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Efficient modeling of organic adsorbates on oxygen-intercalated graphene on Ir(111)
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Organic charge transfer complexes (CTCs) can be grown as thin films on intercalated graphene (Gr).
Deciphering their precise film morphologies requires global ab initio structure search, where configurational
sampling is computationally intractable unless we reconsider the model for the complex substrate. In this study,
we employ charged freestanding Gr to approximate an intercalated Gr/O/Ir(111) substrate, without altering
the adsoption properties of deposited molecules. We compare different methods of charging Gr and select the
most appropriate substitute model for Gr/O/Ir(111) that maintains the adsorption properties of fluorinated tetra-
cyanoquinodimethane (F,TCNQ) and tetrathiafulvalene (TTF), prototypical electron acceptor/donor molecules
in CTCs. Next, we apply our model in the Bayesian optimization structure search method and density-functional
theory to identify the stable structures of F,TCNQ and TTF on supported Gr. We find that both molecules
physisorb to Gr in various configurations. The narrow range of adsorption energies indicates that the molecules
may diffuse easily on the surface and molecule-molecule interactions likely have a central role in film formation.
Our study shows that complex intercalated substrates may be approximated with charged freestanding Gr, which

can facilitate exhaustive structure search of CTCs.

DOLI: 10.1103/PhysRevB.105.195304

I. INTRODUCTION

Organic charge transfer complexes (CTCs), formed by
electron acceptor and donor molecules, exhibit fascinating
electronic properties, such as superconductivity [1] and charge
density waves [2]. Their study has expanded from bulk crys-
tals to organic thin films, which are typically grown on metal
substrates [3,4]. However, hybridization of the molecular elec-
tronic states with the metal can interfere with their electronic
properties. CTCs have therefore been grown on electronically
decoupled graphene (Gr) [5], which can be obtained by inter-
calating a third species between Gr and metal as exemplified
by atomic O and Ir(111) [6-11].

Fluorinated tetracyanoquinodimethane (F4,TCNQ) and
tetrathiafulvalene (TTF) (electron acceptor and donor, respec-
tively) are prototypical organic molecules in CTCs [12-15].
On Gr/O/Ir(111) they self-assemble in different structural
phases, which have been observed in microscopy images [15].
Precise knowledge of film morphologies can help in opti-
mizing the properties of CTCs, and this can be acquired via
global structure search using simulations. Detecting the struc-
tures requires thorough exploration of the large phase space
of different molecular configurations. To accurately describe
dispersive bonding between the molecules and the surface,
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adsorption energies must be calculated with ab initio meth-
ods, such as density functional theory (DFT) [16,17]. This
makes extensive sampling of different configurations very
costly.

Recently, new machine learning methods have facilitated
global ab initio structure search by reducing the amount
of required energy calculations. For example, Bayesian in-
ference [18] has been applied with DFT to resolve the
structure of single-molecule adsorbates [19-23] and molecule
pairs [24] on metals. Modeling configurations of multi-
ple molecules requires a sizable surface area, and this
combined with the complex intercalated substrate results
in computationally expensive models. The substrate struc-
ture must therefore be approximated for efficient energy
sampling, which can then be carried out with machine learn-
ing tools such as Bayesian Optimization Structure Search
(BOSS) [22,23,25-27]. BOSS builds a surrogate model of the
adsorption energy surface (AES) and utilizes uncertainty of
the model for efficient exploration of the phase space.

Our objective is to build an approximate model of
Gr/O/Ir(111) using isolated Gr. We introduce charge in free-
standing Gr to mimic the doping of the Gr layer in intercalated
Gr/O/Ir(111). We evaluate the accuracy of different models
of charged Gr by checking how closely the approximated
model reproduces the results of the full substrate. The ap-
proximated substrate can then be used in further adsorption
studies. Here, we employ the approximate model to identify
the stable adsorbate structures of F,TCNQ and TTF using
the BOSS method. We analyze the electronic structure of the
found configurations to study their charge transfer properties
and extent of electronic coupling to the substrate. We focus
on low-energy configurations, which are the best candidate
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structures to be used as building blocks in studying the forma-
tion of CTC monolayers.

In Sec. II, we first introduce the computational methods
and models, and the adsorbate structure search with BOSS. In
Sec. III A 1, we study the extent of electronic decoupling of
Gr as a function of intercalated O coverage. Different approx-
imate models of Gr/O/Ir(111) are compared in Sec. IIT A 2
for adsorbed F4,TCNQ and TTF molecules. In Sec. Il B 1, we
identify stable structures of the molecules on the supported
Gr model and study their electronic structure. We compare
our structures to previous studies in Sec. III B 2, discuss our
findings in Sec. IV, and conclude our study in Sec. V.

II. METHODS
A. Density-functional theory calculations

We use DFT [16,17] for all energy calculations and
atomic structure relaxations. We employ the all-electron, nu-
meric atom-centered orbital code FHI-AIMS [31-33] with the
Perdew-Burke-Ernzerhof (PBE) [34] exchange-correlation
functional. To model dispersive interactions for the com-
plex organic-inorganic Gr/O/Ir(111) substrate and molecular
adsorbates, we default to the standard Tkatchenko-Scheffler
method [35] of applying van der Waals (vdW) corrections to
the PBE functional.

We have used light real-space grid settings with tier-
1 basis sets and a I'-centered 2 x 2 x 1 k-point mesh
for our Gr/O/Ir(111) supercell models and the adsorption
of F,TCNQ and TTF in global minimum configurations
(Sec. IIT' A). The local minima structures (Sec. III B)
are recomputed with tight grids using tier-2 basis sets for
more precise energetics. The projected density of states
(pDOS) calculations employ a 8 x 8 x 1 k-point mesh for
Gr and 4 x 4 x 1 mesh for the adsorbed molecules. In the
self-consistency cycle, the total energy is converged below
107% eV and the structures are relaxed below a maximum
force component of 1072 eV /A. We employ Gaussian broad-
ening of 0.1 eV for the electronic states and relativistic
corrections with the zero-order regular approximation [36],
and we use a dipole correction in the surface slab calcula-
tions [37]. Spin polarization is expected to have a negligible
effect on the studied structures [38] so the calculations are
performed spin unpolarized.

The Ir(111) substrate is modeled with a slab of three atomic
layers using a lattice constant of 3.847 A, which we ob-
tained from relaxed bulk Ir calculations, in agreement with
Refs. [39,40]. We relax the top two layers, which reduces
their separation by Adj; = —2.1% and Adp; = —2.0%. The
calculated top-layer contraction is in good agreement with
Refs. [41,42], while the second-layer contraction Ad3 is
slightly larger compared to reference studies with small su-
percells and thicker slabs. We separate the periodic Ir(111)
slabs by ca. 50 A of vacuum.

For Gr, we obtain a relaxed lattice constant of 2.465 A
in agreement with previous studies [43,44]. The commensu-
rate size of a Gr/Ir(111) supercell would be 10.32 x 10.32
Gr/9.32 x 9.32 Ir, acquired from the experimental Moiré
pattern [45]. In this study, we employ 10 x 10 Gr/9 x 9 Ir
and 11 x 11 Gr/10 x 10 Ir supercell models with different

coverages of intercalated O. In these models, the periodic im-
ages of adsorbed F,TCNQ and TTF molecules are separated
laterally by over 15 A and thus have negligible mutual interac-
tion. We fix the Ir lattice constant to its bulk value and adjust
the Gr lattice to the Ir supercell. This results in minimal strain
(+0.7 and —0.3%) for 10 x 10 and 11 x 11 Gr, respectively,
with compression (stretching) denoted by positive (negative)
signs. These supercell models provide periodic systems with
nominal strain and allow studying varying coverages of inter-
calated O without edge defects.

The intercalating O atoms are placed at the hollow FCC
sites of the Ir(111) surface, which are the most stable ad-
sorption sites of atomic O [46]. With 0.11, 0.33, and 0.67 O
monolayers (ML) coverages, we obtain defect-free periodic
structures using the 9 x 9 Ir(111) supercell (cell dimensions
a=b=24.48, c =63.33 A) as shown in Fig. 1. With the
10 x 10 Ir(111) supercell (a = b = 27.20, ¢ = 63.33 A), we
can model 0.5 ML O coverage, which is the saturated cover-
age in experiments [10,47].

B. Adsorbate structure identification

We use the recently developed BOSS method [22,23,25—
27] to identify the stable adsorbate structures of F4,TCNQ
and TTF on Gr (Fig. 2). We combine BOSS with DFT
for accurate sampling of adsorption energies, with the same
computational approach as before. To reduce the degrees of
freedom and explore molecular packing, we treat the stable
aromatic molecules as rigid building blocks (BBs) [49]. These
molecules are strongly conjugated and known to maintain
their shape upon adsorption, so they are well approximated
with rigid BBs. The AES is then expressed in a configura-
tional space of BB translations and rotations. Flat aromatic
molecules typically adsorb flat on Gr via dispersive bonding.
We therefore exclude the degrees of freedom related to molec-
ular tilting and adsorption height.

We construct the AES in three dimensions (3D) as a func-
tion of the diffusion of the molecule on the surface (x-y) and
its in-plane rotation (y axis perpendicular to the surface). With
reduced search dimensions, we can converge the model with
fewer energy calculations without compromising its accuracy.
The search is carried out within the Gr unit cell (x, y) € [0, 1]
(fractional unit-cell coordinates) and in-plane orientation an-
gles y € [0, 180]°, which corresponds to a full period due to
molecule symmetry. The adsorption energy is calculated as
Eags = Evot — (Egr + Emol), in which Ey is the total energy
of Gr with the adsorbed molecule, Eg; is the energy of clean
isolated Gr, and E ) is the energy of an isolated F,TCNQ or
TTF molecule.

Model refinement is carried out until the lowest energy
minima have converged [23,26]. We inspect stable structures
only in a range of ~ 25 meV, which corresponds to the thermal
energy at room temperature (Et), and will include the most
probable candidate structures for monolayer self-assembly.
We consider the adsorbates in their ranking order in terms of
the adsorption energy relative to the global minimum (AER).
The identified stable structures are refined with full relaxation
in DFT using tight settings, in which we remove the BB ap-
proximation and allow motion of all atoms according to their
interatomic forces. We verify the accuracy of our approximate
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0.11 ML

FIG. 1. Gr/O/Ir(111) supercell models with O coverages from 0.11 to 0.67 monolayers (ML).

model of supported Gr by relaxing the structures on the full
Gr/O/Ir(111) substrate using light settings.

III. RESULTS

A. Modeling electronically decoupled Gr

For the structure search of adsorbate configurations of
F,TCNQ and TTF on Gr/O/Ir(111), we first build a model
of the entire substrate. We then explore ways to omit the sup-
porting O/Ir structure while retaining an accurate description
of adsorption on Gr.

1. Electronic decoupling of Gr from Ir(111) via O intercalation

Gr binds to Ir(111) mainly via physisorption, but pre-
vious studies have also demonstrated local covalent bond-
ing [47,48]. The hybridization of the electronic states and
the corrugation of Gr due to the Gr/Ir(111) lattice mismatch
deform the Dirac cone in the pDOS of Gr [Fig. 3(a)]. In elec-
tronically decoupled Gr, we expect to see its electronic and
structural properties restored, that is, an undeformed Dirac
cone and reduced structural corrugation.

Introducing O atoms in between Ir and Gr (known as
intercalation) both passivates the Ir surface and physically
displaces the Gr layer away from the metal substrate. This
results in electronic decoupling of Gr, which we observe in
the pDOS of Gr [Fig. 3(a)], with an undeformed Dirac cone
at O coverages of 0.33 ML and above. This indicates that
Gr is electronically decoupled already at low O coverages.
Intercalation induces p-doping in Gr, which shifts the Dirac
cone towards positive energies, in the range [+0.6, +0.7] eV
with coverages [0.33, 1] ML (Table I).

We observe a decrease in Gr corrugation with increasing O
coverage [Fig. 3(b) and Table I]. The corrugation is minimal

FIG. 2. Most stable structures of (a) F,TCNQ and (b) TTF on
Gr [28-30]. Search for all stable configurations is performed within
the Gr unit cell (red) with respect to the translation of the molecule
on the surface (x-y) and its in-plane rotation (y ). The high-symmetry
adsorption sites on Gr are hollow (%), bridge (), and top (¢).

(Adg: < 0.1 A) for O coverages of 0.33 ML and higher,
which indicates electronic decoupling already at low O cover-
ages, in agreement with our pDOS observations. Intercalation
increases the separation between Gr and the Ir surface in
the range [3.47, 4.26] A with O coverages [0, 1] ML. These
findings are in agreement with previous studies [8,9,47,48].
We also investigated how O intercalation affects the charge
of Gr by analyzing the Mulliken partial charges [50]. In nonin-
tercalated Gr/Ir(111), Gr is p-doped by +0.004 e (elementary
charge, e = |e™|) per C atom (Table I). Intercalated O atoms
draw electrons from the Ir surface and the Gr layer, increasing
the doping of Gr to 4-0.012 e with 1 ML O coverage. For the
experimental saturated coverage of 0.5 ML [10,47], the Gr
charge amounts to 40.008 e per C atom, which we employ in
the following section with manually charged freestanding Gr.

2. Approximate model of intercalated Gr

When approximating the substrate, it is important that
the description of molecular adsorption on it is well pre-
served. We analyze the adsorption properties of F,TCNQ
and TTF on Gr/O/Ir(111) (0.5 ML O coverage) using the
most stable adsorbate structures (Fig. 2) identified in previous
studies [28-30,51-53], and we relax the structures (Sec. III B)
with tight calculation settings. We establish an approximate
model of the substrate by studying the adsorption with dif-
ferent models of freestanding Gr and compare them against
Gr/O/Ir(111). Via this comparison, we identify the closest
approximation to the Gr/O/Ir(111) substrate.

We first analyze the molecules on Gr/O/Ir(111) in terms
of their adsorption energy and geometry, the pDOS, and
the charge distribution using the Mulliken analysis of partial
charges. For the global minimum configurations of F;,TCNQ
and TTF, we obtain adsorption energies of —1.878 and
—1.528 eV, respectively (Table II). Both molecules adsorb at

TABLE 1. Gr/O/Ir(111) structures with different O coverages
(6o), showing the shift of the Dirac cone (o) in the pDOS of Gr,
the height of Gr from the Ir surface (dg,—1), the corrugation of Gr
(Adg;), and the average charge per C atom in Gr (g¢).

o (ML) o (eV) derar (A) Adg, (A) qc (€)

0 0 3.47 0.33 +0.004
0.11 ca. +0.5 3.69 0.26 +0.004
0.33 +0.62 4.01 0.05 +0.007
0.5 +0.60 4.08 0.03 +0.008
0.67 +0.68 4.14 0.08 +0.010
1 +0.69 4.26 0.09 +0.012
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FIG. 3. (a) Projected DOS of C p orbitals in Gr with varying O coverages. (b) Height of Gr from the Ir surface (dg,—1;) as a function of O
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originate from previous studies [8,9,47,48].

a similar height from Gr, ca. 3.3 A. F,TCNQ adsorbs nearly
flat (Adno = 0.05 A) while TTF bends, such that its end H
atoms are 0.26 A closer to Gr compared to the center of the
molecule. The adsorbed molecules cause indentation in Gr at
the adsorption site, which increases layer corrugation from
0.03 A (clean Gr) to ca. 0.1 A.

The pDOSs of F4TCNQ [Fig. 4(b)] and TTF [Fig. 4(c)]
show that, for both molecules, the electronic structure resem-
bles that of an isolated molecule. Molecular pDOS contains
narrow electronic states that indicate physisorption to Gr. In
the partial charge distribution, we observe that F,TCNQ gains
0.3 e and TTF donates 0.4 e, as expected for electron acceptors
and donors. The charge on Gr changes by the same amount (in
comparison to clean Gr), which demonstrates that the transfer
occurs mainly between Gr and the molecules. These findings
suggest that the underlying O/Ir(111) structure has minimal
effect on the adsorption properties of Gr. We therefore proceed
to approximate the substrate using only freestanding Gr with

a manually set partial charge that corresponds to the positive
doping of Grin Gr/O/Ir(111) (+1.9 e charge per 11 x 11 Gr).

We employ two different approaches, in which we ap-
proximate p-doped Gr by (i) setting the total charge of the
system (model Q), and (ii) modifying the electronic structure
of C species in Gr with fractionally occupied valence states
(2p"%2, model gc) [54-56]. For fractional occupation, we
constrain the charge (4-0.008 e per C atom) to the Gr layer,
while model Q introduces charge to the whole system, includ-
ing the adsorbed molecule. We model the Gr layer as perfectly
flat, which provides a good approximation of the minimally
corrugated electronically decoupled Gr [Table I and Fig. 3(b)]
and allows us to perform an adsorbate structure search within
the periodic Gr unit cell [Fig. 2(b)]. The accuracy of the
models is evaluated by comparing the adsorption properties
of F,TCNQ and TTF on the two charged models (Q and gc)
and on neutral freestanding Gr (Qy) against the Gr/O/Ir(111)
substrate.

TABLE II. Adsorption properties of F;TCNQ and TTF on Gr/O/Ir(111) and on three different models of freestanding Gr: neutral (Qy),
charged system (Q), and modified C species of Gr (gc). The table shows the adsorption energy (E,qs), the adsorption height of the molecule
(dmol-Gr)» the bending of the molecule (Ad,,,), the corrugation of Gr (Adg,), the molecule charge (guo01), and the Gr charge (g, ). Difference

from Gr/O/Ir(111) is shown in parentheses (%).

F,TCNQ Eqs (V) dmorcr (A) Adpor (A) Adg, (A) Gmor (€) qar (€)
Gr/O/Ir(111) —1.878 3.25 0.05 0.11 —-0.3 +2.1

Qo —1.795 (+4) 3.20(-2) 0.06 (+22) 0.20 (+83) —0.4 (-33) +0.4 (—81)
(0] —1.619 (+14) 3.19 (=2) 0.09 (+93) 0.19 (+79) —0.1 (+59) +2.0 (—4)
qc —1.780 (+5) 3.19 (-2) 0.05 (+12) 0.20 (+83) —0.3(—19) +2.2 (+7)
TTF

Gr/O/Ir(111) —1.528 3.31 0.26 0.12 +0.4 +1.5

Qo —1.174 (+23) 3.27(-1) 0.30 (+12) 0.15 (4+29) +0.1 (—69) —0.1 (—109)
[0 —1.598 (—5) 3.33 (+1) 0.12 (—55) 0.16 (435) +0.6 (+42) +1.2 (—16)
qc —1.335 (+13) 3.26 (—2) 0.23 (—15) 0.20 (4+69) +0.4 (—8) +1.5(—1)
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FIG. 4. (a) Projected DOS (pDOS) of C p orbitals in clean Gr (without adsorbed molecules), comparing the Gr/O/Ir(111) substrate (0.5
ML O coverage) to freestanding charge-neutral Gr (Qp), Gr with manually set total system charge (Q), and charged C species (gc). (b) pDOS
of F,TCNQ in different charged systems, and (c) pDOS of TTF. For direct comparison, the pDOS of molecules in vacuum has been shifted by

—0.6 and 4+1.0 eV for F,TCNQ and TTF, respectively.

The adsorption energy of F,TCNQ decreases in all free-
standing Gr models, at most by 14% with the QO model
(Table IT). Conversely, for TTF, the Q model produces the best
agreement, with 5% increase in the adsorption energy. In gen-
eral, the differences in the energies are small and, considering
both molecules, the best overall agreement is obtained with
model gc.

In the pDOS of clean Gr [Fig. 4(a)], we see that the Dirac
cone is reproduced well with all approximate models. Its
shift in the charged models (Q and gc) is ca. +0.5 eV, in
close agreement with Gr/O/Ir(111) (+0.6 eV). The pDOS
of F,TCNQ [Fig. 4(b)] and TTF [Fig. 4(c)] features narrow
electronic states, similar to Gr/O/Ir(111) with all approxi-
mate models. In particular, the highest occupied and lowest
unoccupied molecular orbitals (HOMO and LUMO, respec-
tively) near the Fermi level are identical in all models and
independent of the charging method.

The partial charges of the molecules show that, without
introducing any positive charge in the system (model Qy), the
charges are overly negative (F,TCNQ) or not positive enough
(TTF). Conversely, for charged systems (model Q), F,TCNQ
is not negative enough and TTF is overly positive. The best ap-
proximation for molecular partial charges is clearly obtained
with model gc, in which the charges differ from Gr/O/Ir(111)
by less than 0.1 e. The charge of Gr is well approximated with
both charged models (Q and g¢), within 16%.

Overall, the differences between approximate models are
small for the adsorption energies and heights of the molecules.
The corrugation of Gr increases in all models with unsup-
ported Gr as expected. By setting the total charge of the
system (model Q), the adsorption geometry of the molecules
(flat F, TCNQ, bent TTF) and their partial charges are poorly
approximated. Also neutral Gr (model Q) fails to repro-
duce the correct charges, for both the molecules and the Gr.
Considering all analyzed properties for both molecules, we

conclude that the closest approximation to Gr/O/Ir(111) is
obtained with model gc. Hereafter, we refer to this model
as “supported Gr” and employ it in the following Sec. III B
to identify the stable structures of F,TCNQ and TTF on
Gr/O/Ir(111).

B. Candidate structures of F;TCNQ and TTF
for monolayer assembly

1. F4,TCNQ and TTF on supported Gr model

We identify the stable structures of F,TCNQ and TTF
on a supported Gr model using the BOSS method. The Gr
layer and the adsorbed molecule structures are considered to
be BBs. The Gr layer features an 11 x 11 unit cell (242 C
atoms), charged via fractional occupation of C valence states
(model g¢ in the previous section). For the molecular BBs,
we normalize the bond lengths and angles to their average
values, so that we can utilize molecular symmetry for the
in-plane rotation (y) (Fig. 2). TTF bends when adsorbed on
Gr (Adpo = 0.23 A), such that the H atoms at both ends of
the molecule are ca. 0.2 A closer to the surface compared to
the center of the molecule (Table II). This minimum configu-
ration is adopted as a BB in our structure search. Bending of
F4TCNQ on Gr is below 0.1 A and we employ a flat molecule
as a BB.

We build the surrogate AES models for both molecules
in 3D as a function of their translation on the sur-
face (x-y, within the Gr unit cell) and in-plane ro-
tation (y, full period) (Fig. 2). The height of the
molecules from Gr is fixed to dpsg = 3.3 A and
drtrgr = 3.4 A. The adsorption energies are sampled with
DFT and the surrogate models are converged with 500 energy
acquisitions each. The calculation data are available in the
NOMAD [57] and Zenodo [58] repositories.
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We denote the stable structures according to their adsorp-
tion site and orientation on Gr (Fig. 2). The first letter is
the high-symmetry adsorption site [hollow (h), bridge (b),
or top (¢)], given with respect to the center of the molecule.
Configurations where one of the C atoms of the molecule is
located at the top site of Gr (i.e., C atoms aligned) are denoted
with the first letter being C. The second letter is the orientation
of the molecule (x, y) with respect to its long symmetry axis.

We extract the stable configurations of F4,TCNQ and TTF
from the AES minima and refine them with full relaxation by
removing the BB approximation. We identify two low-energy
adsorbates for F4TCNQ. The global minimum structure is
by with E,ys = —1.732 eV. We find another structure hx
with AER = +35 meV above the global minimum (E,gs =
—1.696 eV). This is already above Et, so we do not analyze
higher-energy structures. vdW interactions contribute 90%
to the adsorption energy, indicating dispersive bonding. The
adsorption height of F;,TCNQ is 3.22 A in both configurations
and the adsorbed molecules are nearly flat (Adpq < 0.05 A).
Charge transfer from Gr to F4TCNQ is 0.5 e, which is ex-
pected considering its high electron affinity (2.8 eV [59,60]).
The pDOSs of the molecule exhibit narrow energy states,
similar to isolated molecules, which indicates that F4,TCNQ
physisorbs to Gr in both identified structures.

For TTF, we detect two structures, bx and Cy, that compete
for the global minimum with nearly equal energies (within
2 meV). The lowest energy is given by configuration bx with
E.s = —1.163 eV and the structure Cy has E,q = —1.161 eV.
Both configurations exhibit similar adsorption heights (3.25
and 3.33 A for bx and Cy, respectively) and molecular bending
(0.27 and 0.33 10\). These values correspond closely to the
bending of the initial BB geometry (0.2 A) and thus justify
the approximation. Similar to F4TCNQ, both TTF structures
are physisorbed to Gr. We observe a charge transfer of 0.3 e
from TTF to Gr, as expected for an electron donor.

For both F4TCNQ and TTF, we also identify variants
of the high-symmetry configurations near the corresponding
AES minima. These structures have almost equal energies
(within 10 meV) compared to their high-symmetry coun-
terparts and feature small rotations (less than 10°) and
shifts from the high-symmetry adsorption sites. These are
likely artifacts that originate from energy fluctuations in the
broad AES minima and we do not report them as separate
configurations.

2. Comparison of adsorbate solutions across studies

Lastly, we compare our findings to previous studies of
F,TCNQ and TTF adsorption on Gr. In other works, the
molecules were simulated on freestanding Gr only, in contrast
to our study. Stable adsorbate structures were identified by
relaxing the molecules above three high-symmetry adsorption
sites [hollow (h), bridge (b), and top (¢), Fig. 2] in two molec-
ular orientations, x and y. All six configurations were found to
be local minima for both F, TCNQ [28,29] and TTF [30], with
global minimum structures by and bx, respectively. Previous
studies have applied a level of theory (PBE + vdW) similar to
ours so we expect the potential difference to be indicative of
substrate effects and not DFT artifacts.

TABLE III. Stable structures of F;TCNQ and TTF on Gr, show-
ing the adsorption energies of the molecular building blocks (Eg),
the relaxed structures (£R), and the energies of the relaxed structures
relative to the global minimum (AEy). Configurations included in
the AES model are highlighted in boldface.

F,TCNQ Eg (eV) Ex (eV) AEg (eV)
by ~1.706 —-1.732 0

hx —1.662 —1.696 +0.035
1x —1.606 —1.659 +0.072
hy —1.587 ~1.636 +0.095
TTF

bx —1.122 ~1.163 0
Cy —1.123 ~1.161 +0.002
hy —1.114 —1.149 +0.014
hx —1.104 —1.144 +0.018

In the previous section, we detected two low-energy
structures for both molecules. To verify that we have not over-
looked any low-energy configurations, we consider structures
from previous studies and relax them on the supported Gr
model. For F,TCNQ, we find that our identified structures
by and hx are still the lowest in energy. The next structures
in energy ranking are #x and hy, which are clearly above the
global minimum by AER + 72 and 495 meV, respectively
[Figs. 5(a) and 6(a), and Table III]. These structures are well
above E1 (25 meV), so we do not consider them further.

We discover that our TTF structures bx and the previously
unreported structure Cy have the lowest energies out of all
adsorbates. The next structures in ranking are Ay and hx with
AER + 14 and +18 meV, respectively [Figs. 5(b) and 6(b),
and Table IIT]. Compared to F, TCNQ, the range of TTF adsor-
bate energies is much smaller and all four structures are within
Er. After these, the next structure in ranking is by (not shown
here) with AER + 41 meV, which is beyond our consideration
for candidate structures for film formation. Both F, TCNQ and
TTF physisorb to Gr in all studied configurations, shown by
the narrow energy states in their pDOSs (Fig. 7).

To further investigate the ranking of structures and whether
the new TTF configuration Cy originates from our different
model (supported Gr) or different methodology (global AES
exploration), we rerelax all our local minima structures on
freestanding Gr. For F, TCNQ, adsorption energies and rank-
ing of structures are similar on both substrates; the global
minimum structure by (E,gs = —1.751 eV on freestanding Gr)
is the same as on the supported Gr model, in agreement with
previous studies [28,29,52,53]. For TTF, we obtain the same
global minimum structure bx (E,qs = —1.049 eV) on both
substrates, which corresponds to previous studies [30,51,53].
The structure Cy remains stable also on freestanding Gr,
with energy nearly identical to the global minimum (AER =
+4 meV).

We also verify the accuracy of the substrate approximation
by relaxing the adsorbates on the full Gr/O/Ir(111) substrate.
We observe only negligible differences in the relative adsorp-
tion energies (below 10 meV, Fig. 6). The ranking of the
structures remains unchanged between the approximated and
the full Gr/O/Ir(111) substrate (excluding a single change

195304-6



EFFICIENT MODELING OF ORGANIC ADSORBATES ON ...

PHYSICAL REVIEW B 105, 195304 (2022)

(@)

AEg (meV)

(b) bx Cy

0 +2

hy

+72 +95

+14

FIG. 5. Stable structures of (a) Fs,TCNQ and (b) TTF and their adsorption energies relative to the global minimum (AEy). Configurations
included in the AES model (low-energy structures) are highlighted in red.

between two TTF configurations with nearly identical ener-
gies). This shows that the approximate model is viable for
describing the adsorption of F,TCNQ and TTF on supported
Gr.

IV. DISCUSSION

By studying different coverages of intercalated O in
Gr/O/Ir(111), we established that intercalation electronically
decouples the states of graphene from the Ir(111) surface from

(CONEPY E— (b) £
h 0.025- .....................................
EEEEER y ..hx
0.10 o wennas hy
0.020 1
0.081
d mnneri| g 0015
> 0.06 1 =
% % 0.010
0.041 QX . (TTLLTL]
Er — DX
0.02 0.005 1
0.00 by 0.000 Cy
BB RELA REL¢ BB RELA REL¢

FIG. 6. Relative adsorption energy (AEg) of (a) F4,TCNQ and
(b) TTE, given as the difference from the global energy minimum.
Shown are the AEr of molecular building blocks (BB) and re-
laxed structures on the approximated substrate (REL,), and relaxed
structures on the full Gr/O/Ir(111) substrate (RELg). Configurations
included (excluded) in the AES model are shown with solid (dotted)
lines. The energy ranges of different structures are 0.12 and 0.024 eV
for F,TCNQ and TTF, respectively. Thermal energy at room temper-
ature (Et ~ 25 meV) is indicated with a black dotted line.

0.3 ML coverage onwards. We note that the corrugation of Gr
with 0.5 ML O coverage is smaller than previously reported
by Jolie et al. [47], which is likely due to nominal stretching of
Gr (strain —0.3%) in the 10 x 10 Ir supercell. We recommend
this model size for further studies instead of 9 x 9 Ir, where
compressive strain increases Gr corrugation.

Our model of supported Gr provides a good description of
molecular adsorption of F4TCNQ and TTF on Gr/O/Ir(111)
with respect to the adsorption energies, geometries, partial

(a) 304 Vac. == hx = hy
— by — tx
3
8 204
Q.
z
101
0
=5 -4 -3 -2 -1 0 1 2 3 4 5
Energy (eV), Er=0
(b)
Vac. = Cy = hx
20 — bx — hy
8 15
a
o
< 10
=
] /\/\/\/\j\ /\
04
-5 -4 -3 -2 -1 0 1 2 3 4 5

Energy (eV), Er=0

FIG. 7. PDOS of (a) F;,TCNQ and (b) TTF molecules in the
stable structures. For direct comparison, the pDOS of molecules in
vacuum has been shifted by —0.7 and 0.6 eV for F,TCNQ and TTF,
respectively.
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charges, and pDOS. For charge-neutral Gr (model Qy), the
partial charges of the molecules and the Gr layer are poorly
approximated, which may affect molecular assembly in film
formation. By omitting the Ir substrate and the intercalated O
(in total 350 atoms) and applying their induced charge to Gr
by altering the occupation of C 2p states from 2 to 1.992 in the
basis set representation, we reduced the energy computation
time to 1% compared to the full substrate. This facilitates
quick sampling of different molecular configurations and sig-
nificantly speeds up AES exploration. Our approach can also
be used for other materials to approximate computationally
expensive substrates for molecular adsorption.

We found that F,TCNQ and TTF physisorb on Gr in sev-
eral different configurations. Refining the structures with full
relaxation resulted in only minimal changes in their adsorp-
tion energy [on average —0.04 eV (Fig. 6 and Table III)],
which shows that the BB approximation is valid for these
molecules. Overall, the relaxation did not affect the ranking
of the structures, excluding the two TTF configurations that
compete for the global minimum [Fig. 6(b)]. Further checks
with the full Gr/O/Ir(111) substrate confirmed that the ap-
proximate substrate model correctly accounts for adsorption.

Considering candidate structures for film formation, two
F,TCNQ structures with the lowest energies (within 35 meV)
may be employed as building blocks to study monolayer self-
assembly. For TTF, the structures are nearly indistinguishable
by energy, implying that the molecule diffuses freely at room
temperature. Therefore, we have no well-defined TTF adsor-
bates (neither by binding site nor orientation). In monolayer
formation, it may be expected that F;,TCNQ binds to the sur-
face while TTF is arranged around other molecules according
to electrostatic interactions. This suggests that the structure
and the stability of F,TCNQ/TTF CTCs are mostly governed
by molecule-molecule interactions.

Our identifed minimum-energy structures of F,TCNQ and
TTF are in agreement with literature reports. The previously
unreported TTF structure Cy is stable on both supported and
freestanding Gr, so its discovery can be attributed to thor-
ough investigation of low-energy adsorbates with the BOSS
method. This highlights the importance of smart sampling
in structure search and how less obvious structures can be
missed with the traditional approach of investigating only
high-symmetry configurations.

The number of energy calculations required to infer local
minima with BOSS is small compared to other methods of
AES exploration, such as grid search. In this study, the number
of calculations needed to construct the 3D AES (500 points
per molecule) is only 6% of computing a grid with sufficient
point density to reliably detect all local minima (ca. 20 points
per dimension).

V. CONCLUSION

In this study, we present an approximate model of the
Gr/O/Ir(111) substrate using unsupported Gr with manually
doped C species. We applied the model to identify the stable
adsorbate structures of F4,TCNQ and TTF on supported Gr
using the BOSS active learning approach. The detected adsor-
bate structures at the approximate substrate match those on
the full substrate, but at only 1% of the total computational
cost. The presented method can also be applied with other
intercalated substrates and organic adsorbates.

Both molecules physisorb to Gr, but we expect only
F4TCNQ to have discrete adsorption configurations. In mono-
layer assembly, TTF may arrange freely via intermolecular
interactions and we estimate electronically decoupled Gr to
have little effect on film morphologies.

The established model of supported Gr is computationally
affordable and facilitates ab initio energy sampling with large
supercell models. Combined with BOSS, the model enables
global structure search of CTC configurations using multiple
molecules. The acquired knowledge can help in verifying
the precise structural phases of CTCs observed in experi-
ments [15].
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