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ABSTRACT

Graphynes can be structurally envisioned as 2D extensions to graphene, whereby linearly bonded carbon linkages increase the distance
between trigonal carbon nodes. Many graphynes have been predicted to exhibit a Dirac-like semimetallic (SEM) graphenic electronic struc-
ture, which could potentially make them competitive with graphene for applications. Currently, most graphynes remain as attractive synthetic
targets, and their properties are still unconfirmed. Here, we demonstrate that the electronic structure of hexagonal a-graphyne is analogous
to that of biaxially strained graphene. By comparison with accurate quantum Monte Carlo results on strained graphene, we show that the
relative energetic stability of electronic states in this correlated 2D system can be captured by density functional theory (DFT) calculations
using carefully tailored hybrid functionals. Our tuned hybrid DFT approach confirms that a-graphyne has a low energy correlated Mott-like
antiferromagnetic insulating (AFI) state, which competes with the SEM state. Our work shows that the AFI-SEM crossover in a-graphyne
could be tunable by in-plane biaxial strain. Applying our approach to other graphynes shows that they should also exhibit correlated AFI
states, which could be dominant even at zero strain. Calculations using an onsite Coulombic repulsive term (i.e., DFT + U) also confirm
the predictions of our hybrid DFT calculations. Overall, our work strongly suggests that graphynes are not as graphenic (i.e., Dirac-like) as
often previously predicted by DFT calculations using standard generalized gradient approximation functionals. However, due to the greater
electronic versatility (e.g., tunable semiconducting bandgaps and accessible spin polarized states) implied by our study, graphynes could have
novel device applications that are complementary to those of graphene.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0125637

INTRODUCTION

Structurally, graphynes can be regarded as 2D extensions of
graphene in which linearly linked sp-hybridized carbon centers
have been periodically inserted between selected neighboring sp
carbon centers of the graphenic sheet." Although most graphynes
are yet to be experimentally realized, they have been widely pro-
posed as a promising new class of versatile 2D materials for a
range of applications.”” In particular, numerous graphynes have
been predicted to possess band structures with Dirac cones near the
Fermi level, potentially allowing for a new range of electronically
versatile and high-mobility graphene-like materials.” * Symmetri-
cally expanding graphene’s hexagonal lattice with a linear acetylenic
(-C=C-) bridge between all carbon atoms gives rise to a-graphyne.

The distance between carbon centers in graphene can also be sym-
metrically extended by in-plane biaxial strain. In both biaxially
strained graphene and chemically extended a-graphyne, the inter-
action between trigonal sp® carbon nodes in graphene is dimin-
ished, thus decreasing the tendency for electronic delocalization. For
graphene, many-body quantum Monte Carlo (QMC) calculations
have shown that in-plane biaxial strain destabilizes its high mobil-
ity semimetallic (SEM) character while inducing the appearance of
gapped solutions [e.g., correlated Mott-like antiferromagnetic insu-
lator (AFI) and topological dimerized states].”'’ Using these results
as a reference, we use carefully tuned hybrid density functional the-
ory (DFT) calculations to assess to what extent chemically expanded
graphenes (i.e., graphynes) mimic the behavior of mechanically
expanded graphene. Our study provides evidence that the gapless
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Dirac-like SEM character of a-graphyne is highly susceptible to elec-
tron localization and the emergence of a correlated gapped AFI
state. Specifically, our results imply that the electronic structure of
unstrained a-graphyne lies close to a SEM-AFI crossover and could
be tuned to exhibit either state through modest in-plane strain.
Furthermore, we use this tuned DFT approach to more generally
confirm that correlated gapped AFI states can be more energetically
stable than graphenic SEM states for other graphynes, even when
unstrained. These results are also corroborated by DFT + U calcula-
tions. Overall, our findings strongly suggest that gapped correlated
AFI states in graphynes should be significantly easier to access than
in graphene. Correspondingly, our results imply that graphynes
could be very attractive systems for both device technologies and
fundamental studies of low dimensional correlated materials.

METHODOLOGY

For all DFT calculations employing hybrid functionals, we
used the Fritz Haber Institute ab initio materials simulation
(FHI-AIMS) package,'' which employs all-electron atom-centered
numerical basis functions for ensuring highly accurate results.'”
Specifically, we employed hybrid functionals based on the gen-
eralized gradient approximation (GGA) Perdew-Burke-Ernzerhof
(PBE)'* functional, which incorporated variable proportions of
exact Hartree-Fock exchange (HFE). We refer to this set of func-
tionals as PBE-X, where X is the percentage of HFE used. For all
these calculations, we employed a Tier 1 light basis set that provides
results of similar or higher quality to those obtained using a triple-
zeta plus polarization atomic Gaussian type orbital basis set.'* For
our comparisons with the results in Ref. 10, we employ a 3 x 3 x 1
supercell of graphene containing 24 carbon atoms and a 12 x 12 x 1
Monkhorst-Pack (MP) k-point sampling grid of reciprocal space
vectors. For a-graphyne, B-graphyne, 6-6-12-graphyne, 8-graphyne,
and p-graphyne, single unit cell calculations were employed with
suitably converged k-point sampling grids using the MP scheme.
Unstrained systems were fully optimized until forces on each atom
were less than 0.01 eV/A. For graphene and a-graphyne, the lattice
parameters were uniformly varied to induce biaxial strains between
—5% and 26%, and in each case, they were kept fixed while all inter-
nal structural degrees of freedom of the system were relaxed. We
repeated these strain calculations for all relevant electronic solutions.

Estimates of effective U and t values were derived from the
above DFT-calculated all-electron band structures and used to phys-
ically characterize the electronic state of our systems. Following
our previous work,'” we extract approximate U and ¢ values based
on considering a generalized Heisenberg model description of a
fully localized AFI system.'® Here, U = E,, where E; is the bandgap

and t can be derived from W = %, where W is the width of the
valence band and z is the number of nearest neighbors (three for
a 2D hexagonal lattice). Note that, by definition, U (and thus U/t)
is zero for gapless semimetallic states, and reported finite values
characterize AFI states. For the extraction of U and t values for
graphene, we used the primitive two atom cell with a relatively
denser 24 x 24 x 1 k-grid. Although the absolute values of extracted
effective U and t values from DFT calculations cannot be directly
compared with those used in many-body Hamiltonian models, the
electronic character of the system with respect to varying U/t should
be analogous.
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We also performed DFT + U calculations using the pure
GGA-based PBE functional in which an effective on-site Coulomb
interaction (U,y) was added to treat 2p, electrons on all carbon cen-
ters. We employed the simplified rotationally invariant DFT + U
formulation of Dudarev et al.'” as implemented in the Siesta pack-
age,'® where U, = U - ], and U and J are the intra-atomic Hubbard
on-site Coulombic interaction and the exchange integral, respec-
tively. For Hubbard projectors, slightly-excited numerical atomic
orbitals were employed with a radius set to 0.95 A. We used a double-
{ polarized basis set to expand the one-electron wave-function, while
core electrons were accounted for by means of norm-conserving
pseudopotentials. A converged MP grid of k-points to sample the
Brillouin zone was used for each system, and structures were relaxed
until the atomic forces were less than 0.01 eV/A.

RESULTS AND DISCUSSION

Comparing DFT and QMC results for biaxially
strained graphene

Graphene is an example of a half-filled 2D hexagonal lat-
tice (i.e., one “free” electron per carbon lattice node) in which the
competing tendencies of electron delocalization/localization can be
approximately described by the Hubbard model."” This approxi-
mate model uses a Hamiltonian with two parameters to capture:
(i) the Coulombic repulsion between single electrons on the same
lattice site (U) and (ii) the hopping integral between nearest neigh-
bor sites (). Solving the Hubbard model Hamiltonian on the rigid
2D hexagonal lattice yields a phase diagram exhibiting a delocal-
ized SEM solution when U/t < 3.9 and a continuous phase transition
to a Mott-like AFI solution for U/t 2 3.9.°° Using an accurate off-
lattice QMC approach, the Hubbard model has also been solved
for biaxially strained graphene.'’ These calculations reveal that with
increasing in-plane strain, dimerized insulating states appear before,
and always dominate, the AFI solution. Unlike spin-polarized AFI
states, dimerized states are closed-shell in nature, where the sp,
electrons participate in local m bonds.

Standard DFT methods based on the GGA calculations on biax-
ially strained graphene predict the emergence of dimerized solutions
at relatively high in-plane strains but do not capture the AFI solu-
tion.”’ The GGA approximation to DFT is well known to poorly
describe correlated materials; however, calculations using hybrid
functionals that incorporate a fraction of HFE can largely correct this
deficiency. The resulting hybrid DFT-based methods have become
very effective approaches to investigate the electronic structure of
different types of materials, ranging from strongly correlated tran-
sition metal oxides (e.g., cuprates,” NiO,”*”* and manganites*) to
organic radicals®® and polyradicals,” *’ with a remarkable reliabil-
ity in describing their ground states and magnetic properties. In
such studies, although the quantitative results are sensitive to the
exact percentage of HFE employed, most hybrid functionals use
between 20% and 50% HFE and provide qualitatively similar results.
In our previous work on 2D covalent organic frameworks (COFs)
based on hexagonal networks sp® carbon centers, we found that
hybrid functionals could describe both their low energy multiradical
(AFI) and quinoidal (dimerized) states.”"! By careful comparison
with available experimental data, we found that the PBE0'” hybrid
functional (25% HFE) was a good choice for accurately describing
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these correlated Mott insulating systems.”” Calculations using the
Heyd-Scuseria-Ernzerhof (HSE) functional® (a short-range scree-
ned version of PBEO) to describe biaxially strained graphene,'’”
capture both the AFI and dimerized solutions (unlike GGA). How-
ever, HSE calculations invert the stabilities of the AFI and dimerized
solution with respect to QMC calculations. Unlike the highly corre-
lated localized electrons in 2D sp*-based hexagonal COFs, the local-
ization of electrons in the AFI state of strained graphene emerges
from a low energy weakly correlated SEM state. This suggests that
functionals with a lower tendency for electron localization than HSE
may be more suitable to describe the electronic structure of strained
graphene.

In Fig. 1(a), we show the predicted relative energetic stabil-
ity of the three considered electronic solutions of graphene with
respect to biaxial strain (¢) using the hybrid PBEO functional as com-
pared with the corresponding QMC results from Ref. 10. Both sets of
QMC results predict an initial stabilization of the dimerized state at
approximately € = 8% and a subsequent stabilization of the AFI state
for € = 12%-15%. Our PBEO results confirm reported DFT results
using the HSE functional,'’ where, unlike in the QMC calculations,
the AFI solution becomes more stable than the SEM solution (at
¢ ~ 7%) before the dimerized solution starts to stabilize (¢ ~ 10%)
with increasing strain. With further increases in biaxial strain, PBEO
and HSE based DFT calculations predict a subsequent crossover in
energetic stability between the dimerized and AFI solutions, which is
not observed in the QMC calculations. In Fig. 1(a), we also include
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FIG. 1. Comparison of the energies of the AFl and dimerized (DIM) electronic
solutions with respect to the SEM solution in graphene with respect to biaxial strain
(¢) using the QMC results from Ref. 10 (from both VMC and DMC calculations) as
a reference. In (a), we compare the QVC data with results from DFT calculations
using the hybrid PBEO functional and the meta-GGA MO06-L functional, and in (b),
we compare the QMC data with results from DFT calculations using the pure-GGA
PBE functional and a tuned hybrid PBE-X functional with X = 12.5%.
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results from DFT calculations using the M06-L** meta-GGA func-
tional. Meta-GGA functionals are parameterized by also considering
the second derivative of the electron density, in addition to just the
first derivative in standard GGA functionals, and the kinetic energy
density. The M06-L calculations predict the correct order of the sta-
bilization of the dimerized and AFI solutions with respect to the
QMC results. However, the onset of the dimerized solution occurs at
an even higher strain (e » 13%) than in the PBEO calculations, with
the subsequent stabilization of the AFI solution starting very quickly
afterward (e ~ 15%). Although the latter AFI onset strain is in line
with the QMC results, the subsequent strain-dependent behavior of
the AFI solution with respect the SEM solution described by M06-L
tends to be over-stabilizing.

In Fig. 1(b), we show the results obtained from reducing the
proportion of HFE in the PBEO functional by one-half to 12.5%
(i.e., PBE-12.5). Here, as for the M06-L results, we see that the AFI
solution becomes more stable than the SEM solution at a higher
strain than that at which the dimerized solution becomes ener-
getically dominant. However, the PBE-12.5 calculations show an
improvement over the M06-L results with respect to the relatively
lower onset strain of the dimerized solution and the strain depen-
dent energetics of the AFI solution, both of which are more in
line with the QMC results. We note that a similar improvement
in the agreement between hybrid DFT and QMC can be achieved
by using 12.5% HFE in the screened HSE functional (see the
supplementary material). In Fig. 1(b), we also include the results
from pure GGA PBE calculations. Here, the onset of the dimerized
solution at a relatively high biaxial strain (¢ ~ 14%) and the AFI solu-
tion cannot be energetically stabilized relative to the SEM state (i.e.,
the system always falls into the SEM solution).

Generally, all tested DFT functionals can stabilize the dimerized
solution within a fairly consistent range of biaxial strains (11% < &
< 14%), albeit at a somewhat higher strain than predicted by QMC
calculations. This delayed onset of the dimerized solution in a DFT
treatment may indicate a mixing between dimerized and SEM solu-
tions, tending to stabilize the former. The description of the onset
strain and strain-dependent energetic stability of the AFI solution is
found to be much more sensitive to the functional employed. Over-
all, the comparative plots in Fig. 1 show that hybrid DFT calculations
with a suitable percentage of HFE can provide an electronic descrip-
tion of biaxially strained graphene that is consistent with that from
accurate calculations using many-body effective Hamiltonians. We
stress that the relative energetics of the strain dependent SEM to AFI
transition described by our PBE-12.5 calculations is in near quanti-
tative agreement with the two QMC approaches. In the following
section, we will focus on the competition between SEM and AFI
solutions in both biaxially strained graphene and a-graphyne using
DFT calculations.

Comparing the electronic structure of biaxially
strained graphene and a-graphyene

In addition to relative energetic stability, the SEM and AFI
solutions can be differentiated by their physical characteristics. For
example, unlike the delocalized SEM solution, the AFI solution
corresponds to a lattice of localized unpaired electrons with a net
absolute spin moment per sp® carbon center. This correlated spin-
localized state is stabilized by relatively high U/t ratios. In the
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Hubbard model, U and t are freely variable parameters that attempt
to capture the influence of the full quantum system on an accu-
rately described subset of electrons. DFT calculations provide a more
approximate quantum mechanical description but treat all electrons
in the system. In Figs. 2(b)-2(d), we show how the SEM and AFI
solutions in graphene vary with respect to biaxial strain and the
degree of HFE in the PBE-X functional employed for (b) relative
energy with respect to the SEM solution (E - Esgm), (c) average abso-
lute spin moment per trigonal carbon site (|{u3c)|), and (d) the U't
ratio.

In Fig. 2(b), the strain-dependent relative energy difference is
low and constant for lower strains when in the SEM solution before
reaching a strain at which it rapidly increases with further strain
increase, indicating a transition to the AFI solution. The change in
E - Esgm during the SEM-to-AFI crossover is continuous (point-
ing to mixing of the AFI solution with the SEM solution), and the
turning points in each curve occurring at ~0.2 meV/atom indicate
the crossover strain magnitude. The SEM-to-AFI crossover is more
clearly confirmed in the more stepwise behavior of |(usc)| [Fig. 2(c)]
and U/t [Fig. 2(d)]. Both these descriptors are zero in the SEM state
and abruptly show a finite value for any sign of the AFI solution.
The SEM-AFI crossover values of |{y3c)| and U/t are found to be
~0.025 and 0.5, respectively. This suggests that conjugation effects
are significant in stabilizing the system. The overall character of
the SEM-AFI crossover is not significantly changed by varying X in
the PBE-X calculations, but higher X values push the system toward
the AFI state for smaller strains, while lower X values help preserve
the SEM state with respect to the strain increase. Our tuned X value
of 12.5leads to a SEM-AFI crossover at 12%-13% biaxial strain. Note
that for pure PBE, the AFI solution only emerges at unphysically
large applied strains (i.e., close to atomic dissociation).

ARTICLE scitation.org/journalljcp

Following the same hybrid DFT based methodology, we stud-
ied how the SEM and AFI solutions for a-graphyne depend on
biaxial strain. We note that in the case of a-graphyne, localiza-
tion of all electrons in a bonded solution (analogous to a dimerized
state in graphene) would entail that a proportion of the acetylenic
linkages become cumulenic (i.e., C=C=C=C). The acetylenic link-
ages between sp? centers in graphynes are predicted to exhibit very
little resonance with the cumulenic form." Even in our PBE cal-
culations for the most delocalized SEM solution of a-graphyne,
the acetylenic linkers were characterized by typical 1.39 A C-C
single bonds and 1.23 A C=C triple bonds. We were unable to
stabilize any solution with uniform cumulenic linkages for any
strain. This can be understood as elongation induced by biaxial
strain further stabilizes localization of triple bonds [compare, for
instance, 2-butyne (1.47 A C-C and 1.21 A C=C leading to 4.15 A
between terminal C) with 1,2,3-butatriene (C'J‘:CB:Cﬁ:C'Jl with
1.32 A C*°=C* and 1.28 A CP=CP leading to 3.92 A between termi-
nal C)].*° Experimental studies on simple Cis ring structures also
show a stabilizing preference for acetylenic linkages over cumulenic
forms.”” With respect to this study, it is interesting to note that the
experimental structure of Cig can only be accurately described by
DFT when using hybrid functionals with a significant proportion of
HFE.* As such, AFI solutions are expected to be the lowest energy
non-SEM electronic states in a-graphyne. In Fig. 3, we show how the
SEM and AFI solutions vary in a-graphyne with respect to biaxial
strain, value of X employed, as well as |(y3c)| and the U/t ratio.

As in the case of biaxially strained graphene, all three descrip-
tors tend to be more constant in the SEM solution and then
crossover to a rapidly increasing regime in the AFI solution. We
note that in a-graphyne, in addition to spin polarization on sp? cen-
ters, we also find patterns of AFI-like alternating spin polarization
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on the acetylenic linkers between sp2 centers. We also note that,
in the region of change of each of the descriptors (i.e., the SEM-
AFI crossover), the value ranges of |E - Esem|, |(¢3c)|, and U/t
are all largely consistent with the SEM-AFI crossover values for
strained graphene. Although having a similar general dependence
on strain, the strain at which the crossover occurs in a-graphyne for
any value of X is shifted to a lower strain with respect to the cor-
responding crossover in graphene. As a-graphyne has an expanded
graphene-like hexagonally symmetric structure, this strongly sug-
gests that a-graphyne behaves like a “pre-strained” graphene with
respect to the SEM-AFI transition. To test this proposal, we assume
that the electronic structure of a-graphyne can be approximately
captured by that of 13% biaxially strained graphene. By setting
a common zero strain for both systems, we see that the PBE-
12.5 calculated values of both |(usc)| and U/t follow an extremely
similar dependence on strain during the SEM-AFI crossover
(see Fig. 4).

The above comparative analysis strongly confirms the close
correspondence between the electronic structure of biaxially
strained graphene and a-graphyne. Following the excellent agree-
ment of our PBE-X DFT calculations (using X = 12.5) with
QMC results for the SEM-AFI crossover in strained graphene [see
Fig. 1(b)], we propose that PBE-12.5 should be similarly suitable
for accurately describing the SEM-AFI crossover in a-graphyne.
Most previously reported DFT calculations have used non-hybrid
generalized gradient approximation (GGA) functionals to pre-
dict that unstrained a-graphyne is a Dirac material with a stable
SEM solution.”” Calculations employing the screened hybrid HSE
functional (X = 25) have conversely found that the AFI solution
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is dominant in a-graphyne for low strains.”” From Fig. 3, we con-
firm that for X > 20, the AFI solution is more stable than the SEM
solution even for zero strain. Likewise, for approximately X < 12.5,
the SEM solution tends to be more favored for zero to moderate
strain. However, when using the tuned value of X = 12.5, we see that
unstrained a-graphyne is predicted to be electronically very close to
the crossover regime between SEM and AFI solutions. In Fig. 5(a),
we see that the PBE-12.5-calculated band structure of unstrained a-
graphyne is found to have a correspondingly small gap (~0.2 eV). We
note that small perturbations to the structure of a-graphyne (e.g.,
thermal excitation and induced epitaxial strain upon adsorption on
a surface) would likely further open its gap. The closeness to both a
high mobility SEM state and a AFI correlated gapped state points to
a-graphyne being a highly attractive material for both device appli-
cations and as a flexible 2D system for studying correlated electronic
transitions.

Correlated gapped AFI states in other graphynes

Based on the above results, we more generally propose that
DFT calculations using functionals with a moderate amount of HFE
(~12.5%) are likely to be appropriate for describing the competi-
tion between SEM and AFI states in other 2D systems of sp-linked
sp” carbon centers. We also note that for moderately strained
graphene, where all sp® carbon centers are directly linked, our PBE-
12.5 approach correctly recovers the stable SEM solution. As such,
our tuned DFT approach is also likely to be suitable for describing
other 2D graphynes with mixtures of direct and acetylenic link-
ages between sp” carbon centers in which correlated AFI states
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FIG. 4. Comparison of |(uac)| (upper) and Ult (lower) for 13% biaxially strained
graphene (purple lines; upper axis) and unstrained a-graphyne (green lines; lower
axis) with respect to biaxial strain.

and Dirac-like SEM states could compete. Directly linked sp® cen-
ters also imply the possibility of alternative electronic solutions
where electron sharing could lead to local double bonds between
such sites. For all the systems described below, we were unable
to stabilize solutions with local double bonds between neighbor-
ing sp® centers. We note that all bond distances vary by less
than 0.025 A for all calculations for each respective unstrained
structure reported below. Even with the application of strain, we
argue that such simple “dimerized” states are unlikely to be stabi-
lized as the resulting local C=C bonds are much less stable than
more extended units that showing increased resonance that stabi-
lizes the system.’”"' Hence, it is expected that strain would induce
more stable perethynylated fragments such as tetraethylethene, hex-
aethynylbenzene, or diethynylallene analogs,*' instead of smaller
ethylenic, acetylenic, or benzenic fragments, leading to a complex
fragmentation (and reorganization) of the system beyond its elastic
limit.

In Figs. 5(b)-5(e), we show the geometric structures of four gra-
phynic systems with mixtures of direct and single acetylenic linkages
between sp® carbon centers: B-graphyne, 8-graphyne, and 6-6-12
graphyne (first reported in Ref. 1) and a structure also exhibiting
double-acetylenic linkages parallelogrammatic graphyne*” (referred
to hereafter as p-graphyne). For each structure, we report the elec-
tronic band structure as calculated using PBE, PBE-12.5, and PBEO.

ARTICLE scitation.org/journalljcp

As for a-graphyne, DFT calculations using the pure GGA PBE func-
tional predict that all these 2D systems have dominant SEM-like
solutions with Dirac cone band crossings near to the Fermi level (see
gray PBE band structures in Fig. 5). The details of these Dirac-like
electronic band structures have been discussed in detail in previous
studies.” " The incorporation of 12.5% HFE is found to open a gap
for all the GGA-predicted Dirac cone band crossings. Furthermore,
unlike a-graphyne, this occurs for all materials without any in-plane
strain. For B-graphyne, a single gap of 0.84 eV is observed, whereas
two gaps of 0.36 and 0.62 eV are found for 6-6-12 graphyne. For
§-graphyne and p-graphyne, only relatively small gaps of 0.1 and
0.17 eV, respectively, are opened up.

To verify that these bandgap openings correspond to a cor-
related AFI state in each case, we extract |(usc)| and U/t in each
case. For B-graphyne and 6-6-12 graphyne, we find |(usc)| values of
0.1, and 0.05, respectively, which are both larger than the SEM-AFI
crossover value of ~0.025 found for strained graphene and
a-graphyne (see Figs. 2 and 3). For §-graphyne and p-graphyne, the
relatively low values of [(u3c)| of 0.010 and 0.004 (rounded to zero
in Fig. 5) indicate that they are also close to a SEM-AFI crossover, in
line with their small bandgaps. For U/t ratios, we find values of 1.83
and 1.02 for B-graphyne and 6-6-12, respectively, which are again
both above the SEM-AFI crossover value of ~0.6 found for strained
graphene and a-graphyne (see Figs. 2 and 3). These results suggest
that B-graphyne and 6-6-12 graphyne would be even more suscep-
tible to exhibit an AFI state than a-graphyne. For §-graphyne and
p-graphyne, the very similar U/t values of 0.64 and 0.63, respectively,
are very similar to that corresponding to the SEM-AFI crossover for
strained graphene and a-graphyne. This suggests that §-graphyne
and p-graphyne, like a-graphyne, may be other attractive 2D plat-
forms for exploring highly tunable correlated electronic states. We
note that our approach is tuned for 2D carbon-based sp*-linked
systems in which there is a competition between a SEM solution
and a correlated gapped AFI solution. As such, our approach is
not tailored for accurately describing sp®-based systems where semi-
conducting gaps arise due to the specific details of the electronic
band structure (e.g., y-graphyne”) and are not induced by electron
correlation.

To further confirm that the stable AFI solutions revealed by our
hybrid PBE-X calculations are primarily due to a U/t-based local-
ization of unpaired electrons (i.e., a correlated Mott insulator type
transition), we examine a simplified description of our four con-
sidered graphynes using DFT + U calculations. In our DFT + U
calculations, an effective onsite Ueys parameter is chosen and then
applied to 2p;, electrons on each carbon atom within spatially local-
ized regions by means of atomic orbital projectors. We note that
this is unlike hybrid DFT calculations in which the chosen percent-
age of HFE consistently affects all electrons, and then, U and ¢ are
extracted. In particular, the value of U extracted from the latter can-
not be quantitatively compared with UL, where it is used to define
the energy functional in a DFT + U calculation, although their qual-
itative effect on electronic structure should be similar. Choice of an
appropriate U, values for a particular element/orbital can depend
significantly on the details of the particular DFT + U implementa-
tion used to include this local correction in the description of the
electronic band structure of the system.*’ For the PBE functional and
the simplified, rotationally invariant formulation of DFT + U," as
both used in this work, self-consistent ab initio Uy parameters for
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FIG. 5. Electronic band structures of (a) a-graphyne, (b) p-graphyne, (c) d-graphyne, (d) 6-6-12 graphyne, and (e) p-graphyne (see structures left). The regions delimited
by dashed lines show the unit cell used in the respective calculations. Corresponding electronic band structures are shown to the right. The gray bands are obtained with
DFT calculations using the pure GGA (PBE) functional. The red bands are obtained using the tuned PBE-12.5 hybrid functional, and the blue bands correspond to PBEO
calculations.
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PBE + U calculations have been obtained from density-functional
perturbation theory.** Here, the lowest U values obtained for 2p
orbitals of light elements (N and O) are around 6.5-7 eV. As a similar
magnitude is expected for the 2p, orbitals of carbon, we ran two sets
of PBE + U calculations with U values of 5 and 7.5 eV, respectively.
In Fig. 6, we show the PBE + U band structures for a-graphyne,
B-graphyne, 8-graphyne, 6-6-12 graphyne, and p-graphyne. We
see that for Uer = 5 eV unstrained p-graphyne, §-graphyne, and
6-6-12 graphyne all exhibit significant bandgaps (>0.25 eV), albeit
slightly smaller than found for the corresponding PBE-12.5 calcu-
lations. For this relatively small Uey value, both a-graphyne and
p-graphyne exhibit a non-gapped SEM solution, whereas they are
found to have a very small gap in the respective PBE-12.5 calcu-
lations. For a slightly larger U.g value of 7.5 eV, all systems show

a) a-graphyne b)
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a significant gap opening. p-graphyne, §-graphyne, and 6-6-12 gra-
phyne all display gaps of >0.8 eV, and a-graphyne and p-graphyne
now display >0.3 eV gaps.

In general, both PBE-X and PBE + U sets of results are qual-
itatively consistent, which confirms that the electronic structure
of these materials is determined by the degree of electron local-
ization of unpaired electrons in the AFI state. Our results imply
that unstrained B-graphyne and 6-6-12 graphyne are intrinsically
gapped AFI materials and are thus the least graphenic graphynes
of those considered. More interestingly, we predict that unstrained
a-graphyne, §-graphyne, and p-graphyne are likely to have
graphene-like Dirac-like SEM ground states but, unlike graphene,
are easily perturbed (e.g., via moderate biaxial strain) into correlated
AFI states. Much like twist-tunable bilayer graphene,*” single-layer
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of (a) a-graphyne, (b) p-graphyne,
(c) &-graphyne, (d) 6-6-12 graphyne,
and (e) p-graphyne. The gray bands are
obtained with DFT calculations using
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red bands are obtained using PBE + U
calculations with Ug = 5 €V, while the
blue bands correspond to Ugs = 7.5 eV.

S 05 < 05

C L

§ o 5 0

w w

w w

w05t w 05 %\ A
N | 1 / A 1 | ]

r K M r X' M X

e) p-graphyne

T
o
s 05
°
5 0
w
w 05 |
_1\
-
rx

J. Chem. Phys. 157, 214704 (2022); doi: 10.1063/5.0125637
Published under an exclusive license by AIP Publishing

157, 214704-8


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

2D materials exhibiting mechanically tunable inter-sp® interactions
could provide alternative versatile platforms for exploring correlated

. 30,15
electronic states.” "~

CONCLUSIONS

In summary, we first show that by tuning the HFE percentage in
a hybrid DFT approach, we can semi-quantitatively reproduce accu-
rate results from benchmark QMC calculations for the SEM-AFI
crossover in biaxially strained graphene. We further demonstrate
that a-graphyne behaves in an electronically analogous manner to
biaxially strained graphene with respect to the SEM-AFI crossover.
In contrast, pure GGA-based calculations are unable to describe
these correlated AFI solutions for physically realizable strains.
Applying our tuned hybrid DFT approach to biaxially strained
a-graphyne, we find that it lies at the crossover region between
SEM and AFI states. Corresponding calculations on §-graphyne and
p-graphyne show a similar behavior, while B-graphyne and 6-6-12
graphyne exhibit dominant correlated gapped AFI states. We also
show that the susceptibility of graphynes to exhibit correlated AFI
states can also be recovered by DFT + U calculations with moder-
ate U values. Generally, our results suggest that graphynes are not
as purely graphenic (i.e., Dirac-like) as previously proposed. How-
ever, the potential to access both SEM and gapped/spin-polarized
AFI states (especially in the case of structures such as a-graphyne,
§-graphyne, and p-graphyne) makes graphynes highly attractive
materials for spintronic/electronic devices and fundamental studies
of correlated 2D systems.

SUPPLEMENTARY MATERIAL

See the supplementary material for comparison of QMC data
for biaxially strained graphene with corresponding results from DFT
calculations using the screened hybrid HSE functional with 25% and
12.5% HFE.
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