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Epitaxial interactions between molecular overlayers and ordered substrates

Andrew C. Hillier* and Michael D. Ward†

Department of Chemical Engineering and Materials Science, University of Minnesota, Amundson Hall,
421 Washington Avenue Southeast, Minneapolis, Minnesota 55455

~Received 13 May 1996!

A framework for evaluating the epitaxy of crystalline organic overlayers of generic symmetry on ordered
substrates is described, which combines a computationally efficient analytical method for explicit determina-
tion of the type of epitaxy~i.e., commensurism, coincidence, or incommensurism! and overlayer azimuthal
orientation with an analysis of the elastic properties of the overlayer and the overlayer-substrate interface. The
azimuthal orientations predicted by the analytical method agree with values predicted by semiempirical
potential-energy calculations and observed experimentally for previously reported organic overlayers which are
demonstrated here to be coincident. Calculations based on this analytical approach are much less computa-
tionally intensive than potential-energy calculations, as the number of computational operations is independent
of the overlayer size chosen for analysis. This enables analyses to be performed for the large overlayer basis
sets common for molecular overlayers. Furthermore, this facilitates the analysis of coincident overlayers, for
which the overlayer size needs to be large enough to establish a phasing relationship between a substrate and
a large nonprimitive overlayer supercell so that the global minimum with respect to azimuthal angle can be
determined. The computational efficiency of this method also enables a convenient examination of numerous
possible reconstructed overlayer configurations in which the lattice parameters are bracketed around those of
the native overlayer, thereby allowing examination of possible epitaxy-driven overlayer reconstructions. When
combined with calculated intralayer- and overlayer-substrate elastic constants, this method provides a strategy
for the design of heteroepitaxial molecular films.@S0163-1829~96!01343-4#

INTRODUCTION

The fabrication of molecular thin films with highly or-
dered, crystalline structures has received considerable atten-
tion in attempts to develop materials for molecular-based
electronic devices, sensors, displays, and logic elements.1

The interest in molecular films stems primarily from the abil-
ity to tailor the electronic and optical properties systemati-
cally by judicious choice of molecular constituents. Mono-
layers and multilayers with redox-active components capable
of supporting electronic conduction have been prepared by
the attachment of organosulfur and organosilanes to solid
surfaces, with functional multilayers built by chemical reac-
tions on these two-dimensional interfaces.2–4 Epitaxial
growth of monolayer and multilayer films of redox-active
charge-transfer salts has been accomplished in solution using
electrochemical methods.5 Thin films of organic dyes on van
der Waals substrates such as graphite, MoS2, and SnS2 have
been prepared by molecular-beam-epitaxy methods.6 Suc-
cessful fabrication of molecular films with preordained prop-
erties hinges on control of several characteristics, including
the supramolecular structure of the film, its azimuthal orien-
tation with the respect to the substrate, and the nature and
distribution of defects present in the film.

Investigations of the growth of elemental and inorganic
thin films,7 and to a lesser extent molecular films, indicate
that film properties can be influenced significantly by inter-
actions between the primary~i.e., initial! overlayer and the
substrate upon which it forms. These interactions commonly
are associated with overlayer-substrate epitaxy in which the
overlayer and substrate lattices are ‘‘in phase,’’ so that their
interatomic potentials are reinforced. However, the actual

structure of an overlayer will reflect a competition between
the energy lowering achieved by epitaxy, and the energetic
penalty associated with any reconstruction of the overlayer
lattice from its native form that may be required in order to
achieve that epitaxy. Consequently, the design of thin films
must take into account the relative strengths of intermolecu-
lar interactions in the primary overlayer and those between
the overlayer and substrate.8 Controlling these factors is im-
perative, as reconstruction of the primary overlayer from its
native form or stress-induced defects can affect the quality of
multilayer films and bulk crystals grown from the primary
overlayer.

While there have been significant advances in the under-
standing of the physical and electronic properties of molecu-
lar films, there exists a need for paradigms enablinga priori
the design of heteroepitaxial molecular overlayers. We have
been employing a strategy for the design of molecular films
in which the native structure of a molecular overlayer, con-
sidered to be at or near its minimum-energy configuration, is
surmised from its structure in bulk crystals, which generally
consist of layered structures stacked in the third dimension
by weak van der Waals interactions.9,10 The tendency of
molecules to assemble in the solid state into two-dimensional
layers with strong intralayer bonding~e.g., through hydrogen
bonding, charge transfer, or heteroatom-heteroatom interac-
tions! suggests that layered motifs in bulk crystals are ideal
design elements for the fabrication of heteroepitaxial films
on appropriately chosen substrates. This strategy must in-
clude methodology for identifying the optimum overlayer
structure and its epitaxial relationship with a particular sub-
strate, and for evaluating the energetics of the overlayer and
the substrate-overlayer interface. Recent reports have de-
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scribed methods for analyzing overlayer-substrate epitaxy
which involve calculation of the total potential energy, use of
an elliptical potential,8 or numerical iteration to determine
the degree of fit between the overlayer and substrate
lattices.11 However, these methods tend to be computation-
ally intensive when applied to molecular overlayers due to
the large basis sets that are required for these systems. In
addition, the latter method is somewhat lacking with respect
to direct theoretical significance.

Herein we report a simple analytical method for analyzing
overlayer-substrate epitaxy that enables rapid determination
of optimum epitaxial relationships with respect to overlayer
orientation and structure for generic overlayer lattices. This
method is computationally efficient because it is independent
of overlayer size, and provides an explicit determination of
the type of epitaxy; that is, whether the overlayer is commen-
surate, coincident, or incommensurate. When combined with
calculations of overlayer and overlayer-substrate elastic con-
stants for native overlayers whose structures are surmised
from either crystal structures, calculations, or experimental
data, this approach enables rapid analysis of overlayer-
substrate systems and a qualitative assessment of the ten-
dency for overlayer reconstruction from its native form. The
method also enables convenient searching for epitaxial rela-
tionships between a rigid substrate and many possible recon-
structed forms of an overlayer, and suggests that ana priori
design of overlayer-substrate systems is feasible.

METHODS AND MATERIALS

Molecular overlayers were synthesized from reagent
grade materials, with bis~ethylenedithiolo!-tetrathiafulvalene
~ET!, tetrathiafulvalene~TTF!, tetracyanoquinodimethane
~TCNQ!, and perylene~Pe! obtained from Strem Chemicals,
Newburyport, MA. Solvents used for electrodeposited mo-
lecular films were HPLC grade. Then-Bu4N

1ClO4
2 electro-

lyte was obtained commercially~Aldrich, Milwaukee, WI!,
and was recrystallized from acetonitrile prior to use. The
electrolyte n-Bu4N

1I 3
2 was prepared by a previously re-

ported method12 in which I2 was added to a boiling solution
of chloroform or water containing excessn-Bu4N

1I2 ~Ald-
rich, Milwaukee, WI!. The black precipitate formed upon
mixing was recrystallized twice from methanol to provide
dark, lustrous crystals ofn-Bu4N

1I 3
2 , and the purity was

confirmed by elemental analysis. Electrochemical syntheses
and in situ real-time atomic force microscopy of the~ET!2I3
and Pe2~ClO4! overlayers were performed in a commercially
available fluid cell~Digital Instruments, Santa Barbara, CA!
adapted for electrochemical growth, as described
previously.13,14 A three-electrode design was employed for
electrochemical measurements with a highly oriented pyro-
lytic graphite~HOPG! substrate~Union Carbide! serving as
the working electrode, and Pt counter and reference elec-
trodes placed in the outlet of the fluid cell. The HOPG sub-
strate electrode was cleaved to expose a fresh surface prior to
use. Overlayers of~ET!2I3 and ~Pe!2ClO4 were grown by
electrochemical oxidation of ET and Pe, respectively, in ac-
etonitrile containing the respective electrolytes under condi-
tions similar to those previously reported for the electrosyn-
thesis of bulk crystals.5~a!,15,16 Au~111! substrates for
deposition of the~TTF!~TCNQ! overlayers were prepared by

melting high-purity gold wire ~99.999%! in a oxygen/
hydrogen flame to expose~111!-oriented facets.

Scanning tunneling~STM! and atomic force microscope
~AFM! experiments were performed with a Nanoscope III
Multimode scanning probe microscope~Digital Instruments,
Santa Barbara, CA!. STM tips consisted of mechanically cut
Pt/Ir wires and AFM probes~Nanoprobe, Park Scientific,
Sunnyvale, CA! consisted of triangular silicon nitride canti-
levers ~the force constant is'0.06 N m21! with integrated
pyramidal tips. The AFM was equipped with a scan head
having a maximum scan range of 12 by 12mm2, while the
STM employed a scanner with a maximum range of 5 by 5
mm2. AFM images were acquired in the contact mode under
nominally constant force conditions, with integral and pro-
portional gains of 4.0 and 7.0, respectively. The tip-sample
force was minimized before imaging by reducing the set
point to a value just below tip disengagement. The azimuthal
orientations of the~ET!2I3 and Pe2~ClO4! overlayers with
respect to the HOPG substrate were determined by imaging
an exposed region of the substrate immediately before or
after imaging of the overlayer, or by imaging the substrate
lattice underneath the overlayer after removing the overlayer
mechanically by increasing the force exerted by the AFM
tip.

Potential-energy calculations for the overlayer-substrate
interfaces were performed on a Hewlett-Packard 710 work-
station with a universal force field17 based on a Lennard-
Jones 6-12 potential function integrated with a customized
Fortran code that allowed approach, translation, and rotation
of a overlayer-substrate molecular interface. Energy-
minimized overlayer structures and intralayer potentials were
calculated using the Cerius molecular modeling program
~Molecular Simulations, version 1.6! and the universal force
field. Electrostatic interactions were neglected in these calcu-
lations, as it was determined that the results were rather in-
sensitive to these contributions owing to their long-range na-
ture. The native structures of the overlayers were surmised
from layered motifs in bulk crystals whose structures were
obtained from the Cambridge Structural Database~version
2.3.7!. These native structures served as the initial trials in
energy minimization and intralayer potential calculations.
Stress and elastic constants were calculated directly from the
calculated potentials. Structural models were visualized with
the Computer-Assisted Chemistry~CAChe, Inc.! molecular
modeling program. Calculations of interface misfit and epi-
taxy using the analytical function described here were per-
formed on either the 710 workstation, or on an IBM 486
personal computer using a program written in our laboratory
~EPICALC!, which runs in theWINDOWS version 3.1 environ-
ment. EPICALC is available on the World Wide Web at
http://www.cems.umn.edu/research/ward.

RESULTS AND DISCUSSION

The spatial configuration of a molecule or assembly of
molecules at an interface is determined by a minimum in the
total system energy. The potential energy of an atomB re-
siding near a substrate plane of atomsA, assuming strict
additivity of interaction energies between neighboring atoms,
is the sum of interactions between atomB and the individual
atoms in layerA.18 If atomB belongs to a semi-infinite layer,
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the total potential energy of the entire system,VT , can be
described by Eq.~1!,

VT5(
i

(
j
VAB@~xy! i

B2~xy! j
A#

1 1
2(
kÞ j

VAA@~xy!k
A2~xy! j

A#

1 1
2(
iÞ l

VBB@~xy! i
B2~xy! l

B# ~1!

where (xy)A and (xy)B represent the positions of the atoms
at some coordinate (xy) in layersA andB, respectively. The
interaction energies between atoms in layersA and B are
given byVAB , while the last two terms represent the self-
energies of the substrate and overlayer, respectively.

The optimum overlayer-substrate configuration can be de-
termined by minimizingVT with respect to the structure of
the overlayer, and its separation, position, and azimuthal ori-
entation with respect to the substrate. Such computations can
be daunting due to the large number of possible overlayer-
substrate configurations. Furthermore, the total system en-
ergy is not a strictly convex function, which makes determi-
nation of the global minimum configuration difficult and
mathematically uncertain. This problem can be simplified by
assuming the substrate structure is constant and unaffected
by the overlayer, so that the term containing the substrate
potentialVAA has a fixed value. This allows reduction of Eq.
~1! to a form including onlyVAB andVBB . The relative mag-
nitudes of the variations~dV! in these potentials with respect
to changes in atomic coordinates will dictate whether the
overlayer retains it native form (dVBB.dVAB) or is recon-
structed (dVAB.dVBB). The total potentialVT will be de-
creased when epitaxy reinforces attractive interactions be-
tween the overlayer and substrate.

Epitaxial interface

Epitaxy generally is used to describe lattice registry, or,
equivalently, the degree of ‘‘phase matching,’’ between two
opposing lattice planes~although it was originally used to
describe the growth of materialB on substrateA, with B
adopting the structure ofA!. In simple atomic systems, the
criterion used to describe the extent of epitaxy along a speci-
fied crystallographic direction is the lattice misfitf5(b2a)/
a, wherea andb are lattice constants of the substrate and
overlayer, respectively.19 The misfit f is a one-dimensional
parameter, and can be used for two-dimensional systems
only when the two lattices are of equivalent symmetry and
size. Therefore, an alternative approach is required for ge-
neric two-dimensional interfaces.

A two-dimensional interface consisting of substrateA and
overlayerB can be described by seven parameters~Fig. 1!.
The substrate can be described by lattice constantsa1 anda2
and anglea, the overlayer byb1 andb2 and angleb, and the
azimuthal orientation can be defined by the angleu between
a1 and b1. The azimuthal relationship between substrateA
and overlayerB can be described by a transformation matrix
C which relatesb1 andb2 to a1 anda2, whereC is a 232
matrix with elementspx , qy , qx , andpy @Eq. ~2!#. The val-

ues of the matrix elements depend upon the substrate lattice
constants, the overlayer lattice constants, andu according to
Eqs.~3!–~6!:

Fb1b2G5@C#Fa1a2G5Fpxqx qy
py

GFa1a2G , ~2!

px5b1sin~a2u!/a1sin~a!, ~3!

qy5b1sin~u!/a2sin~a!, ~4!

qx5b2sin~a2u2b!/a1sin~a!, ~5!

py5b2sin~u1b!/a2sin~a!. ~6!

The primary value of the transformation matrix is that it
describes the interface in convenient terms. This is particu-
larly true for simple~atomic! lattices, for which the determi-
nant ofC can be used conveniently to deduce whether the
system is commensurate, coincident, or incommensurate.
However, det~C! does not provide insight into the energetics
of the interface; nor is it very useful for evaluating the epi-
taxy of more complex, coincident molecular overlayers. Co-
incidence is not as well recognized as commensurism or in-
commensurism, but it is the main tenet of the following
discussion. Therefore, the characteristics of these epitaxial
conditions is reviewed here in the context of the properties of
this matrix.

Commensurism

This condition exists when every overlayer lattice site re-
sides on a particular set of substrate lattice sites. Under this
condition, det~C! and each of the matrix elements assume
integral values. Consequently, the overlayer unit cell can be
described by a minimum integral number of substrate unit
cells at some rotation angle.

FIG. 1. Schematic representation of a generic 232 molecular
overlayer on a rigid substrate. The substrate and overlayer lattices
are defined by two-dimensional cells with lattice constantsa1, a2,
anda andb1, b2, andb, respectively. The angleu represents the
angle between the vectorsa1 andb1, defining the azimuthal angle
of the overlayer with respect to the substrate.
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Coincidence

This condition exists whenrows of overlayer sites are
coincidentwith uniformly spacedrowsof substrate sites cor-
responding to a specific lattice direction, such that one of the
reciprocal-lattice vectors of the overlayer has the same direc-
tion as the reciprocal-lattice vector defined by the substrate
rows ~Fig. 2!. The magnitude of the overlayer reciprocal-
lattice vector is an integer multiple of the corresponding sub-
strate lattice vector. There is commensurism with respect to
these reciprocal-lattice vectors@a1* andb1* in Fig. 2~c!# while
some overlayer sites are locally noncommensurate along the
other lattice vectors@a2 andb1 in Fig. 2~c!#. The degree of
epitaxy therefore is weaker than in a truly commensurate
structure. Coincidence also implies the existence of a non-
primitive overlayer supercell, constructed from an integral
number of overlayer unit cells, whoseperimeteris commen-
surate with the substrate. This is equivalent to stating that
some overlayer positions~most commonly chosen to be the
vertices of the supercell! coincide with substrate sites at pe-
riodic intervals, while other positions contained within the
supercell are locally noncommensurate. For a given system
the degree of epitaxy, and therefore the energetics, will im-
prove as the number of primitive overlayer cells necessary to
construct the nonprimitive supercell decreases, as this leads
to fewer non-commensurate overlayer sites.

det~C! for a coincident lattice will be a simple fraction.
Coincidence further requires that certain combinations of the
matrix coefficients assume integral values at the rotation
angleu. In the case of a generic lattice,px andqx , or py and
qy , must be integers. Integral values for these combinations,
or for the sumspx1qy and qx1py , will produce coinci-
dence on hexagonal substrates. Molecular overlayers will in-

volve a large number of molecules assembled into two-
dimensional lattices. The size and symmetry of these lattices
will differ substantially from those of typical substrates, ar-
guing against commensurate lattices in the absence of over-
layer reconstruction. Consequently, any analysis of
overlayer-substrate interfaces must consider the possibility
of coincident overlayers.

Incommensurism

This condition exists when the overlayer is neither com-
mensurate nor coincident with the substrate.

Two methods have been employed recently to evaluate
epitaxy for molecular overlayers, specifically by examining
the ‘‘degree of epitaxy’’ for continuously changing values of
u. The most complete method involves the determination of
nonbonded potential-energy interactions summed over the
entire overlayer-substrate interface. For a particular over-
layer orientation and a fixed structure~in which the overlayer
and substrate are considered to be rigid so thatVAA andVBB
are constant!, the interface potentialVT can be described by
Eq. ~7!,

VT5(
i

(
j
VAB~xyi

B2xyj
A!, ~7!

which is a summation of the individual molecule-substrate
potentialsVAB , where i and j refer to the summation over
the substrateA and overlayerB atoms. The interaction po-
tential VAB can include van der Waals attraction, electron-

FIG. 2. ~a! Schematic representation of a commensurate overlayer withb15b252a1 andb590° on a primitive substrate lattice with
lattice constantsa15a2. ~b! The dependence of the two-dimensional quasipotentialV/V0 on azimuthal angleu for a 20320 overlayer for the
overlayer-substrate system in~a!. The minimum atu50 and 90° corresponds to the optimum epitaxy.~c! Schematic representation of a
coincident overlayer withb151.6a1 , b251.8a2 , andb5146.25°. The 532 nonprimitive supercell, having vertices which are commensurate
with the substrate, is depicted.~d! The dependence of the two-dimensional quasipotentialV/V0 on azimuthal angleu for the overlayer-
substrate system in~c!. The minimum atu5mp/2 corresponds to the optimum epitaxy.
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core repulsion, electrostatic interactions, and hydrogen bond-
ing, which are generally weaker than covalent forces and are
assumed to be pairwise additive such that the interaction
between numerous atoms or molecules can be determined
with a simple sum of individual atom-atom pair interactions
using any one of several accepted empirical and semiempir-
ical potential force fields.20–23 It can be surmised from Eq.
~7! thatVT will depend upon the azimuthal angleu, with a
global minimum inVT at a value ofu at which epitaxy is
maximized. However, for an overlayer and substrate, each
havingn3n atoms, the potential method requiresn4 calcu-
lations at each value ofu examined. This becomes prohibi-
tive for computations involving large unit cells or large over-
layers consisting of multiple unit cells. Furthermore, the
semiempirical nature of these calculations does not guarantee
accuracy.

An alternative method for determining the influence of
periodic interfacial interactions at a two-dimensional inter-
face has been reported in which the local misfitsf between
individual atomic or molecular sites in the overlayer and
substrate are summed over the entire interface.11 The sum-
mation can be described by the two-dimensional misfit pa-
rameterD~u! in Eq. ~8!,

D~u!5(
i

(
j

U~ i j !$@C#2 int@C#%2S a1a2DU, ~8!

wherea1 and a2 represent the substrate lattice dimensions,
andC is the transformation matrix defined above relating the
overlayer and the substrate. This function simply sums the
distances between overlayer and substrate lattice sites, in
which the overlayer lattice sites are indexed to the nearest
substrate lattice point by integersi and j . This is a discrete
two-dimensional misfit calculation in which the energy units
are arbitrary, and the value ofu at whichD~u! is minimum
signifies the azimuthal angle at which epitaxy is maximized.
If the system is coincident, one vector component of the
misfit will disappear, and the depth of the minimum will
depend upon the sum of misfit, reaching a maximum value
for incommensurate overlayers. This method is conceptually
simple, retains the essential features of the complete
potential-energy calculation, and requires onlyn2 calcula-
tions per configuration. However, it suffers from being a nu-
merical method rather than an analytical one, has little direct
theoretical significance, and remains computationally inten-
sive if many overlayer cell structures and orientations are to
be analyzed.

An analytical approach to epitaxy characterization

The computational intensiveness of these methods
prompted us to develop an analytical method for evaluating
epitaxy for overlayer-substrate systems. This method, which
is based on an extension of earlier treatments for simple one-
and two-dimensional lattices,19,24,25relies on a dimensionless
potential energyV/V0. For a one-dimensional latticeV/V0
can be described by Eq.~9!,

V~x!

V0
5cosS 2p

a
xD , ~9!

wherea represents the lattice periodicity.
The interaction between a substrate lattice and an over-

layer lattice is governed by the overlap of their potential-
energy surfaces, with these interactions reinforced when the
lattices are ‘‘in phase.’’ The potential of a one-dimensional
interfaceis continuous, and can be described by Eq.~10!,

V

V0
5

(
i

F12cosS 2pb

a
i D G

(
i

, ~10!

whereb is the overlayer unit-cell constant, andi has integral
values ofi50,61,...,6m. This can be expressed in terms of
the mathematically equivalent Eq.~11!,

V

V0
5F ~2m11!2

sin@~2m11!p~ f11!#

sin@p~ f11!# G S 1

2m11D ,
~11!

which is realized by replacing the summation with an inte-
gral, and defining the mismatch between the lattice periodsa
andb by the lattice misfitf5(b2a)/a. TheV/V0 term in
Eq. ~11! is a dimensionless potential whose value is gov-
erned by the ‘‘degree of commensurability’’ between the two
one-dimensional lattices with respect to the misfitf . The
term M is a whole number corresponding to multiples of
lattice b, and 1/~2m11! is a normalization constant. Under
conditions where the lattice periodb approaches the value of
a( f50), the dimensionless potential tends to the minimum
value ofV/V050 @evaluation of the sin terms in Eq.~11! at
f50 actually results in an indeterminant number of 0/0, but
the theorem of de l’Hopital can be used to demonstrate that
V/V050 at f50#. As f increases,V/V0 actually increases
through a maximum, before decreasing again in an oscilla-
tory fashion. At large misfit,V/V0 reaches a constant value
of one. Equation~11! provides an analytical expression
which can be used to establish the overlayer-substrate con-
figuration at whichV/V0 is minimized, that is, at a configu-
ration representing the best match between the two lattices.

This method can be extended to generic two-dimensional
overlayer-substrate interfaces by adopting the previously re-
ported approach, which only addressed trivial two-
dimensional lattices. In this case, the dimensionless potential
for an overlayer with unit-cell dimensionsb1 andb2 can be
described by Eq.~12!,
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V

V0
5

1

2 (
i

(
j

H22cosF2p~ i j !@C#S 10D G2cosF2p~ i j !@C#S 01D G J
(
i

(
j

, ~12!

in which the lattice sites are indexed to substrate lattice sites
by integersi and j . This expression incorporates the continu-
ous nature of the interface potentials and also matrixC,
which describes the azimuthal relationship between the over-
layer and substrate. The overlayer sites along one of the Car-
tesian directions (xi) are indexed to the substrate sites along
this direction by the integeri , where i has integral values
ranging from2m to m, and their positions defined by the
matrixC. Similarly, overlayer sites along the other Cartesian
direction (yj ) are indexed to the substrate sites along this
direction by the integerj , wherej has integral values ranging
from 2n to n. These relationships can be surmised readily
from Eq.~2!. The termsM andN correspond to the multiples
of overlayer unit cell vectorsb1 andb2 used in the calcula-
tions. The productM3N corresponds to the number of over-
layer unit cells used in the calculation, whereM52m11
andN52n11. This summation again can be replaced by an
integral to give the analytical function in Eq.~13!,

V

V0
5H 2~2m11!~2n11!

2
sin@~2m11!ppx#sin@~2n11!pqx#

sin@ppx#sin@pqx#

2
sin@~2m11!pqy#sin@~2n11!ppy#

sin@pqy#sin@ppy#
J

3S 1

2~2m11!~2n11! D , ~13!

in which 1/@2(2m11)(2n11)# is a normalization constant
that ensures thatV/V0 has specific numerical values under
certain conditions.

The potentialV/V0 can be calculated for azimuthal orien-
tations defined by the component of matrixC for an over-
layer with M3N unit cells. This potential varies continu-
ously with orientation but adopts specific values for
commensurism, coincidence, and incommensurism of 0,1

2,
and 1, respectively. Notably, the computational requirements
for determining misfit with Eq.~13! are minimal as a calcu-
lation at a particular value ofu requires only one operation,
and is independent of overlayer size, in contrast to the afore-
mentioned methods. The validity of this approach can be
illustrated by comparing the azimuthal orientation of model
systems with that predicted from of Eq.~13!. For a substrate
having lattice constantsa15a2 and a 20320 overlayer of
identical symmetry but with lattice constants of
b15b252a1 , V/V0 passes through a minimum atV/V050
at u50° and u590°, as surmised by visual inspection of
these lattices~Fig. 2!. The value of det~C!54 for this com-
mensurate overlayer is identical to the 4:1 ratio of unit-cell
areas. As the azimuthal angle of the overlayer departs from

the commensurate orientation,V/V0 increases in an oscilla-
tory manner due to the increasing misfit. Regions of incom-
mensurism are signified by a value ofV/V051. The coinci-
dent condition can be illustrated by a substrate having lattice
constantsa15a2 and an overlayer of different symmetry
with lattice constants of b151.6a1 , b251.8a2 , and
b5146.25°. Rows of overlayer lattice sites alongb1 are co-
incident with substrate rows oriented alonga1, and the
reciprocal-lattice vectorsa1* andb1* are identical. Calculation
of V/V0 predicts the presence of coincidence atu50° and
90°, as surmised by visual inspection of these lattices. This
overlayer is described by a 532 nonprimitive supercell
whose vertices are commensurate with the substrate.

The total potentialVT , two-dimensional misfitD~u!, and

FIG. 3. Calculation of~a! VT , ~b! D~u!, and~c! V/V0 for a 535
overlayer on a substrate witha15a25b15b2 . The total potential
VT was calculated with a Lennard-Jones 6-12 potential using Ar
atoms as the basis.
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V/V0 for a trivial 535 overlayer and substrate, in which
a15a25b15b2 anda5b590°, each exhibit minima at ori-
entations ofu50° and u590° ~Fig. 3! corresponding to a
commensurate condition. The shape ofD~u! differs some-
what from the other two functions due to its discrete and
linear nature. These data indicate that the dependence ofVT

on u is exactly reproduced withV/V0 for this overlayer-
substrate interface. Actual molecular overlayers are likely to
exhibit differences inVT and V/V0, asV/V0 does not ac-
count for local molecule-substrate interactions. However, as
the overlayer size is increased, these local contributions will
become increasingly dominated by the in-phase components
so that only the periodic terms remain and the forms ofVT
andV/V0 converge to the same global minimum. This can be
illustrated by examining an interface comprising a substrate
with a15a252.46 Å anda560° ~graphite! having two at-
oms per unit cell, and an overlayer withb156.61 Å,b259.1
Å, andb5110° having three atoms~molecules! per unit cell
@this particular overlayer corresponds to one that mimics the
triiodide layer in the~001! plane ofb-~ET!2I3, which is de-
scribed below#. Differences in form and minima are evident
for a 333 overlayer. However, the two functions progres-
sively converge to the same form upon increasing overlayer
size ~535 and 737!, eventually exhibiting identical minima
at u519°, where the value ofV/V050.5 indicates coincident
epitaxy ~Fig. 4!. Therefore,V/V0 is identical in form to the
purely periodic components ofVT in the limit of increasingly
larger overlayer sizes.This illustrates that calculations per-
formed with any of these methods must include a sufficient
number of overlayer unit cells in order to establish accu-
rately the phase relationship between the substrate and the
overlayer.

The validity of usingV/V0 to evaluate epitaxy can be
demonstrated further by comparing the azimuthal angles ob-
served experimentally for several overlayer-substrate sys-
tems to those calculated fromV/V0 using the known lattice
parameters~Table I!. In nearly every example in Table I, the
orientation of the overlayer predicted byV/V0 corresponds to
that determined experimentally. Particularly interesting are
the six polymorphs of perylene-tetracarboxylic dianhydride
~PTCDA! overlayers, for which all but one are epitaxial by
coincidence based onV/V0. Figures 5 and 6 illustrate the
V/V0 dependences onu for selected overlayer-substrate sys-
tems from Table I, and schematic representations of their
corresponding orientations.26–31 ~Also see Fig. 7.!

These comparisons demonstrate that a simple dimension-
less potentialV/V0 can be used to analyze and predict the
registry of overlayer-substrate combinations, enabling a de-
termination of the type of epitaxy and optimum azimuthal
orientation for a particular overlayer structure. The compu-
tational time required for this analysis is independent of
overlayer size, which is particularly important for analyzing
molecular films with large, low-symmetry, oblique unit cells
containing large numbers of basis atoms. The dependence of
VT andV/V0 on overlayer size depicted in Fig. 4 illustrates
that calculations performed on coincident overlayers, either
with the total potential orV/V0, can exhibit shallow and
multiple potential minima if the overlayer sizes are small.
The emergence of a clear global minimum associated with
coincident overlayers for large overlayer sizes demonstrates
that multiple minima or shallow potential functions observed

for small overlayer sizes does not necessarily signify incom-
mensurism. The concept of ‘‘quasiepitaxy,’’ a condition sur-
mised from an apparent lack of commensurism, was ad-
vanced recently to explain the formation of low-defect
molecular overlayers.8 However, evaluation ofV/V0 for sev-
eral overlayers~Table I! reveals that most of these are actu-
ally coincident, with clearly defined minima at the azimuthal
angles indicated. The existence of coincidence does not de-
tract from the ability to form stress-free, low-defect molecu-
lar overlayers. Indeed, the ability of overlayers to be stabi-
lized by coincidence in their essentially unreconstructed state
is an ideal condition for the formation of high-quality crys-
talline multilayers and bulk materials grown from these pri-
mary overlayers.

The computational efficiency of this analytical function
also enables systematic searching, within a reasonable time,
for reconstructed overlayers whose lattice parametersb1, b2,
andb are bracketed around the native overlayer values, so
that possible epitaxy-driven reconstructions can be exam-
ined. This is performed with a custom-made program, devel-
oped in our laboratory, operating in theWINDOWS environ-
ment, which calculatesV/V0 over the full range ofu for

FIG. 4. Dependence of total interaction potentialVT~r ! and
V/V0~—! on overlayer size for an overlayer withb156.56 Å,
b259.1 Å, b5109.8°, and a HOPG substrate witha152.46 Å,
a252.46 Å, anda5120°. Overlayer sizes:~a! 333, ~b! 535, and
~c! 737. In the calculation ofVT , the substrate is graphite, which
contains two atoms per unit cell, the overlayer is the I3

2 layer of the
~001! plane ofb-~ET!2I3, which contains three I atoms per unit cell.
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numerous sets of lattice parameters. Computations per-
formed on a standard 486 processor enable.1000 possible
reconstructed forms to be searched and fully analyzed in 1 h.
However, V/V0 does not provide the actual overlayer-
substrate interaction energy or stability ranking of different
epitaxial overlayer-substrate combinations. Rather, its utility
lies in narrowing the choice of possible configurations avail-
able to a particular overlayer-substrate system.

Energetics of the overlayer-substrate interface

Although epitaxy plays an important role in determining
the orientation and stability of the overlayer-substrate inter-
face, the actualenergeticsof the interface cannot be over-
looked. The competition between intralayer and interlayer
interactions can be described in terms of the elasticities of
the overlayer and the overlayer-substrate interface, which are
related to the corresponding interaction potentials.8 Recon-
struction of an overlayer accompanying the formation of
commensurate or coincident lattices is tantamount to intro-

ducing intralayer strain, described by the difference between
the positions of the molecules in the reconstructed and native
forms. This strain will impart an intralayer stress that, for a
sufficiently small strain, can be described by a linear stress-
strain relationship. The stress and strain in a three-
dimensional solid are second-rank tensors, and can be used
to analyze the elastic properties of a thin-film–substrate in-
terface~Fig. 8!. Stresses between the overlayer and substrate
due to molecules located on noncommensurate positions
~sx

inter, sy
inter, andsz

inter! create interfacial forces which drive
reconstruction of the overlayer toward commensurate forms.
These stresses are opposed by intralayer stresses~sx

intra and
sy
intra! accompanying reconstruction of the native overlayer

structure. If only the purely extensional components of the
strain tensor, parallel to the film interface and directed along
x andy ~«x and«y!, are considered the stress-strain relations
for the intralayer components are given by Eqs.~14! and
~15!,

sx
intra5cxx

intra«x , ~14!

TABLE I. Comparison of the experimentally measured and calculated azimuthal angles~uexpt anducalc,
respectively! for various overlayer-substrate systems with overlayer lattice constantsb1, b2, andb.

Organic
overlayer Substratea b1 ~Å! b2 ~Å!

b
~deg!

uexpt
~deg!

ucalc
~deg!

Supercell
sizeb

M3N Method Ref.

PTCDA MoS2
c 12.4 19.7 88.8 12.7 12.7 331 STM 26

HOPGc 15.2 21.6 90.0 13 611.3 333 STM 8~a!, 8~b!, 27
HOPGc 15.7 20.0 90.0 19 618.6 332 Theor 8~a!, 8~b!, 27
HOPGc 12.7 19.2 89.5 3.1 3.2 331 STM 11
HOPGc 12.4 19.4 90.0 9.9 69.9 231 STM 11
HOPGc 12.0 20.2 90.0 2.5 62.3 333 LEED 6~c!, 6~c!
HOPGc 12.5 19.1 90.0 3.0 d LEED 6~b!, 6~c!
HOPGc 12.7 19.2 89.5 3.2 3.2 331 STM 6~b!, 6~c!
Cu~100!e 14.5 18.1 90.0 45 45 131 LEED 28

PTCDI HOPGc 14.5 16.9 83.6 12.7 12.7 232 STM 6~b!, 6~c!
MoS2

c 14.5 17.2 83.1 10.9 10.8 133 STM 6~b!, 6~c!
CuPc MoS2

e 13.7 14.2 90.0 30 30 232 STM 29
Cu~100!e 13.8 19.0 96.6 23.4 22.2 131 LEED 28
Cu~111!c 12.6 12.6 85.0 8 0,35 133 LEED 30

FePc Cu~100!e 13.7 13.7 90.0 22.5 621.8 131 LEED 30
Cu~111!c 12.0 12.0 82.0 11 b LEED 30

Pc Cu~100!e 13.7 13.7 90.0 22.5 621.8 131 LEED 30
Cu~111!c 13.3 13.3 81.5 10.25 611 331 LEED 30

~Pe!2ClO4 HOPGc 10.9 18.1 87.0 15 9 532 AFM 5~b!

~TTF!~TCNQ! Au~111!c 11.0 16.5 104.0 f 27 534 STM 31
b-~ET!2I3-I

g HOPGc 6.6 9.1 110.0 18 19 133 AFM 5~a!
b-~ET!2I3-II HOPGc 7.2 17.3 83.0 15 17 335 AFM 5~b!

aLattice constants for substrates: HOPG~a15a252.46 Å/a560°!, MoS2 ~a15a253.16 Å/a560°!, Cu~100!
~a15a253.61 Å/a590°!; Cu~111! ~a15a252.56 Å/a560°!; Au~111! ~a15a252.88 Å/a560°!.
bM andN refer to the multiples ofb1 andb2 describing the overlayer supercell. In cases where the supercell
did not fit the substrate perfectly, the supercell dimensions given represent values corresponding to,5%
misfit along one overlayers lattice vector.
cCoincident.
dIncommensurate.
eCommensurate.
fuexpt was not determined due to experimental difficulties.
gLattice parameters given correspond to those of the~001! plane of bulkb-~ET!2I3, which are identical to the
lattice constants of the overlayer observed by AFM, within experimental error bulk crystal.
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sy
intra5cyy

intra«y . ~15!

The intralayer elastic constantscxx
intra and cyy

intra represent
the ‘‘stiffness’’ of the overlayer, that is, its resistance to re-
construction from its preferred or native structure. The elas-
tic constants can be determined by a calculation of the sec-
ond derivative of the corresponding potential functions, the
second derivative simply being the radius of curvature of the
potential well,k5d2V/dr2. The larger the value ofk, the
larger the stiffness constant, and the greater the opposition to
perturbations from the minimum-energy configuration. The
radius of curvature of the potential generally will scale with
its depth, implying that larger interaction energies generally
will lead to larger elastic constants.

The stress component oriented normal to the substrate in-
terfacesz is related to the strainez , which describes changes
in the overlayer-substrate separation along thez axis, by the
elastic constantczz

inter @Eq. ~16!#. Strain at the overlayer-
substrate interface along thex axis, such as that resulting
from molecules sitting on locally noncommensurate posi-
tions in coincident overlayers, will result in a stress alongx
and a shear stress alongz according to Eqs.~17! and ~18!,

sz
inter5czz

interez , ~16!

sx
inter5cxx

interex , ~17!

sz
inter5cxz

interex. ~18!

FIG. 5. Calculated dependence ofV/V0 on azimuthal angleu for the selected overlayer-substrate combinations depicted in Fig. 6.~a!
PTCDAiCu~100!, ~b! CuPciMoS2, ~c! ~Pe!2ClO4iHOPG,~d! ~TTF!~TCNQ!iAu~111!, ~e! b-~ET!2I3 ~type I!iHOPG, and~f! b-~ET!2I3 ~type
II !iHOPG. The calculations were performed using 20320 overlayers.

FIG. 6. Schematic representations of overlayer orientations on
substrates for selected systems in Table I as viewed normal to the
overlayer-substrate interface. The perimeter of the primitive over-
layer unit cell is depicted by a solid line. The perimeter of the
nonprimitive commensurate supercell for the coincident overlayers
is depicted by the dashed line.~a! PTCDAiCu~100!, ~b!
CuPciMoS2, ~c! ~Pe!2ClO4iHOPG,~d! ~TTF!~TCNQ!iAu~111!, ~e!
b-~ET!2I3 ~type I!iHOPG, and~f! b-~ET!2I3 ~type II!iHOPG.
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Small overlayer-substrate elastic constants and larger in-
tralayer elastic constants will conspire to favor coincident
overlayers, as theinterfacialstress associated with molecules
on nonideal positions will be smaller than theIntralayer
stress that would accompany reconstruction of the overlayer
from its native form to a reconstructed overlayer that is com-
mensurate with the substrate. In contrast, large overlayer-
substrate and small intralayer elastic constants will favor the
formation of a strained~i.e., reconstructed from a native
form! commensurate overlayer. The competition between in-
terfacial and intralayer interactions and stiffness is evident
from comparison of the PTCDA/Cu~100!, PTCDA/HOPG,
and PTCDA/MoS2 systems. A highly reconstructed com-
mensurate overlayer is observed on Cu~100!, while on
HOPG and MoS2 coincident overlayers are observed with a
structure comparable to those in the bulk crystal. The forma-
tion of a commensurate structure on Cu~100! suggests strong
chemisorption on the high-energy Cu~100! surface. In con-
trast, the interfacial interactions, and the corresponding inter-
facial stresses, are expected to be smaller on the lower en-
ergy HOPG and MoS2 surfaces, enabling the formation of
coincident lattices for which intralayer forces dominate the
overlayer structure.

Recent studies in our laboratory have demonstrated
that molecular overlayers with structures mimicking
layers in bulk crystals of conducting charge-transfer
salts can be grown epitaxially on ordered substrates
such as HOPG. Among the systems we investigated,
three are illustrative of the influence of overlayer-
substrate energetics:~ET!2I3iHOPG, ~Pe!2ClO4iHOPG, and
~TTF!~TCNQ!iAu~111! ~Fig. 9!. The azimuthal orientations
of the overlayers for~ET!2I3iHOPG and~Pe!2ClO4iHOPG
were established directly by atomic force microscopy during
electrochemical growth of these monolayers in
solution.5~a!,5~b! This was accomplished by obtaining lattice

images of the overlayer, and comparing their orientation to
the bare substrate lattice in regions either adjacent to the
overlayer or beneath the overlayer~produced after mechani-
cal etching of the overlayer with the AFM tip!. The overlayer
structures, all of which were coincident with the HOPG sub-
strate, reflect the balance between interfacial and intralayer
elasticity~Table II!. In the case of~ET!2I3, a coincident over-
layer was observed whose lattice constants were identical,
within experimental error, to those of the molecular~001!
layers in the bulk crystal ofb-~ET!2I3. Analysis of V/V0
based on the bulk crystal lattice parameters forb-~ET!2I3 for
this overlayer indicated coincidence atu519°, in near agree-
ment with the experimentally observed value ofu518°.

This coincidentb-~ET!2I3 overlayer is described by a 133
nonprimitive commensurate supercell which contains mol-
ecules within its perimeter that reside on noncommensurate
lattice positions. The nonideality of these positions represent
local strains, but calculations indicate that the interfacial
stresses resulting from these strains are likely to be small.
The calculated adsorption energy for a~001! b-~ET!2I3 unit
cell on HOPG was 15.1 kcal mol21 ~at u50°!, and the de-
pendence of potentialV on translation and azimuthal rotation
was rather shallow, varying only by 0.2 kcal mol21. This is
tantamount to small interfacial elastic constantscxx andcxz ,
and, consequently, the stressessz and sx associated with
placing molecules on noncommensurate position are rather
small @Figs. 8~c! and 8~d!#. In contrast, the potential-well
depths, and accordingly the stress and elastic constants, as-
sociated with theintralayer interactions are significantly
larger than the interfacial values~Table I!. This signals that
the energetic penalty resulting from reconstruction of the co-
incident overlayer to a commensurate overlayer is greater
than the energetic penalty associated with the noncommen-
surate overlayer sites in the coincident structure. The obser-
vations of an unreconstructedb-~ET!2I3 ~001! overlayer can

FIG. 7. Component of epitaxially grown mo-
lecular films described in Table I.
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FIG. 8. ~a! Schematic representation of the overlayer-substrate interface for theb-~ET!2I3 ~type I!iHOPG in which the structure of the
overlayer mimics that of the~001! molecular layers present inb-~ET!2I3. The stress componentssxx andsyy represent purely intralayer
stress resulting from extensional strain in the overlayer,sxy andsyx represents intralayer shear stress resulting from extensional strain,szz

represents the interfacial stress due to changes in the overlayer-substrate separation, andsxz , syz , szx andszx are shear stress components.
~b! The dependence of the total interaction potential (VT), stress~sz5dVT/dz), and elastic constant (czz5d2VT/dz

2) upon overlayer-
substrate separationz for ~001! b-~ET!2I3iHOPG for a 131 overlayer.~c! Changes ofVT , sx , andsz upon translation of a 131 ~001!
b-~ET!2I3 overlayer on the HOPG surface alonga1. The overlayer-substrate separation was fixed at 3.4 Å.~d! Changes ofVT , sx , andsz

upon rotation of the~001! b-~ET!2I3 overlayer on the HOPG surface about a fixed axis perpendicular to the interface. The overlayer-substrate
separation was fixed at 3.4 Å, and the origin of the~001! b-~ET!2I3 unit cell was fixed at the mimimum established in~b!. The local
minimum atu519° reflects the minimum observed for large overlayer sizes~see Fig. 4!, whereas the deeper minimum evident at 60° is a
false minimum resulting from the small overlayer size used in the calculation.~e! and ~f! Dependence ofV, sx , sy , cxx , andcyy for an
isolated the~001! b-~ET!2I3 layer. The minima of the potential wells area56.67 and 9.09 Å, essentially identical to the corresponding values
of a56.61 Å andb59.1 Å observed for the~001! layer in the bulk crystal. Interaction potentials were determined using a universal force
field.
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be attributed to strong intralayer interactions and large elastic
constants associated with strongp-p interactions along the
ET stacks and in-planeS-S interactions between ET mol-
ecules in a direction perpendicular to these stacks, but weak
van der Waals interactions between~001! layers which serve
to minimize the surface energy of this plane. Indeed, the
energy-minimized structure of the~001! layers was essen-
tially identical to that observed in the bulk crystal. The abil-
ity of this native form to achieve coincidence provides suf-
ficient stabilization of the overlayer, so that energetically
unfavorable reconstruction to a commensurate overlayer is
obviated. It is worth noting that analysis ofV/V0 for ~ET!2I3
molecular layers in the numerous polymorphs or composi-
tional variants of bulk crystals32 did not reveal any coinci-
dent relationships with HOPG. These polymorphs contain
layer structures, also with large intralayer elasticities, sug-
gesting that the energetic penalty associated with reconstruc-
tion to coincident or commensurate structures is too large for
these to be formed.

In contrast to the~001! b-~ET!2I3 overlayer, analysis of
V/V0 for molecular~Pe!2ClO4 ~Ref. 33! and ~TTF!~TCNQ!
~Ref. 34! layers did not identify any native layers which were
epitaxial with HOPG and Au~111! substrates, respectively.35

Nevertheless, the AFM and STM revealed the formation of
molecularly thick overlayers~;4 A! with lattice constants
differing from those of the bulk layers or energy-minimized
forms of these layers. Analysis ofV/V0 based on the AFM
and STM lattice constants indicated that these overlayers
were coincident at azimuthal angles ofu59° and 27° for
~Pe!2ClO4iHOPG and~TTF!~TCNQ!iAu~111!, respectively.
In the case of~Pe!2ClO4iHOPG the calculated azimuthal
angle was identical, within experimental error, to that mea-
sured by the AFM. Experimental difficulties related to the
stability of the~TTF!~TCNQ! overlayers on Au~111! during
scanning with the STM have thus far prevented reliable de-
termination of the azimuthal angle for this system. However,
we presume that it is coincidence atu527° that stabilizes
this overlayer. The 4-Å thickness of the overlayers in each

FIG. 9. Schematic illustration of overlayers on substrates for~a! ~Pe!2ClO4 on HOPG,~b! ~TTF!~TCNQ! on Au~111!, ~c! b-~ET!2I3 type
I on HOPG, and~d! b-~ET!2I3 type II on HOPG. The overlayer structures are depicted with lattice constants and azimuthal orientations~u!
corresponding to those observed experimentally, which agree with the values calculated fromV/V0. The actual orientation of the molecules
in the overlayers are not known rigorously, and their orientations here are based on their orientations in the corresponding bulk crystals.
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case suggested that the molecular planes were parallel to the
substrates, resembling the~100! plane in~Pe!2ClO4 and the
~010! plane in~TTF!~TCNQ!. However, these overlayers are
substantially reconstructed from their ‘‘native’’ forms, given
the difference between the crystallographic constants and
those determined by the AFM and STM~Fig. 8!. Further-
more, the lattice constants of the energy-minimized layer
structures also differed substantially from their native bulk
forms. The intralayer interactions are primarily van der
Waals in nature, with additional contributions from ion-ion
interactions~the latter were disregarded in our calculations
because parallel studies have indicated that their contribution
was minimal due to their long-range nature!. The calculated
values given in Table II indicate that the intralayer elastic
constants of the~Pe!2ClO4 overlayer are substantially smaller
than those of the~001! b-~ET!2I3 overlayer, consistent with
weaker intralayer interactions and reduced overlayer stiff-
ness. Conversely, the calculated adsorption energy of a unit

cell of ~Pe!2ClO4 on HOPG is292.4 kcal mol21 ~at u50°!,
and the variation in this energy is 0.8 kcal mol21, both sub-
stantially higher than that calculated for the~001! b-~ET!2I3
overlayer. This is due to stronger interfacial interactions as-
sociated with the Pe molecular planes lying parallel to the
HOPG surface, which results in a greater dispersive interac-
tion per molecule. Consequently, the interfacial elastics con-
stants are substantially higher, and the energetic benefit of
coincident epitaxy outweighs the penalty associated with the
reconstruction required to achieve coincidence. However, the
absence of a completely commensurate overlayer structure
indicates that a severe reconstruction is energetically prohibi-
tive. Similar arguments support the observation of a
~TTF!~TCNQ! layer which is substantially reconstructed
from its native~010! layer structure. We surmise that strong
gold-sulfur interactions play an important role in the ob-
served orientation and in the reconstruction of a lattice which
is compressed compared to the bulk layer structure.

TABLE II. The azimuthal angle, lattice constants, adsorption energies, and variation of adsorption ener-
gies with respect to overlayer position, for molecular films based on charge-transfer salts. The experimental
values ofu, b1, b2, andb were determined by either AFM or STM.

cxx cyy czz cxx cxz

Overlayer
b1
~Å!

b2
~Å!

b
~deg!

u
~deg!

intra
~kcal mol21 Å22!

inter
~kcal mol21 Å22!

~Pe!2ClO4/HOPG
Calculated 13.2 19.2 90 9a 6.6 5.4 167 1.74 3.51
AFM 10.960.6 18.160.8 87 15
Bulk crystal ~001 layer!b 13.1 14.1 90 c

~TTF!~TCNQ!/Au~111!
Calculated 12.7 18.4 104 d 13.5 6.5 27.9 0.71 1.71
STM 11.060.3 16.560.4 104 27e

Bulk crystal ~010! layerf 12.3 18.5 104 c

~001! b-~ET!2I3/HOPG
Calculated 6.67 9.09 110 19a 80.2 36 43.5 0.61 1.17
AFM 6.360.4 8.560.4 108 18g

Bulk crystal ~001 layer! 6.61 9.1 110 19
~011! b-~ET!2I3/HOPG
Calculateda 6.65 18.6 83 17a 36 5 192 2.96 6.49
AFM 7.260.4 17.360.8 83 15
Bulk crystal ~011! layer 6.67 18.4 82 c

aThe values ofu were calculated from from analysis ofV/V0 using the lattice constantsb1, b2, and b
calculated for the energy-minimized overlayer structure~entries to the right of thisu value! using the
universal force field.
bThe bulk lattice constants actually are those reported for~Pe!2PF6 ~Ref. 34!, but these are believed to be
similar to those of the corresponding perchlorate salt.
cNo epitaxial orientation was evident from analysis ofV/V0 based on the lattice constants of the crystal plane
indicated in the entry to the left, or for any other reasonable crystal plane of the bulk crystal.
dNo epitaxial orientation was evident from analysis grown from analysis ofV/V0 based on these calculated
lattice constants of the reconstructed~010! crystal plane.
eThe value ofu527° was calculated based on the STM lattice constants. The actual azimuthal orientation
could not be determined due to experimental limitations.
fBulk crystal structure reported in Ref. 33.
gAFM measurements indicatedu values ranging from 10–19°, which is attributed to orientational disorder
and small contributions from experimental error. However, a more reliable determination ofu was achieved
by AFM performed microcrystals on the HOPG substrate grown from the overlayer, which indicated that
u518°.
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The delicate balance of these factors can be illustrated
further by our observation of a second orientation of~ET!2I3
on HOPG, for which the overlayer structure resembles a re-
constructed~011! layer fromb-~ET!2I3 @recent experiments
suggest that this layer may actually be the precursor of the
~001! orientation#. This coincident overlayer is described by
flat-lying molecules in which intralayerS-S heteroatom in-
teractions are present but thep-p overlap is absent, which
results in smaller intralayer interactions and elastic constants
compared to the~001! orientation. The calculated absorption
energy for this orientation was240 kcal mol21 ~at u50°!
and the spread of adsorption energies was 0.8 kcal mol21,
leading to larger interfacial elastic constants than those ob-
served for the~001! orientation. These factors favor recon-
struction of the native layer structure to a form that is coin-
cident, but not commensurate.

These observations reveal the factors controlling
the mode of overlayer growth. The most favorable growth
mode will be that in which coincidence is achieved by an
unreconstructed~or very slightly reconstructed! molecular
layer with strong intralayer interactions. In this configuration
the overlayer structure is at or near its energy minimum, the
surface energy is minimized because the strongest interac-
tions are within the plane of the overlayer, the intralayer
stiffness exceeds that of the overlayer-substrate interface,
and epitaxial stabilization can achieved by coincidence. If
epitaxy with such an overlayer is not possible, its large in-
tralayer elastic constant will inhibit the reconstruction re-
quired to achieve coincidence or commensurism. Under this
condition the system will likely favor the growth of epitaxial
overlayers whose structures resemble alternative bulk crystal
planes with smaller intralayer interactions and elastic con-
stants. This reduces the energetic penalty of overlayer recon-
struction necessary to achieve epitaxy by either coincidence
or commensurism. However, this can lead to growth
orientations in which the strongest intermolecular interact-
ions are perpendicular to the overlayer, as is the
case for ~Pe!2ClO4iHOPG, ~011̄!b-~ET!2I3iHOPG, and
~TTF!~TCNQ!iAu~111!. Under this condition, the elastic
constants defining the interface between layers are expected
to be large. Because the structure of a reconstructed primary
overlayer differs from its bulk native form, this can lead to
significant stresses during growth of multilayer thin films
from these primary overlayers.

CONCLUSIONS

We have demonstrated that a simple analytical function
can be used to analyze the epitaxy between molecular over-
layers and rigid ordered substrates. This method predicts
whether an overlayer is commensurate or coincident, and
predicts the azimuthal angles required for these conditions.
Comparison with total potential-energy calculations reveals
that the dependence of overlayer-substrate potential upon
azimuthal angle is reproduced byV/V0. The validity of the
analytical method is corroborated further by the good agree-
ment of V/V0 minima with the azimuthal orientations for
numerous overlayer structures observed experimentally. The
advantage of this approach is that the computation is inde-
pendent of overlayer size, which enables rapid analysis for
large basis sets and large overlayers. This is crucial for iden-
tifying coincident lattices as potential-energy calculations,
which are necessarily limited to small numbers of overlayer
unit cells due to their computational intensiveness, can yield
shallow minima that incorrectly suggest incommensurism.
The type of epitaxy and optimum azimuthal angle can be
determined in seconds on a low-cost CPU, enabling conve-
nient searching for possible reconstructed overlayer configu-
rations in which the lattice parametersa1, b2, and b are
bracketed around the native overlayer values so that slight
epitaxy-driven reconstructions can be surmised. This method
can be used to determine the likelihood of epitaxy of differ-
ent polymorphic forms of an overlayer if these polymorph
structures are known, providing some predictability of the
overlayer structure. If these overlayers serve as nuclei for
multilayers or bulk crystals, this can serve as a convenient
approach to selecting substrates for selective crystallization
of thin-film structures or crystals that tend to exhibit poly-
morphism. When combined with analysis of the elastic con-
stants for a given overlayer-substrate configuration, this pro-
vides a convenient approach for thea priori design of
heteroepitaxial molecular films and substrates for the growth
of multilayer films and bulk crystals.
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