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ABSTRACT

We introduce a minimal model of solid-forming anisotropic molecules that displays, in thermal equilibrium, surface orientational
order without bulk orientational order. The model reproduces the nonequilibrium behavior of recent experiments in which a bulk
nonequilibrium structure grown by deposition contains regions of orientational order characteristic of the surface equilibrium. This
order is deposited, in general, in a nonuniform way because of the emergence of a growth-poisoning mechanism that causes equi-
librated surfaces to grow slower than non-equilibrated surfaces. We use evolutionary methods to design oscillatory protocols able to
grow nonequilibrium structures with uniform order, demonstrating the potential of protocol design for the fabrication of this class of

materials.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0061042

I. INTRODUCTION

Deposition at a planar interface occurs in a broad range of
material fabrication processes, including freezing from the melt,
precipitation, sedimentation, electrodeposition, and vapor deposi-
tion."” When the rate of deposition exceeds the rate of molec-
ular relaxation in the growing solid, the result is a nonequi-
librium material, usually characterized by disorder that becomes
more pronounced with increasing growth rate. Examples of this
type of disorder include defect trapping in crystal growth!® and
polycrystallinity formed during rapid sedimentation of colloidal
suspensions.'’

There exist, however, interesting exceptions to the scenario in
which “nonequilibrium” is synonymous with “disorder”: nonequi-
librium structures produced by deposition can be ordered, in
some cases more so than their equilibrium counterparts. One of
these exceptions was recently reported by Bishop et al.,'” a vapor-
deposited organic molecule that forms layered smectic structures
despite the fact that no such phase exists in the equilibrium phase
diagram. The authors proposed that the smectic structure, instead,
reflects the nature of order at an equilibrated surface, and used NEX-
AFS to show that the equilibrium surface indeed exhibits smectic
order."” The idea of deposition producing a form of bulk order
inaccessible to the system at equilibrium was first identified by

Hellman'” in 1994. Hellman noted that vapor deposition typi-
cally favors the structure that minimizes the surface free energy, as
opposed to the bulk free energy. The general proposal that vapor
deposition, suitably tuned, can achieve a nonequilibrium struc-
ture characterized by an extensive accumulation of the equilib-
rium surface structure has been developed recently by Ediger and
co-workers.'*!?

The possibility of designing deposition protocols to exploit an
accumulation of surface-induced organization is exciting because
of the prominence of the surface in fabrication'™ and because of
potential for the design of nonequilibrium materials, which are sus-
ceptible to the various controls one can exert during fabrication. In
this paper, we demonstrate control of this nature using evolutionary
learning of deposition protocols to make model glasses with defined
orientational order.

There have been a number of simulation studies of orien-
tational order in vapor-deposited films using detailed molecular
models.'®*” Here, we use a minimal model in order to identify
the least detail required to reproduce key aspects of experimen-
tal phenomenology and to demonstrate that fabrication control
can be exerted using control parameters common to many experi-
mental systems. We show that a model possessing a local orienta-
tional degree of freedom and exhibiting surface orientational order
different to that of the bulk forms under a vapor-deposition
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protocol a nonequilibrium structure that contains order characteris-
tic of the surface equilibrium, thereby reproducing the phenomenol-
ogy of glasses made in the experiment.

In more detail, we consider a minimal 3D lattice model of
anisotropic molecules that possess continuous orientational degrees
of freedom. Model particles possess an energy of interaction that
we intend to be broadly representative of solid-forming anisotropic
molecules that display, in thermal equilibrium, surface orientational
order without bulk orientational order. We perform dynamic sim-
ulations of the model in the grand-canonical ensemble, allowing
particles to bind, unbind, and rotate when adjacent to free volume,
but not in the bulk of a structure. Similar constraints are commonly
used in models of glasses.””* These ingredients, which allow for
the emergence of surface deposition,” are enough to reproduce the
nonequilibrium behavior of recent experiments,”>”’ in which the
bulk of a grown structure contains regions of orientational order
characteristic of the surface equilibrium.

In the present model, under a simple slow-growth protocol, this
order is deposited homogenously when the degree of equilibrium
surface order is small and heterogenously when it is large. The het-
erogeneity results from an emergent growth-poisoning mechanism
that causes ordered surfaces to grow slower than non-ordered sur-
faces. The existence of this poisoning mechanism suggests the lim-
itations of simple protocols to produce order on demand and pro-
vides an opportunity to demonstrate the utility of protocol design for
the fabrication of this class of materials: we show that evolutionary
methods can learn a protocol of oscillating chemical potential and
temperature in order to fabricate nonequilibrium structures with
near-uniform order.

In Sec. I1, we introduce the model. In Sec. 111, we study its equi-
librium behavior and show that the surface of a solid film exhibits
orientational order, while the bulk does not. In Sec. IV, we show
that slow growth results in structures whose bulk contains orien-
tational order characteristic of the surface equilibrium, albeit dis-
tributed, in general, in a nonuniform way. In Sec. V, we show that
evolutionary methods can learn oscillatory protocols that produce
nonequilibrium structures containing uniform order. We conclude
in Sec. V1.

Il. MODEL AND SIMULATION DETAILS

We consider a three-dimensional cubic lattice of Ny
=X X y, X zo sites. Unless otherwise stated, all lengths are set
to 30 lattice units. Each site i of the lattice can be vacant or occupied
by a particle. Particles receive an energetic penalty of y relative to
vacancies. We will work in the grand-canonical ensemble, and so
u acts as a chemical potential that controls the concentration of
particles in the notional bath to which the system is coupled; we will
use it to control the rate of growth of particle structures.

Particles bear a continuous orientation vector § that lives on the
unit sphere. Two particles on adjacent lattice sites i and j experience
a pairwise energy of interaction

Ej=-e- es[2 - (Si- Tij)2 - (8- rji)z]’ M)

where r;; is the unit vector pointing from the center of lattice site
i to the center of lattice site j. We work in units such that kg =1,
and unless otherwise stated we set € = 1 and es = 4. Physically, the
combination € + es controls the energy scale of interparticle binding,
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FIG. 1. (a) Particle density p (gray) and layer-averaged values of the nematic
order parameter (cyan) of a structure in equilibrium [parameters: =0, T =1,
e =1,¢es5 = 4,2y = 40]. (b) Self-consistent mean-field theory (black dashed lines)
and Monte Carlo simulations (colored symbols) show the nematic order parameter
O to vanish in equilibrium in the bulk, but not at a surface. Parameters are as in
panel (a) but with eg varied. Error bars are smaller than symbols. The snapshot
shows the surface and a portion of the bulk for the case eg = 10; the difference in
orientational order between the surface and the bulk is visible to the eye.

while es controls the energy scale associated specifically with orienta-
tion. As discussed later, existing vapor deposition experiments likely
correspond to the case es < €. We shall consider this regime, but
focus on the case €5 >> € in order to explore the regime of substantial
orientational order (see Fig. 1).

The energy function (1) is intended to be a simple model cap-
turing two key features of experimental systems involving rod-like
particles. One is that two elongated particles, placed next to each
other, have an impetus (on the grounds of energy, excluded vol-
ume, or both) to not point toward each other. The orientational
component of (1) encourages neighboring particles to align their
orientation vectors perpendicular to their separation vector. The sec-
ond feature we wish to capture is the fact that in a bulk solid, certain
rod-like molecules have no orientational order in thermodynamic
equilibrium. In our model, on a dense lattice, there is no way to
satisfy the requirement that all particles point perpendicular to the
separation vectors of their neighbors. As a result, the ground state is
isotropic.

We apply periodic boundary conditions in the x- and y-
directions. In the z-direction, the plane z =1 is attractive to par-
ticles (with energy of interaction —e per lattice site) and the plane
z =z + 1 is held vacant.

We simulated the system using Monte Carlo methods.”® At
each time step, we pick at random a lattice site. If it is vacant, we pro-
pose to place there a particle, randomly oriented. If the lattice site is
occupied, we attempt with probability p_ to rotate the particle about
arandomly chosen axis by an angle chosen uniformly on [-1/5,1/5]
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radians. With probability 1 - p . we instead attempt to make the
site vacant. Unless otherwise stated, we set p, = 1/2. We accepted

proposed moves at lattice site i with probability C; min(l, fe_AE/ T).

Here, T is the temperature, AE is the energy change under the pro-
posed move, the factor fis 1,1/(1-p,,), and 1 - p_ for rotation,
insertion, and deletion moves, respectively, and C; is a kinetic con-
straint, which is zero if all six nearest neighbors of lattice site i are
particles and unity otherwise.

This algorithm models physical vapor deposition from a
notional bath. The dynamical rules satisfy detailed balance with
respect to the model’s energy function, meaning that sufficiently
long simulations will sample the thermal equilibrium associated with
the values of the parameters y, €, €5, and T. On finite timescales, how-
ever, there is no guarantee that we will reach equilibrium. In particu-
lar, the kinetic constraint makes relaxation with the bulk of a particle
structure slow, which is physically appropriate for many materials.”’
Starting from an empty simulation box, we can assess how a parti-
cle structure grows, under conditions for which binding, unbinding,
and orientational relaxation can occur at a surface, but not within
the bulk of a structure (except where mediated by vacancies). Our
simulations will, in principle, achieve the bulk equilibration that
is observed experimentally under very slow growth conditions, but
we typically observe a separation of timescales such that kinetically
trapped, orientationally ordered films take much longer to relax to
bulk equilibrium than they do to grow. We measure time in units
of Ny attempted Monte Carlo moves. To assess equilibrium directly,
we start from a box of particles aligned in the z-direction and switch
off the kinetic constraint, setting C; = 1 for all i.

I1l. EQUILIBRIUM SURFACE ORDER WITHOUT
BULK ORDER

We start by determining the behavior of the model in ther-
mal equilibrium. In Fig. 1(a), we show the equilibrium orientational
order for a simulation box full of particles, obtained from equilib-
rium Monte Carlo simulations. We plot the layer-averaged value of
the nematic order parameter

O= %(?}(cos2 6)-1) (2)

as a function of distance z along the z-axis. Here, 6 is the angle
between a particle’s orientation vector and the box z-axis (the simu-
lation box is anisotropic on account of the closed- and open bound-
aries in the z-direction). The angle brackets denote a thermal average
over particles in each layer. As defined, O = 1 or —1/2 for perfect
alignment parallel or perpendicular to the surface normal, respec-
tively, and is zero for random orientations. It is clear from Fig. 1(a)
that, at equilibrium, there is no orientational order within the bulk
of the structure, but there is normal alignment at the surface.

To understand this result, we turn to the self-consistent mean-
field theory.””’! We impose the number of neighbors each parti-
cle possesses and self-consistently calculate the resulting equilib-
rium orientational order. To this end, we assume that a particle i
experiences an effective energy of interaction

Het(Si) = —652[2 = (Si-ry)’ - (2 rﬁ)z]’ ©)
j

where the sum runs over the nearest neighbors of site
i and 7=(S;) is the thermal average of the particle’s
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orientation vector. Thermal averages are calculated self-consistently
as ((+)) = Tr (-)e " /Tre ", where Tr = [ d(cos ) [;"d¢ with
S expressed in spherical polar coordinates. We assume temperature
T = 1. Inserting (3) into the average (and dropping site labels), we
get

B f_lld(COS 9)[0271d¢ (.)efeg[nxSi+nyS;+nzS§]
[jld(COS 0)f02nd¢ e—es[nx3§+nysi+nzsﬁ]

Here, ny, ny, n; € {0,1,2} are the number of neighbors of the particle
in each direction, and the particle’s orientation vector components
are Sy = sinf cos ¢, Sy = sin 0 sin ¢, and S, = cos 0.

Using (4), we can calculate the value of {cos” 8) and hence the
nematic order parameter (2) in thermal equilibrium. We show these
results in Fig. 1(b) as black dashed lines, together with the results of
Monte Carlo simulations (colored symbols); analytic and simulation
results agree.

In bulk, we have ny=mn,=n,=2 and from (4), we get
(cos® 8) = 1/3. Hence, O vanishes in bulk in thermal equilibrium for
any value of es [see the line labeled “bulk” in Fig. 1(b)]. By contrast,
at an exposed surface in the plane z = constant, we have n; = n, = 2
and n; = 1, in which case we get from (4) that

(4)

1 2 esx?
dx s €s
<c052 9) = f_]1 xer e 3 L 5)
f_ldersxl Vreserfi(\/es)  2es

where erfi is the imaginary error function. Eq. (5) and the result-
ing value of O increase with es [see the line labeled “surface” in
Fig. 1(b)], showing the surface to be orientationally ordered in equi-
librium, with particles possessing a tendency to point parallel to the
surface normal (i.e., perpendicular to the surface). Thus, the pres-
ence or absence of a single neighboring particle profoundly changes
the nature of equilibrium orientational order: an exposed surface is
ordered, but the bulk is not.

It is also useful, to understand the growth behavior of this
model, to calculate the equilibrium order of a single particle on
a free surface, for which ny =#n, =0 and n, = 1. In this case, the
value of (cos” 0) is given by (5) with the replacement es — —es, and
the resulting value of O is plotted in Fig. 1(b) (see the line labeled
“particle on surface”). An isolated particle on a surface tends to align
perpendicular to the surface normal, the more so as es increases.

IV. GROWN STRUCTURES ARE ORIENTATIONALLY
ORDERED BUT NOT, IN GENERAL, UNIFORM

In Fig. 2, we show the results of growth simulations carried out
at three different values of the orientational coupling es. In each case,
we carried out simulations at fixed temperature T = 1 for several val-
ues of the chemical potential 4, which controls the growth rate of
the sample. The largest degree of bulk order is attained at the lowest
accessible growth rates, and profiles along the growth direction of
the resulting samples are shown in the figure. We indicate the value
of the equilibrium surface order using a black dashed line. In profiles,
the order parameter O is given by (2), where now the average (-) is
taken over the particles in each layer of a single sample [unlike the
equilibrium averages of Fig. 1(a), which are taken over many con-
figurations]. These simulation results reproduce a key feature of the
experiments of Refs. 13-15: with decreasing growth rate, the order
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FIG. 2. Order-parameter profile (cyan) of films deposited slowly using the values
es = 2,4, and 8 of the anisotropic particle coupling. The associated values of the
equilibrium surface order are given by the black dashed lines. The deposited struc-
tures are orientationally ordered, unlike their equilibrium counterparts [compare
Fig. 1(a)]. As the degree of equilibrium surface order increases, the dynamical
bulk order becomes irregular.

parameter in the deposited film increases and approaches the value
of the equilibrium surface.

In the experiments of Ref. 32, decreasing the growth rate even-
tually results in a decrease in the film order as it achieves the
unordered bulk equilibrium. This regime is accessible to our model
but only (by design) on much longer simulation times than those
considered here. By imposing a bulk kinetic constraint, we have
ensured that bulk relaxation happens only slowly. Particles with six
particle neighbors relax with zero rate. Particles with five or fewer
particle neighbors can relax, and so, if a vacancy diffuses into the
bulk from the surface, it can mediate structural relaxation. Bulk
equilibration can therefore occur, but only on timescales associated
with vacancy diffusion. Those timescales are much larger than the
growth times considered here, ensuring a separation of timescales
between bulk relaxation processes and the processes that result in
surface-mediated bulk order. In order to model a specific experi-
mental system, the kinetic constraint could be softened, allowing
bulk processes to happen at a rate designed to match a particular
bulk relaxation time.

For the smallest coupling shown in Fig. 2, es = 2, the order
throughout the deposited film is essentially that of the equilibrium
surface. This equivalence is consistent with the results of molecu-
lar dynamics simulations of deposition reported in Ref. 17. In that
paper, the orientational order of a film deposited at a temperature
just below the bulk glass transition temperature Ty was the same as
that of the equilibrium surface, O » 0.04. The largest values of O

ARTICLE scitation.org/journalljcp

reported in the experiments of that paper were ~0.2, similar to the
order shown in the top panel of Fig. 2.

More generally, our model results suggest that achieving in bulk
the value of the equilibrium surface order becomes more difficult as
the surface becomes more ordered. Increasing the degree of order at
the equilibrium surface results in large fluctuations in order of the
deposited film. For the two larger couplings es shown in Fig. 2, the
deposited film harbors regions of equilibrium surface order but dis-
tributed in a nonuniform way. The grown films exhibit large fluctua-
tions corresponding to random oscillations between the value of the
surface equilibrium and values close to zero, denying the deposited
film the full order of the equilibrium surface.

These structural fluctuations are of considerable interest
because they limit the degree of order that can be captured during
deposition. They also provide the structural sensitivity to growth
conditions that create opportunities for machine-learning control,
a topic we return to in Sec. V. We first explore, in more detail,
these structural fluctuations, the origin of which lies in the differ-
ent attachment kinetics associated with particles aligned parallel and
perpendicular to the surface normal.

In Fig. 3(a), we show (cyan symbols) the bulk order O obtained
from growth simulations at various values of chemical potential y
for es = 4 (for which the value of the surface order parameter O in
equilibrium is 0.556). Averages in this figure are taken over all non-
surface particles in deposited films, and error bars are computed by
comparing as many films as could be produced in a fixed simula-
tion time (the number of films varies considerably throughout the
figure). As p is increased and growth is slowed down, the bulk order
parameter approaches, but does not reach, the value of the surface
equilibrium order parameter.

In the lower panel of Fig. 3(a), we show the time taken to fill the
simulation box as a function of i (cyan symbols). We show the same
quantity for simulations in which rotations are not permitted (p, , =
0), so that particles retain the orientations they adopted during their
deposition. Absent rotation, growth is faster and can be observed at
values of y for which growth in the presence of rotation has arrested.
In the presence of particle rotations, the tendency of particles in an
exposed layer to align parallel to the surface normal slows the growth
because the bond between an incoming particle and the surface is
stronger if the surface particle points perpendicular to the surface
normal. Surface equilibration, for sufficiently weak driving, is thus a
form of self-poisoning.”*

The tendency of equilibrated exposed surfaces to grow slower
than non-equilibrated ones results in the structural fluctuations of
order shown in Fig. 2. In Fig. 3(b), we show orientational order as a
function of layer depth (cyan line) for a structure grown at one of the
points shown in panel (a), faster than the structure grown in Fig. 2.
The order is again irregular. The blue line is proportional to the aver-
age time for which each particle in a layer was mobile, between its
arrival and the time it first acquired six neighbors. The correlation
between the order and time mobile is clear.

In Fig. 3(c), we show a time series of growth. The structure
grows layer-by-layer and the cause of the structural heterogeneity
is as follows. As new particles are deposited on an existing layer [the
left-hand panel in Fig. 3(c)], they experience a free-energetic impe-
tus to point perpendicular to the surface normal [i.e., have small
values of O; see the line labeled “particle on surface” in Fig. 1(b)].
As the new layer grows laterally, particles acquire additional
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FIG. 3. (a) Bulk orientational order (top) and growth time (bottom) for structures produced at various values of y (cyan symbols). We show the same quantities for growth
in which particle rotation is not allowed (gray symbols) [parameters: T = 1, ¢ = 1, es = 4]. Error bars indicate + one standard deviation; the rightmost cyan points have
no error bars because only one sample was obtained in the allotted time. (b) Order as a function of layer (cyan line) for a structure grown at y = 15. We also indicate
the average time for which particles in each layer were mobile (blue line). (c) Time series of growth. Particles in layers whose orientational order is close to values of 0.5
and 0 are colored green and blue, respectively. The profiles to the left of each snapshot show the orientational order and particle density of the structure shown in the

snapshot.

in-plane neighbors and experience a thermodynamic driving force
to point parallel to the surface normal [i.e., have large values of O; see
the line labeled “surface” in Fig. 1(b)]. At this point, a competition
of timescales ensues: if the particles in the new layer achieve sur-
face equilibrium, then they become less sticky for new particles and
growth slows [the middle panel in Fig. 3(c)]. If not, they become cov-
ered by a new layer and are rendered immobile [the right-hand panel
in Fig. 3(¢)]. Crucially, whatever the rate of nucleation on an equili-
brated surface, the rate of nucleation on a non-equilibrated surface
is larger [Fig. 3(a)]; the result, at the lowest growth rates, is a series of
layers whose orientational order alternates between that characteris-
tic of surface equilibrium (i.e., large positive O, indicative of particles
pointing parallel to the surface normal) and that characteristic of
the equilibrium of a single particle on a surface (i.e., negative values
of O).

V. LEARNING PROTOCOLS TO ACHIEVE
UNIFORM ORDER

We have highlighted the fact that grown structures are out of
equilibrium, even under conditions of very slow growth. They incor-
porate the orientational order characteristic of the surface equilib-
rium, rather than the bulk equilibrium. The establishment of equi-
librium surface order within the bulk of a nonequilibrium structure
has been demonstrated experimentally. Dalal ef al.'” reported the
deposition of three organic molecules that exhibit surface alignment
ranging from weakly parallel to the surface normal (0.1 < O < 0.2
for 0.9 < T/Tg < 1) to near-perfect alignment perpendicular to the
surface normal (0.4 < O < -0.3 for T/Ty <« 0.9); note that O = 1
or —1/2 for perfect parallel and perpendicular surface-normal align-
ment, respectively. Since the rate of surface relaxation decreases with
decreasing temperature, the transition from positive to negative O

on cooling corresponds to a change in structural selection from
(surface) thermodynamic to kinetic control.

Our model also shows that while films incorporate the orien-
tational order characteristic of the surface equilibrium, they do so
imperfectly, the more so as the degree of equilibrium surface order
increases. This imperfection results from a difference in growth rates
between surfaces of different degrees of order. The strategy of wait-
ing as long as possible does not produce uniform order: the growth
rate of surface-equilibrated layers is always less than that of their
nonequilibrated counterparts [Fig. 3(a)], and grown structures are
heterogeneous at the lowest growth rates we can achieve. Given the
generic nature of the model and its success in capturing key features
of experiments, this imperfection suggests limits to the order that
can be captured by simple growth protocols.

In order to produce structures of uniform order, we turn to pro-
tocol design.””~** The strategy used thus far was to impose a value
of chemical potential y and temperature T and wait for growth to
happen. In this section, we instead use evolutionary methods*'~** to
learn a protocol in order to achieve a desired structure. To do so, we
fix the time of simulation (we choose a value of t; = 10* Monte Carlo
sweeps) and select an objective function

1 @l

> (0j-1/2)%
Jj=2

¢=- (6)

20— 2

Here, O; is the mean value of the orientational order parameter for
particles in layer j of a structure. The quantity ¢ is maximized if a
grown structure (excluding the first and last layers) has uniform ori-
entational order 1/2. The choice 1/2 is arbitrary, being larger than
values obtained in experiments to date, but not close to unity. Val-
ues of O; close to unity require large energies [see Fig. 1(b)] and
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FIG. 4. (a) Objective ¢ vs evolutionary time n for two classes of learned protocol.
(b) The order of a structure produced by the learned protocol (cyan line) is more
uniform than that produced by a simple slow-growth protocol (black dashed line;
this is the structure shown in the middle panel of Fig. 2). (c) The protocol ¢, T and
number of deposited particles p = N/Np vs time for a segment of the trajectory
used to produce the structure in panel (b). Lines have been scaled and offset in
order to show the qualitative nature of the protocol.

correspondingly long growth times, adding technical complication
without offering interesting new physics.
For the protocol, we use the ansatz

1/T = ag + a3 sin(2masx + ag),

@)

§ = ay + as sin(2nasx + az),

containing parameters a;, reasoning that periodically varying T and
y is an appropriate choice for a structure deposited layer-by-layer.
We choose the quantity x in (7) to be either the normalized elapsed
time t/t, or the normalized number of deposited particles N/Ny.

In order to learn the parameters a; that maximize the objec-
tive ¢, we follow the evolutionary reinforcement learning (ERL)
procedure of Refs. 41 and 42. We created 100 different random
initializations of (7) [initial parameter values were ag = 1,a; = 15,
as = as = zo = 30,a = a3 = ag = a; = N(0,0.01)], and used each
within an independent simulation of fixed time ¢;. We identified the
ten simulations with the largest values of ¢, evaluated at the end of
each simulation. We then created a new population of 100 protocols
by drawing randomly with replacement from the set of 10 and, for
each, adding independent Gaussian random numbers N(o, 0.01) to
each parameter a;. We ran a new simulation using each of these 100
new protocols, identified the ten protocols with the largest values of
¢, and continued iteratively.
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In Fig. 4(a), we show the value of the objective ¢ after n iter-
ations (or “generations”) of this evolutionary procedure. The pro-
tocol class with x = N/Ny is better than that with x = ¢/t,. In the
former case, the objective is essentially satisfied by the protocol pro-
duced after about 100 iterations. Were it not, one could consider
more complicated protocols, such as those expressed by neural net-
works*!*? [(7) can be regarded as a single-layer neural network with
two hidden nodes and sine activation functions; increasing the num-
ber of hidden nodes or the depth of the network would allow it to
express more general functions].

In Fig. 4(b), we show the layer-by-layer order of one of the
structures produced by the learning procedure (cyan line). The
structure shows small variations of order by layer, but is close to
being uniform. By contrast, the black dashed line shows the order
of the structure generated at the lowest accessible growth rate from
Fig. 3(a), which is very far from being uniform. It is also of note that
the learned protocol was restricted to an operation time of ¢ = 10*
Monte Carlo cycles, while the slow-growth protocol took 238 times
longer to produce a structure of the same size. This system is, there-
fore, another example in which a rapid, far-from-equilibrium proto-
col produces a more ordered structure than a simple “wait as long as
we can” strategy.*!

In Fig. 4(c), we show the protocol T, y, and the number of
deposited particles p for a segment of the trajectory that produced
the structure of panel (b). The protocol learned by the evolution-
ary algorithm heats each layer as it begins to appear, simultaneously
reducing the thermodynamic driving force for growth, and reverses
these trends as the layer nears completion.

VI. CONCLUSIONS

In this paper, we have explored a model of orientational order
in vapor-deposited films using computer simulations. Our aim was
to introduce the simplest model we could devise that captures two
key features of recent experiments showing the importance of the
surface in selecting order in a nonequilibrium structure. One is that
neighboring particles at a surface possess orientational order in ther-
mal equilibrium; the other is that the same particles in bulk possess
no order. The energy function (1) satisfies both conditions, as shown
by the mean-field theory and simulations presented in Fig. 1(b). We
then studied the nature of orientational order within the bulk of a
nonequilibrium structure as a function of the strength of surface
alignment and determined how to control this order using protocol
design.

Our main findings are as follows. When the surface stabiliza-
tion of molecular alignment is weak, we find that vapor deposition
can achieve a homogeneous film of maximal orientational order
via a simple search in the space of the deposition temperature and
rate. As the strength of surface alignment increases, however, so
too does the magnitude of fluctuations in the orientational order
parameter throughout the deposited film. These fluctuations are sen-
sitive to details of the deposition protocol, and we have shown that
adjustment of deposition conditions to control the structural out-
come can be achieved by protocol learning. Selecting orientational
homogeneity as the objective, we have demonstrated using evolu-
tionary reinforcement learning that a time-dependent protocol of
temperature and chemical potential can achieve near-homogenous
alignment within the deposited film. The degree of uniformity
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obtained is considerably greater than that afforded by fixed values
of T and p.

It would be interesting to test experimentally whether our pre-
diction of increased orientational order in the equilibrium inter-
face results in an increase in the fluctuations of order within the
deposited film. (Strategies for increasing surface order might include
using glass-forming molecules with more pronounced anisotropy or
that have a tendency to exhibit orientational order in bulk.) Whether
or not the fluctuations we observe can be reproduced in experi-
ment may depend on the choice of ensemble. In this paper, we use
an ensemble in which the chemical potential is imposed and the
instantaneous rate of deposition can fluctuate. It is these fluctua-
tions that contribute significantly to the fluctuations of orientational
order. Experimental vapor deposition is sometimes carried out at
very low gas phase densities and low effective temperatures. Under
these conditions, deposition is effectively irreversible and the growth
rate is approximately constant, fixed by the flux from the source.
We leave to future work the clarification of the dependence of order
fluctuations on the choice of growth ensemble.

The goal of this paper was to introduce a minimal model of
vapor deposition in a molecular system whose surface and bulk equi-
librium order differ and to examine the potential for exploiting pro-
tocol learning as a means of accessing the considerable structural
variations of disordered materials through fabrication. Our results
provide clear support for this program with the caveat that fabri-
cation control is most usefully exercised via variables that fluctu-
ate significantly under the fabrication conditions. Not all materials
and fabrication situations will meet this requirement. Future work
will be directed at understanding and classifying the types of struc-
tural variables that can facilitate the sought-after level of machine
control.

ACKNOWLEDGMENTS

The authors thank Mark Ediger for valuable comments on
the paper. This work was performed as part of a user project
at the Molecular Foundry, Lawrence Berkeley National Labora-
tory, supported by the Office of Science, Office of Basic Energy
Sciences, of the U.S. Department of Energy under Contract No.
DE-AC02-05CH11231. P.H. acknowledges support from the Aus-
tralian Research Council.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES

'R. J. Kirkpatrick, Am. Mineral. 60, 798 (1975); available at https://pubs.
geoscienceworld.org/msa/ammin/article-abstract/60/9-10/798/543171/Crystal-
growth-from-the-melt-A-review.

23, Matsui, T. Kaito, J.-I. Fujita, M. Komuro, K. Kanda, and Y. Haruyama, J. Vac.
Sci. Technol. B 18, 3181 (2000).

ARTICLE scitation.org/journalljcp

3S. A. Campbell, The Science and Engineering of Microelectronic Fabrication
(Oxford University Press, 2001).

“A. J. Yin, J. Li, W. Jian, A. J. Bennett, and J. M. Xu, Appl. Phys. Lett. 79, 1039
(2001).

5R. G. Shimmin, A. J. DiMauro, and P. V. Braun, Langmuir 22, 6507 (2006).

®K. Ishikawa, Materials 3, 1138 (2010).

7M. Kakran, N. G. Sahoo, L. Li, Z. Judeh, Y. Wang, K. Chong, and L. Loh, Int. J.
Pharm. 383, 285 (2010).

8K. Edstrém, D. Brandell, T. Gustafsson, and L. Nyholm, Electrochem. Soc.
Interface 20, 41 (2011).

9G. L. Li, H. Méhwald, and D. G. Shchukin, Chem. Soc. Rev. 42, 3628 (2013).
1%W. J. Boettinger and M. J. Aziz, Acta Metall. 37, 3379 (1989).

""W. R. Whalley and C. E. Mullins, Eur. J. Soil Sci. 43, 531 (2006).

12, Bishop, J. L. Thelen, E. Gann, M. F. Toney, L. Yu, D. M. DeLongchamp,
and M. D. Ediger, Proc. Natl. Acad. Sci. U. S. A. 116, 21421 (2019).

3F. Hellman, Appl. Phys. Lett. 64, 1947 (1994).

Y“M. D. Ediger, ]. Chem. Phys. 147, 210901 (2017).

'SM. D. Ediger, J. de Pablo, and L. Yu, Acc. Chem. Res. 52, 407 (2019).

18], Lyubimov, L. Antony, D. M. Walters, D. Rodney, M. D. Ediger, and J. J. de
Pablo, J. Chem. Phys. 143, 094502 (2015).

175, S. Dalal, D. M. Walters, I. Lyubimov, J. J. de Pablo, and M. D. Ediger, Proc.
Natl. Acad. Sci. U. S, A. 112, 4227 (2015).

'8p__H. Lin, I. Lyubimov, L. Yu, M. D. Ediger, and . J. de Pablo, J. Chem. Phys.
140, 204504 (2014).

'9L. W. Antony, N. E. Jackson, I. Lyubimov, V. Vishwanath, M. D. Ediger, and J.
J. De Pablo, ACS Cent. Sci. 3, 415 (2017).

20y, Qiu, L. W. Antony, J. M. Torkelson, J. J. De Pablo, and M. D. Ediger, ]. Chem.
Phys. 149, 204503 (2018).

21K, Bagchi, N. E. Jackson, A. Gujral, C. Huang, M. E. Toney, L. Yu, J. J. De Pablo,
and M. D. Ediger, J. Phys. Chem. Lett. 10, 164 (2018).

22D, M. Walters, L. Antony, J. J. de Pablo, and M. D. Ediger, J. Phys. Chem. Lett.
8, 3380 (2017).

23(. H. Fredrickson and H. C. Andersen, Phys. Rev. Lett. 53, 1244 (1984).

243, Butler and P. Harrowell, ]. Chem. Phys. 95, 4454 (1991).

255, Léonard and P. Harrowell, ]. Chem. Phys. 133, 244502 (2010).

263 F. Swallen, K. L. Kearns, M. K. Mapes, Y. S. Kim, R. J. McMahon, M. D. Ediger,
T. Wu, L. Yu, and S. Satija, Science 315, 353 (2007).

273, F. Swallen, K. Traynor, R. ]. MacMahon, M. D. Ediger, and T. E. Mates, Phys.
Rev. Lett. 102, 065503 (2009).

28K. Binder, Monte Carlo Methods in Statistical Physics (Springer, 1986), pp. 1-45.
2°H, Mehrer, Diffusion in Solids: Fundamentals, Methods, Materials,
Diffusion-Controlled Processes (Springer Science & Business Media, 2007),
Vol. 155.

397, J. Binney, N. Dowrick, A. Fisher, and M. Newman, The Theory of Critical
Phenomena: An Introduction to the Renormalization Group (Oxford University
Press, 1992).

517, Geng and J. V. Selinger, Phys. Rev. E 80, 11707 (2009).

32C. Bishop, Y. Li, M. F. Toney, L.Yu, and M. D. Ediger, ]. Phys. Chem. B 124,
2505 (2020).

33G. Ungar, E. G. R. Putra, D. S. M. De Silva, M. A. Shcherbina, and A. J.
Waddon, Interphases and Mesophases in Polymer Crystallization I (Springer,
2005), pp. 45-87.

347.7. De Yoreo and P. G. Vekilov, Rev. Mineral. Geochem. 54, 57 (2003).

35T, Schilling and D. Frenkel, . Phys.: Condens. Matter 16, $2029 (2004).

3€p. G. Higgs and G. Ungar, . Chem. Phys. 100, 640 (1994).

57G. Ungar, P. K. Mandal, P. G. Higgs, D. S. M. De Silva, E. Boda, and C. M. Chen,
Phys. Rev. Lett. 85,4397 (2000).

383, Whitelam, Y. R. Dahal, and J. D. Schmit, J. Chem. Phys. 144, 064903
(2016).

%M. Z. Miskin, G. Khaira, J. J. de Pablo, and H. M. Jaeger, Proc. Natl. Acad. Sci.
U.S. A. 113, 34 (2016).

“0X. Tang, B. Rupp, Y. Yang, T. D. Edwards, M. A. Grover, and M. A. Bevan, ACS
Nano 10, 6791 (2016).

J. Chem. Phys. 155, 124502 (2021); doi: 10.1063/5.0061042
Published under an exclusive license by AIP Publishing

185, 124502-7


https://scitation.org/journal/jcp
https://pubs.geoscienceworld.org/msa/ammin/article-abstract/60/9-10/798/543171/Crystal-growth-from-the-melt-A-review
https://pubs.geoscienceworld.org/msa/ammin/article-abstract/60/9-10/798/543171/Crystal-growth-from-the-melt-A-review
https://pubs.geoscienceworld.org/msa/ammin/article-abstract/60/9-10/798/543171/Crystal-growth-from-the-melt-A-review
https://doi.org/10.1116/1.1319689
https://doi.org/10.1116/1.1319689
https://doi.org/10.1063/1.1389765
https://doi.org/10.1021/la060278q
https://doi.org/10.3390/ma3021138
https://doi.org/10.1016/j.ijpharm.2009.09.030
https://doi.org/10.1016/j.ijpharm.2009.09.030
https://doi.org/10.1149/2.f05112if
https://doi.org/10.1149/2.f05112if
https://doi.org/10.1039/c3cs35517a
https://doi.org/10.1016/0001-6160(89)90210-1
https://doi.org/10.1111/j.1365-2389.1992.tb00158.x
https://doi.org/10.1073/pnas.1908445116
https://doi.org/10.1063/1.111751
https://doi.org/10.1063/1.5006265
https://doi.org/10.1021/acs.accounts.8b00513
https://doi.org/10.1063/1.4928523
https://doi.org/10.1073/pnas.1421042112
https://doi.org/10.1073/pnas.1421042112
https://doi.org/10.1063/1.4876078
https://doi.org/10.1021/acscentsci.7b00041
https://doi.org/10.1063/1.5052003
https://doi.org/10.1063/1.5052003
https://doi.org/10.1021/acs.jpclett.8b03582
https://doi.org/10.1021/acs.jpclett.7b01097
https://doi.org/10.1103/physrevlett.53.1244
https://doi.org/10.1063/1.461768
https://doi.org/10.1063/1.3511721
https://doi.org/10.1126/science.1135795
https://doi.org/10.1103/physrevlett.102.065503
https://doi.org/10.1103/physrevlett.102.065503
https://doi.org/10.1103/physreve.80.011707
https://doi.org/10.1021/acs.jpcb.0c00625
https://doi.org/10.2113/0540057
https://doi.org/10.1088/0953-8984/16/19/014
https://doi.org/10.1063/1.466928
https://doi.org/10.1103/physrevlett.85.4397
https://doi.org/10.1063/1.4941457
https://doi.org/10.1073/pnas.1509316112
https://doi.org/10.1073/pnas.1509316112
https://doi.org/10.1021/acsnano.6b02400
https://doi.org/10.1021/acsnano.6b02400

The Journal

of Chemical Physics ARTICLE scitation.org/journalljcp

“1S. Whitelam and L. Tamblyn, Phys. Rev. E 101, 052604 (2020). 44T, Salimans, J. Ho, X. Chen, S. Sidor, and 1. Sutskever, arXiv:1703.03864 (2017).
25, Whitelam and 1. Tamblyn, “Neuroevolutionary learning of particles and “5F, P. Such, V. Madhavan, E. Conti, J. Lehman, K. O. Stanley, and J. Clune,
protocols for self-assembly,” Phys. Rev. Lett. 127, 018003 (2021). arXiv:1712.06567 (2017).
43].H. Holland, Sci. Am. 267, 66 (1992). “6S. Whitelam, . Chem. Phys. 149, 104902 (2018).

J. Chem. Phys. 155, 124502 (2021); doi: 10.1063/5.0061042 155, 124502-8

Published under an exclusive license by AIP Publishing


https://scitation.org/journal/jcp
https://doi.org/10.1103/physreve.101.052604
https://doi.org/10.1103/PhysRevLett.127.018003
https://doi.org/10.1038/scientificamerican0792-66
http://arxiv.org/abs/1703.03864
http://arxiv.org/abs/1712.06567
https://doi.org/10.1063/1.5034789

