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Tunable Magnetic Coupling in Graphene Nanoribbon

Quantum Dots

Peter H. Jacobse,™ Mamun Sarker, Anshul Saxena, Percy Zahl, Ziyi Wang, Emma Berger,
Narayana R. Aluru,* Alexander Sinitskii,* and Michael F. Crommie*

Carbon-based quantum dots (QDs) enable flexible manipulation of electronic
behavior at the nanoscale, but controlling their magnetic properties requires
atomically precise structural control. While magnetism is observed in organic
molecules and graphene nanoribbons (GNRs), GNR precursors enabling
bottom-up fabrication of QDs with various spin ground states have not yet
been reported. Here the development of a new GNR precursor that results in
magnetic QD structures embedded in semiconducting GNRs is reported.
Inserting one such molecule into the GNR backbone and graphitizing it
results in a QD region hosting one unpaired electron. QDs composed of two
precursor molecules exhibit nonmagnetic, antiferromagnetic, or
antiferromagnetic ground states, depending on the structural details that
determine the coupling behavior of the spins originating from each molecule.
The synthesis of these QDs and the emergence of localized states are
demonstrated through high-resolution atomic force microscopy (HR-AFM),
scanning tunneling microscopy (STM) imaging, and spectroscopy, and the
relationship between QD atomic structure and magnetic properties is
uncovered. GNR QDs provide a useful platform for controlling the

spin-degree of freedom in carbon-based nanostructures.

1. Introduction

Graphene nanoribbons (GNRs) are promising candidates for fu-
ture nanoelectronics applications owing to their exceptionally

versatile electronic  structure, trans-
port properties, and spin coherence
lengths/lifetimes.'”! An intriguing prop-
erty of GNRs and other nanographenes is
that the presence of localized electronic and
magnetic states is sensitively dependent
on atomistic parameters such as their edge
structure and the presence of local sublat-
tice imbalances.#1°1 The ability to regulate
atomic-scale geometry by bottom-up syn-
thesis strategies thus provides a useful tool
for controlling the spin-degree of freedom
inside GNRs, presenting new possibilities
for realizing molecular spintronic, and
quantum information devices.

While spin-based magnetism has
been achieved in various molecular
systems(>11:20-281 including GNRs,[29-3¢]

up to now no GNR precursor has been
reported that can reliably deliver various
spin configurations within a localized
quantum dot (QD) region inside a GNR.
This is a significant hindrance in the quest
to fabricate GNRs with spatially controlled
ferro- and antiferromagnetic regions from the bottom up.373]
Here we present a new GNR precursor that enables the syn-
thesis of atomically precise magnetic QDs within semiconduct-
ing GNRs. We fabricated GNRs with embedded single-spin
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Figure 1. Design of GNR QDs. a) Schematic diagram of a hypothetical future device component utilizing GNR-based QD and semiconductor segments.
b) Precursors (chevron-GNR and Q-monomer) used in this work to make GNR QDs. ¢) GNR single-spin quantum dot (SSQD) structure before cyclode-
hydrogenation showing one unit of Q-monomer sandwiched between chevron-GNR monomers. d) Final structure of a SSQD after cyclodehydrogenation.
The blue and red disks label the two atomic sublattices. €) STM topographic overview image (V, = —800 mV, I = 20 pA) of GNRs synthesized on Au(111)
from the two precursors in b. f) The top panel shows an STM topographic image (V, = —400 mV, | = 150 pA) of a single GNR. The bottom panel
shows HR-AFM image acquired on a GNR showing 6 Q-monomers. The image shows the zigzag (ZZ) edges and the tilted benzene rings attached to
the five-membered rings. One of the GNR segments is overlaid with its chemical structure. g) Structure of a nonmagnetic QD (NMQD) having S =0
and comprising two Q-monomers coupled tail-to-tail. h) Structure of a high-spin QD (HSQD) having S =1 and composed of two Q-monomers coupled

head-to-tail. All STM/AFM data acquired at T =4 K.

QDs (SSQDs), nonmagnetic QDs (NMQDs), antiferromagnetic
QDs (AFQDs), and ferromagnetic QDs (FMQDs). We use scan-
ning tunneling microscopy (STM), spectroscopy (STS), and high-
resolution atomic force microscopy (HR-AFM) to characterize
these structures and to analyze their (magnetic) characteristics.
We show that the magnetic character of the QDs is determined by
structural characteristics that affect local electron-electron inter-
actions through a competition between exchange-coupling, hy-
bridization, and Kondo-screening effects.

2. Results
2.1. Design and Synthesis of GNR QDs

Figure 1a shows a schematic illustration of a QD configu-
ration where the QD is electronically separated from source
and drain electrodes by semiconducting tunnel barriers. Im-
plementing such a device component in a future nanoelec-
tronics scheme could potentially be accomplished by sand-
wiching a GNR QD between two semiconducting GNR seg-
ments. We synthesized this type of structure by using a
chevron-GNR as a wide-gap material for the tunnel barriers
and a specially designed molecule 2,7-dibromo-9,14-diphenyl-10-
methylbenzo[b]triphenylene (called the Q-monomer) as the “ac-
tive core” of the QD (Figure 1Db). A single methyl group in the Q-
monomer breaks mirror symmetry and creates a sublattice im-
balance upon cyclodehydrogenation as shown in the sketch of
Figure 1d. Here the number of A sublattice sites N, (highlighted
in blue) outnumbers the number of B sublattice sites Ny (high-
lighted in red) by one, and so the ground state exhibits spin-1/2 by
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Lieb’s theorem.%%%1 This QD structure is therefore referred to as
a single-spin quantum dot (SSQD). The spin here emerges from
the single unpaired p,-electron associated with the unpaired car-
bon atom on the A sublattice. Because the mirror symmetry of
the Q-monomer is broken we can identify a “head” side and a
“tail” side of the molecule, with the head defined as the side with
the five-membered ring and the tail defined as the side with the
methyl group as shown in Figure 1c,d.

The Q-monomer was synthesized by condensation of 2-
amino-3-methylbenzoic acid with 5,10-dibromo-1,3-diphenyl-
2H-cyclopenta[ljphenanthren-2-one. Synthesis details are pro-
vided in the Supporting Information (Scheme S1 and Figure
S1,S3 Supporting Information). The Q-monomer and chevron-
GNR precursor molecule were co-deposited onto a Au(111) sur-
face by sublimation from a Knudsen cell, after which Ullmann
coupling was initiated by annealing the sample at T = 180 °C
for t = 10 min. to polymerize the molecules (Figure S4, Support-
ing Information). The GNR synthesis was completed by a high-
temperature cyclodehydrogenation reaction at T = 360 °C for ¢
= 20 min. that converted the polymers into fully cyclized GNR
heterostructures as shown in the top panel in Figure 1f. The sec-
tions hosting Q-monomers can be identified by their nonplanar
character in STM topographs due to the benzene ring attached
to the five-membered ring in the QD head protruding from the
surface. This slight out-of-plane tilting was confirmed by high-
resolution atomic force microscopy (HR-AFM). A HR-AFM im-
age in Figure 1f shows a fragment of a GNR hosting a sequence
of six Q-monomers. The image clearly shows the short zigzag-
edge segments in the tail positions of the monomers as well as
the protruding benzene rings, tilted relative to the plane of the
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Figure 2. Single-spin quantum dots (SSQDs). a) Chemical structure of a SSQD composed of a single Q-monomer sandwiched by chevron-GNR. b)
Constant-height BRSTM image of a SSQD whose core matches the model ina (V, = 10 mV, V,. = 20 mV). The numbers denote spectroscopy locations.
c) dI/dV spectra acquired at numbered positions in b (V,. = 1mV). Sequential spectra are offset by increments of 2 nS for clarity. d) d//dV spectra acquired
at location 4 (green) and location 2 (gray) in b. e) Experimental constant height d//dV maps acquired on the SSQD shown in b (V,. =20 mV). f) Simulated
SSQD dI/dV maps corresponding to the CB edge (top), SOMO (middle), and VB edge (bottom). The inset shows the simulated spin-resolved density

of states of the SSQD (red: spin up; blue: spin down).

ribbon likely because of H—H steric repulsions with the GNR
backbone. HR-AFM imaging permits unambiguous identifica-
tion of the GNR structure,[*** thus verifying that the cyclized
form of the Q-monomer is the structure shown in Figure 1d.

Fusing two Q-monomers adjacent to one another leads to
larger-scale QD structures that can differ depending on the rel-
ative orientation of the Q-monomers. For example, Figure 1g
shows a “tail-to-tail” structure while Figure 1h shows a “head-
to-tail” structure. A sublattice analysis of the tail-to-tail structure
suggests that it exhibits S = 0 since the two sublattices balance
exactly (Figure 1g). The head-to-tail structure on the other hand
has a sublattice imbalance of N, — Ny = 2, suggesting that it has
net spin S = 1 according to Lieb’s theorem (Figure 1h).*0l We
refer to this as a high-spin QD (HSQD).

2.2. Single-Spin QDs

Figure 2a shows a chemical model of a SSQD where the QD sec-
tion is highlighted in green and the chevron-GNR segments are
shown in gray. A bond-resolved STM (BRSTM) image of a SSQD
having this structure was obtained by recording the zero-bias dif-
ferential conductance (dI/dV) at constant height using a carbon
monoxide-passivated tip (Figure 2b).[*! Structural contrast in the
chevron section can be seen with atomic resolution (gray areas),
but the structure of the Q-monomer is obscured by electronic
density of states that appears at low bias (red area).

dI/dV point spectroscopy of the SSQD is shown in Figure 2c
(obtained at the numbered locations shown in Figure 2b). All the
spectra show increased dI/dV for V< —900 mV and V>1500 mV
that we attribute to the onsets of the valence band (VB) and
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conduction band (CB), thus reflecting an energy gap of E, ~
2.4 eV (as seen previously for chevron-GNRs). The spectra ob-
tained away from the QD (spectra 1, 2, 3, and 5) are relatively
featureless in the energy gap region except for a small peak at V
= 300 mV that is due to tip electronic structure. The spectrum
obtained on the QD, however (spectrum 4) is very different and
shows three new peaks at V.= -300 mV, V=0 mV, and V =
700 mV. The new filled state peak represents a positive ion res-
onance (PIR) localized on the QD whereas the empty state peak
represents a negative ion resonance (NIR).

To identify the peak at V=0 mV we show a higher resolution
spectrum obtained on the QD at point 4 in Figure 2d. This peak is
much narrower than the PIR or NIR and has a half-width at half
maximum (HWHM) of only AV = (6.4 + 0.8) mV when fitted
with a Frota function.[*] We identify this as a Kondo resonance
arising from the screening of the SSQD spin by the Au(111)
surface.[?*4¢] The presence of the Kondo resonance explains why
the bonding structure of the QD is washed out in the low-bias
BRSTM image of Figure 2D (red area).

The SSQD electronic structure was further characterized us-
ing dI/dV mapping that resolves the wavefunction pattern of
electronic states through the local density of states (LDOS)
(Figure 2f).1*) d1/dV maps acquired at the conduction (1500 mV)
and valence (—900 mV) band edges show highly delocalized wave-
function density across the entire GNR, as expected for band
states. dI/dV maps taken at energies near the PIR (—400 mV),
the Kondo resonance (0 mV), and the NIR (1500 mV), however,
show very different behavior. Here the dI/dV maps have low den-
sity except in the QD region, which shows high intensity. The
dI/dV intensity seen in the QD area has a distinctive nodal pat-
tern that is identical for each of the maps taken at the PIR, Kondo
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resonance, and NIR energies, suggesting that these three exper-
imental features all arise from the same quantum state.

The origin of these spectroscopic features can be determined
by comparing our experimental dI/dV maps to the results of ab-
initio density functional theory (DFT) calculations, as shown in
Figure 2f. The second panel in Figure 2f shows the total density of
states (DOS) calculated for a SSQD GNR having the same struc-
ture as in Figure 2a (additional details can be found in Figure
S5, Supporting Information). VB and CB edges are seen at E =
—600 meV and E = 1000 meV, respectively, leading to a predicted
bandgap of E, = 1.6 eV. The theoretical LDOS at the energies of
the CB and VB edge is shown to be highly delocalized across the
GNR and to have low intensity in the QD region, similar to the
experimental band edge dI/dV maps of Figure 2e. The predicted
ground state of the SSQD is an open-shell doublet, which leads
to a singly occupied molecular orbital (SOMO) at —100 meV and
a singly unoccupied molecular orbital (SUMO) at 100 meV. The
spatially resolved LDOS for the SOMO is shown in the third panel
of Figure 2f and is indistinguishable from the SUMO (Figure S5,
Supporting Information). The theoretical SOMO/SUMO closely
match the experimental state density of Figure 2e. These states
have identical wavefunction patterns since they both arise from
the same QD orbital and differ only by electron occupancy.3248]
Kondo features typically match the spatial pattern of the SOMO
and SUMO, as is the case here.[*”] The precise energies of the the-
oretical states differ from the experimental states, but the trends
are the same and this is consistent with previous DFT results that
are known to underestimate energy gaps.>"’

2.3. S = 0 Quantum Dots

When two Q-monomers are included in a QD then the total QD
spin can be either smaller or larger than the S = % SSQD de-
scribed above, depending on structural details. Here we describe
two different QD structures that both yield QDs with a net spin
of S = 0. The first involves tail-to-tail coupling of Q-monomers
and can be seen in the sketch of Figure 3a. This structure ex-
hibits a closed-shell electronic ground state and is referred to
as a nonmagnetic QD (NMQD). Figure 3c shows an experimen-
tal BRSTM image of an NMQD structure bracketed by chevron-
GNR segments (the Q-monomer locations are labeled “2” and “3”
in the image).

Figure 2e shows point spectroscopy obtained for the NMQD at
the positions marked in Figure 3c.The dI/dV signal is seen to rise
steeply at energies corresponding to the CB and VB edges across
the entire GNR. At the NMQD site, however, the dI/dV shows
two pronounced peak features centered roughly at V= -500 mV
and V = 500 mV. The spatial dependence of these features was
obtained from dI/dV maps taken at V = +350 mV, the onset volt-
ages of the two peak features. As seen in Figure 3g, the NMQD
structure lights up at these voltages, indicating that the peaks at
V = 4500 mV are localized states associated with the NMQD.

We are able to understand the origin of the experimental STS
features by comparing our data to the results of ab-initio DFT
calculations. Figure 3h shows the calculated DOS for the same
structure shown in Figure 3a. Broad VB and CB features are seen
at the energies expected for a chevron-GNR, but two new peaks
are observed at E = +250 meV. The DFT calculation returns a
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nonmagnetic ground state for the NMQD. The DOS peak at E
= —250 meV contains two electrons of opposite spin and is the
highest occupied molecular orbital (HOMO) whereas the peak at
E=250meV is the lowest unoccupied molecular orbital (LUMO).
The theoretical wavefunction patterns of the HOMO and LUMO
can be seen in the rightmost panels of Figure 3g. The nodal pat-
terns of these two states are different since they are completely
different orbitals (unlike the SOMO and SUMO seen for the mag-
netic SSQD). Comparison of our experimental data to the DFT
results implies that the experimental peaks seen at V= +500 mV
in Figure 3e are the HOMO and LUMO of the NMQD. Further
evidence comes from the fact that the experimental nodal pat-
tern seen at V = —350 mV looks very similar to the theoretical
HOMO, whereas the dI/dV map at V = 350 mV resembles the
theoretical LUMO. An intuitive explanation of the NMQD elec-
tronic structure is that the zero-modes arising from the sublattice
imbalance of the two constituent Q-monomers are strongly hy-
bridized (this coupling is represented by the t in Figure 3a). The
HOMO can therefore be thought of as the bonding orbital be-
tween the two zero-modes whereas the LUMO is the antibonding
orbital.l"®

A second S = 0 QD structure is shown in Figure 3b and con-
sists of two Q-monomers bridged by a single chevron monomer.
This structure exhibits an open-shell electronic structure where
each Q-monomer yields a single electron spin and the two
spins are coupled antiferromagnetically. This structure is thus
named an antiferromagnetic QD (AFQD). A BRSTM image of
an AFQD having the same structure as in Figure 3b is shown in
Figure 3d (positions 2 and 4 mark the locations of the cyclized
Q-monomers). dI/dV point spectroscopy of the AFQD shows the
expected band edge features of a chevron-GNR, but also shows
two new peaks centered at V = —400 mV and V = +700 mV,
that are localized to the Q-monomer sites (Figure 3f). A small
zero-bias anomaly (ZBA) can also be seen in the dI/dV spectra
at the sites of the Q-monomers. High-resolution spectroscopy of
the ZBA from position 4 is shown in Figure 3i and exhibits a clear
pseudogap structure with a full width at half maximum (FWHM)
of ~20 mV.

This behavior is consistent with the AFQD having a mag-
netic ground state where each cyclized Q-monomer contains
a single net spin and the two spins are antiferromagnetically
coupled.[1011:20-26.30.36] The main evidence for this is the V=0
pseudogap feature seen in the point spectroscopy. This feature
can be explained by inelastic tunneling that occurs when tun-
neling electrons are provided enough energy to excite the sin-
glet S = 0 ground state of the AFQD to a higher-energy triplet
state (S = 1). This process can be simulated using a straightfor-
ward model by Ternes that leads to a good fit to the spectrum
for a magnetic coupling constant of ] = 9.2 meV (Figure 3h, gray
dashed line).>!] Further evidence for a magnetic ground state is
that the wavefunctions for the resonances at V=—-400 mV and V
= 600 mV look very similar (Figure S7, Supporting Information).
This suggests that these peaks arise from positive (SOMOs) and
negative (SUMOs) ion resonances derived from the same orbital
rather than from a different HOMO and LUMO as expected for
a closed-shell nonmagnetic ground state (Figure S6f, Supporting
Information). We note that our DFT simulation of the AFQD ac-
tually yielded a nonmagnetic ground state in contrast to our con-
clusions here (Figure S6e,f, Supporting Information). A possible
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Figure 3. Low-spin quantum dots. a) Model of the nonmagnetic QD (NMQD) having two Q-monomers directly attached tail-to-tail. b) Model of the
antiferromagnetic QD (AFQD) having two Q-monomers separated by one chevron-GNR monomer. ¢) BRSTM scan of the NMQD (V, = 10 mV, V. =
20 mV). The numbers denote spectroscopy locations d) BRSTM scan of the large LSQD (V, =0 mV, V,. = 20 mV). The numbers denote spectroscopy
locations. e) dI/dV spectra acquired on the NMQD. Sequential spectra are offset by increments of 2 nS for clarity. f) d//dV spectra acquired on the AFQD
at the numbered locations in d. Sequential spectra are offset by increments of 2 nS for clarity. g) Experimental (left panel, V,. = 20 mV) and simulated
(right panel) dI/dV maps of the NMQD. h) Simulated density of states of the NMQD using DFT. i) dI/dV spectrum acquired at location 4 of the AFQD
(blue, V,c. = 1 mV) and fit using the Ternes model for two antiferromagnetically coupled spins (dashed).
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reason for this is that magnetism is somehow stabilized by the
Au(111) surface (that is not included in our simulation).

2.4. High-Spin Quantum Dots

We have also observed magnetic QD structures where two Q-
monomers are bonded head-to-tail, thus leading to ferromag-
netic coupling (i.e., S = 1) between the electrons residing on
each cyclized Q-monomer (here the sublattice imbalance resides
on the same sublattice for each Q-monomer). We see two dif-
ferent configurations of high-spin QDs (HSQDs) as shown in
Figure 4a,b. The most common is termed the “regular” HSQD
(Figure 4a), whereas the second is the “defective” HSQD (D-
HSQD) (Figure 4b). The D-HSQD is identical to the HSQD ex-
cept that it is missing a single benzene ring at the location of the
black arrow in Figure 4b. This causes the linkage between the
QD and right chevron segment to be greatly reduced for the D-
HSQD compared to the HSQD.*?] Figure 4c,d show experimen-
tal BRSTM images of a HSQD GNR and a D-HSQD GNR having
the same structures as sketched in Figure 4a,b. STM spectroscopy
of both the HSQD (Figure 4e) and the D-HSQD (Figure 4f) show
band edge features due to the VB and CB edges, as well as filled
and empty state resonances at V = +500 mV that are localized
to the sites of the cyclized Q-monomers. Both also exhibit nar-
row Kondo-like resonances at V = 0 mV. A difference between
the two types of QDs, however, is the lineshape of the V= 0 reso-
nance. The HSQD has what appears to be a typical narrow Kondo
resonance (Figure 4g) whereas the D-HSQD has a narrow central
peak that is flanked by a shoulder on each side of V=0 (Figure 4h)
(Similar features have been reported for ferromagnetically cou-
pled spins in chiral GNRs**! and rhombene chains.[2!)

The behavior of HSQDs and D-HSQDs can be understood by
considering how the spins originating from the Q-monomers
couple to their environment. DFT simulations of the two struc-
tures both yield magnetic ground states with S,,,;, = 1 and
SOMO/SUMO that look similar to the experimental dI/dV maps
(Figures S7,S8 Supporting Information). This is consistent with
the simple sublattice analysis of Figure 1h. The Kondo reso-
nance seen for the HSQD likely arises from the spin in each
Q-monomer of the QD being independently screened via a
substrate-induced Kondo effect. This is expected if the J-coupling
between the two spins is less than the Kondo binding energy for a
single spin, kp Ty.[*3%] Each Q-monomer then produces a single
Kondo peak that can be fitted by a Frota function with a HWHM
of 6.9 meV (resulting in Ty ~85 K).[*] The D-HSQD data how-
ever is consistent with the J-coupling between the two spins be-
ing higher due to increased quantum confinement of the QD
state on the right-hand side. This causes the J-coupling to sur-
pass the single-spin Ty, and so the two spins couple into a net
S =1 spin for the entire QD that is then Kondo-screened by the
substrate.[?!3%] Kondo screening in this cases contributes to the
central peak. The shoulders occur when the voltage of a tunneling
electron is large enough to induce a triplet-to-singlet spin excita-
tion, thus leading to an inelastic tunneling enhancement in the
current. These features arise naturally in the perturbative Kondo
model by Ternes and fit the D-HSQD lineshape quite well for a
ferromagnetic coupling constant between the two spins of | =
—6.4 meV (dashed line in Figure 4h).5" Such behavior is consis-
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tent with what is observed by de Oteyza et al. for ferromagneti-
cally coupled pairs of spins inside GNRs.[*]

3. Conclusion

While Lieb’s theorem can be used to predict the total spin of GNR
QDs, it falls short of explaining all of the magnetic behavior ob-
served in our experimental data, which also includes coupling to
the substrate. An intuitive rationalization of these variations is
to consider the overlap between zero-mode wavefunctions that
depends on how Q-monomers are separated, their orientation,
and the presence of defects.[2%2153-5%] Figure 5a shows how the
relative orientation of Q-monomers affects the number of bonds
connected to them, which in turn modulates the degree of delo-
calization of the zero-mode wavefunctions associated with each
cyclized Q-monomer. Because the number of bonds attached to
the tail side of a Q-monomer (3) is larger than the maximum
number to its head side (2), the zero-mode wavefunction spreads
out asymmetrically as shown in Figure 5b. Here the exponential
decay of the zero-mode wavefunction spreads further into the tail
side, which has more connecting bonds. When a defect is present
(i-e., a missing benzene ring) on the tail-side chevron segment
then the number of bonds on that side is reduced and the wave-
function becomes more “compressed” (Figure 5c).

In the case of S = 0 QDs (Figure 5d) the magnetic character
is determined by a competition between the hybridization inter-
action t between Q-monomers and the Coulomb repulsion U.
When Q-monomers are directly connected tail-to-tail as in the
NMQD, the high connectivity creates a large wavefunction over-
lap that translates into a large hybridization interaction ¢ so that
t > U.[61053-55] This causes the NMQD zero-modes to gap out into
bonding and antibonding combinations that become the HOMO
and LUMO. Separating the Q-monomers by a single chevron-
GNR unit as in the AFQD reduces the zero-mode wavefunction
overlap so that the hybridization interaction ¢ becomes smaller
than the Coulomb repulsion U. This results in an open-shell
magnetic ground state that adopts an antiferromagnetic configu-
ration because the Q-monomers sit on opposite sublattices.!114]
The Q-monomers in this case are not Kondo-screened since the
magnetic coupling (] = 9.2 meV) is ostensibly larger than the
competing Kondo binding energy k Ty.

For HSQDs the dominant competition is between the inter-
spin J-coupling and the Kondo binding energy k, Ty to the metal-
lic substrate.’>%657] In the case of the regular HSQD the Kondo
screening prevails and the two spins are individually screened
(Figure 5e). For the defective HSQD, however, the zero-mode
wavefunction on the tail-end side of the HSQD is compressed
due to a reduction of connective bonds. This likely causes an in-
crease in the overlap between the two zero-mode wave functions
and a corresponding increase in J. As a result, the exchange cou-
pling dominates over the Kondo screening and the spins form a
triplet ground state (Figure 5f).

To conclude, we have synthesized magnetic GNR QDs
by combining a new zero-mode-generating precursor (termed
Q-monomer) with semiconducting chevron-GNR precursors.
Different relative orientations and positions of Q-monomers pro-
duce low-spin and high-spin QDs that arise due to the differ-
ent magnetic coupling environments experienced by the spins
on each Q-monomer. The behavior of the resulting magnetic

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. High-spin quantum dots (HSQDs). a) Model of a regular HSQD with two Q-monomers directly attached head-to-tail. b) Model of a defective
HSQD (D-HSQD) having one benzene ring missing (denoted by D) in the chevron-GNR monomer next to the Q-monomer. c) BRSTM scan of the HSQD
(Vs =0mV, V,. =20 mV). The numbers denote spectroscopy locations. d) BRSTM scan of the D-HSQD (V, =0 mV, V,. = 20 mV). The numbers denote
spectroscopy locations. e) d//dV spectra acquired on the HSQD at the marked locations shown in ¢ (V,. = T mV). Sequential spectra are offset by
increments of 2 nS for clarity. f) d//dV spectra acquired on the D-HSQD at the locations shown in d. Sequential spectra are offset by increments of 2 nS
for clarity. g) dI/dV spectrum acquired at location 3 of the HSQD shown in ¢ (V,. = 1 mV, blue line) and fit using the Frota lineshape (dashed). h) d//dV

spectrum acquired at location 3 of the D-HSQD shown in d (V,. = 1 mV, orange line) and fit using Ternes’ theory for two ferromagnetically coupled
spins (dashed).
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Figure 5. Schematic rationalization for magnetic dependence on wavefunction overlap. a) The number of carbon-carbon bonds between Q-monomers
connected head-to-head, head-to-tail, and tail-to-tail. b) Effective ball-and-stick model of Q-monomer connectivity and schematic wavefunction (green
curve) for the SSQD. ¢) Q-monomer connectivity and schematic wavefunction (green curve) for a defective SSQD. d) Q-monomer connectivity and
schematic wavefunctions (purple and blue curves) for low-spin QDs. €) Q-monomer connectivity and schematic wavefunction (blue curve) for the HSQD.
f) Q-monomer connectivity and schematic wavefunction (orange curve) for the D-HSQD. Here decreased connectivity causes increased localization of
the zero-mode wave function on the right Q-monomer, thus increasing zero-mode wavefunction overlap and ferromagnetic coupling.

GNR QDs can be rationalized by combining Lieb’s theorem with
the competition between hybridization, Coulomb interaction, ex-
change coupling, and Kondo screening. Although the synthesis
was performed on an Au(111) surface, the compatibility of the
Q-monomer with the chevron-GNR precursor suggests it may
also be amenable to solution-based GNR synthesis techniques,
which additionally paves the way to precise sequence control.[%!
The ability to create bottom-up fabricated GNR QDs with tunable
magnetic ground states brings new possibilities for engineering
future molecule-based spintronic devices.

4. Experimental Section

Precursor Synthesis:  All the starting materials and reagents used were
purchased from commercial sources and used without further purification
unless otherwise noted. The dry solvent 1,2-dichloro-ethane (DCE) was
freshly distilled, employing a standard method before use.[>°! First 5,10-
dibromo-1,3-diphenyl-2H-cyclopenta[l]phenanthren-2-one 1) was synthe-
sized according to a reported procedure.[*] Then reaction of compound 1
with 2-amino-3-methylbenzoic acid yielded 2,7-dibromo-9,14-diphenyl-10-
methylbenzolb]triphenylene (Q-monomer) as a light-yellow product. "H-
NMR (400 MHz, CDCls, 6): 8.00 (dd, 2H, and Ar—H), 7.74 (d, TH, and

Small 2024, 20, 2400473
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Ar—H), 7.56-7.47 (m, 11 H, and Ar—H), 7.41-7.34 (m, 3H, and Ar—H), 7.30
(d, TH, and Ar—H), 7.23 (d, T1H, and Ar—H), 1.90 (s, 3H, and methyl-H)
ppm. PC-NMR (100 MHz, CDCly, and §): 142.68, 140.71, 136.01, 135.91,
135.86, 133.39, 133.21, 133.03, 132.92, 132.87, 132.55, 130.55, 130.22,
129.80, 129.78, 129.58, 129.16, 128.31, 128.24, 126.97126.87, 125.92,
125.06, 124.77, 124.54, 120.49, 120.02, and 24.43 (methyl-C), ppm. HR-MS
(MALDI-TOF, DCTB Matrix), m/z: 602.011468 (calculated 602.01). Chem-
ical shifts are stated in parts per million (ppm, ), downfield from tetram-
ethyl silane (TMS, 6 = 0.00 ppm) and were referenced to residual solvent
(CDCly, 6 = 7.26 ppm ('H) and 77.00 ppm ('3C). Synthesis details are
provided in the Supporting Information.

Sample Preparation: QD GNRs were prepared by on-surface synthe-
sis under UHV conditions on Au(111)/mica films for STM and STS mea-
surements and on an Au(111) single crystal for HR-AFM measurements.
Atomically clean Au(111) surfaces were prepared through iterative cycles
of Art bombardment at 1 kV and 2 to 4 pA current and annealing un-
der UHV conditions at T = 450 to 550 °C. Sub-monolayer coverages of
chevron-GNR precursor and Q-monomer were obtained by sublimation
from homebuilt Knudsen cell evaporators at crucible temperatures of 160—
200 °C. Radical step-growth polymerization was achieved by heating the
molecule-decorated surface to a temperature of 180 °C. Further heating to
T =360 °C for t = 20 min was performed to induce cyclodehydrogenation.

Scanning Probe Measurements:  All STM experiments were performed
using a commercial CreaTec LT-STM operating at T=4 K at a base pressure
below 7-10710 mbar using tungsten STM tips. All HR-AFM experiments

© 2024 The Authors. Small published by Wiley-VCH GmbH
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were performed using a CreaTec STM with home-made modifications to
provide HR-AFM capabilities, operating at T = 4 K using gPlus sensors.
The base pressure for this system was below 7-1071" mbar. The HR-AFM
was operated using Gxsm3 software and custom MK3-A810/HighSpeed
RedPAC-PLL hardware. STS and d//dV mapping were all performed under
open feedback loop conditions (constant height) using a lock-in amplifier
supplying a modulation voltage of V,. = 500 uV for point spectroscopy
and 10 mV <V,. <20 mV for mapping at a frequency of 533 Hz. Tip
passivation was achieved by controlled attachment of individual carbon
monoxide molecules deposited onto the surface by gas dosing.[®] Image
processing of the STM scans was performed using WSxM software.[®1]
Fitting of Kondo line shapes was performed using the Frota equation
T (E)=Ty —ARe[ %].[35'45] The extracted Frota parameters were
converted to HWHM values using I'yyym & 2.54T . Finally, the Kondo
temperature was estimated using kgT¢ & [ywhm-

Calculations:  Density functional theory (DFT) calculations were per-
formed for the QD GNRs using VASP.[%2] Projector augmented wave
(PAW) pseudopotentials(®®] with a 450 eV energy cutoff were used with the
local density approximation (LDA) exchange-correlation functional.[646%]
The structural relaxation and density of states calculations were performed
using a gamma-centered 4 X 1 x 1 and 8 X 1 X 1 k-point grid, respec-
tively. 15 A of vacuum was applied in the non-periodic directions. Force
convergence criteria of 0.01 eV A1 and energy convergence criteria of
1 X 107% eV were used. The local density of states (LDOS) calculations
were performed using Quantum Espresso.[®®] Norm-conserving Vander-
bilt pseudopotentials!®’! were used to construct the wavefunctions with a
plane-wave kinetic energy cutoff of 60 Ry. The wavefunction density was
calculated at a distance of 2 A above the GNR plane. Visualization of the
LDOS was performed with XCrysDen.[%8]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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