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ABSTRACT: Finite graphene nanoribbon (GNR) heterostructures host intriguing topological in-gap states (Rizzo, D. J.; et al.
Nature 2018, 560, 204). These states may be localized either at the bulk edges or at the ends of the structure. Here we show
that correlation effects (not included in previous density functional simulations) play a key role in these systems: they result in
increased magnetic moments at the ribbon edges accompanied by a significant energy renormalization of the topological end
states, even in the presence of a metallic substrate. Our computed results are in excellent agreement with the experiments.
Furthermore, we discover a striking, novel mechanism that causes an energy splitting of the nonzero-energy topological end
states for a weakly screened system. We predict that similar effects should be observable in other GNR heterostructures as well.
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S trongly correlated materials host exciting physics such as
superconductivity or the fractional quantum Hall effect.'
While in monolayer graphene electron correlations are weak,”
carbon based finite systems and heterostructures can exhibit
flat bands near the Fermi energy resulting in nontrivial
correlated phases.” One example is magic-angle twisted
bilayer graphene where localized electrons lead to Mott-like
insulator states and unconventional superconductivity.’”’
Another exciting class of systems that has been predicted to
host strongly localized phases includes graphene nanoribbon
(GNR) heterostructures.”~"* Similar to topological insulators,
they combine an insulating bulk with robust in-gap boundary
states'*'® and are expected to host Majorana Fermions in close
proximity to a superconductor.'” Recently, it was confirmed
that GNR heterostructures composed of alternating segments
of 7- and 9-armchair GNRs (AGNRs), as sketched in Figure
la, exhibit new topological bulk bands and end states that
differ qualitatively from the band structures of pristine 7- and
9-AGNRs."*

Although electronic correlations are expected to play a
crucial role for the localized topological states in GNR
heterostructures,’” so far, most theoretical work has been
restricted to tight-binding (TB) models or density functional
theory within the local density approximation (LDA-DFT),
which are known to completely ignore or underestimate these
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effects. Here, we present a systematic analysis of electronic
correlations in 7—9-AGNRs, based on a Green functions
method with GW self-energy’®”' applied to an effective
Hubbard model. We compute the differential conductance and
find excellent agreement with the experimental measurements
of ref 18. Our calculations reveal that, even in the presence of a
screening Au(111) surface, local electronic correlations induce
a strong energy renormalization of the band structure,
especially the topological end states localized at the
heterostructure—vacuum boundary experience strong quasi-
particle corrections that are not captured by LDA-DFT. For
freestanding systems, or systems on an insulating surface, we
predict that these states exhibit an energy splitting due to a
magnetic instability at the Fermi energy. The local buildup of
electronic correlations is further analyzed by considering the
local magnetic moment at the ribbon edges. We also examine
finite size effects and the origin of the topological end states by
varying the system size and end configuration, respectively. On
this basis, we predict that a whole class of systems exists that
can host end states with similar exciting properties.
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Figure 1. (a) 7—9-AGNR heterostructure containing six unit cells. The red [blue] cross marks the position of the dI/dV spectra shown in (b)
[(c)]. The red (blue) dashed rectangle marks the bulk (end) unit cell referenced in Figure 3. (b) dI/dV spectrum measured (red) and simulated
(black) at the position in the bulk region marked by the red cross in (a). (c) dI/dV spectrum measured (blue) and simulated (black) at the position
in the end region marked by the blue cross in (a). The curves in (b) and (c) are shifted vertically for better comparison. The experimental data are

taken from ref 18 and corrected for charge doping effects.

Model. We consider the 7—9-AGNR heterostructure
consisting of alternating 7-AGNR and 9-AGNR segments as
depicted in Figure la. The system was realized experimentally
on a metallic Au(111) surface by Rizzo et al.'® who observed
topological in-gap states at the heterojunction between 7- and
9-AGNR segments (bulk), and at the termini of the
heterostructure (end). While previous LDA-DFT simulations
describe the bulk bands reasonably well, they do not reproduce
quantitatively the experimental energies of the end states (see
further). To overcome these limitations, we apply a recently
developed Green functions approach that gives access to
spectral and magnetic properties of the system, see, for
example, refs 20, 22, and 23. The electronic system is described
with an effective Hubbard model, the Hamiltonian of which is
expressed in terms of the operators ¢, and Cjq that create and
annihilate an electron with spin projection a at site i and j,
respectively,

A=-] )
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(i) i
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where ] = 2.7 eV is the hopping amplitude between adjacent
lattice sites,”* and U is the on-site interaction. The edges of the
GNR are assumed to be H-passivated. Observables can be
computed from the Green function G(w) that is defined in
terms of the operators ¢}, and o for details, see the
Supporting Information (SI). An approximate solution of eq
1 is obtained by solving the self-consistent Dyson equa-

tion: ™"
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where the single-particle Green function G contains the
spectral and magnetic information on the system, and G is its
noninteracting limit. Correlation effects are included via the
self-energy X. In the present work, we report the first full GW-
simulations of the system (eqs 1 and 2) for experimentally
realized GNR heterostructures, as the one shown in Figure la.
The details of the numerical procedure are provided in the SIL

In what follows, we compare the tight-binding (TB),
unrestricted Hartree—Fock (UHF), and fully self-consistent
GW approximations for X to quantify electronic correlation
effects. The TB approach, corresponding to setting U = 0, is
often used to describe GNRs, due to its simplicity, "*>~>” and
here serves as a point of reference for the uncorrelated system.
For GW, the on-site interaction was chosen such that it
reproduces the experimental bulk band gap of ref 18, resulting
in U = 2.5]; see SI. This choice of U also takes into account
screening effects of the metallic substrate. The description of
free-standing GNRs within GW requires a larger on-site
interaction,” which makes the self-consistent solution of eq 2
more challenging. Nonetheless, to get a qualitative under-
standing of the properties of free-standing heterojunctions, we
employ the UHF approximation, which is known to
qualitatively describe edge magnetism in free-standing
ZGNRs. For this case, the on-site interaction was chosen as
U = 1J.” The spatially resolved dI/dV data, recorded in an
STM experiment, are generated by placing 2p, orbitals on top
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Figure 2. (a) LDOS of the topological end states at E = Ey (left) and E = Ep & 0.54 eV (right) for UHF as shown in Figure lc. (b) Local moment
(m?), eq 3, of the 7—9-AGNR of Figure 1a calculated within UHF (top) and GW (bottom). Since the ribbon is symmetric, only three of the six unit

cells are shown as indicated by the three black dots.

of the atomic sites of the lattice structure, following the
procedures described in refs 30 and 31.

Quasiparticle Renormalization. In Figure 1b and c, we
present differential conductance results for the 7—9-AGNR
heterostructure on Au(111), comparing TB, UHF, and GW
simulations to the experiment of ref 18. Our calculations were
performed for a half-filled system containing six unit cells as
shown in Figure la. In accordance with the measurements, the
results for the bulk (end) calculation are averaged over the area
marked by the red (blue) cross. Note that, in the experiment,
the ribbon was slightly doped, shifting the differential
conductance spectrum to higher energies. For comparison,
the experimental data were shifted so that the zero-energy
peaks of theory and experiment match. In the measurements, a
band gap of EJ%y = 0.74 eV between the bulk bands is
observed, whereas the gap between the nonzero-energy end
peaks is Eg%h,q = 1.32 eV. The TB approximation vastly
underestimates the gaps, with E;Bbu[k = 0.52 eV and E;Bend =
1.08 eV, respectively. In addition to the two bands in the bulk
region, an additional unphysical zero-energy mode appears in
the TB solution.

Next, we include mean-field effects within the UHF
approximation. This does not lead to a considerable energy
renormalization for the bulk and end states but to a splitting of
all three topological states that are localized at the end of the
heterostructure; compare Figure lc. The behavior of the two
nonzero-energy end peaks is particularly surprising. While the
splittin§ of the zero-energy edge peaks in ZGNRs is well-
known™” and is attributed to magnetic instabilities at the Fermi
level,”® the splitting of states at nonzero energy cannot be
understood in this picture. In the experimental data where the
system is on top of a screening Au(111) surface, this effect is
not observed. However, metallic substrates are known to
suppress the splitting of zero-energy states in finite length
pristine AGNRs”* compared to insulating substrates.”> The
UHEF result indicates that a splitting of all three end peaks, as
seen in Figure Ic, will emerge in measurements for an
insulated heterojunction.

Finally, including quasiparticle corrections within the GW
approximation results in a considerable correlation-induced
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renormalization of both the bulk and end states. The observed
gaps of Egvgulk =0.71 eV and Egl’;d = 1.35 eV are in excellent
agreement with the experimental findings. Additionally, GIW
correctly reduces the unphysical zero-energy contribution in
the bulk and prevents the splitting of the end states through
self-consistent screening. One should note that the extreme
broadening of the upper bulk band seen in the experiment is
not captured by our simulations. The origin of this broadening
is unclear at present; however, it is probably caused by the
experimental setup, that is, the substrate or the tip.

Local Correlations. To understand the mechanisms
causing the above-mentioned renormalization and splitting of
the topological states, we next consider local correlations and
magnetic polarizations. In Figure 2b, we compare the local
moment at site i:

A2 . N

(") = <(nT,i - nl,i) ) =p — 2D, 3)
from UHF- and GW-simulations for the same system as in
Figure 1. The local moment quantifies the local interaction
energy and is a measure of the local magnetic polarization of
the system. It is directly related to the local density p; and
double occupation D; at site i (cf. eq 3), which are strongly
affected by electronic correlations. Consequently, the local
moment is, in general, higher for GW than for UHF. In the
latter case, the local moment is peaked exactly at the sites
where the zero-energy end state is localized, which can be
confirmed by comparing to the LDOS in Figure 2a.
Considering the splitting of the zero-energy end peak in
Figure 1lc, this is in agreement with previous mean-field
calculations for ZGNRs***® where the magnetic instability of
the zero-energy edge state gives rise to an antiferromagnetic
ordering at opposing zigzag edges. However, such an instability
does not occur for the nonzero-energy end states for which the
local distribution only partially coincides with the local
moment; compare Figure 2a. Instead, the splitting of these
states observed in Figure 1c originates from their hybridization
with the zero-energy zigzag state that is further investigated in
the discussion of Figure 4.
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Strikingly, for GW, the local moment is increased on all
edges of the heterostructure, which coincides with the regions
where the topological states are localized; compare Figure 4b.
Consequently, the renormalization of the topological bulk and
end peaks can be attributed to strongly localized correlations at
the edges of the heterostructure. The topological states that
extend across the boundary of the heterostructure result in
increased magnetic polarization even at the armchair edges of
the ribbon. This surprising finding is in contrast to the
prediction of the UHF simulation in this work and other mean-
field theory results””*>*"~* where typically considerable
magnetic polarization is only observed at the zigzag edges of
GNRs.

Finite Size Effects. The GNR heterostructure discussed in
Figures 1 and 2 contains six unit cells, exactly as in the
experiments. In the following, we explore the effect of the
system size on the topological states. In Figure 3, the local
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Figure 3. LDOS for 7—9-AGNR heterostructures consisting of one to
eight unit cells. The case of six unit cells is the one shown in Figure
la. Red (blue) lines: bulk (end) cell results as shown in Figure la.
Solid (dashed): GW (LDA-DFT) calculations. The DFT results are
taken from ref 18. Solid gray lines: total DOS from TB calculations.
The lines for different systems are shifted vertically for better
comparison.

density of states (LDOS) of heterostructures containing one to
eight unit cells is shown for the bulk and end cells comparing
TB and GW results. For the eight unit cell system, additionally,
the LDA-DFT result of ref 18 is plotted to allow for a direct
comparison to our results. The observed effects differ for the
two regions of the system. The spectral weight of the bulk
bands increases with system size. In fact, the TB results, which
show the total DOS, indicate that the number of peaks in the
bulk bands corresponds to the number of bulk unit cells. This
is in agreement with the idea that the bulk bands form by
hybridization of heterojunction states of adjacent bulk cells.
For GW, the energies of the bulk states are renormalized and
broadened by electronic correlations, as shown in Figure 1.
In the end cell, the three topological states are stable for
systems of three or more unit cells. For these large systems, the
states on both ends of the ribbon are separated by bulk cells.
However, for smaller systems, the states of opposing termini
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overlap and result in an additional splitting of the end states. In
addition to this topological effect, the energies of the end states
are also renormalized due to electronic correlations, in general
resulting in higher energies of the states.
interestingly, for the intermediate system of three unit cells,
the splitting of the zero-energy state is reduced for the
correlated GW result as compared to TB. This is the result of a
competition of both aforementioned effects. Within GW, the
spatial extension of the zero-energy state is strongly reduced,
compare Figure 1b and the SI, resulting in a significantly
smaller overlap and finite-size splitting of the states on both
ends of the system.

Comparing the results of GW and LDA-DFT for the eight
unit cell system reveals that LDA-DFT captures reasonably
well the renormalization of the bulk band energies, whereas it
completely fails to describe the shift of the end states. This
indicates that a correct characterization of these topological
end states is particularly challenging and requires an accurate
description of the underlying electronic correlations.

Topological End States. Since the topological states at
the end of the heterostructure are found to be particularly
sensitive to electron—electron interactions, it is important to
examine the origin of these states in detail. The emergence of
topological end states at the termini of GNR heterostructures
can be explained by the Z, invariant and the bulk—boundary

However,

correspondence of topological insulator theory.'” However, to
get a better understanding of their properties, in the following,
the specific mechanism that leads to the existence of these
multiple end states will be analyzed. For this, in Figure 4, the
total DOS (a) and the dI/dV maps (b) of the heterostructure
containing six unit cells (green) are compared to the same
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Figure 4. (a) Total DOS calculated with GW for the two systems
indicated in the top panel of (b). The green (orange) line corresponds
to the left (right) system. The left system contains exactly six unit
cells, while the right system is extended additionally by ten zigzag lines
on both sides. (b) dI/dV maps for the same two systems. The maps
labeled 1—5 correspond to the labeled peaks in (a). Only a small
section of the ribbon is shown indicated by the three black dots in the
top panel.
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system with an additional ten zigzag lines on each side of the
ribbon (orange) for GW. The two systems are depicted in the
topmost panel of Figure 4b. By comparing the DOS, it stands
out that the high-energy end peaks, that are present in the six
unit cell system, are strongly suppressed in the longer system.
Instead, a new high-energy peak emerges around +1 eV.
Additionally, the spectral weight of the bulk bands is increased
for the longer system. All these observations can be understood
from the dI/dV maps of the states in Figure 4b. For the longer
system, the zigzag edge at the end of the system is separated
from the heterojunction of the first unit cell by a long 7-AGNR
section. Because of this clear separation, the three end states
(1, 3, 5) resemble states observed in pristine 7-AGNR; see SI.
Furthermore, the heterojunction states of all six unit cells
hybridize to form the bulk bands (2, 4). In contrast, for the
shorter system, the adjacent states localized at the zigzag edge
and at the heterojunctions of the first unit cell can overlap
leading to three hybridized states in the termini of the system.
As a consequence, the bulk bands are localized only in the four
inner bulk unit cells and do not occupy the end cells resulting
in a reduced spectral weight in the DOS.

Splitting of peaks induced by the spatial overlap of the
associated states typically appears in small finite systems;
compare Figure 3 for one unit cell. Strikingly, due to the close
proximity of finite substructures, that is, heterojunctions and
ribbon edges, the same effect emerges at the termini of large
heterostructures containing hundreds to thousands of atoms.
Consequently, this observation is not restricted to the present
7—9-AGNR heterostructures. Instead, we predict that similar
strongly correlated states exist also in an entire class of systems,
which meet the criteria for hosting hybridized end states, that
is, possess topological states close to localized edge states. The
existence of such states is determined by the topology of the
System. 10,41,42

Summary and discussion. We analyzed the influence of
electronic correlations on the topological states of 7—9-AGNR
heterostructures on Au(111). While the general topological
structure of the system, previously predicted on the TB level,*°
remains stable, additional new effects connected to the
topological states emerge. Our GW simulations reveal that
strong local electronic correlations are present in both the
edges of the bulk and the end region of the heterostructure
resulting in increased magnetic moments in the zigzag and
armchair edges. Strikingly, the spatially confined topological
states of the termini are more severely affected by these
correlations than the extended topological bulk bands. For the
latter, we found, by comparison to our GW results, that LDA-
DEFT is able to reproduce the experimental dI/dV measure-
ments since quasiparticle corrections are weak in this case. In
contrast, the topological end states, emerging due to the
hybridization of zigzag-edge and heterojunction states, are
strongly renormalized and screened due to electronic
correlations, which give rise to a large discrepancy between
LDA-DFT and experimental energies. For free-standing
heterostructures, we find a new mechanism that leads to the
splitting of nonzero-energy states due to hybridization with a
zero-energy state. These findings are not restricted to the
specific system considered here but instead are expected to be
present in similar GNR heterostructures that exhibit strongly
localized topological states.
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