Open Access Article. Published on 15 February 2021. Downloaded on 12/4/2025 9:02:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

COMMUNICATION

7 ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

{ '.) Check for updates ‘
Cite this: Nanoscale, 2021, 13, 5216
Received 2nd December 2020,

Accepted 11th February 2021
DOI: 10.1039/d0nr08558h

Charles A. Downing,

rsc.li/nanoscale

Recently, mixed honeycomb-kagome lattices featuring metal—
organic networks have been theoretically proposed as topological
insulator materials capable of hosting nontrivial edge states. This
new family of so-called “organic topological insulators” are purely
two-dimensional and combine polyaromatic-flat molecules with
metal adatoms. However, their experimental validation is still
pending given the generalized absence of edge states. Here, we
generate one such proposed network on a Cu(111) substrate and
study its morphology and electronic structure with the purpose of
confirming its topological properties. The structural techniques
reveal a practically flawless network that results in a kagome
network multi-band observed by angle-resolved photoemission
spectroscopy and scanning tunneling spectroscopy. However, at
the network island borders we notice the absence of edge states.
Bond-resolved imaging of the network exhibits an unexpected
structural symmetry alteration that explains such disappearance.
This collective lifting of the network symmetry could be more
general than initially expected and provide a simple explanation
for the recurrent experimental absence of edge states in predicted
organic topological insulators.
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. Introduction

Topological insulators constitute a recently discovered class of
materials with potential applications in relevant fields of con-
densed matter and materials science, such as quantum com-
putation and optoelectronics.'”” They differ from regular insu-
lators in their non-trivial band topology that features spin-tex-
tured conducting edges or surface states (SS) located within
the insulating bulk band gaps. The topological protection to
these low dimensional and gapless states stems from the con-
servation of the system’s time reversal symmetry that preserves
them from defects or structural perturbations. The non-trivial
topology of these edge/surface states originates from the spin-
orbit coupling (SOC) that exists in these materials, which
provide spin polarized currents with selective directional trans-
port. Interestingly, they lead to the quantum spin Hall effect,
quantum anomalous Hall effect, fractional quantum Hall
effect and other exciting spintronic effects.”

Inspired by such compelling quantum properties and physi-
cal effects, the organic-based material counterparts of topologi-
cal insulators are keenly sought. As a result, several two-dimen-
sional (2D) organometallic lattices have been theoretically pro-
posed and coined as organic topological insulators (OTIs).* >
These are well-ordered, free standing 2D metal-organic frame-
works (2D-MOFs), displaying a combination of kagome and
honeycomb structures, where the metal centers provide the
necessary SOC to the system to generate the topologically non-
trivial edge states. Many examples can be found in the literature
of such mixed honeycomb-kagome (MHK) lattices which are
prone to exhibit interesting electronic properties,>™'® however,
their electronic conjugation is still debatable.

MHK lattices with proposed OTI behaviour have been
experimentally grown on different substrates'®>> and their
electronic properties are studied locally by scanning tunneling
spectroscopy (STS). Similar to 2D inorganic topological insula-
tors, their protected states should appear as one-dimensional
conducting edge states visible at the border of the 2D
domains®** that disperse when connecting the two gapped
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“bulk” multi-bands. Despite employing different strategies,
such as the use of decoupling layers'® or coordination atoms
with significant SOC,** the edge states are elusive and have
never been experimentally observed in the proposed 2D-OTIs.
This absence has been assigned to the quenching of the SOC
in the adatoms due to the competing substrate induced
Rashba effects,”” but such an explanation drops its generality
for networks formed atop decoupling layers.*®

Given that local techniques have always been used to inves-
tigate the electronic structure of MHK lattices,® '* the existence
of extended network states has not been validated. To date, no
experimental bands have been reported for 2D-MOFs, so the
electronic conjugation in MHK lattices is still awaiting confir-
mation. The expected multi-band should be similar to those of
2D covalent organic frameworks (2D-COFs),>>?® which are
truly 2D conjugated polymers and organic analogues of
graphene,”” ¢ but lack topologically protected edge states
because of the absence of metal centers that provide the
necessary SOC to the OTIs.

In this work, we unravel the electronic structure of a pre-
dicted OTI'® in search of a kagome multi-band and the elusive
edge states. For this, we grow on Cu(111) a 2D-MOF consisting
of 9,10-dicyanoanthracene (DCA) molecules and Cu adatoms,
which has an MHK lattice of exceptional quality that is
extended, single-domain and practically defect-free. These
optimal growth conditions allow us to study its electronic
structure both locally using scanning tunneling microscopy
and spectroscopy (STM/STS) and mesoscopically using angle-
resolved photoemission spectroscopy (ARPES). We find an
extended network kagome multi-band without edge states at
the island borders. The unexpected structural asymmetries
that we detect by means of bond-resolved constant height
measurements using CO functionalized tips can qualitatively
explain this absence based on systematic tight-binding model
calculations. Such a collection of results allows us to pinpoint
mechanisms that transforms our MHK lattice into a topologi-
cally trivial system with the absence of edge states.
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Il. Results
Network formation and morphology

The 2D-MOF is generated at room temperature (RT) by self-
assembly of DCA molecules (Sigma-Aldrich #459852) and Cu
adatoms provided by the Cu(111) substrate (see Fig. 1).>”*® In
this array the Cu adatoms form a honeycomb lattice that is
interwoven with a kagome structure resulting from connecting
molecular centers. 2D networks require the presence of these
two lattices to become OTIs."”'* As shown in Fig. 1, the
network structure is regular, single-domain and it exhibits a
long-range order with a very small amount of defects (see
Fig. S1 in the ESIf). Indeed, the network is commensurate
with the underlying substrate, displaying an (8 x 8) low energy
electron diffraction (LEED) pattern (Fig. 1E).

Electronic characterization by ARPES

To unequivocally clarify whether this network is an OTI, we
need to characterize its electronic structure and check for
extended network multi-bands that would provide evidence for
its electronic conjugation. The excellent growth quality of the
network allows us to do so mesoscopically by ARPES, as shown
in Fig. 2A and B (see also Fig. S2 to S4 in the ESIt). In the
measurements performed on a synchrotron and at our lab
setup, we observed three main features of this energy range: (i)
strong, highly dispersive bands, (ii) residual intensities close
to the Fermi energy (Ey) at the I points and, (iii) a weak, broad
state around —0.6 eV. To discriminate whether these bands
have a bulk or surface origin, we probed the photoemission
signal at different photon energies (see Fig. S5 in the ESIT). We
find that the dominant, highly dispersive bands change their
energy and momentum with photon energy, so they must orig-
inate from bulk bands. Indeed, they are band umklapps result-
ing from folding the sp bands of Cu(111) into the (8 x 8)
network periodicity. The exceptional quality of the network
can be judged by the umklapp perfection in the ARPES signal
(¢f: Fig. S2F in the ESI{).

Fig. 1 Extended and practically defect-free DCA metal—organic network proposed as an OTI that can saturate the Cu(111) surface. (A) and (B)
display STM topographic overviews, while (C) is a blow-up showing in detail the network structure with a model overlaid. (D) Stick-ball picture of a
DCA molecule that coordinates with Cu adatoms and spontaneously self-assemble into this 2D network. (E) LEED pattern of the extended metal—
organic network acquired at RT (Epeam = 25 eV) presenting a (8 x 8) commensurate arrangement with the substrate. STM parameters: (A) I, = 100 pA,
Viias = —1.0 V, 150 x 150 nm?; (B) Iy = 300 pA, Vpias = —=1.5 V, 50 X 50 nm?; and (C) I, = 300 pA, Vpias = —1.0 V, scale bar = 3 nm.
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Fig. 2 Electronic structure of the DCA network close to saturation of the Cu(111) surface. (A) ARPES spectral function recorded along the I'M direc-
tion (ky = 0, which in real space is orthogonal to the shortest pore—pore direction). The color scale of the direct intensity is shown below. (B) Second
derivative of the integrated ARPES signal in k, = + 0.15 A~* along the TK direction. In (A) and (B) the highly dispersive bands corresponds to umklapps
of the sp-bulk bands, whereas the intensity at around —0.6 eV (blue arrow) stems from the network. The intensity close to the Fermi level in (A) at
the T points corresponds to the pore confined surface state. The vertical discontinuous lines indicate high-symmetry points. (C) Repeated band
structure reproduced from ref. 10 where the free-standing kagome multi-band is located at the Fermi energy. (D) Sketch of the Brillouin zone and
high-symmetry points of the network [8 times smaller than that of the Cu(111) substratel. ky runs parallel to the I'M direction, whereas ky is perpen-
dicular to it. (E) Position dependent d//dV spectra recorded at representative points of the network (see STM image in the inset). The most prominent
peaks are indicated by vertical arrows and match the ARPES results: the blue arrow corresponds to coordinating atoms, the red arrow to the pore
confined surface state and the green arrow marks the LUMO. ARPES parameters: (A) hv = 18 eV and Ts = 78 K. (B) hv = 21.2 eV (He |,) and Ts = 150 K.
STS parameters: set point Iy = 80 pA; Vpias = =1V, Vims = 6.6 mV, and fosc = 913 Hz. STM inset image parameters: Iy = 100 pA; Vpias = =1 V.

The two other detected features are surface-related states
that either shift towards the Fermi level or gain intensity as the
network progressively covers the surface (see Fig. S6 in the
ESIT). In the case of the state closest to the Fermi level around
the I points, its origin is the altered Shockley state that is con-
fined at the network pores and forms a delocalized band.**™*?
The dispersion of this band cannot be detected by ARPES
because its weight practically lies in the unoccupied region
(above the Fermi level). In contrast, the state centered at —0.6
eV is entirely in the occupied region and features an overall
bandwidth of ~200 meV according to the integrated ARPES
intensity (see Fig. 2B and S7 in the ESIT). We discard its origin
as a discrete molecular orbital*>** since no trace of such state
exists at this energy when the molecules are uncoordinated
with the Cu metal centers.*®*> Instead, this broad state is the
expected kagome multi-band of a 2D-MOF,*'® which (to the
best of our knowledge) is experimentally reported here for the
first time. Even though this MHK lattice is not covalently
bonded, the conjugated band manifold is of comparable
quality to the one recently reported for a 2D-COF.>
Interestingly, the prediction for this free-standing OTI band
manifold is around the Fermi energy (see Fig. 2C),'° so the
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kagome multi-band is downshifted due to the presence of the
Cu(111) substrate.

Electronic characterization by STS

Finding such a 2D-MOF kagome multi-band fulfills the first
requisite for our system to host edge states. In the following,
we use scanning tunneling spectroscopy to assess the local
density of states (LDOS) of this electronically conjugated MHK
lattice and compare it to the ARPES datasets. Fig. 2E shows
several differential conductance (dI/dV) spectra at selected
network positions, where we detect several prominent peaks.
From a higher to lower bias, we find the first peak at ~0.8 V
maximizing at the center of the molecules. We attribute this
peak to the network’s first unoccupied molecular orbital that
is quite localized in the central ring (it is practically absent at
the DCA lobes) and weakly extends throughout the network.
Hereafter we denote this state as the LUMO. Further down, the
next prominent peak is found at ~0.2 V, which maximizes at
the pore center. This has been previously identified as the Cu
surface state n = 1 confined resonance®® that results from the
scattering at the potential barriers generated by the 2D-MOF.
Nevertheless, this peak carries significant intensity at every

This journal is © The Royal Society of Chemistry 2021
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position of the MHK lattice indicating a certain delocalized
character. This agrees with ARPES, since we observe that the
peak’s onset is just below the Fermi energy (at —0.1 V), which
matches that of the state found at the I" points that leads to a
dispersive quantum dot array band.**™*?

Next, we find in STS a peak centered at ~—0.6 V, which
coincides with the previously identified 2D-MOF kagome
multi-band with %200 meV bandwidth. This peak is present
not only at the Cu adatom positions but also at the external
anthracene rings of DCA molecules (DCA lobes). In perfect
agreement with ARPES, we find that it has a delocalized char-
acter and its peak width coincides with the observed band-
width. Notably, we find that there are two electronically
different Cu adatoms that alternate in the network. As visual-
ized in the topography inset, the two Cu adatom types exhibit
different intensities (¢f. inset of Fig. 2E), although they are con-
nected to each molecule. We note that the Cul adatoms
(brighter ones) display a sharper line shape with stronger
intensity at —0.6 V compared to the Cu2, but this situation is
reversed in an additional peak centered at ~—1.8 V. An elec-
tronic band similar to the one at —0.6 eV is also found in

Vbias (V)

Vbias (V) Vbias (V) Vbias (V)

Vbias (V)
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ARPES right at this energy (¢f. Fig. S2B and S8 in the ESI{), in
agreement with the theoretical predictions in Fig. 2C. We also
note that at the LUMO energy (~0.8 V) the intensities are
inequivalent for the two Cu adatom types (cf. Fig. 2E).

Edge state search at the kagome multi-band

After the careful characterization of the electronic structure of
our network, the energies around the kagome multi-band
emerge as candidates to host the elusive edge states. To
promote the edge states, we reduce the molecular coverage and
form large islands with well-defined borders separated by
extended pristine Cu regions. We obtain several dI/dV grids at
the 2D-MOF island borders using different tips and prep-
arations with the purpose of its experimental detection.
However, as evidenced in Fig. 3A, the edge state is absent.
Note that Fig. S9 in the ESI{ shows just two of the five grids
obtained for this purpose that reproduce identical results.
Therefore, it is reasonable to assume that some physical
mechanism should be responsible for this eminent edge state
absence within the electronically conjugated 2D-MOF.

Fig. 3 dI/dV grid around the 2D-MOF kagome multi-band and network symmetry breaking leading to the experimental absence of the edge states.
(A) dI/dV map acquired at —0.6 V (left) and five selected horizontal line scans (right) extracted from a d//dV grid in the energy range of the 2D-MOF
kagome multi-band. The position of the right d//dV green color plots (bright being more intense) are indicated by horizontal discontinuous red lines
on the left and the white vertical line is a guide to the eye, where the edge state would be expected. The first and the last horizontal lines are equi-
valent, but no edge state is detected. (B) Network model showing the perfect registry of the MHK lattice with the substrate. All anthracene rings are
on top of surface atoms. In contrast, the Cu adatoms are alternatively located in hcp and fcc sites (marked by the different color triangles). (C)
Constant height current map of the network (raw data) and (D) its corresponding Laplacian filtering with an overlaid model (top) recorded with a
CO-functionalized tip. The more pronounced features correspond to protruding sections of the molecules, which have been marked with gray,
green and blue circles. Despite the perfect registry with the substrate, the expected symmetry of the system is broken. STS parameters: (A) set point:
Iy = 300 PA; Vpias = =1 V; Vims = 9.6 mV; foq. = 817 Hz. Constant height image parameters in (C) and (D): image size = 5 X 5 nm?, Vjjas & 0 mV.
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[1l. Discussion

Assessment of the possible causes of the absence of edge
states

The studied MHK lattice shares a common condition with
other experimentally studied networks proposed as OTIs:'?™>
the edge state is undetectable at the island borders. This
happens despite this network gathers all essential ingredients
to be an OTI: excellent structural formation, long-range order,
the proximity of the kagome multi-band to Ep>’ negligible
amount of defects as judged by LEED, STM and ARPES, and a
specific theoretical prediction.'® Consequently, some under-
lying physical mechanisms related to the presence of the sub-
strate must disrupt the topologically protected states in these
MHK lattices. A plausible explanation is the removal of the
SOC at the adatoms due to competing substrate induced
Rashba effects.”® However, the intercalation of decoupling
layers does not promote the manifestation of these edge
states."’

Another possibility is the orbital hybridization of the
network states with Cu(111) bands. The extended kagome
multi-band from the 2D-MOF exhibits the largest spectral
weight at the adatoms. From a naive perspective, it could orig-
inate from an array of Cu bound states,® i.e. a locally modified
version of the Shockley state in the presence of its own
adatoms.””"*° In this bound state scenario, an antibonding
state should also be present above the SS onset,*® but we do
not find it anywhere and therefore must discard it. Moreover,
we do not detect any alteration (or energy shift) of the sp-band
dispersion and umklapps in ARPES that would be indicative of
a significant orbital hybridization between the MHK network
and the substrate. Nevertheless, the substrate influence cannot
be disregarded since a significant charge transfer occurs that
shifts down in energy the calculated free-standing kagome
multi-band (c¢f, Fig. 2B and C)."°

Interestingly, STS detects two spectroscopically different
coordination adatoms in the network (see Fig. 2E and 3A).
This electronic difference should be visualized as close, but
distinct set of bands within the Kagome multi-band. However,
such intricate band manifold details cannot be resolved by
ARPES neither using the home laboratory setup nor at the syn-
chrotron endstation (¢f Fig. S2 to S4f). The spectroscopic
difference between the Cu adatoms could originate from the
alternate registry with the substrate: one type is vertically posi-
tioned on fcc sites, while the other is on hcp positions (see
Fig. 3B). We expect this structural dissimilarity to be a second
order effect that can neither explain by itself the significant
electronic variation found in the STS measurements nor the
absence of the edge state.

Emergence of symmetry breakdown of our studied 2D-MOF

We look for an alternative explanation and investigate the
network morphology through constant height current maps
using a CO-functionalized tip>>*! (see Fig. 3C and D). These
bond-resolved images provide insight into the chemical struc-
ture of the 2D-MOF and reveal relative height differences of its
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building units with respect to a plane above the surface.>> We
discard the local electronic contributions when measuring at
zero bias since only the relevant state at this energy is the con-
fined SS, which is isotropic in origin. In other words, the
observed relative differences must be attributed to morphologi-
cal alterations of this 2D-MOF. The constant height current
maps displayed in Fig. 3C and D show that the molecules are
periodically tilted around their cyano bond axes, revealing a
regular non-planar structure with three molecular orientations.
This is quite unexpected, since the anthracene backbones are
all equally positioned with their ring centers on top of surface
atoms (see Fig. 3B and S10 in the ESI}). Thus, the observed
arrangement is unrelated to the substrate-molecule registry
differences. Moreover, this is a long-range correlation since the
molecular tilting is maintained throughout the extended 2D
islands (¢f. Fig. S10 in the ESIT).

The structurally different molecules and adatom types have
a direct impact on the network symmetry: the six-fold sym-
metry of the 2D MHK lattice becomes utterly upset. Such con-
ditions must alter the electron transport within the metal-
organic array, which can be qualitatively modeled in the form
of different hoppings between adjacent kagome lattice sites
using a simple tight binding model (see Fig. S11 in the ESIT).
Indeed, taking the same parameters of ref. 10 (the relative SOC
strength 4/t = 0.02) and introducing + 10% differences in the
first-neighbor hopping terms, we find that topologically pro-
tected edge states can no longer form either because they do
not connect gapped “bulk” bands (central part) or simply
because the existing gap closes (¢f Fig. S11 in the ESIT). In
essence, our toy model qualitatively demonstrates that this
symmetry breaking removes the edge states from the MHK
lattice, which disrupts its OTI condition.>?

Unlike this studied network, the free-standing 2D-MOFs
theoretically proposed always preserve some mirror and inver-
sion symmetries that lead to preservation of their topological
properties, despite being buckled or twisted®***® or in
different forms and shapes.’®”” Note, however, that the total
absence of symmetry does not “per se” leads to the closing of
the multi-band gaps since our toy model calculations show
that topological conditions are still achievable by increasing
the A/t ratio in reduced symmetry scenarios (see Fig. S11 in the
ESI}). However, the recurrent experimental absence of edge
states in theoretically proposed OTIs studied so far suggests
that the 2D-MOFs could favor structural alterations capable of
closing these tiny gaps (of the order of several mV). Indeed, a
dicyanobiphenyl + Co network grown over graphene presents
long-range ordered alternate phenyl rotations,'® while other
MHK lattices show tiny morphological distortions that break
any existing mirror symmetry. In essence, such spontaneous
symmetry breaking must relate to a subtle correlation between
the morphology and the electronic energy of the system. In our
case, the morphological difference of the Cu adatoms posi-
tions (fce vs. hep) with respect to the substrate introduces a
very small energy imbalance that must affect the metal coordi-
nation with their neighbouring cyano groups. This is appar-
ently not enough by itself to disrupt the topological protection,

This journal is © The Royal Society of Chemistry 2021
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but triggers the molecular tilting that further affects the
system’s equilibrium. In consequence, the 2D-MOF kagome
multi-band splits in energy, which closes the mini-gaps in the
OTI. We infer that this small symmetry breaking is enough to
remove the edge states. Closing the very small band gaps of
OTIs could reduce the energy cost required to maintain the
topological protection of the edge states upon the substrate
presence. In essence, this collective symmetry breaking
reminds of Jahn-Teller’® and pseudo Jahn-Teller distortions>°
that are very efficient mechanisms to lift system’s degeneracies
that compete with other electronic interactions.®®"%*

IV. Conclusions

In summary, we have formed a long-range ordered MHK
lattice (2D-MOF) predicted to be an OTL. We experimentally
identify its expected kagome multi-band both by ARPES and
STS, which validates the MHK lattice overall electronic conju-
gation. Despite the excellent growth and precise morphology
that display a perfect registry (commensuration) with the
underlying substrate, the edge states are absent. Although sub-
strate related mechanisms such as hybridization and/or SOC
quenching cannot be totally discarded, we find that the
network is unexpectedly non-planar and the molecules are
tilted with respect to the surface plane. These morphological
alterations (that encompass the Cu adatoms forming a honey-
comb lattice) suggest that breaking the overall mirror sym-
metry of the network leads to a more stable state. This could
efficiently close the tiny gaps of the 2D-MOF kagome multi-
band and promote the edge state absence. This symmetry
breaking mechanism might extend to other MHK lattices and
explain the recurrent experimental absence of their edge
states. However, the challenge of experimentally achieving an
OTI system remains. Expanding the kagome multi-band gaps
in 2D-MHK lattices using massive coordination atoms such as
Bi® might yield materials with the desired non-trivial pro-
perties. The established network conjugation and highly crys-
talline structure observed in our 2D-MOF ensures the feasi-
bility for building robust organic-based materials with well-
defined topological properties imposed by their lattice.*®
These are essential requirements to develop new electronic
and photonic applications capable of operating with stability
and robustness up to room temperature.
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