(r) = 1. The free energy functional
F{ ¢}, {w}) has the form

\Y
F= [ drieange(n) = 3 @unéa(n)] — N Q. (1)

where Q. is the partition function of a single diblock
copolymer chain in the external fields, wq(r).8° The
chain conformation contribution to the partition function
is contained in the single-chain partition function Q,
which is related to the propagators of the diblock
copolymer chains, defined by

Qq(r, tIr) =
=r o dR(t))?
oV DR(t) exp| - [ dt(zibi(%) + w [R(®)]

(12)

which is the probability distribution of monomer tatr,
given that monomer O is at r', in the presence of an
external field wq(r). It is easy to show that these
propagators satisfy the modified diffusion equations®

b2
2Q,(F, 1) = 2V2Q,(r, tIF) — 0, (NQ,(r. tIr) (13)

with the initial conditions Qu(r, O|r') = 6(r — r'). In
terms of these propagators, we have

Q.= % f dr,drydryQa(ry, Zalry)Qgp(ry, Zglrs)  (14)

Note that since the propagators depend on the fields
wq(r), the single-chain partition function Q. is a func-
tional of wy(r). In order to treat the imcompressibility
and the monomer conservation constraints, we intro-
duce two sets of Lagrangian multipliers® and write the
partition function in the form

z=f |:|{ D¢, Dw,dA,} Dr exp[-Q({ ¢}, {},
{m}, 4] (15)

where the grand potential Q is given by

V
Q= [ drlyga(n96(r) = 3 0u(r)u(r)] = 1n Q. -
S Arinn)@ = o) + 3 Au(d, — 8] (16)

where ¢, = Z,/Z is the average volume fraction of block
.
The thermodynamics of a diblock copolymer melt
would be completely determined if the partition function
of the system could be evaluated. The exact evaluation
of the functional integral is, however, a formidable task.
There are essentially two sets of difficulties involved
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here. The first is the calculation of the single-chain
partition function Q. to express it explicitly in terms of
the fields wq(r), so that the chain conformation contri-
butions to the free energy functional are obtained in
terms of wy(r). The second is the evaluation of the
functional integrals over the polymer concentrations ¢q-
(r) and the field wq(r). The simplest method by which
to evaluate the functional integral is the saddle-point
approximation, which replaces the integral by the
maximum of integrand and yields the mean-field equa-
tions. In what follows, we will take the mean-field
solution as the zeroth order solution and express the
free energy functional as an expansion around the
mean-field solution. We then truncate the expansion
at the lowest nontrivial order. The functional integral
is Gaussian at this order and can be evaluated.

As mentioned above, because the single-chain parti-
tion function Q. depends on the fields wq(r) in an
implicit form, it is useful to write Q. explicitly in term
of wq(r). This can be achieved by writing wq(r) in the
form

0o (r) = 0Q(r) + dw,(r) (17)

where 0 (r) are known functions which will be deter-
mined later as the mean-field solutions of the system.
The propagator can then be cast in the form

Qu(r, tIr) = QOr, t|r') + 0Q,(r, tir')  (18)

where the zeroth order propagators are the solutions of

2
a ' b(l 1 ]
SQU(r tIr) = ZV2QRr, tir) — o (NQL(r, tir)
(19)

with the initial conditions QO(r, 0|r') = 6(r — r'). The
fluctuation part 6Qq(r, t|r') of the propagators is a
solution of

2tSQ (r, tr') =b—‘21V26Q (r, tjr') —
ot~ T’ 6 R

o(r)0Q,(r, tIr') — dw (NQY(r, tir') —
0w (NoQ,(r, tjr") (20)

with the initial conditions dQ(r, 0|r') = 0. In order to
obtain a formal solution for 6Qq(r, t|r'), it is convenient
to define Green functions in the zeroth-order fields

0
o (r)

2
{3 Duge a)ff)(r)} Gy(r, Ui, t) = 8(t — t)O(r — 1)

at 6 21)

It is easy to see that the Green functions defined this
way are related to the propagators in the field w(r)

Gy(r tir, t) =6t — t)QU(r, t — t'Ir) (22

where 6(t) is the step function. In terms of the Green
functions, the formal solution of 0Qu(r, tir') can be
obtained:
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0Q(r, tir') =
- f dry f dt, G (r, tiry, )Gy (ry, tilr', 0)0w,(ry) —
[ dry [ dt,G(r, tiry, t)0Q,(ry, tIr)dm,(ry) (23)

The formal solution allows us to obtain the solution for
0Q, by iteration

0Q,(r, tir') = 0QW(r, tir') + 0Q¥(r, tir') + ... (24)

where the nth-order solution is

oQY(r, tir) = (=)" [ dry..dr, [ dt,...
dt, G (r, tir,, t)G (rn, tiIrn—1. th_1)--
G (I, tlry, )G, (ry, t|r', 0)dw,(ry)...0w,(r,) (25)

Using the perturbation solutions of Qq(r, t|r'), the single-
chain partition Q. can be obtained as a series in the
dwy's. Appendix A gives details of the perturbation
calculations. The single-chain partition function term
in the free energy can then be cast in the form of an
expansion

Yina= Yoo+ 3 O
—1In =—1n X
z oz T 4 n
> JdrdrCy o (e F)ow, ()00, ()

cumulant correlation function for a noninteracting

diblock chain in the field @©(r). The lowest order
cumulant correlation functions are given in Appendix
A.

In order to proceed, we expand all the variables
around the zeroth-order solution of the system,

Po(r) = ¢(r) + 99 (r)

0o (r) = (r) + dw,(r)

n(r) = n9(r) + on(r)
do =2 + 02, (27)
In terms of the zeroth-order solution and the 6 variables,
the grand free energy functional Q can be expanded in
the form
Q=09+ QW4+ Q@4 | (28)
where the zeroth-order term Q© is given by

QO = [ drixgR(Neg(n) — 5 o (Ne(N] —

%
~In QY
z

= [ dri®n@ = Y ¢ + 5206, — 6P
08 o (29)

The first-order term has the form
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QW = [ dr{[xg(r) — w(r) + #(r) +
AN0A) + DpR(r) — ) + 7O(r) +
A10¢a(r) = 3 [9(r) — Co(N]dw,(r) —

[1 =5 ¢QN0n(r) = Y (¢, — ¢2(N102,} (30)
and the second-order term has the form
Q¥ = [ dr{x0¢a(oga(r) — 3 0¢u(N[ow,(r) —

on(r) — oA} — %; f drdr'C4(r,r)ow,(r)ow,(r')
| (31)

The higher-order terms have the generic form

oo V"

It should be noted that there is no explicit y dependence
in QM for n > 2. However, there is an implicit y
dependence because the correlation functions are ob-
tained in terms of the mean fields wff)(r).

B. Mean-Field Approximation. The mean-field
approximation reduces the interacting chain system to
a system of independent chains in the self-consistent
fields of the other chains. Technically, this amounts to
evaluating the functional integral over w and ¢ by the
saddle-function method, i.e., replacing the integral by
the maximum value of the integrand.® This extremiza-
tion yields a set of mean-field equations, with the
solutions ¢(r) and w©(r). Specifically, the mean-
field solution is that for which the first-order term Q@
vanishes. Since the ¢ variables are arbitrary functions,
QW@ = 0 results in the mean-field equations

o) = 29(r) + n(r) + 20
wog(n) = x#R(r) + 1) + 28

¢ (r) = C(r)

1= o)

o

0= [ dr[g, — ¢2(r)] (33)

In order to obtain exact solutions, these equations must
be solved self-consistently using numerical methods. For
the more complex phases, an expansion in terms of a
complete set of basis functions with the desired sym-
metry is required.

The mean-field free energy is then obtained by insert-
ing the mean-field solution into the free energy expres-
sion. When we expand around the mean-field solution,
the first-order contribution to the free energy vanishes,
and the zeroth-order contribution to the free energy is
just the mean-field free energy F©
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FO= [ drixgd(Neg’(n) = 5 o(Ne(n] -

%
- In Q¥ (34)

The partition function of the melt can now be written
in the form

z=exp[-F] [ [1{Dd¢,Dow, doz,} Don x
exp[— ZQ“‘)] (35)

C. Gaussian Fluctuations and the Random
Phase Approximation. So far there has been no
approximation made in the theory. What we have
accomplished is the rewriting of the partition function
in the explicit form given above. In what follows we
will choose the zeroth-order solution as the mean-field
solution and keep only the expansion to the lowest
(second-order) order; thus we are only dealing with
Gaussian fluctuations around the mean-field solution.
We will also use the fact that the addition of a constant
to the field wq(r) is equivalent to the addition of a
constant to the free energy, thus the constants 04, can
be neglected in the free energy (or absorbed into d%(r)).
These simplifications lead to the approximate partition
function of the system

Z ~ exp[-F?] f |_|{ Dop,Dow,} ﬂé[Zégba(r)] x
o r} o

exp[—Q®] (36)

where we have replaced the functional integral over
on(r) by the explicit incompressibility condition, and the
Gaussian fluctuation free energy functional Q@ is given
by
Q¥ = [ dr{x0¢a(Noga(r) — 3 0¢,(Ndwe(r)} —
o
1
5 ; S drdr'C 4(r, réw,(ndwmy(r') (37)

In order to treat the incompressibility condition
explicitly, we use the condition d¢a(r) + o¢s(r) =0, and
introduce three new variables

Op(r) = dpu(r) — d¢pg(r)

doo(r) = SdwA(r) — dg(r)]

O(r) = 3[0wa(r) + dwg(P)] (38)

In terms of these new variables, the partition function
of the diblock copolymers has the form

Z ~ exp[~F?] [Do¢DOwDAE exp[-Q¥]  (39)

where the Gaussian fluctuation free energy functional
is given by
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@_1 Y N
Q=2 drdr{ L5(r = r)0p(r)op(r’)
20(r — rog(now(r’) — C(r,r"ow(r)dw(r') —
2A(r,r")om(r)og(r') — E(r,r')éé(r)éé(r’)} (40)
In the above expression for the free energy functional,
we have introduced three new quantities which are

combinations of the diblock copolymer correlation func-
tions

C(r,r") = Cpu(r,1") — Cpg(r,r') — Cgu(r,r') + Cgg(r,r')
A(r,r') = Cpa(r,r') + Cpp(r,r') — Cga(r,r') — Cgp(r,r')

2(r,r") = Cpa(r,r') + Cpg(r,r') + Cga(r,r') +
Ceg(r.r) (41)
To proceed, we invoke the RPA, which is technically
equivalent to extremizing the free energy functional
with respect to ¢(r) and dw(r). To eliminate the 6&(r)

variable, we use the relation 9Q®/36¢(r) = 0, which
leads to

f dr'{Z(r,r)o¢(r') + A(r,r')ow(r')} =0 (42)

This relation can be used to eliminate 6(r) in the
theory. In order to achieve this, we introduce the
inverse functional operation 3 ~(r,r") through the rela-
tion fdr”S X(r,r)3(r'",r') = 6(r — r'). In terms of this
inverse relation, we have

og(r) = — [ drdr'=7H(r,r)A(r',r")éw(r’)  (43)

Inserting this relation back into Q®@, we have

Q? = % f drdr'{— %6(r — 1')og(r)op(r') —
20(r — rog(now(r') — dw(r)dw(r)[C(r,r") —
f drlerA(r,rl)Z_l(rl,rz)A(rz,r')]} (44)

It is clear from this expression that the incompressibility
condition contributes to the chain correlation function.
We can introduce an incompressibility corrected cor-
relation function by

C(r,r) =
C(r,r') = [ drydr,A(rr)Z 7} (ry,rp)A(r,,r') (45)

and write the Gaussian fluctuation free energy in the
simpler form

@_1 [ _[x ,
0@ =2 [ ardr{~[Lomos(r) +
25¢(r)6w(r’)]6(r -r) - C(r,r’)éw(r)éa)(r')} (46)
We now use the same approximation to eliminate the
field variables ow(r). Minimizing the free energy func-

tion with respect to dw(r) leads to the relation dQ®@/
ddw(r) = 0. Explicitly, we have

S drC(r,r)dm(r) + o¢(r) =0 (47)

Introducing the inverse operator of C(r,r") through
Jdr'CY(r,r")C(r",r') = 8(r — r'), we can write



Macromolecules, Vol. 29, No. 20, 1996

dw(r)=— [ dr'C7(r,r)og(r) (48)

Inserting this expression into Q®@, we get
@_1 J A1 o XSpv o ,
Q Zfdrdr{C (r.r) — 2o(r r)}é¢>(r)6¢(r)
=2 [ drdr[CA1H(r, P)8g(r)og(r) (49)

where the RPA correlation function [CRPAI=1(r,r') is
defined by

C™ rr) = {& ) 4o = )} (50)
which can be written in a imple form
CRPA(r, 1) = {[l - %C]_lé}(r,r') (51)

where | = 6(r — r') is the unit operator.

The upshot of the above calculation is that the
partition function of the diblock melt can be written as
a Gaussian integral within the RPA. The RPA correla-
tion function can be calculated once the exact mean-field
solution is known. Because of the complex nature of
the problem, the mean-field equations have to be solved
numerically.

Technically, the RPA is simply the mean-field theory
applied to an ensemble in which d¢(r) is held fixed. To
the lowest order, the RPA free energy becomes

F=FO+ 2 [ drdr [C™A(r,r)] 86(r)on(r) +
O(3¢") (52)

The RPA formalism can also be derived using the
concept of response functions. Formally the equations
above are identical to those for the high-temperature
RPA. The essential difference is that the independent
chain correlation functions Cy4(r,r") arise from the full
mean-field solution and hence include the anisotropic
nature of the system. If the C,g are replaced by the
correlation function for Gaussian coils we recover the
result of Leibler.13

D. Method of Solution: Reciprocal Space For-
malism. The above theoretical framework was devel-
oped in real space. In order to exploit the fact that the
ordered phases are broken symmetry phases, we now
formulate the theory in reciprocal space. To begin with,
we note that the symmetry of an ordered phase is
completely specified by a space group with a set of real
space lattice points { R} or the corresponding reciprocal
space lattice points {G}. The equilibrium density
profiles and the mean fields are periodic functions with
the periodicity of the lattice. Because the modified
diffusion equation can be regarded as a Schrodinger
equation with imaginary time, we can make use of
analogy with quantum mechanics by defining a “Hamil-
tonian”

b2

Hy = —5 vV + 04N (53)
where wq(r) are the mean-field potentials. The sym-
metry of the ordered phase dictates that the mean fields
are periodic functions, wq«(r) = w(r + Ryp). According
to Bloch's theorem,3? the eigenvalues ¢, (k) of the
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Hamiltonian H, have a band structure, which can be
labeled by n and a wave vector k, where K is restricted
to the first Brillouin zone. The corresponding eigen-
functions have the form of a modulated plane wave

Po(r) = —=e™ U (1) (54)

W

where the u},(r) are periodic functions, which are
solutions of the Schrdodinger equation

2
[— bga(ik + V) + wa(r)]uﬁk(") = en(K)up(r)  (55)

Because the Hamiltonian is Hermitian, the eigenfunc-
tions are orthogonal and form a complete basis set

1 ike(r—r'), ,a a*gor '
;Ze'k“ Dup (NUG(r) = o(r = 1)

n
S [ dr €T (U r) = 0,000k = K)  (56)

Because the eigenfunctions form a complete set, we can
use them as basis functions to formulate the theory.
This will allow us to take advantage of the symmetry
of the ordered phases. In particular, the mean-field
propagators Qq(r, t|r') can be written in the simple form

Qu(r, tir) = Ze‘f*k)twﬁk(r)wﬁ;(r') (57)

The RPA correlation function can, therefore, be ex-
pressed in terms of the eigenfunctions and eigenvalues
of the Hamiltonian. Moreover, the above result shows
that the single-chain propagators Qq(r, t|r') are diagonal
if we use the eigenfunctions y},(r) as our basis func-
tions, i.e.,

ng,n’k’(t) Efdrfdr'w(r:’ll(r)Qa(r! t|r')1/)g’k’(r')
=e M o(k — K) (58)

With these basis functions, the cumulant correlation
functions can be cast in the form

Cylr) = NZCﬁkwﬁk(r)
Coplr. 1) = ZZCﬁﬁ,nlk,wﬁk(r)wﬁlxrv (59)

Using the eigenfunctions of the chain Hamiltonians H,,
as the basis functions, it can be shown (see Appendix
B) that the cumulant correlation functions are diagonal
in the lattice wave vector k space

nk = Croio
Chicic = Cin(K)Oic e (60)
The details of calculating the nk space correlation
functions C} and Cﬁ'ﬂny(k) are given in Appendix B. The

one- and two-point correlation functions in real space
are then given by
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Ca(r) ZCn no(r)

Coplrir) =3 = 2 Crn(ke" Ui (un(r) - (61)

E. Special Case: Expansion around the High-
Temperature Solution. The simplest case is the
homogeneous phase at high temperatures; the RPA
correlation function in this case has been obtained by
Leibler.23 For the homogeneous phase, the mean fields
are constants, which can be taken as zero. The chain
Hamiltonian becomes the free-particle Hamiltonian.
The eigenfunctions and eigenvalues of the Hamiltonian
in this case are uf,(r) = 1 and (k) = b2k*/6. There is
only one energy band for the homogeneous phase, so
that the band index n becomes redundant. The Fourier
components of the Bloch functions become u}, (G) =
dco. The reduced integrals needed in the correlation
functions reduce to (see Appendix B)

=T (k)= a(K) =1 (62)

n 1NN
We also have Q. = 1 for the homogeneous phase. With
these expressions, the single-chain correlation functions
can be easily obtained, C} = Zo/Z = ¢. In real space,
we have C*(r) = ¢q, as expected for a homogeneous
phase. The two-point correlation functions are

zA 2[(Ryk)? — 1 + e R

(Rak)*
B = CoAK) = ALl e Ty - e 2
Z  (Ruk) (Rgk)?
z2 2[(Rgk)? — 1 + e Re¥’
CBB (k) = [(Rgk)? 1 (63)

(Rgk)"

Here we have introduced the radii of gyration for the
two blocks R, = b2Z,/6 and used the explicit form of
the function g(x) = [1 — exp(—X)]/X. These correlation
functions for the homogeneous phase have been ob-
tained earlier.l® The RPA correlation function in k
space is

C(k)

RPA _
clo=1_ $C(K)/2

(64)

where the incompressibility-corrected noninteracting
correlation function C(Kk) is

E(k) = C(k) —

and the quantities C(k), A(k), and Z(k) are combinations
of C%¥(Kk)

AK)(E(K) AK) (65)

C(k) = C*(k) + CPB(k) — 2C"B(k)

A(K) = C*(k) — CPB(Kk)
(k) = CM(k) + CPB(k) + 2C*B(k) (66)

The RPA correlation function obtained above is identical
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to earlier work.’3 For a block copolymer, the incom-
pressibility correction gives C(k) — 0 as k — 0.

IV. Effects of Anisotropic Fluctuations for
Lamellar Phase

A. Lamellar Phase. We now apply the theory to
the lamellar phase. For fixed y, Z, f, and lamellar
periodicity L, we first solve the mean-field equations.
The free energy density is then minimized as a function
of L to obtain the equilibrium periodicity for the set of
x, T, and Z. The detailed numerical studies of the
lamellar phases have been published elsewhere3 and
will not be repeated here. In what follows we will
formulate the theory in the planar geometry appropriate
for the lamellar phase. We then apply the theory to a
weakly segregated lamellar phase of a symmetric f =
1/, diblock copolymer melt.

For the lamellar phase, the system is described by a
planar geometry. In particular, the mean-field solution
is homogeneous in the x — y direction and periodic in
the z direction. The mean-field potentials w.(r) become
periodic functions along the direction perpendicular to
the layers, i.e.,

0o(1) = 0,(2) = w,(z + ML) (67)

where m is an integer and L is the periodicity of the
layers. The polymer chain Hamiltonian may be sepa-
rated into the parallel and perpendicular parts

Hy = Hy(X) + H,(2) (68)
where we have written the spatial vector in the form r

= (X, z). The parallel and perpendicular Hamiltonians
are

by o
H()=—-+% o
by o2
Ho.(z) == E _2 wa(z) (69)

where Hg(x) corresponds to a two-dimensional Hamil-
tonian for a free particle, and Hy(z) is the Hamiltonian
in the z direction, which has the same periodic proper-
ties as the mean-field potential wq(z). The eigenfunc-
tions of the system can be separated into an x-depen-
dent part and a z-dependent part

Y = Yy (2) (70)
where we have written the wave vector in the form k =
(g, ky). The corresponding eigenvalues have the form

en(k) = (@) + en(k,) (71)

The equations determining the eigenvalues and eigen-
functions are

Ho(X)yg(X) = e*(a)yq(x)
Ho@)¥ni (2) = enc ¥ () (72)

The x-dependent eigenfunctions and eigenvalues are
easily found
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YPa(x) = x/LA_eic"X
0
o Do’
(a) =% 73)

where Ag is the area of the system in the x — y direction.
The eigenvalue problem for the z-dependent part is
nontrivial in that it corresponds to a particle moving in
a periodic potential. According to Bloch's theorem, the
eigenvalues of a particle moving in a periodic potential
form energy bands, which can be labeled by a band
index n and a wave vector k, which is restricted to the
first Brillouin zone (—a/L < k; < @/L). The correspond-
ing eigenfunctions are of the form

Yo, (@) = Aeikzzunkz(z) (74)

/L

where we have defined the length of the system in the
z direction as Lo. Therefore, the total volume of the
system is V = AgLo, and the number of unit cells in the
z direction is Lo/L. unk(z) is a periodic function with
period L and obeys

bi ) 912
~ 5k + 5] + 0u@|unk @ = i i@ (79)

The eigenfunctions of Hy(z) form a complete basis set
and are orthogonal with the normalization

Zwﬁkz(z)wﬁiz(z') =0z~ 2)

S A2y @@ = 0k, = K)Sy,  (76)
where the notation } nk, indicates a summation over n
and an integral over k;.

The fact that the x-dependent wave functions are
plane waves leads to simple expressions for the coef-
ficients required in the correlation functions (see Ap-
pendix B)

1 ,L
U = L fo dz up(2)
1 /L *
i) =+ 3 dz ufi (@)uh @)

1 L * «
W (k) =T [ dz Ul (U@, @) (77)

The expressions for the cumulant correlation functions
and, therefore, the RPA correlation functions can be
obtained in terms of these coefficients. In practice, the
mean-field equations of the system have to be solved
numerically. The resulting mean fields can then be
used to calculate the eigenvalues (energy bands) and
the eigenfunctions for the A and B blocks. These energy
bands and Bloch functions can be used to compute the
variety of correlation functions, and eventually the RPA
correlation function. The scattering function, the fluc-
tuating modes, etc., of the ordered phases can then be
obtained. This program has been implemented for the
lamellar phase and the results have been published.3°
In what follows we will apply the theory to the weakly
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segregated lamellas by assuming that the mean-field
solution contains only one mode.

B. Weakly Segregated Lamellas. In order to
illustrate the origin of the anisotropic fluctuations, we
consider a weakly segregated symmetric diblock melt
so that Zx = Zg = Z/2. Close to the order—disorder
point, yZ ~ 10.5, the polymer concentrations can be
approximated by

Pal2) = 2 + ¢ cos 22
1 2w
4@ =2~ pos 2 79)

where ¢ < 1 is the amplitude and L is the period of the
lamellar structure. Both ¢ and L are determined from
the mean-field equations. This simple form of the
polymer concentrations produces a set of self-consistent
mean fields of the form

w,(2) = w, cos Z—JLTZ (79)
where the amplitudes of the mean fields are obtained
from the mean-field equations

Wp = —xP
wg = x¢ (80)

It should be noted that the Lagrangian factor #(z)
ensuring the incompressibility condition has been
omitted. It can be shown that 5(z) has the form
7 cos(4nz/L), and the amplitude # is much smaller than
¢, so that it can be neglected in the mean fields.

With the simple form for the potentials wq(z), the
Schrédinger equation determining the eigenvalues and
eigenfunctions has the form

b2 d?y%(z) 277 o o, 0
_E?jt w, C0s TY°(2) = "y*(2) (81)

This equation corresponds to the Mathieu differential
equation34

2
z—f‘f +(@a—2qcos2Z)y =0 (82)
Z

where the new variables are defined by
7 =mz/L
ez
(27R/L)

g= zw“—za (83)
(27R /L)?

and R, = b?Z /6 are the radii of gyration for the a
blocks. According to Floquet, the Mathieu equation has
solutions of the form34

(@) = u@)e + u(-2)e (84)

where u(Z) = u(Z + Ix) and | an integer. According to
the values of parameters a and g, there are two types
of solutions: undamped waves modulated by u(Z) (Bloch
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a(q)

25

Figure 1. Stability diagram for solutions of the Mathieu
equation.3* The solid and dotted lines represent the charac-
teristic curves an(q) and bn(q), which divide the a—q plane into
regions of stability and instability (shaded area). At q = 0,
all values of a(g) > 0 are allowed. For the cases of small q
(dashed line), a gap occurs and the a(q) spectrum splits into
bands.

waves) for u = ik and damped waves for complex «. Only
the case of the undamped modulated waves is physically
interesting. The regions of existence of the modulated
waves form bands in the a—q plane (see Figure 1). For
g = 0 (homogeneous phase), undamped waves exist for
all energy values a > 0. This case corresponds to the
energy spectrum of free particles €* = b2k?/6, and the
resulting correlation functions are isotropic. For non-
zero g (periodic potentials), only finite regions of a are
possible for undamped waves (Figure 1). This corre-
sponds to the existence of energy bands, and the free
particle spectrum ¢ = b?k%/6 has to be modified to
include the band structure. The appearance of energy
bands is an extremely important phenomenon in solid-
state physics in that it forms the basis for distinguishing
metals, semiconductors, and insulators. In the case of
diblock copolymers, the formation of energy bands is
associated with the broken symmetry in the system and
corresponds to the deviation of the spectrum from the
free-particle isotropic behavior. This naturally leads to
anisotropy in the correlation functions, reflecting the
fact that the fluctuations are inherently anisotropic for
a broken symmetry phase.

1. Mean-Field Theory. The mean-field solution of
the weakly segregated symmetric lamellar phase can
be found by using the fact that all the mean-field
equations involve only the k, = 0 solutions of the system.
The Bloch functions wnkz(z) at k; = 0 reduce to periodic
functions uj,(z). Because of the symmetry of the
lamellar phase, the solutions uno(z) are even functions
with period L. Since the eigenfunctions are related to
the Mathieu functions, the mean-field solution of the
problem requires Mathieu functions which are even
functions of period 7. According to the theory of
Mathieu functions,3* these eigenfunctions are denoted
by cean(Z,q) with the corresponding eigenvalues an(q).
The parameter q is proportional to the amplitude ¢, so
that q < 1 for weak segregated lamellae. For small
values of g, the eigenvalues axy(q) can be obtained as
expansions of q.3* The first few eigenvalues are

12

ay(q) = ﬁq + ...
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5 , 763 4
3,(0) =4+ 759" ~ 13824
433
a,(Qq) = 16+ q +864000q + . (85)

The corresponding eigenfunctions have the form

Ce2n(z q) ZOAZm(q) COS(ZmZ) (86)

where the coefficients Aim(q) can be obtained as ex-
pansions in terms of .3 The normalization of these
functions is chosen so that

1 27 ~ ~
; ‘/(.) CeZn(Z’Q)CGZn’(qu) = 5n,n’ (87)

The eigenfunctions and eigenvalues for the A and B
blocks are then given in terms of the Mathieu functions

Uno(2) = V2 Cezn(nz u)

HOZ, = 52un(d) (©9)

where the parameter X is defined by

_[27R)? b2 Zn)ZZ
X—( L )_E(TE (89)

The parameters q* are

Q
>
Il
|
{8

ASS

B_ xZ

q = (90)

s

Here we have used the relation for symmetric diblocks
Ra = Rp = b?Z/12. With the availability of the Mathieu
functions, the one-, two-, and three-point integrals qp,

Fﬁffn.(O), and Wy . .(0) can be evaluated. The results
can then be used to calculate the single-chain partition

function Q and the one-body correlation functions C;.
After some lengthy computations, we obtain for the
single-chain partition function

Q=1+ %(XZqﬁ)Zgz(X) v 91)

where the function g»(X) is defined by

2X — 3+ 4e X — e
4x?

9,(X) = (92)

It should be noted that the independent-chain homo-
geneous-phase RPA correlation function is given by C(Kk)
= 2Zg,[(kR)%2]. The one-point correlation functions
C,, can then be used to calculate the polymer concen-
trations, and straightforward calculations yield

2nz

da(2) = + [9:00((Z¢) — 9.(X)(Z¢)’] cos - T

9e(2) = % = [900(:Z9) — 9,()(xZ¢)’] cos Z—JI_[Z + o
(93)
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where the function g4(X) is

9,(X) = #(504x — 1647 + 2112Xe " +

4608X*
880e X — 1056Xe X + 1776e X — 1152 ¥ +
128e * + 16e > — e %) (94)

In order to determine the equilibrium period L of the
system, we need to calculate the free energy density and
then to minimize the free energy density with respect
to L or, equivalently, to X. Inserting the mean-field
solution of ¢4(z), wa(z), and Q into the mean-field free
energy, we obtain to lowest order

at =1y defx{s@ — 3)[002) — 3] ~ wa@0a@) -
we@e(@) ~71nQ

A %;@2{1 — xZ9,(X)} + ... (95)

The minimization of the free energy density at the
lowest order is therefore equivalent to the maximum of
the function g»(X). The maximum of g>(X) occurs at X*
= 1.892 485 with g»(X*) = 0.0952 847. The equilibrium
period is then given by L* = 3.2296Ry = 1.3185Z%?D,
where Ry = (b2Z/6)'2 is the radius of gyration of the
polymer chains. The polymer concentrations are now
given by

_1 21z
¢A(z)—2+¢cos L

2+ [0,(X)(Z6) — 9uX*)Z)] cos 22 +

96(2) = 2 — ¢ cos 22
2~ [0,X")0Z9) — 0,06 Z)"] cos 22 .

(96)

where the coefficients are g2(X*) = 0.095 284 66, g4(X*)
= 0.000 555 31. Self-consistency of the mean-field
equations requires that

¢ = G(X*)((Z9) — 9u(X¥) (0 Z9)° + ...
(0 2)e — 9u(X¥) (0 Z9)° (97)

where the critical value of yZ is given by (¥2). =
1/go(X*) = 10.495. The solution of this mean-field
equation for ¢ can be easily found by plotting the left-
hand side (fi(¢) = ¢) and the right-hand side (fo(¢) =
xZI(xZ)etp — 9a(X*)(xZ9)3) of the mean-field equation as
functions of ¢ (Figure 2). The existence of a nonzero
solution for ¢ depends on the initial slope yZ/(xZ). of
the function fy(¢). The mean-field equation for the
amplitude ¢ has solution ¢ = 0 if yZ < (yZ). = 10.495,
and for yZ > (yZ). = 10.495, the stable solution for ¢ is

=[5 -1" oo

Va2 \ 02

Note that the exponent 1/, is typical for mean-field
theories. This lowest-order mean-field solution derived
above could be obtained more conveniently using the
Landau free energy functional of Leibler.’® It should
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T

xXZ>(Z),

/

f(¢)

f
XZ<(x2),

0

Figure 2. Solution of the mean-field equation for the ampli-
tute ¢. The dotted line is fi(¢) = ¢, and the solid lines are
f2(4) = g2(X*)xZ¢ — 9a(X*)((Z9)*.

be emphasized that the above mean-field solution is
obtained to the lowest order of ¢, and there is no y
dependence in the equilibrium period L at this order of
approximation. However, the inclusion of higher-order
terms will introduce a y dependence into L, as demon-
strated by Olvera de la Cruz!#3% using the Landau free
energy functional of Leibler, and by many numerical
solutions of the mean-field theory.?*

2. The Nature of the Anisotropic Fluctuations.
Because the Mathieu functions are described in the
literature, we can in principle use them as the eigen-
functions and proceed to calculate the correlation func-
tions. However, explicit forms for the eigenvalues and
the Mathieu functions for k, = 0 are not available.
Furthermore, because we are dealing with a weak
potential (w, < 1), it is not necessary to use the general
solution for arbitrary values of w,. Instead, we use a
perturbation scheme developed by Brillouin3 to calcu-
late the energy bands for the weakly segregated poten-
tial. We first write the potential wq(z) in terms of a
Fourier series

w (Z) — V [ei(ZHZ/L) + e*i(ZJTZ/L)] (99)

where Vy = wo/2, wa = —y¢, and wg = y¢. As mentioned
earlier, the eigenfunctions for a periodic potential have
the Bloch form

1
v LO

The periodic modulation factor u{ﬁz(z) can be expanded
in a Fourier series

i (2) = ="} (2) (100)

—+o0
U@ = 3 calk)e
n=-—oo
+0co .
k, + Z c%(k,)e'@nmL) (101)
=0

Hence the eigenfunctions for the z direction have the
form

1 ) 1t _
V(@) = ——cf(k,)e™? + — > c¢(k,)e'k Lz
Lo 0 n=0

(102)

The first term of this equation corresponds to the
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solution for the homogeneous phase, the second term
accounts for the position-dependent amplitude of the
mean fields and can be taken as a perturbation term.
The energy spectrum (eigenvalues) *(k;) is obtained by
substituting the solution into the Schriodinger equation.
Manipulation of the equation leads to the equations
determining the coefficients

[e(k,) — (k, + n)Jea(k,) — volch-q(k,) + chia(k)] =0
(103)

where the new variables are defined by ko = 27/L, k,=
Kiko, €*(k;) = (b%k3/6)e%(k,), V& = (b*kZ/6)v“. For the
coefficients c;i(k,) of the Bloch function, we have
Va[c(;—l(kz) + C(;-Fl(kz)]

EOL(kz) - (r(z + n)2

ci(k,) = (104)

Because the periodic potential is weak, we can make a
perturbation substitution in the denominator, €%(k;) ~
(k) = k%, and discuss the behavior of c%(k,). Accord-
ing to the value of k;, we must distinguish two cases.
For the first case where Rf = (k, + n)?, the denomina-
tor is nonzero. In the weak-potential approximation,
the coefficient v, is small as well as the coefficients
cn(k,) of the Bloch function, with the exception of cj
(k). In this case we have

vocs(k,)
o ~ _ (i 0 Z
Gl ~ —op +1

. voC(k,)
¢y(k) ~ o (105)
Z

The eigenfunctions have the form

Ul (2) ~ (k)| 1 — s etz e _gmikz| (106)
: ok +1° T2k -1

where the coefficients cg(k,) are determined by the
normalization condition

%k)~1 A1, (107)
C ~1l—————V
0\™z (4k§ . 1)2 o
The corresponding eigenvalues are
ek, ~ K + 2v2/(4k% — 1) (108)

For small values of k, ~ 0, the eigenvalues become
ek, ~ (1 — 812)k: — 2v2. From this expression it is
clear that the effect of a nonzero potential w, for small
k, is to renormalize the Kuhn length along the z
direction into an effective b, < b,

b2 = b*(1 — 8v2) (109)

The total eigenvalues are now of the form b2q%/6 +
b2k2/6, which is clearly anisotropic. Because b, < b,
the anisotropy introduced through €%(q,k;) = b2g%/6 +
b?kf/G breaks the circular symmetry of the scattering
function in the q — k; plane so that the scattering ring
becomes elongated in the k; direction. It should also
be noted that the effective Kuhn length introduced
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above is closely related to the effective electron mass
introduced in solid-state physics.32

It is clear from these expressions that the perturba-
tion results given above break down when k, — k, =
+%/,, which leads us to consider the second case where
k; approaches the critical values k; = £z/L. Here some
of the denominators in the perturbation expressions
become zero and the corresponding cp(k,) assumes high
values. From the behavior of the coefficients cj(k,) and
ca(k,) in the neighborhood of the critical values k., we
can draw conclusions about the energy spectrum «%(k;)
curve near k.. From the equations for the coefficients,
we have near k, = +1/,

Vacg(kz)
o k —
)= i - e+
c =
k) — K

where n = +1. Independent of the value of k;, the
coefficient cj(k,) is in principle very large because the
denominator always tends to zero. Also, because wy =
0 for |n| = 1, ci(k,) are vanishingly small for n = +1.
We therefore conclude that all the other coefficients
can be neglected for k, = +x/L, except the coefficients
co(k,) and c%,(k,). Because the eigenvalues and eigen-
functions have the symmetry that €*(—k;) = e*(ky),
c(—k;) = ¢, (k,),* we only need to consider the cases
where k; = 0. Considering the two modes n =0 and n
= —1 only, the coefficients obey the equations

¢, (k)[0€%(k,) + 28] = cg(k,)v,
3k, )oek = 1K), (112)

where we have written the eigenvalues in the form
&k, = k2 + 0e%(k,), and the wave vector in the form k,
=1/, + 0. These homogeneous and linear equations for
co(k,) and cZ,(k,) have a nontrivial solution if the
determinant of the coefficients vanishes, leading to the

eigenvalues
0e*(k,) = —0 & 4/0% + 12 (112)

According to this result, the spectrum of the eigenvalues
€*(k;) near k, = ko/2 = z/L has two different values

-2
61(3 =%\2) £V (113)

That is, the eigenvalue spectrum becomes discontinuous
at k, = z/L, and an “energy” gap, AeX(n/L) = 2|V¥| =
|wa|, appears. There are only two gaps at k, = £a/L
observed in our system since the only nonzero Fourier
components in the potential wq(z) are for n = +£1. This
above argument applies to every |n| = 0. Energy gaps,
however, need not appear for every n. If the nth
coefficient wy = 0, the €*(k;) curve will become con-
tinuous at the points k, = +nxa/L. For the special case
of a weakly segregated lamellar phase, we have o = 0
for all |n| > 1. Therefore the eigenvalue spectrum of
the system has gaps only at k, = +x/L, as shown in
Figure 3. Generically, the ¢*(k;) function is single-
valued and parabolic, as in the case of the homogeneous
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K, k2 0 kg2 Kk

Figure 3. Eigenvalue spectrum for the weak potential eq 82.
The dotted curve is the parabolic spectrum for the homoge-
neous phase. The solid curves represent the band structure
when wq = y¢ = 0.

4]

phase, except for the critical points k; = +x/L where
the €%(k;) curve has discontinuities and the energy splits
into two values (Figure 3, thick solid line). It should
be noted that we have used an extended zone scheme
in our description of the eigenvalues.3? In this repre-
sentation the nth energy band is attributed to the nth
Brillouin zone. Because of the periodicity of the wave-
number, the €*(k,) curve has a periodicity of 2z/L. When
we restrict ourselves to the reduced wavenumber k;, we
can assign all the energy bands to the first Brillouin
zone. This makes the €%(k;) relation multivalued and
the energy bands must be labeled by a corresponding
band number n; therefore, e*(k;) = en(k,). In what
follows we will use the extended zone scheme so that
the band index n is not necessary. The eigenvalues are
discontinuous at k, = ko/2 = /L (see Figure 3),

ea(k)=%[l+62—4/62+1/2 it k<%
)= "5 |a @ 2=

(k) = T[Z + 0%+ Jo? + va| it k> T (114)

The coefficients c](k,) are obtained by inserting the
eigenvalues into their corresponding equations and by
the normalization requirement

v
S L —
T R+ Pt
Cgl(kz) = & (115)

V2 + [0 (k)P

Because the eigenvalues de%(k;) = —6 F (62 + v2)"2 are
derived under the assumption that only the n = 0 and
n = —1 modes are important, they are valid only when
k, ~ #/L, i.e.,, 6 ~ 0. For small values of o, the
eigenvalues have the form

2
0e%(k,) ~ —0 F |v,| F % +..  (116)

The coefficients c; and c*; are

e L Vefi 2 0 o
0 «/E'V(xl 2|v(1| 8’Vi
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6 6

2|Va| 81/(21

cﬁlmﬂFili

V2

+ .. (117)

The eigenfunctions of the system are then given by

1| Va d 52
ul (2) ~ —|—|1 F - =¥
o2 ﬁ’w( 2Iv, 8V§)
0 0%\ ik
1+ — 9 Jeikez| (118
( 2|V(1| 81/5) ] ( )

The results obtained from our perturbation calcula-
tions show that there exist critical k, points at +x/L (the
Bragg points). The eigenvalues and eigenfunctions of
the chain Hamiltonian have a qualitatively different
behavior when k; is close to the Bragg points. In
particular, when k; is away from +x/L, the corrections
to the eigenfunctions and eigenvalues due to the weak
periodic potential wq(z) are of the order O(wi). On the
other hand, when k, ~ +x/L, the corrections to the
eigenfunctions and eigenvalues due to the weak periodic
potential wq(z) are of the order O(w,). We can therefore
conclude that, to the lowest order of the perturbation,
the eigenfunctions of the system are well approximated
by the homogeneous eigenfunctions except when k; is
close to the Bragg point £/L. The eigenvalue spectrum
of the diblocks in a weakly segregated lamellar phase
is well approximated by the homogeneous parabolic
relation except near the Bragg points k = +x/L, where
the spectrum splits to form gaps of magnitude |wy} =
xo, i.e., the width of the gap is determined by the mean-
field amplitude ¢ (Figure 3).

In summary, the behavior of the eigenvalues and
eigenfunctions is, to the lowest order of the potential,
controlled by the variable 6 = ki/ko — .. For large
values of |d], e.g., |0] = |vq|, the eigenfunctions and
eigenvalues are well described by the relations for the
homogeneous phase

21,2
4

e’(k,) ~

5 +0()

uﬁz(z) ~ 1+ O(w,) (119)

For small values of |4, |0] < |vo, the eigenvalue
spectrum becomes discontinuous,

b?k31

a _ L _ _ 1 _ 2l T
) =5 13 | (Zlvul 1))5 ] if k<7
« bzkgll 1 o . T
€ (kz) = T.Z + Ve + (2|Va| + 1))6 if kz > E

(120)

Because the variable § is proportional to k; — z/L, the
eigenvalue spectrum near the Bragg point is again
parabolic. The corresponding eigenfunctions are

o 1| Va 0 &2
ut(z) = —| 21 - =2 - 2| -
k,(2) NG |Va|( 2|y, 8V§)

2
140 O eike| 520
2lv] 82
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1] ) 6?
ul (2) =—|—|1+ -]+
kz( ) ﬁ[“’d( 2|y, 81/§)

2 ]
(1 0 ‘3—2)e"kozl 6>0 (121)

2 g2

These eigenfunctions correspond to standing waves in
the system. Therefore, the appearance of the energy
gap corresponds to the formation of standing waves in
the system. Because the energy gap appears at nonzero
Fourier components of the potential wq(r), which cor-
responds to the appearance of an ordered structure,
there is an intrinsic relationship between the symmetry
breaking in the system and the gaps in the eigenvalues.

With the availability of the eigenvalues and eigen-
functions, it is straightforward to compute the block
copolymer correlation functions and RPA density—
density correlation functions according to the procedure
given above. For the weakly segregated lamellae within
the one-mode approximation, we see that there are two
sources contributing to the anisotropic correlation func-
tions. The first is the renormalization of the Kuhn
length arising from the correction to the eigenvalues;
the second is the strong resonant scattering at k, = +ko/
2, leading to the appearance of gaps in the eigenvalue
spectrum. The scattering function changes from iso-
tropic ringlike behavior to anisotropic behavior with two
strong peaks at the Bragg points k = +a/L. Further-
more, the coupling between the x — y modes and the z
mode through the non-Gaussian correlation functions
leads to additional scattering peaks corresponding to the
fluctuating layers. The lamellar phase RPA scattering
functions are given in ref 30.

V. Conclusions and Discussions

A general theoretical framework for the study of
anisotropic fluctuations in ordered block copolymer
systems has been developed. The theory is based on a
systematic expansion around the broken-symmetry
ordered mean-field solution. The truncation of the
theory at the Gaussian fluctuation level and the ap-
plication of the random phase approximation result in
a density—density correlation function C}7\(K), which
contains information about the anisotropic composition
fluctuations in the system and can be measured by
scattering experiments. Methods of calculating the
polymer correlation functions in an inhomogeneous
phase are developed. It has been shown that the
important quantities controlling the fluctuations are the
spectra of the eigenvalues of the chain Hamiltonian H,
and the corresponding eigenfunctions. The eigenvalues
and eigenfunctions correspond to the energy bands and
wave functions for an electron in a periodic potential
wq(r). The calculation of the RPA correlation functions
for block copolymers is therefore equivalent to band
structure calculations in solid-state physics, and many
methods developed for the band structure calculations
can be used for the polymer problem. The calculated
correlation function can be used to study the stability
and the elastic properties of the ordered phases, as has
been demonstrated for the lamellar phase.®® The cal-
culated scattering functions correspond to all the es-
sential features of experimental measurements.

In order to illustrate the mean features of the aniso-
tropic fluctuations, a weakly ordered lamellar phase was
studied in detail using perturbation theory. The most
important feature emerging from the theory is the
appearance of a band structure in the eigenvalues of
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the problem. The appearance of gaps in the energy
band is related to the broken symmetry of the system.
For the lamellar phases, the first gap appears at k, =
ko/2, resulting in the most unstable fluctuation modes
at k, = ko/2.39 Although the perturbation theory was
presented for the lamellar phase, the generic conclusion
from the theory applies to any ordered phase.®? In
particular, when the wave vector K lies on a Bragg plane
defined by k? = (k — G)?, the eigenvalue of the chain
Hamiltonian has the form (k) £ |Vg|, resulting in a
gap of order 2|Vg| if the Fourier component of the
potential at G is not zero (Vg = 0).

It is appropriate to compare the theory developed in
this paper and the Brasovskii—Fredrickson—Helfand
(BFH) theory.?52% We start with the exact expansion
of the free energy functional in terms of fluctuations (eqgs
28—32). The Gaussian fluctuation theory developed in
our paper is obtained by neglecting the higher-order
terms QM (n > 2) but treating the Gaussian fluctuations
exactly. The BFH theory is developed using several
approximations: (1) the wq(r) field variables are elimi-
nated using the RPA,® resulting in a Landau free
energy functional; (2) the Landau free energy functional
is reduced to the Brasovskii form;2® and (3) the fluctua-
tions are treated using a self-consistent Hartree ap-
proximation,2® resulting in a renormalized Landau free
energy functional. The renormalization Landau free
energy is then treated using the mean-field approxima-
tion. For the symmetric diblock copolymer (f = 1/,),
mean-field theory predicts a continuous order—disorder
transition.’® The inclusion of the fluctuations within
the BFH theory results in a weakly first-order phase
transition in this case. On the other hand, the Gaussian
fluctuation approximation cannot be used at the critical
point. The use of the Landau free energy functional
restricts the validity of the BFH theory to the weak
segregation regime, while our Gaussian fluctuation
theory applies to the whole phase space except the
critical point. Therefore, the two theories complement
each other.

The general theoretical framework developed in our
paper provides a promising technique for the study of
the physical properties of ordered microphases of block
copolymer melts, as demonstrated for the lamellar
phase.3® The calculated RPA correlation functions for
the ordered phases characterize the anisotropic fluctua-
tions. The origin and nature of the anisotropic fluctua-
tions can be attributed to the formation of a band
structure for the eigenvalues of the correlation func-
tions. The gaps in the spectrum lead to unstable modes,
which are observed as scattering peaks in scattering
experiments. Future applications of the theory will
include calculations of the RPA correlation functions for
the complex block copolymer phases, and the effects of
fluctuations on the first-order phase boundaries of the
system.
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Appendix A: Expansion of Q.

In this appendix we outline the derivation of the
single-chain partition function Q. as an expansion in
terms of the variables dwq(r). The formal solution of
the propagators allows us to obtain the solution for 6Q
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by iteration

0Q(r, tir'y = 0QW(r, tir') + 0Q¥(r, tir') + ... (A1)

where the nth-order solution is

oQY(r, tir)y = (=) [ dry...dr, fdt,...
dt G, (r, tir,, t,n)G (r, trh—1, th—y)-.
Go(ra Iy, )Gy (ry, |1, 0)0w,(ry)...0m(r,) (A2)

Therefore the perturbation solution of the propagators
has the form

Qu(r, tir) = QYr, tir) + Z(—)n Jdry..dr, x

Sty dt Gy (r, tir,, t)Gu(rotalry, toy)-..
Go(ry tofry, )G, (ry, 4|r', 0)ow,(ry)...0m(r,) (A3)

Using the perturbation solution of Qu(r, t|r'), the single
chain partition Q. can be obtained as a series in the dw,.
The expansion of Q. can be written in a more symmetric
form by introducing the symmetrized n-point correlation

functions Cg‘) o, (F1-i1p) N the fields wff)(r),

1o
Q=QY + QP+ Q@ + ..

0+ 1S )" -
v — [ dr,..dr
VnZ‘ul,.Zun n! f 1 n=ay,....0p X

(r. P (r)...00, (1) (Ad)

where the Cff)a (rq....,ry,) are the appropriate combi-
nations of the single-chain correlation functions G, and
the summation over a, is for a, = A, B. These
correlation functions can be written in terms of the

zeroth order propagators Qq(r, t/r') using the relation
G, (r, tir', t)=0(t — t)Q.(r, t — t'|r') (A5)

Note that we have neglected the superscript in
QOX(r, t|r') to simplify the notation, and in what follows
Q(r, tr') represent the zeroth order propagator. We will
also drop the superscript 0 in the cumulant correlation
functions, with the understanding that these correlation
functions are determined in the mean fields. The chain
conformation contribution to the free energy functional
can be obtained by using the relation

Q. Q¥ Q@ q[QP)?
n@%Q(O)'i‘Q(O)—E © + ... (A6)
c c c

c

The single-chain partition function term has the free
energy in the form of an expansion
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Vv Vv 1
—InNQ.=—InQ® - — drc®(ndw, (r) +

Zfdrdr'{cff/;(r, ry—

1 (1) (1)
——COMNCPIr)dwy(Now,r) + ... =
Qv

1

2Q0z

Vingo+ 3 Y dr,...d
EnQC nZl ~ alz Jdry..dr, x

----- n

rn)éwal(rl)...éwan(rn) (A7)

where the coefficients Cq, . o, (r1, ..., I'n) are given in
terms of the single-chain correlation functions C(a”)

..... o
(ry,...ry). Physically the Cq, o, (F ..., I'n) is the nth

order cumulant correlation function for a noninteracting

diblock chain in the field »®(r). The lowest-order
cumulant correlation functions are

CAN =55 Jo*

0.7 Jo dt [ drydr,dr,Q,(ry, tir) x
C

Qa(r, Zp — rp)Qg(ry, Zglr,)

Cg(r) = Q%Z j(;ZB dt f dr,dr,dr;Qg(ry, tjr) x
Qg(r, Zg — t{ry)Qu(ra, Zalrs) (A8)

’ 1 ZAN t ’
Canlr, r)=Q—CZj(; dt [0 dt' [ dr,dr,dr; x

[Qa(ry, Zy — tINQA(r, t = T[rQA(r', t'[ry) x
Qg(ra, Zglrs) + Qp(ry, Zglr)Qa(rs, Zy — tir) x
Qa(r, t =t [r")QA(r', t'[ry)]

Cu(r,r) =
L2 gt (P dr [ dr,dr,dr,Qa(ry, Za —
chf 0 0 f 1drdryQa(ry, Zy
t|I’)QA(I’, t|l’2)QB(I"2, t'|r')QB(r’, ZB - t'|l"3)
Cgalr, 1) =
L 24t (*dv [ dr,dr,d
Q—Czﬂ) t [ dt [ dr,drdryQg(ry, Zg —
tr)Qg(r, tiry)Qa(ry, UIr)QA(r', Z, — t'ry)
Cgg(r, )=
1 Z, t .,
oz JoFdt [ dt [ dr,dr,dra[Qg(ry, Zg —

tr)Qg(r, t — t'|r)Qg(r', t'|ry)Qa(ry, Z,lrs) +
Qa(ry, Zalr)Qg(ry, Zg — tir) x
Qg(r, t — t'[r)Qg(r', t'[ry)] (A9)
where we have used the fact that, in the thermodynamic
limit, the second term in Cgug (which is proportional to

1/V) can be ignored. The single-chain mean-field parti-
tion function Q. is given by

Q.= % f dr dr,dryQa(ry, ZAr,)Qg(r,, Zglrs) (A10)

It should be noted that these two-point correlation
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functions have the symmetries Ceug(r, r') = Cgu(r', 1),
i.e., the matrix Cqg(r, r') is real and symmetric.

Appendix B: Reciprocal Space Formulation

Here we give a detailed exposition of the correlation
functions in terms of the eigenfunction and eigenvalues
of the chain Hamiltonian H,. Using the eigenfunctions
of Hy as the basis functions, the one- and two-point
cumulant correlation functions can be cast in the form

= %/ [ drygnc,n (B1)

annk

Jdr [ drynnCo(r, Myp(r) &2

It will be useful to define one-, two-, and three-point
integrals

1
¢ =— [ drys(r
Onk \/\_/f lpnk()

nknk —fdrwnk(r)w k(r)
Wi =YV [ drpfOy i) - (83)

The factors involving V2 in the above expressions are
introduced for convenience. As has been stated in the
main text, the mean-field propagators can be written
in terms of the eigenfunctions. Inserting the expres-
sions for Qq(r, tr") into the correlation functions, we can
perform the integrals over the t variables and obtain
simple expressions for the correlation functions in the
reciprocal space. In terms of the eigenfunctions, the
one-body correlation functions can then be written as

ZA
ch.=— gles (K)Zn — €2 (K,)Z,A] x
nk chnlzl nZZZ &, N\ /<A n,\"N2/ <A,

—A —B
eny(K2)Za—eRy(Ks)Zp A A AB
e ™ N qnlkl nk,n ky,n Ky oKy, r13k3qn3 K3

B Ze B B
Cok = —Z Z 9len, (K1) Zg — €, (Ky)Zg] x
QcZn1 1 N2Kz N3K3

—eRy(k2)Zg—ehy(ka)ZayB BA
e ™ 8 Un 1Ky nkn 1Ky nzkzr‘nzk2 n3k3Qn3k3 (B4)

where the function g(x) is defined by

1—e”

g0 == (B5)
The expressions for the two-body correlation functions
are

it~ oz ZZZZ
e QcZn11n22n33n44

g[enz(kZ)ZA - enl(kl)ZA] - g[5n3(k3)ZA - Eﬁl(kl)ZA]
X
en(K)Za — €n (K)Za
e*éﬁ‘l(kl)ZA*GEA(kOZB
A A A* AB
[qnlkllpnk n1k1 nzkzlpn K',nzK,, nzkzrn3k3 r14k4qn4k4

A* AB*
Qn 1Ky nk N3Ks, nzkzlpn’k’,nlkl,nzkzrn3k3,n4kAQn4k4]
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cre, = e [en (Ko)Z
knk — Jle 2)4A
e QcZ nlzl nzzz n3Z3 N4Ky "

en(kZalolen (Ko)Zg — € (ky)Zgle Rl RldZe

A AB B*
qnlkllpnk n, Ky, nzkzrnzk2 n3k31pn K',ngKk,, n3k3qn4k4

e = 22 [€8 (ky)Z

k,n'k’ = g € g —

e QCZ nlzl n;z n323 NgKy 2
eﬁl(kl)ZB]g[eﬁ3(k3)Z a— 6?4(k4)ZA) g hakaZa—eh(k)Zs

B B
qulqlnk,nlkl,nzkzrnzk N3k IIIn 'K 4K, N5K qn4 K,

i = ZZZZ
e QcZn11n22n33n44

g[enz(kZ)ZB - enl(kl)ZB] - g[egs(k3)ZB - Gr?l(kl)ZB]
X
en(K)Zg — €n (Kp)Zg
effﬁl(k1)ZB*€ﬁ4(k4)ZA %
B B B* BA
[qnlkllpnk nlkl,nzkzlpn K',nzk,, nzkzrn3k3 n4k4qn4k4 +

B* BA*

an nknk nklpnknk nkzrnk n4kqn4k] (86)

The mean-field single-chain partition function Q. can
also be cast in terms of these integrals

1
Q. =1 J drydrydrsQa(ry, Zalro)Qs(rs Zslrs)

iy B "
% e ey knZaen,k2Zegfl 1o TAR 1ok 0Rok, (B7)
N2k

We now consider the most general case, in which the
only restriction is that the mean fields wq(r) are periodic
functions. As we have mentioned before, the eigenfunc-
tions for the chain Hamiltonian are Bloch functions of
the form

Por) = N ™ Tul (r) (B8)

where up,(r) are periodic functions, and the factor
1/(V)¥2 is introduced for convenience. In order to

proceed, we expand the periodic function u},(r) using
the reciprocal lattice vectors of the system

Ul (r) = Zuﬁk(e)e‘G'r (B9)

where { G} are the reciprocal lattice points of the ordered
phase under consideration. Because the mean fields
wq(r) can be expanded in the form

w (r) = Zw“(e)eiG'f (B10)

the Schrodinger equation becomes

b2
(k +G)* — en|unk(@) + Zw (G — Gup(G) =
(Bll)

This result for different reciprocal lattice vectors G
generates an infinite number of equations. The condi-
tion of having a nonzero solution is that the determinant
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of the system vanishes

2
det %(k + G)’ — €y |dg e + 0 (G — G)| =0 (B12)

The order of this determinant is infinite. In practice,
we can only deal with a finite determinant; e.g., if we
take 200 plane waves, we will have a determinant of
order 200, and the solution of the eigenvalue equation
gives 200 eigenvalues € (n = 1, 2, ..., 200). The
energy bands are obtained by changing the values of
the K's in the Schrodinger equation.

The required integrals can now be cast using the
Bloch functions. In particular, we have

1
@ o=—— [ dry’(r
Onk \/\_/f wnk()

1 .
= Zuﬁk(G)vfdre"kJrG)r

= Zu(r:k(e‘)ék—o—G,O (B13)

Since k is restricted in the first Brillouin zone, the
condition k = G leads to k = G = 0. Therefore we have
for the one-point integrals

Onk = Uﬁk(o)ék,o

= Gndko (B14)

where the reduced one-point integrals g5, are given by

On = Uno(0) (B15)

Let us now consider the two-point integrals. Using
the Bloch functions and integrating out the r variable,
we have

T e = APy (r)
= ZZuﬁL(@)uﬁk&G + K)ok  (BL6)

The delta function in the above expression Jx-k .k
requires that k — k' equals a reciprocal lattice vector
K. Since both k and k' are restricted in the first
Brillouin zone, this condition puts a severe restriction
on the values of K. We note that K = 0 is always
allowed, which leads to 0k—k k = Ok KOk 0. Itis possible
to prove that K = 0 is the only solution for the
requirement k — k' = K: (a) It is obvious that the only
possible K's are the nearest and (possibly) the next-
nearest neighbors to the lattice point K = 0; (b) the
possible k and k' values are confined by the two
perpendicular planes bisecting K and —K; (c) for any
vector k' within the first Brillouin zone, the vector k' +
K is always outside the first Brillouin zone, except that
K' is on the plane bisecting —K; (d) when k' is on the
plane bisecting —K, the sum k' + K is at the corre-
sponding point on the plane bisecting K. However,
these two points are degenerate and only one of them
can be included in the spectrum for a given band.
Therefore it is not possible to have nonzero K so that k
— k' = K, and the two-point integrals are diagonal in
the k space
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rﬁﬁ,n’k’ = Zuﬁk(G)uﬁ’k(G)ak,k’

= I (00 e (B17)

where the reduced two-point integrals F,‘j‘,ﬁn,(k) are
given by

e (k) = Zuﬁi(@)uﬁ,k(cs) (B18)

For the three-point integrals, the integral over the
spatial variables leads to

WP knokongk, = W f drwﬁ:kl(r)Wﬁ:kz(r)Wﬁ3k3(r)

= Z Z Zuﬁ:kl(el)uﬁ:kz(Gz)U%ks
192 V3

(63)6k1+k27k3+61+62763,0 (B19)
Again, the delta function Ok, +k,~ks+G,+G,—Gs0 requires
that k + k; — ks = K is a reciprocal lattice vector, which
puts severe restrictions on the possible values of K. A
detailed consideration is needed to obtain the possible
values of K. There is, however, a simplification in that,
for all the three-body integrals needed in the first- and
second-order cumulant correlation functions, one of the
K’s is always zero. Therefore, the three-body restriction
reduces to the two-body restriction, k; — k, = K. The
fact that there is always one k = 0 in W can be seen
easily from the expressions for the correlation functions
by noting that the one-body and two-body integrals have
the generic form given above. These expressions ensure
that the needed three-point integrals have at least one
k = 0. Using the expressions for the W’s, we have

lp(r):1|<1,n20,n3k3 = Z Z Z Uﬁ:kl(Gl)Ug:o(Gz)ng3
1 2 3
(G3)dk,—k,+6,+6,-G,0
= Z Z uﬁjkl(Gl)uﬁ:O(GZ)u&Kl
1 2
(Gy + G)dy i,

=W, (K)o i, (B20)

nn,Ng

where the reduced three-point integrals lIfﬁlvnm(k) are
given by

Wh () = ZZuﬁjk(el)uﬁjo(ez)uak(el +Gy)
v (B21)

We can now use these reduced three-body integrals
to eliminate the sums over k's in the correlation
functions. After some simple manipulations, we obtain
the expressions for the cumulant correlation functions
and the single-chain partition function. For the one-
point correlation functions we have

A Za A
Ch=— g[es (0)Z, —
" channa M "
A 0 Zaed "
en (0)Z,Je” 02 menOZeql @it (0)T75, (O)ar,
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B Zs B
C.=— gle, (0)Zg —
" chfh;% " ?

—8 —en
ep (0)Zgle mOZ OB Wl (O)TRA, (O)an (B22)
For the two-point correlation functions we have
Zi
AA
(K) = X
n " an Ny,N3,N4
glen,(K)Z = €n.(0)Z,] — 9len (00Z4 — €. (0)Z,]
en(0)Zn — €n (K)Zn
e MOZROZ[A wr (WA, (KA, (O)aE +
A, P, n (K Wh o 0, (KThen (0)dn ]

n,ng,

X

AB Za%e A _ A
Crn(k) = 9len,(K)Za — €,,(0)Z4] x

Qc n1,N2,N3,Ny
olen(K)Zg — 654(0)251e*‘“‘ﬁ‘)’zﬁﬁﬂ% x
(K)o, (KW, o, (K)I

B*

qn1 n,n;,n,

BA ZAZB B B
Cn,n’(k) = g[enz(k)ZB - 6nl(O)ZB] X
N1,N2,N3,Ng
—eh, A—€R B
glen(K)Za — eﬁA(O)z Je POz ROZe

A, W, n (K oo (KW o (K)dn,
BB ZZB
Cn,n'(k) = z X

can,nz,nsvm

gleq (K)Zg — e (0)Zg] — gleh (0)Zg — €p (0)Zg]

X
n(0)Zg — € (K)Zg

e‘eﬁl“’)ZB‘f‘\‘*("’z“[qri P o, (KWE L (KT, (0)an, +
An, P, n, (K Wh o o, (Koo (0)dn] (B23)

For the single-chain mean-field partition function Q,
we obtain

—eh —eB *
Q.= ) e WO RORGIIE On,  (B24)

NNy
ny,N2

In all these expressions, the required quantities are the
reduced one-, two-, and three-point integrals of the
eigenfunctions

1
n= VC,/; dr upo(r)

o 1 o*
T = -/, dr up(nuf(n)
c
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1 * *
W nn () =3[ dr U (NUR (DU () (B25)
Cc

where up,(r) are the periodic parts of the Bloch func-
tions, V; is the volume of the unit cell, and the integrals
are over one unit cell.
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