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The universal phase behavior of block copolymer melts demonstrated previously with particle-based sim-
ulations is reproduced using complex-Langevin field-theoretic simulations (CL-FTSs) combined with the
Morse calibration. For comparison purposes, the calculations are repeated using conventional Langevin
field-theoretic simulations (L-FTSs), where the partial saddle-point approximation (PSPA) is applied to the
pressure field. Both FTS methods produce consistent results down to invariant polymerization indices of
N ~ 10°, implying that the inaccuracies in the PSPA are well compensated for by the Morse calibration. At
lower N, however, the complex fields of the CL-FTSs become prone to the formation of hot spots, causing
the simulations to fail. Previous studies have shown that finite-range interactions can help stabilize CL-FT'Ss.
Aided by the L-FTSs, we locate conditions at N = 10%, under which the universality is expected to hold and
the CL-FTSs are stable. While the L-FTSs continue to obey universality, the CL-FTSs deviate significantly.
A number of potential explanations are considered, but only one appears credible. Given the documented
problems with CL simulations of nonpolymeric models, it is likely that the inconsistency with universality

results from a ‘silent failure’ in the CL-FTSs, preceding the formation of hot spots.

I. INTRODUCTION

It has long been evident from experiments that the gen-
eral phase behavior of block copolymer melts is largely in-
dependent of the specific chemistry of the system.! There
is now strong evidence from particle-based simulations
that block copolymer melts become truly universal in
the long-chain regime,>” at least for models involving
pairwise interactions and conformational symmetry. The
implication is that all models are essentially equivalent,
and thus can be accurately mapped onto the standard
Gaussian-chain model (GCM) underpinning most theo-
retical calculations, which assumes incompressible melts
of flexible polymers interacting by contact forces.®

For the simplest case of AB diblock copolymer melts,
the relevant parameters of the GCM are the number of
segments per diblock copolymer, N, the fraction of A-
type segments, f, and the Flory-Huggins interaction pa-
rameter, y. We follow the convention where all segments
are defined to have a common volume of py ! and we
limit our attention to conformationally-symmetric sys-
tems, where the A and B segments have the same statisti-
cal length, a. The self-consistent field theory (SCFT) for
the GCM is controlled by f and xN,? and the fluctuation
corrections to it are controlled by the invariant polymer-
ization index, N = aSp2N.10 If the parameters of any
other model satisfying universality were to be mapped
onto the parameters of the GCM and adjusted to give
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the same values for f, YN, and N, universality implies
that it would exhibit identical behavior on the coarse-
grained scale.

To test the wuniversality hypothesis, Morse and
coworkers>? devised a simple procedure for accurately
mapping simulation models onto the standard GCM.
They then applied it to five distinct models and demon-
strated that the order-disorder transitions (ODTs) for
symmetric diblock copolymers (i.e., f = 0.5) all collapse
onto a universal curve,3°

(XxN)opr = 10.495 + 41.0N /3 4 123.0N 956 (1)

when plotted in terms of the GCM parameters. Fur-
thermore, they went on to confirm that the free energy,
F', and the equilibrium lamellar period, D4, were also
universal.>” Remarkably, the universal values of F' and
D¢q coincided with the SCF'T predictions of the standard
GCM.

In the absence of universality, the behavior of an ex-
perimental system will depend on its microscopic details,
and thus accurate predictions will generally require a
model involving many parameters specially tuned to pro-
vide a faithful representation of the system. On the other
hand, when the molecular weight is sufficient for univer-
sality, it becomes possible to make accurate predictions
with simple coarse-grained models. It is unclear what is
a sufficient molecular weight, but it is worth noting that
lattice simulations have provided accurate predictions
for polyisoprene-polylactide (PI-PLA) diblock copolymer
melts despite their modest molecular weight.!!

The ability to make quantitative predictions with sim-
ple models is nothing short of amazing, but unfortunately
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even highly coarse-grained models are challenging to sim-
ulate. Indeed, particle-based simulations have yet to pro-
duce a complete phase diagram for diblock copolymer
melts. Fortunately, there is an alternative, field-theoretic
simulations (FTSs).12714 Not only are they much faster,'®
they have actually provided complete phase diagrams for
diblock copolymers.'6718 Furthermore, they can handle
more complicated block copolymer architectures'® 2! and
multi-component blends in various ensembles,?? 24 with-
out much of an increase in computational cost.

The polymer field theory of a block copolymer sys-
tem is derived from its particle-based model by a
mathematically exact transformation involving Hubbard-
Stratonovich identities.!?** For AB-type block copoly-
mer melts, the field-theoretic Hamiltonian, Hy[W_, W, ],
involves a composition field, W_(r), that couples to the
difference in the A and B concentrations and a pressure
field, W, (r), that couples to the total concentration.
It is common to approximate the statistical mechanics
of Hy[W_,W,] by SCFT, where the free energy, F' ~
Hylw_,w4], is estimated from the saddle-point fields,
w_(r) and w4(r), corresponding to DH;/DW_(r) =
DH;/DW,(r) = 0. Note that we follow the conven-
tion where W_(r) is real valued and W, (r) is imaginary
valued, which results in real saddle-point fields.'® The
challenge in going beyond SCFT is that the imaginary
W (r) leads to a complex-valued Hy[W_, W,]|, causing
the so-called sign problem.2% 3!

One way to overcome the sign problem is to ap-
ply a partial saddle-point approximation (PSPA),3235
in which Wy (r) is replaced by the solution of
DHy/DW, (r) = 0. As it turns out, the solution, w4 (r),
is real and consequently H¢[W_, w,] is amenable to con-
ventional Langevin simulations (L-FTSs).3¢ The justifi-
cation for the PSPA is that the composition fluctuations
in W_(r) are thought to provide the dominant correc-
tion to SCFT. Indeed, L-FTSs have shown impressive
agreement with the universality found in particle-based
simulations.’® Not only do their ODTs agree with Eq.
(1), the free energy and the domain sizes are well ap-
proximated by SCF'T, exactly as observed in the particle-
based simulations. Although this bodes well for the
PSPA, Quah et al.3” have reported some serious inac-
curacies based on comparisons with complex-Langevin
field-theoretic simulations (CL-FTSs).

CL-FTSs provide an exact method of overcoming the
sign problem, where W_(r) and W, (r) are allowed to
explore the entire complex domain.?® Not only do they
avoid the PSPA, they are generally faster as there is no
need to evaluate w,(r). The problem, though, is that
they are prone to instabilities,!6:18:39:40 which become se-
rious for strong fluctuations near the ODT at small N.
The instabilities result from a tendency to form sharp
spikes in the field configurations,'®3? referred to as hot
spots. Delaney and Fredrickson'® have tamed the insta-
bilities to some degree by incorporating compressibility
and finite-range interactions into their model, but the
range of their interactions was relatively large. It has

been suggested that this may have caused significant de-
viations from universality.!'®

Kim et al.*' have shown that translational symmetry
contributes to the instabilities. It has generally been
assumed that W_(r) and W, (r) fluctuate about the
real saddle-point fields of SCFT.3° However, because the
fields are permitted to be complex, the translational in-
variance (i.e., r — r — v) extends to complex-valued
displacements, v. Consequently, the real saddle point
is connected to a continuous family of complex saddle
points,*? which provides a pathway deep into the com-
plex domain, eventually resulting in the formation of hot
spots.18

This problem is similar to what happens in complex-
Langevin (CL) simulations of quantum chromodynamics
(QCD), where a gauge symmetry also permits large ex-
cursions deep into the complex domain. In QCD, these
excursions can be prevented by the continuous applica-
tion of gauge transformations, a method referred to as
gauge cooling.?344 Similarly, Kim et al.*! applied transla-
tion cooling to CL-FTSs, whereby imaginary translations
were continuously applied to maintain close proximity to
the real saddle point. Although this expanded the region
of stability, the improvement was limited.

Willis and Matsen*® tried another strategy from QCD
to stabilize CL simulations, referred to as dynamical sta-
bilization. It involves adding an artificial force to the
Langevin dynamics of sufficient strength to prevent the
excursions, but not so strong as to significantly bias the
statistics.28:29:3147 Unlike the translation cooling, dy-
namical stabilization expanded the region of stability sig-
nificantly, producing universal results down to N ~ 10°.
Nevertheless, this invariant polymerization is still well
above the values typical of experiments.! Here, we at-
tempt to push the CL-FTSs to lower N by incorporating
finite-range interactions, but with a small enough range
not to disrupt the universality. We also compare the re-

sults to those of L-FTSs, so as to assess the accuracy of
the PSPA.

Il. FIELD-THEORETIC SIMULATIONS

In this study, we consider a system of n diblock copoly-
mers each consisting of N monomers, of which the first
N4 are of type A and the remaining Np are of type B.
Instead of the standard GCM, we employ a bead-spring
model with compressibility and finite-range interactions.
The bead (i.e., monomer) coordinates are specified by
the set of vectors {r,,}, where a € {1,2,...,n} is the
molecule index and ¢ € {1,2,..., N} is the monomer in-
dex. In terms of the coordinates, the concentrations of
the A and B monomer centers are

=

A

pa(r) = p*lo Z §(r —ra), (2)

a=11

Il
-
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Z Z O(r—ra,), (3)

a=11=Na+1

respectively. As usual, we divide by the bulk monomer
density, po = nIN/V, to make the concentrations dimen-
sionless.

The Hamiltonian,

Hy[{rai}] = Upl{rai}] + Uni[{ra.i}l, (4)

of our generalized model is expressed as a sum of bonded
and nonbonded interactions. The bonds are modeled as
harmonic springs,

where ap is the bare statistical segment length for nonin-

teracting polymers. The nonbonded interactions,
Uint
k BT

/[Xb¢F Adr.p + C(¢FA +¢r,p —1)%dr, (6)

involve the usual Flory-Huggins term with a bare inter-
action strength of x; and a Helfand-type compressibility
controlled by a dimensionless compression modulus, (.45
Following Delaney and Fredrickson,'® the interactions
are evaluated using smeared concentrations, QASR A(r) and

g{)r‘7 g(r), obtained by convolutions,

r) = /f(r — ' )[(r")dr, (7)

with a spherically-symmetric ‘smearing’ function, I'(r),
of r = |r| that satisfies [T'(r)dr = 1. The convolutions
are mathematically equivalent to using finite-range inter-
actions, where the interaction profile is given by

Uing (1) = /F(|r —1'|)T(r")dr'. (8)

The equivalence follows from the fact that the Flory-
Huggins interaction can be re-expressed using

/ ér.a(r)or p(r)dr = / G A ting(|r — ') P (x")drdr' .
(9)

An analogous identity also exists for the Helfand com-
pressibility term. Delaney and Fredrickson chose a Gaus-
sian smearing function,

I(r) = We){p( /242, (10)

which also results in a Gaussian interaction profile,

1
uint(r) = 7 95 ~a/9 exp( r /4a1n ) (11)
(4mag,)*/? '

3

In polymer field theory,'? 148 Hubbard-Stratonovich
identities are used to transform this particle-based
Hamiltonian into an equivalent field-based Hamiltonian,

Hy XbN
nkBT

=@+

W2
/ ( o x»+20 W+> dr. (12)

Here, Q[W_,W,] is the partition function for a single
molecule in a system of noninteracting polymers (i.e.,
Xo = ¢ = 0) acted upon by the fields. See the supple-
mentary material for details of the transformation.

Simulations of H;[W_, W,] are typically performed in
L, x Ly x L, orthorhombic boxes with periodic boundary
conditions. To represent the fields on a computer, the
boxes are overlaid with m, x m, x m_ grids of uniform
spacing, A, = L, /m,, in the v = z, y, and z directions.
As such, the total volume of the box is V = L,L,L,,
the total number of grid points is M = m;mym,, and
the volume of each cell is Voo = V/M. Our simulations
will focus on the lamellar-disorder transition, for which
cubic boxes with L, = L, m, = m, and A, = A will
suffice. We generally choose m = 32 and L = 3D,
where the equilibrium lamellar period, D.q, is determined
by balancing the normal and transverse stresses of the
lamellae.

In CL-FTSs, both fields sample the entire complex do-
main according to

W_(r;7 4 67) = W_(r;7) — A_(r)dT + N(0,0), (13)
Wi(r;T +67) = Wi(r;7) + Ay (r)dr + iN(0,0)(14)

The stochastic function, N(0,c), provides real-valued
Gaussian noise with a mean of zero and a variance of
02 = 267 /Veennpo. The deterministic forces are given by

A_(r) = dr_(r) + %W, (r) + iy N Tm[W_ (r)](15)
2
e+ 2

where ¢r 4 (r) are ensemble averages of

A (r) = br4 (x) - Wi (r), (16)

¢r.+(r) = ¢r,a(r) = ér 5(r), (17)

in the system of noninteracting polymers. Note that
A_(r) includes the usual contributions from the func-
tional derivative of the Hamiltonian, DH¢/DW_(r),'6:18
plus an additional contribution of strength agys for the dy-
namical stabilization.*® See the supplementary material
for more details.

In practice, we modify the simple Euler-Maruyama al-
gorithm in Eqgs. (13) and (14) to facilitate larger time
steps, 07. For conditions prone to the formation of hot
spots, we evolve W_(r) and W, (r) using the predictor-
corrector algorithm with an adaptive time step, 67.39 Al-
though we are able to target a time step of 67N = 0.1,
it nevertheless drops by orders of magnitude when hot
spots occur, causing the simulations to run extremely
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slow. However, when the CL-FTSs are sufficiently sta-
ble with respect to hot spot formation, the Leimkuhler-
Matthews algorithm?® can be applied with a large time
step of 07N = 2. Source code for the CL-FTSs is pro-
vided in the supplementary material.

For comparison purposes, we also perform L-FTSs,
where W_(r) evolves according to Eq. (13) with aqs = 0,
while W (r) is replaced by its PSPA. The partial saddle
point, wy(r), is evaluated iteratively at each Langevin
step using the linear-response Anderson-mixing algo-
rithm introduced by Chen and Morse.*® Although this
extra calculation slows the L-FTSs, that is largely com-
pensated for by the fact the Leimkuhler-Matthews algo-
rithm can operate with a remarkably large time step of
07N = 8. Source code for the L-FTSs is also available in
the supplementary material.

In this study, we will need to evaluate several observ-
ables. The first is the structure function used to measure
the level of segregation in the disordered phase, of which
there are two natural choices,

Se(k) = 25 (09r - (K)odr—(-K)) . (18)
S(k) = 22 (66— (k)36 (~K) ), (19)

corresponding to fluctuations of ¢r,_ (k) and ¢_(k), re-
spectively, where the Fourier transforms are defined by

flk) = / f(r)e®rdr, (20)

The structure functions are evaluated using®!:%2
2
Po Po
Sr(k) = — (W_(k)W_(-k)) — — 21
Pl = 72 (W oW-(—k) — £ (21
S(k) = Sr(k)/T*(k), (22)
where

(k) = exp(—aj,k*/2), (23)

for the case of Gaussian smearing. In particle-based sim-
ulations, correlations are generally specified in terms of
the relative positions of the monomer centers. Thus, the
relevant structure function is S(k), and so that is the defi-
nition we generally use. Nevertheless, the choice becomes
immaterial once ain; < Rp.

We also need to determine the equilibrium period,
Dyq, of the lamellar phase. This is done by simulating
a lamellar morphology with the layers oriented normal
to the z direction, and evaluating ensemble averages of
dInQ/OL,. Fredrickson and Delaney®® have worked out
analytical expressions for these derivatives, but we con-
clude that it is better to just evaluate them using finite
differences. The value of D.q is obtained by adjusting
the box size such that?3:54

IlnQ olmQ\ olnQ
o) ooy ) =20 (o) e

Note that this condition assumes the grid spacing, A,, is
the same in all three directions, v = z, y, and z. If not,
differences in 0zs, /0L, may need to be accounted for as
explained in Ref. 53 and 54.

Lastly, we need to distinguish the lamellar phase from
the disordered phase. For this, we evaluate the order
parameter

1 \% 2 H
¥ = o (s [ V- 0W- (CioPa) L (es)

where f(k) is a Heaviside-like function that screens out
the large wavevectors beyond the principle peak, k*, in
the structure function. Past studies®® have shown that
V¥ is distinctly larger for lamellar configurations than for
disordered ones.

Ill. MORSE CALIBRATION

The Morse calibration®* is used to map our generalized
model with discrete chains, compressibility, and finite-
range interactions onto the standard GCM. The first step
is to determine the bare segment length, ap, such that
the average end-to-end length of the polymers satisfies
Ry = aN'? in the X» — 0 and N — oo limits.?® In the
CL-FTSs,

a2 k2dk -1
“*’“(”72(2@3/)0/ 82<k>u+t<k>/d>  (26)

where the integration is over the interval —7/A, <k, <
w/A, and

s(k) = sinh(k*a?/12), (27)
t(k) = tanh(k*a?/12) /T2 (k). (28)

In the L-FTSs, just as in SCFT, Ry = a N'/? and thus
ap = a. The second step of the calibration is to deter-
mine a linear approximation for the Flory-Huggins pa-
rameter X X ZsoXbp, such that the free energy of a dis-
ordered melt reduces to the Flory-Huggins expression,
F/nkgT — xN f(1— f) in the same y;, — 0 and N — oo
limits.5” In this case,

1 dk
e =1 (27r>3po/ RIS

for both simulation methods. Derivations of Eqs. (26)
and (29) are provided in the supplementary material.
Accurate numerical calculations generally require the
grid spacing, A, to be fine relative to the smallest length
scale of the model. This is a potential problem for short-
range interactions. To illustrate the issue, Fig. 1 shows
S(k) for symmetric diblock copolymer melts in the dis-
ordered phase at x,N = 9.5, using cubic simulation
boxes with L = 4.5Ry and m = 32, 40, and 48. The
solid and dashed curves correspond to CL-FTSs and L-
FTSs, respectively. In both cases, the grid dependence is
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FIG. 1. Structure functions, S(k), evaluated with a bare seg-
regation of xpN = 9.5 and an invariant polymerization of
N = 10° for (a) contact interactions and (b) short-range in-
teractions of aint = 0.02Ro. The CL-FTSs (solid curves) and
L-FTSs (dashed curves) are performed in cubic simulation
boxes of L = 4.5Ry with m = 32, 40, and 48 grid points along
each direction. Notice that the peaks, S(k*), decrease with
increasing resolution (i.e., increasing m).

strongest for the contact interactions of Fig. 1(a), but it
also remains significant for the short-range interactions of
Fig. 1(b). The requirement for convergence can be seen
in Fig. 2, where we compare z,, and ap/a calculated
for the finite values of m to the converged results corre-
sponding to m — oo. This shows that the grid spacing
for m = 32 only becomes sufficient once ain; = 0.08Rg.
For the smearing range of aj,y = 0.02Ry, correspond-
ing to Fig. 1(b), convergence requires m = 200, which
is simply impractical. For the ai,y = 0 of Fig. 1(a),
200 actually exhibits an ultraviolet (UV) divergence,%0:6
and thus no value of m will suffice. Note that the usual
UV divergence of ay/a is avoided because our model in-
volves discrete rather than continuous Gaussian chains.?®
To resolve these convergence problems, Fig. 3 reevalu-
ates S(k), this time, holding z,oXxpsIN = 9 constant for
m = 32, 40, and 48. This accelerates the convergence for
aint = 0.02Ry such that m = 32 is now sufficient, and
furthermore it removes the UV divergence for a;,; = 0.

The insets in Fig. 3 compare the peak heights, S(k*),
to the prediction from renormalized one-loop (ROL)
theory®®? evaluated at YN = 9. To correct for the dis-

1.00
0.98 |
m
8 096 3 _j’
~
L=, -
094 10 3
"48/ poa” = 33.33
m = 0o A/a=42.69/m
0492 L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L
0.00 0.02 0.04 0.06 0.08 0.10
aint/Ro
1.000 —
(b)
0.996
3
~
=
IS
0.992
0‘988 L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L
0.00 0.02 0.04 0.06 0.08 0.10
int/ Ro

FIG. 2. Calibration of (a) the linear x & z.Xs and (b) the
bare segment length, as, as a function of the interaction range,
@int, for simulations with N = 90, ¢ = 1, and N = 10° in
cubic simulation boxes of size L = 4.5Ry with m = 32, 40,
and 48 grid points along each dimension. Solid curves denote
converged results corresponding to m — oo.

crepancy, the Morse calibration defines a nonlinear

X = ZooXb T CQ(ZOOXIJ)2 + 03(zOOXb)3 + (3())

where the coefficients, ¢;, are adjusted to bring the S(k*)
values at different x; into agreement with ROL theory.
Given the large N values of our study, we can generally
truncate the ¢ > 3 terms from Eq. (30).

It is important to note that the nonlinear calibration of
X is only possible in the universal regime. In the absence
of universality, the homopolymer (i.e., x, — 0) limit of
S(k*) will differ from the ROL prediction, and no choice
of fitting parameters can bring them into agreement.
This is also a potential problem for the L-FTSs, because
their structure functions converge to the random-phase
approximation (RPA),%2 which gradually deviates from
ROL at small N. Fortunately, the difference between
ROL and RPA is not significant for the values of N > 10*
examined our study.5?

It may appear that the nonlinear y is dependent on
which particular structure function is used, but that is
not the case. Universality implies that the coarse-grained
behavior of the model is independent of its microscopic
details. As such, the smearing should not affect the struc-
ture function at the large length scales corresponding to
k < k*. This, in turn, implies that universality can only
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FIG. 3. Analogous plots to those of Fig. 1 for (a) contact
interactions and (b) short-range interactions of aint = 0.02Ro,
this time evaluated at an effective segregation of zoo xs N = 9.
In both cases, the curves for m = 32, 40, and 48 collapse.
The insets compare the peaks, S(k*), to the ROL prediction
denoted by crosses.

occur if T'(k*) =~ 1. Indeed, for the Gaussian smear-
ing, we will find that universal behavior emerges once
aint < 0.02Ryp, which coincides with where the difference
between S(k*) and Sr(k*) drops below 1%.

The coefficients, c¢;, of the nonlinear y are dependent
on the dimensionless monomer density, ppa®, the com-
pression modulus, ¢, and the smearing function, T'(r).
In Eq. (30), we intentionally expressed x as a function
of zooXp. As a result, the ¢; values are, to a good ap-
proximation, independent of the grid resolution.®* Al-
though there remains a weak dependence that needs to
be considered when performing precise free energy com-
parisons between different ordered phases,'”2! it is of no
concern here because we compare the lamellar and dis-
ordered phases using identical grids.

IV. RESULTS

The previous study by Willis and Matsen,*® comparing
the ODTs from CL-FTSs and L-FTSs to the universal
prediction in Eq. (1), assumed the lamellar period, Deg,
as predicted by the SCF'T of the standard GCM. It also
neglected the renormalization of the segment length, Eq.
(26), for the CL-FTSs. Here, we begin by repeating their

0.08

CL-FTS, N = 10°
N
[\ Zeoxs N = 11.520
I\
\ 11.525
e
I \
N
I

e
=
=N

11.530

probability density
R

400

FIG. 4. Histograms of the order parameter, ¥, calculated
from CL-FTSs for a series of zoo x5 /N values at N = 10°. The
ODT occurs at (zeoxsN)opT = 11.526, where the disorder
and order peaks are of equal area (i.e., equal probability).

calculations, this time evaluating the actual periods and
using the proper segment lengths. As before, we include a
modest compressibility of ( = 1, but still retain the usual
contact interactions of the standard model [i.e., I'(r) =
o(r)].

We locate the ODTs using the order parameter, U,
defined in Eq. (25). Histograms of ¥ generated from
CL-FTSs at N = 10° are shown in Fig. 4 for a series
of zeoXpN values. As we can see, the system readily
transitions between the lamellar and disordered phases,
producing well-defined peaks at ¥ ~ 145 and 315, respec-
tively. Because the system never remains in the lamel-
lar phase for long near the ODT, we evaluate D, at
A(2zooXpN) = 0.1 and 0.2 above the transition, and then
linearly extrapolate back to the ODT. The histograms
are generally collected over long durations of 7N = 107,
which is sufficient time for ~ 102 transitions. This large
number of transitions results in accurate histograms as
evident by the smooth progression observed in Fig. 4.
Matching the areas (i.e., probabilities) of the two peaks
locates the ODT's with remarkable precision. In this case,
the ODT occurs at (zeoxsN)opT = 11.526.

The L-FTSs do not transition as frequently as the
CL-FTSs, but nevertheless we can obtain equally pre-
cise ODTs using well-tempered metadynamics (WTMD),
where a potential, U (), is added to the Hamiltonian to
reduce the energy barrier.®® The WTMD has the advan-
tage that the x,-dependence of the histogram is obtained
from a single simulation. For N = 10°, the L-FTSs
predict the ODT at (z00XsN)opT = 11.501. Note that
the WTMD method cannot be applied to the CL-FTSs,
because it requires U(¥) to be an analytic function of
W_(r),** which is impossible given that V¥ is real valued.

The last step is to evaluate the coefficient, ¢y, for the
effective x in Eq. (30). We repeat the calculations from
before, but this time accounting for the renormalization
of the segment length when evaluating N = a%p2N for
the CL-FTSs. This has the effect of reducing c;. We
also improved our procedure for fitting the FTS results
to the ROL predictions. The new calibrations are listed
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TABLE I. Coefficients of the nonlinear x in Eq. (30) for ¢ = 1.
poa® N (for N=90) ¢z (CL-FTS) ¢ (L-FTS)

10.5 10% 0.23
33.3 10° 0.099 0.067
105 108 0.033 0.023
333 107 0.015 0.012
1054 108 0.009 0.009
3333 10° 0.008 0.008
14 T
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FIG. 5. (a) Position of the ODT plotted in terms of nonlin-
ear  as a function of the invariant polymerization index, N,
obtained from CL-FTSs (crosses) and L-FTSs (circles) with
contact forces. (b) Equilibrium lamellar periods at the ODT.
The universal predictions are denoted by solid curves.

in Table I. Note that we are able to turn off the dynami-
cal stabilization when calculating S(k) in the disordered
phase.

Using the nonlinear calibration, we obtain ODTs of
(xN)opr = 11.68 and 11.60 for the CL-FTSs and L-
FTSs, respectively, which agree reasonably well with the
universal value of 11.57. Figure 5(a) compares the ODTs
for a range of other N values to the universal result in
Eq. (1). Similarly, Fig. 5(b) compares the equilibrium
lamellar periods, Deq, at the ODT to the SCFT predic-
tion for the standard GCM evaluated at the (xNV)opr
given by Eq. (1). As we can see, both FTSs conform to
the expected universal behavior. The agreement implies
that the inaccuracies in the PSPA are well compensated
for by the Morse calibration.

14 ‘
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~
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o LFTS
X CLFTS Gint = 0.0816 Ry
10 L L I I I L
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X CLFTS
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10* 10° 10° 107 108 10°

FIG. 6. (a) Position of the ODT plotted in terms of linear
X & ZooXb as a function of the invariant polymerization index,
N, obtained from CL-FTSs (crosses) and L-FTSs (circles)
with a Gaussian smearing of ainy = 0.2R,. (b) Equilibrium
lamellar periods at the ODT compared to the universal pre-
diction (solid curve). Note that the significant deviation from
universality prevents the nonlinear calibration of .

We were unable to obtain reliable CL-FTS results be-
low N =~ 10°, because the large dynamical stabiliza-
tion required to control the hot spots creates a signif-
icant bias for the lamellar phase. However, Fredrick-
son and coworkers'®37 were able to perform CL-FTSs
at N ~ 10* without dynamical stabilization by instead
smearing the concentrations. Therefore, we repeat the
comparison using the same Gaussian smearing of ay,; =
0.2R, = 0.0816 Ry from Quah et al.*” The ODTs and cor-
responding lamellar periods are plotted in Fig. 6. This
time, both FTSs can be extended down to N = 10, and
the agreement is remarkably good, contrary to claims by
Quah et al. As we will explain later, their results are
likely inaccurate due to the computational challenges in-
volved in locating ODTs using free energy, as opposed to
our more direct method of using an order parameter.

Although the smearing permits CL-FTSs at lower N,
the results no longer conform to universality. This is evi-
dent in Fig. 6(b), where the lamellar periods significantly
exceed the universal prediction (solid curve). As a result
of the nonuniversal behavior, it is impossible to fit S(k*)
to the ROL prediction, which is why the ODTs in Fig.
6(a) are plotted in terms of the linear x &~ zooxs. The
universality is, undoubtedly, lost due to the long range,
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FIG. 7. (a) Position of the ODT plotted in terms of lin-
ear Y & zooxs for N = 10° and 10%, obtained from CL-
FTSs (crosses) and L-FTSs (circles) with Gaussian smearing.
(b) Equilibrium lamellar periods at the ODT. Based on the
universal values of Deq (dotted lines), universality requires

aint < 0.02Ry.

aint, =~ 0.08 Ry, of the interactions, iyt (7).

To gauge the amount of smearing the universality can
tolerate, we evaluate (200 XsN)opT and Deq as a function
of the smearing length, ai,;. As before, the CL-FTS and
L-FTS results, shown in Fig. 7, are virtually identical
at N = 10°. In both cases, the lamellar period becomes

consistent with the universal value of Doq = 1.378Ry
once aint S 0.02Rp. Indeed, when we perform the non-

linear calibration of x at aj,y = 0.02Ry, we obtain values
of (xN)opr = 11.59 and 11.55 for the CL-FTSs and L-
FTSs, respectively, which match the universal value of
11.57 reasonably well. However, at N = 10%, only the
L-FTS prediction of D.q remains consistent with univer-
sality for ajyyy = 0.02Ry. Furthermore, if we attempt a
nonlinear calibration of y for the CL-FTSs, we obtain an
ODT of (xN)opr = 14, which is well above the universal
value of 13.11. In any case, the CL-FTSs become sensi-
tive to the grid resolution at aj,; = 0.02Ry and are thus
unreliable. The failure of the renormalization is undoubt-
edly due to the sporadic occurrence of hot spots, which
requires adaptive time steps to prevent the simulations
from crashing.

To obtain reliable results at N = 10%, we considered
different functional forms for the smearing function, I'(r).
Our first choice was a Heaviside function with a sharp

H
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=
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=
=
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FIG. 8. (a) Position of the ODT plotted in terms of lin-
ear X ~ zeoXs for N = 10° and 10", obtained from CL-
FTSs (crosses) and L-FTSs (circles) with sigmoidal smearing.
(b) Equilibrium lamellar periods at the ODT. Based on the
universal values of Deq (dotted lines), universality requires
kint pe 20/R0

~

cutoff at » = ryy;. However, it produces analogous re-
sults without any notable improvement; see the supple-
mentary material for more details. Rather than focusing
on the real-space form of I'(r), we contemplate the shape
of its Fourier transform, I'(k). As discussed previously,
universality requires that I'(k) ~ 1 for k < k*. Further-
more, from experience, damping the large-k fluctuations
helps suppress the formation of hot spots. Based on that
reasoning, we select the sigmoidal function,

k— kint
L(k) = Cy {1 tanh ( N )] , (31)
where the constant Cy is chosen such that I'(k) = 1 at
k = 0. Here, the important parameter is ki, and so we
fix Akint = 5/Ro.

Figure 8 shows results for the sigmoidal smearing, anal-
ogous to those of Fig. 7 for the Gaussian smearing. In
this case, the range of the interaction is inversely pro-
portional to ki, and therefore we plot the results in
terms of kl;tl As before, the CL-FTS and L-FTS results
are more or less indistinguishable for N = 10°, whereas
again significant differences emerge for N = 10%*. The
plot of Dj, in Fig. 8(b) implies that universality sets in
once kint 2 20/Rg. Fortunately, this is within the range
where the hot spots are well controlled by the dynamical
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FIG. 9. Position of the ODT plotted in terms of nonlinear
x for N = 10° and 10*, obtained from CL-FTSs (crosses)
and L-FTSs (circles) with sigmoidal smearing. The dotted
lines denote the universal values from Eq. (1). The general
agreement confirms the universality for kint = 20/ Ro.

stabilization and the renormalization continues to func-
tion properly. It is not until ki, 2 24/Ry that we are
forced to use adaptive time steps.

In Fig. 9, we perform the nonlinear y calibration for
kint > 20/Rop and compare (xN)opr to the universal
predictions (dotted lines). At N = 10°, the CL-FTSs
and L-FTSs are both consistent with the universal value
of (xN)opr = 11.57, while at N = 10*, only the L-FTSs
agree with universality. The one reliable result we have
from the CL-FTSs for kit = 20/Ry predicts an ODT
of (xN)opt = 13.9, which is similar to what we found
for Gaussian smearing but again inconsistent with the
universal value of (xN)opr = 13.11. For some reason,
the CL-FTSs are no longer exhibiting universal behavior
at N = 10%.

V. DISCUSSION

Although the CL-FTSs are generally free of approxi-
mations, the dynamical stabilization does introduce a de-
gree of inaccuracy. In our experience, it enhances the seg-
regation, causing a small decrease in (200 XN )opT and
a slight increase in S(k*). Nevertheless, we can assess
the inaccuracy to ensure that it remains small.*> The
strongest stabilization, used in some of our N = 10%
simulations, was ags = 0.03. Even then, the effect on
(oo XsN)opT Was less than 0.01. For the larger N = 10°,
106, 107, 108, and 10°, we used even smaller values of
aqs = 0.01, 0.003, 0.001, 0.0003, and 0.0001, respectively,
for which the effect on (z.0Xx»N)opT Was less than that
of the statistical noise. The simulations for S(k), used to
calibrate ¢y, were more sensitive to ags, but fortunately
they did not require any stabilization because of the dis-
tance from the ODT.

Most previous CL-FTSs have neglected the renormal-
ization of the segment length,?® which occurs when the
polymers are subjected to a fluctuating pressure field,

W, (r). By doing so, they underestimate the natural
end-to-end length, Ry, and the radius of gyration, R,
corresponding to the homopolymer melt (i.e., x, = 0).
Since one or the other of these is generally used as a
reference length, the CL-FTSs would have overestimated
the other lengths, including Deq and 1/k*. Likewise, the
invariant polymerization, N, would appear larger than it
actually was, causing the CL-FTSs to underestimate the
level of fluctuations. Although these effects are generally
minor, they are nevertheless significant.

In the L-FTSs, the partial saddle-point approxima-
tion (PSPA) of the pressure field, wy(r), fluctuates in
response to the composition field, W_(r), but those fluc-
tuations vanish in the homopolymer limit. Consequently,
w4 (r) becomes uniform as x, — 0, and thus the Ry and
R, of noninteracting chains no longer expand when im-
mersed in a homopolymer melt. Nevertheless, this effect
of the PSPA is readily accounted for by simply setting
ap = a, as is done in SCFT. Indeed, this one adjustment
generally brings the L-FTSs into good agreement with
the CL-FTSs.

Contrary to the comparison in Fig. 6, Quah et al.3”
reported significant discrepancies between the CL-FTSs
and L-FTSs for Gaussian smearing with ain, = 0.2R,.
The differences in the ODT were particularly large, which
prompted us to repeat a number of their simulations.
When we compare the two FTSs in terms of the bare pa-
rameters, xp and ayp, as they did, we find good agreement
as illustrated in the supplementary material. If we com-
pare using the renormalized segment length, a, then the
agreement is even better. Notably, Quah et al. did not
have the benefit of dynamical stabilization, and further-
more they tried to locate the ODT using free energy, F.
Although it is possible to locate order-order transitions
(OOTs) accurately,'6:17:21 it is difficult to do so for ODTs
because of how similar the derivatives 0F/dy; are for the
competing phases. To obtain the necessary accuracy, it
is imperative that the phases remain in their respective
energy basins for long durations. However, as we have
illustrated, the system readily transitions between order
and disorder, especially in the CL-FTSs.

As expected,'® the smearing levels used by Fredrickson
and coworkers'®37 do not produce the universal behav-
ior corresponding to high molecular weights. To obtain
universality, the range of the interactions needs to be
small relative to Ry. How small is small enough will
depend on the form of the smearing function. For Gaus-
sian smearing, we saw that universality emerges once
aingy S 0.02Rg, while for the sigmoidal smearing it re-
quires kiny = 20/Ry. Figure 10(a) compares the Fourier
transform of the smearing functions, I'(k), at the point
where university began to occur. Interestingly, the func-
tions are very similar at the small wavevectors most rel-
evant to the coarse-grained behavior (i.e., k < 27/ Degq).
The real difference occurs at large wavevectors. The sig-
moidal function has a much stronger damping effect on
the large-wavevector fluctuations, which presumably sup-
presses the formation of hot spots.
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FIG. 10. (a) Fourier transforms of the Gaussian (solid curve)
and sigmoidal (dashed curve) smearing functions, I'(k), and
(b) the pairwise interaction profile, uint(r), evaluated at the
approximate smearing levels, ainy = 0.02Ro and kiny = 20/ Ro,
where universality emerges. The dotted lines in plot (a) de-
note the principle vector, 27/D.q, and edges of reciprocal
space, w/A.

Figure 10(b) compares the profiles of the pairwise in-
teractions, uin(r), resulting from the smearing functions
in Fig. 10(a). Evidently, the universality can tolerate
a much longer range of interaction with the sigmoidal
smearing. Interestingly, its uin(r) becomes slightly neg-
ative at large r, because I'(r) is no longer strictly posi-
tive. Although this will result in negative values of the
smeared concentrations, ¢r 4 (r), which may seem un-
physical, there is no problem if we interpret the smearing
in terms of finite-range interactions. The physically rel-
evant quantity is the gradient of wi,¢(r), which provides
the force between pairs of monomers. Thus, sigmoidal
smearing produces a force that oscillates between repul-
sive and attractive, whereas Gaussian smearing results
in a strictly repulsive force. It is conceivable that this
distinction has something to do with why the sigmoidal
smearing has a milder effect on the universality.

Although we generally obtained good agreement
between the CL-FTSs and L-FTSs when the seg-
ment lengths were properly calibrated, large differences
emerged for short-range interactions at N = 10%. One
would naturally suspect that this is a result of the PSPA.
However, it is hard to accept that the PSPA could pro-
duce such a large inaccuracy, and that it could appear so
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abruptly after the nearly perfect agreement for N > 10°.
Furthermore, it is the L-FTSs that continue to agree with
universality. If the CL-FTSs are indeed correct, they
would represent a counterexample to the universality hy-
pothesis. The implication, of even one counterexample, is
that the hypothesis is false, despite all the evidence to the
contrary.2 7! Likewise, it would imply that the impres-
sive agreement of the current and previous L-FTSs?* with
the universal predictions for the ODTs, domain sizes, and
free energies were merely accidental.

Alternatively, one might suspect a problem with the
calibration of the segment length in Eq. (26), which re-
lies on N being sufficiently large. An inaccuracy here
would affect the CL-FTSs but not the L-FTSs, and thus
could potentially explain how the L-FTSs conform to
universality while the CL-FTSs do not. However, this
explanation does not survive careful scrutiny. The fact
that Deq/Ro exceeds the universal prediction would im-
ply that the calculated values of a,/a were too large.
This, in turn, would imply that the CL-FTSs were per-
formed at larger values of N than intended. However,
reducing N to the correct values would amplify the fluc-
tuations, shifting (xN)opr even further from the univer-
sal prediction. Not only would the correction have the
wrong sign, it would also be far too small in magnitude.
We note that there could, likewise, be an inaccuracy in
Eq. (29) for zo.. However, if it was large, then we would
not have been able to perform the nonlinear calibration
of x, and if it was small, then it would be largely com-
pensated for by the co parameter in the fit of S(k*) to
ROL theory.

In the absence of other credible explanations, it ap-
pears that there might be a problem with the CL-FTSs.
Despite the theoretical justification that CL simulations
provide exact results, there is no rigorous proof.'* In
fact, no general proof can possibly exist as there are now
numerous documented examples where CL simulations
of complex-valued Hamiltonians fail, either catastroph-
ically or where higher-order moments of their distribu-
tions become undefined.?6:273147 Indeed, these failures
are present in the CL-FTSs.'® More concerning, how-
ever, are the ‘silent failures’ that have been identified
in the XY model for magnetic systems?”%3 and various
toy models,26:30:64-68 for which either the exact solution
can be calculated or can be obtained by other simulation
techniques. Even though the CL simulations of those
models appear to perform flawlessly, their ensemble av-
erages deviate from the correct values. If it was not for
the a priori knowledge of the exact solutions, there would
be no way of knowing anything was wrong.

Realistically, the inaccuracies in the CL-FTSs should
emerge gradually,3?:%6 and hence they must be present
even before their effect is visibly evident in the simula-
tions. This is consistent with the fact that the departure
from universality occurs just prior to where hot spots
are encountered. Thus, it would be prudent to keep well
away from this region of parameter space. The ques-
tion, though, is how far is far enough? Presumably, in
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the parameter space where we observed good agreement
with the L-FTSs, we can safely assume that the CL-FTSs
were performing properly and that the small differences
with the L-FTSs are attributable to the PSPA. As such,
we can be reasonably confident that the previous CL-
FTSs by Fredrickson and coworkers':37 were unaffected
by these silent failures.

Our study adds to previous tests?345:%9 of the PSPA
that have shown it to be accurate. One could reason-
ably expect this level of accuracy to hold for AB-type
block copolymer melts in general. Thus, it may make
sense to avoid the possibility of silent failures, and just
apply L-FTSs rather than CL-FTSs. However, there will
be systems, perhaps those involving solvent,”® where the
PSPA will lose its quantitative accuracy, and even others,
such as those involving electrostatic charges,”" where the
PSPA will actually become qualitatively inaccurate. In
such cases, where the fully-fluctuating fields of CL-FTSs
are necessary, researchers will just have to precede with
caution.

Vi. SUMMARY

Our study began by considering the generalized model
with N =90, ¢ =1, and I'(r) = §(r), which was mapped
onto the standard Gaussian-chain model (GCM) using
the Morse calibration.>* With the help of dynamical
stabilization,*> we were able to conduct CL-FTSs down
to invariant polymerizations of N = 10°. The position
of the ODT, (xN)opr, and the corresponding lamellar
period, D.q, plotted in Fig. 6, were both consistent with
universality.>>7 For comparison, we also conducted L-
FTSs, where the effect of the PSPA was compensated for
by increasing the bare segment length to a, = a. With
this one adjustment, the L-FTSs also produced universal
results in agreement with the CL-FTSs. Previous com-
parisons have supported the validity of PSPA,33:45:69 hut
this is certainly the most compelling.

To help stabilize the CL-FTSs, we then included finite-
range interactions by smearing the concentrations with
the Gaussian function, I'(r), in Eq. (10).!6 Using the
same smearing range ainy = 0.2R; ~ 0.08Ry as Quah
et al..3” we were able to extend the CL-FTSs down to
N = 10*. However, contrary to the claims by Quah et
al., the L-FTSs agreed well with the CL-FTSs, particu-
larly if the segment lengths were calibrated appropriately.
However, neither of the FT'Ss exhibited universal results,
as evident by the fact that D¢y at the ODT greatly ex-
ceeded the universal prediction and that it was impossible
to perform the nonlinear calibration of .

For universality to hold, the range of the Gaussian
smearing had to be reduced to ayy < 0.02Rg. Unfor-
tunately, this reduction in a;,; caused the hot spots to
reappear at N = 10%. We then considered the sigmoidal
smearing function in Eq. (31), for which ki = 20/Ry
appears sufficient for universality. This time, the CL-
FTSs where exceptionally stable at N = 10%, but nev-
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ertheless they disagreed with universality. In particular,
the lamellar period was 1% too large and the fluctuation
correction to the ODT was 30% too large. In contrast,
the L-FTSs remained consistent with universality.

Normally, a difference between the CL-FTSs and L-
FTSs would point to an inaccuracy in the PSPA, except
that it is the CL-FTSs, not the L-FTSs, that deviated
from universality. It is also difficult to believe that the
PSPA could be responsible for the large differences we
observed. After ruling out inaccuracies in the Morse cal-
ibration as a possible explanation, we concluded that the
deviation from universality at N = 10% likely results from
a silent failure of the CL-FTSs, preceding the appearance
of hot spots. This tentative conclusion is supported by
the fact that there are numerous documents examples of
silent failures in other CL simulations.?6-30:47:63-68 Never-
theless, given the general agreement with the L-FTSs, we
can be confident that the CL-FTSs do provide exact re-
sults when performed sufficiently far from the parameter
region where hot spots are observed.

SUPPLEMENTARY MATERIAL

Derivations of Egs. (12), (15), (16), (26), and (29),
results for the Heaviside smearing function, and calcula-
tions repeated from Quah et al.37 are provided in the sup-

plementary material. Also included are computer source
codes for the L-FTSs and CL-FTSs.
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