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Engineering of Magnetic Coupling in Nanographene
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Nanographenes with sublattice imbalance host a net spin according to Lieb’s theorem for bipartite
lattices. Here, we report the on-surface synthesis of atomically precise nanographenes and their atomic-
scale characterization on a gold substrate by using low-temperature noncontact atomic force microscopy
and scanning tunneling spectroscopy. Our results clearly confirm individual nanographenes host a single
spin of §=1/2 via the Kondo effect. In covalently linked nanographene dimers, two spins are
antiferromagnetically coupled with each other as revealed by inelastic spin-flip excitation spectroscopy.
The magnetic exchange interaction in dimers can be well engineered by tuning the local spin density
distribution near the connection region, consistent with mean-field Hubbard model calculations. Our work
clearly reveals the emergence of magnetism in nanographenes and provides an efficient way to further

explore the carbon-based magnetism.
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Magnetism is mostly associated with the 3d or the 4f
elements, and very rare materials (e.g., Fe, Co, and Ni) are
ferromagnets at room temperature. In the past decade,
many works reported the emergence of magnetism in
carbon-based materials [1-27], and some systems even
show Curie temperatures above the room temperature
[17,20,24]. Magnetic carbon-based nanostructures are par-
ticularly promising for applications in spintronics [1,28],
due to the versatility of organic chemical synthesis offering
flexible ways to control the structure and tune the magnetic
properties, which is hard to achieve from inorganic materi-
als. In addition, carbon-based nanomaterials are expected to
have high magnitudes of spin-wave stiffness [29], weak
spin-orbit coupling [30], and hyperfine couplings [31]
which promise for high temperature magnets, transport
of spin-polarized currents [32], and spin-based quantum
information processing [1,17,28].

Intuitively, carbon atoms are unlikely to form magnetic
order since sp electrons prefer to pair up to form covalent
bonds. Theoretical calculations addressing carbon-based
magnetism have mainly focused on impurities, point
defects, or reduced dimensionality, such as the ferromag-
netic order at graphene zigzag edges [32—34], the large net
spin in graphene nanostructures with sublattice imbal-
ance [30,34-38], and magnetic order in topological frus-
trated graphene nanostructures [39,40]. Magnetism of
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graphene-based materials depends crucially on their atomic
structure and surrounding environments. Because of the
difficulties encountered in fabricating and characterizing
atomically precise graphene nanostructures, the direct
comparison between experimental results and theory
calculations is impeded, leaving many questions unclear.
Thus, it is of great demanding to study the magnetic
properties of graphene nanostructures at the atomic level.

In this Letter, we report the engineering of magnetism in
atomically precise nanographenes monomers and cova-
lently linked dimers. Scanning tunneling microscopy or
spectroscopy (STM/STS), noncontact atomic force micros-
copy (nc-AFM), together with single particle mean-field
Hubbard model and spin-polarized density functional
theory (DFT) calculations are combined to determine the
magnetic properties of the achieved nanographenes with
atomic precision. Our studied nanographenes are fabricated
by using the on-surface synthesis approach, which has
been widely adopted to prepare atomically precise gra-
phene nanostructures [5,6,11,26,41-44] [see detailed syn-
thesis steps in Supplemental Material [45], Figs. (S1)
and (S2)]. Molecular precursors of 9,10-bis(4-bromo-2,6-
dimethylphenyl)anthracene were thermally deposited on
clean Au(111), and the sample was rapidly annealed to
400°C to induce C-C addition reactions and cyclodehy-
drogenation reactions, forming atomically precise magnetic
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FIG. 1. (a) Chemical structure of achieved nanographene with
an embedded five-membered ring. The presence of the five-
membered ring breaks the bipartite character of graphene
honeycomb lattice. (b) Nc-AFM frequency shift image of an
f-NG (f, = 26 KHz, oscillation amplitude of 80 pm). (c) Con-
stant-height current image (bias voltage: 1 mV). (d) Calculated
singly occupied molecular orbital shape. (e) Mean-field Hubbard
model calculated energy spectrum. Left:U = 0 eV; right:U =
3.5 eV. () Calculated spin density distribution of f-NG by mean-
field Hubbard model. Numbers denote spin density values.
(g) Calculated spin density distribution by spin-polarized DFT.
The spin delocalizes at the side without the embedded five-
membered ring. Blue and red isosurfaces denote spin-up and
spin-down density. Scale bars: 0.3 nm.

nanographenes. Afterwards, the sample was transferred to a
cryogenic nc-AFM/STM scanner at 4.9 K (1.1K) for
characterization.

Figure 1(a) presents the chemical structure of achieved
rhombic nanographene with in-total 29 carbon atoms and
13 hydrogen atoms. The pronounced feature of this nano-
graphene is an embedded five-membered ring, which
breaks the bipartite character of graphene honeycomb
lattice (i.e., two carbon atoms belonging to the same
sublattice are directly linked by a single C-C bond). We
name the five-membered ring decorated nanographene as
f-NG hereafter. Nc-AFM imaging with a CO molecule
functionalized tip has been used to resolve the chemical
structure of an achieved f-NG [52]. The atomically resolved
nc-AFM image in Fig. 1(b) demonstrates that the f-NG is
achieved without introducing any unwanted defects.
The electronic properties of nanographenes can be well
described by the Hubbard Hamiltonian

H= —tz [cicie+Hel] + UZ"iT”iL’
(i.j)o i

where the operators ¢;. and ¢, create and annihilate an
electron with spin ¢ at site i with spin o = 1, |, t is the
hopping integral between the nearest neighboring sites i
and j, and U is the on-site Coulomb repulsion. Here,
we performed Hubbard model calculations by using the

mean-field approximation [37]. The calculated energy
spectra are summarized in Fig. 1(e). Without considering
the electron correlation (U = 0), the f-NG hosts one singly
occupied state. The presence of a single spin in f-NG can
also be explained by drawing non-Kekule structures show-
ing one unpaired z electron [cf. Supplemental Material
[45], Fig. (S3)]. Including the electron correlation in a
mean-field Hubbard model (U = 3.5 eV), a Coulomb gap
opens, and the spin-up and spin-down energy levels split
due to the presence of a net magnetic moment of § = 1/2.
The computed spin density distribution in Fig. 1(f) reveals
that the spin is mostly localized at the zigzag edge
carbon atoms of one sublattice rather than the other
sublattice. Although the unpaired electron is strongly
delocalized, its distribution does not extend over the entire
molecule showing pronounced intensity only at the lower
side. The computed single occupied molecular orbital
(SOMO) shape is presented in Fig. 1(d), which fit very
well with the experimental STM image taken at 1 mV bias
[cf. Fig. 1(c)]. Spin-polarized DFT calculations have been
performed to calculate the electronic structure of f-NG,
which reconcile with mean-field Hubbard calculations
[cf. Fig. 1(g)].

To confirm the presence of single spins in f-NGs, spatial
resolved differential conductance spectroscopy (dI/dV)
has been used to probe the spin-related resonances with
ultrahigh spatial and energy resolution at low temperature.
High-energy dI/dV spectra and STS mapping reveal that
f-NGs host singly occupied or unoccupied molecular
orbitals, which lie at 0.56 eV below or above the
Fermi level, respectively (cf. Supplemental Material [45],
Fig. S6). Figure 2(a) presents low-energy dI/dV spectra
taken at different positions marked in the inset STM image.
All low-energy spectra exhibit a zero-bias peak (ZBP) but
with drastically different ZBP intensities. The ZBP inten-
sity can be related to the local density of state (LDOS)
intensity of SOMO as shown in the inset, that is, the spin
density of f-NG. We attribute this feature to the presence of
Kondo resonances due to screening of a localized magnetic
moment by Au(111) surface state electrons [7,42,53-56],
instead of a LDOS anomaly due to the interaction of states
from graphene islands with Rashba Au(111) surface
states [57,58]. For comparison, a similar nonmagnetic
nanographene has been characterized without observing
a zero-bias peak (cf. Supplemental Material [45], Fig. S2).
DFT calculations reveal that f-NGs get physiosorbed
on Au(l11) with an adsorption height of 3.24 A
(cf. Supplemental Material [45], Fig. S5). Since Au(111)
hosts Rashba surface states extending quite far into vacuum
above Au surface, the observed Kondo resonance in
physiosorbed f-NGs should mostly originate from the
screening of magnetic impurity by surface state electrons,
which can be explained by “Anderson single-impurity
model.” Under this model, the Kondo resonance is gen-
erated very close to the Fermi level with a temperature
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FIG. 2. (a) dI/dV spectra taken at the positions marked by

colored numbers in the inset current image (Bias: 1 mV). A
Kondo resonance is observed as manifested by a zero-energy
peak in dI/dV spectra. The peak intensity is proportional to the
spatial spin density intensity. (b) Out-of-plane magnetic field
dependence of the Kondo resonance. All dI/dV spectra were
taken at the same position. (c) Temperature dependence of the
Kondo resonance. All dI/dV spectra were taken at the same
position. The dotted lines are simulated curves using a Frota
function. (d) The full peak width at half maximum as a function
of temperature. A Kondo temperature of 16 K is obtained.

dependent peak width. The full width at half maximum
(FWHM) can be expressed as I' = /(akT)?> + (2kzTx)?,
where 7 is the temperature, 7' is the Kondo temperature, o
is the slope of linear growth of the width at 7 > Tg. The
obtained temperature dependence of FWHM in Fig. 2(d)
can be well fitted by this equation, giving a Kondo
temperature of 16 K (with & = 8.7) [56]. Further evidences
have been obtained by varying the out-of-plane magnetic
field. The ZBP splits gradually into two peaks with
increased magnetic field, consistent with single-impurity
Kondo model.

Engineering of the magnetic coupling is essential to tune
the material’s magnetic properties. Previous studies found
that molecules with a spin S = 1/2 did not exhibit any
magnetic coupling after self-assembling into molecular
dimers or oligomers [42], which, however, may not apply
to the covalently coupled molecular oligomers due to z
conjugation between molecules. Because of the asymmet-
ric molecular structure, the covalently coupled f-NG dimer
has six different configurations (marked as C1-C6) depend-
ing on the positions of two embedded five-membered rings
[cf. the inset of Fig. 3(a)]. The electronic states of these six
configurations have been calculated using mean-field
Hubbard model calculations. When the two five-membered
rings face towards each other (C1 and C2 configurations),
the singlet and triplet states are nearly degenerate with the
singlet state of a slightly lower energy [cf. Fig. 3(a)]. If the
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FIG. 3. (a) The magnetic exchange interaction J as a function of
the distance between two carbon atoms with the strongest spin
density in each unit [the carbon atom No. 8 in (b)]. Inset: spin
density distribution of six different f-NG dimers. All dimers
exhibit a singlet ground state. Blue and red isosurfaces denote
spin up and spin down density. (b) Chemical structure with
numbered carbon atoms. The orange and blue solid circles depict
sublattice A and B. The red C-C bond breaks the bipartite nature
of graphene honeycomb lattice. (c) Left: spin density distribu-
tions with the C-C bond length of 1.43 A; right: with the C-C
bond compressed by 5%. (d) Spin density intensity at the carbon
atom 2 and 28 as a function of hopping integral ¢. (e) Magnetic
exchange interaction as a function of hopping integral. From left
to right: C1/C2, C3/C4, and C5/C6.

two five-membered rings locate in the same side of each f-
NG (C3 and C4 configurations), the ground state of {-NG
dimers is the singlet state with magnetic exchange inter-
action of 3 meV. Interestingly, the exchange interaction can
be further enhanced by putting the two five-membered
rings facing against each other (C5 and C6 configurations),
where an exchange energy as large as 29 meV is obtained.
This value is larger than the minimal energy dissipation
evaluated at room temperature, making the design of room
temperature spintronic devices possible [1,28]. The sharp
dependence of magnetic exchange interaction on the
positions of embedded five-membered rings originates
from the inhomogeneous spin density distribution within
f-NG monomer. In 7 conjugated f-NG dimers, the magnetic
exchange interaction depends sensitively on the spin

147206-3



PHYSICAL REVIEW LETTERS 124, 147206 (2020)

()

-40Hz

-42 Hz 18 Hz -08Hz

FIG. 4.

(e) 200 |

150

100} 5

di/dV (nS)

50 F

Bias (mV)
4 ]
o
2 [ ]
of e
c1 c2 c3 c4
Configuration

(a)—(d) Experimental observed four configurations of f-NG dimers named as C1-C4. Left, nc-AFM frequency shift image

(fo = 26 KHz oscillation amplitude: 80 pm); middle, constant-height current image (bias: 1 mV), and right, simulated STM image.
(e) dI/dV spectra taken at the positions marked in (a)-(d). The C1 shows a Kondo resonance at both units, suggesting no magnetic
coupling at 5 K. The C2 shows a magnetic exchange interaction of 2 mV due to the reduced bond length of the C-C bond in embedded
five-membered rings, revealing that magnetic exchange energy can be engineered by varying the tilted angle between neighboring units.
The C3 and C4 show a magnetic exchange interaction of 3 and 3.85 meV, confirming that magnetic exchange energy can be engineered
by changing the positions of embedded five-membered ring positions. (f) Magnetic exchange energy in C1-C4. Scale bars: 0.3 nm.

density intensity near the connecting region, that is, wave
function overlap of two zero modes [38]. In addition, the
magnetic order in f-NG oligomers is also investigated using
mean-field Hubbard calculations. As shown in Supplemental
Material [45], Fig. S10, an f-NG tetramer and pentamer
exhibit a ground state of antiferromagnetic order, allowing
for further realization of one-dimensional molecular anti-
ferromagnetic chains with tunable exchange interaction.
The nonbipartite lattice character of f-NG allows for
engineering the magnetic exchange interaction by tuning
one C-C bond length within the embedded five-membered
ring. This bond breaks the bipartite character of graphene
honeycomb Ilattice, and thus changes the spin density
distribution at nearby carbon atoms [cf. Figs. 3(b)-3(c)].
To facilitate the following discussion, we number each
carbon atom and mark the C-C bond breaking bipartite
lattice character in red in Fig. 3(b). Because of the non-
bipartite lattice character, the spin density intensity at the
carbon atoms No. 23-29 (close to the five-membered ring)
enhances dramatically, while the spin density at the carbon
atoms No. 1-22 gets slightly quenched as shortening the
red C-C bond. Here, we focus on the spin density at the
carbon atom No. 2 and No. 28 since these two carbon atoms
will affect the magnetic coupling most after forming a
dimer. Figure 3(d) reveals that the spin density intensity at

the carbon atom No. 28 can achieve a 60% enhancement,
while the spin density at the carbon atom No. 2 is reduced
by 3% by shortening the C-C bond length by 5%. This
unique spin density intensity dependence on the C-C bond
length provides an effective way to engineer the magnetic
coupling since the exchange interaction of two spins
depends sensitively on the spin density overlap at the
connecting region (i.e., near the carbon atom No. 2 or
No. 28) [38]. For C1/C2, a magnetic exchange interaction
enhancement of more than 30 times from 0.03 to 0.94 meV
is achieved by shortening the bond length by 5% [cf. the
left part of Fig. 3(e)]; For C3/C4, the magnetic exchange
interaction is less sensitive to the C-C bond length
[cf. Fig. 3(d)], where a 3 times enhancement is achieved
by shortening the bond length of 5% [cf. the middle part of
Fig. 3(e)]; For C5/C6, the magnetic exchange interaction
slightly decreases with the reduced bond length [cf. the
right part of Fig. 3(e)]. In addition, the magnetic exchange
interaction also depends sensitively on the C-C bond
connecting two units, suggesting z conjugation is key to
magnetic coupling in f-NG dimers (cf. Supplemental
Material [45], Fig. S8). The dependence of magnetic
exchange interaction on certain bonds can be understood
by considering the spin density overlap near the connecting
region in f-NG dimers as changing C-C bond lengths.
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Inelastic tunneling spectroscopy has been used to detect
the magnetic coupling in f-NG dimers. Inelastic tunneling
electrons can excite the ground spin singlet state into a spin
triplet state when the energy equals or exceeds the
exchange energy between two spins [7,8,19,59]. Usually,
dl/dV spectra can reveal such spin-flip inelastic excitation
by showing two symmetrical steps at both negative and
positive bias voltages, from which one can directly deter-
mine the strength of magnetic exchange interaction. As
shown in Figs. 4(a)-4(d), four different f-NG dimers have
been studied experimentally, denoted as C1-C4. For the C1
configuration, dI/dV spectra in Fig. 4(e) show a pro-
nounced zero-bias Kondo peak on both f-NG units. The
observed Kondo resonance suggests that there is no
magnetic coupling between two spins at a finite temper-
ature of 5 K, which consists with our calculations giving a
negligible magnetic exchange interaction. For the case of
the C2 configuration, the positions of five-membered rings
are similar as that of C1, but the two f-NG units are titled
with respect to each other forming an angle of 133°
between the long axis of two f-NGs. Interestingly, com-
pletely different low energy features have been observed on
C2, where two symmetric steps in dI/dV spectra with
onsets at =2 meV are clearly resolved. These step features
indicate the antiferromagnetic coupling of the two spins
with a magnetic exchange interaction of 2 meV (see
detailed temperature and magnetic dependence of spin-flip
excitation in Supplemental Material [45], Fig. S9) [19,59].
We attribute the emergence of magnetic coupling in C2 but
not in C1 to the tilting of two connecting units. The tilted
angle originates from the reduced C-C bond length in the
embedded five-membered ring (see detailed C-C bond
length analysis in Supplemental Material [45], Fig. S11),
in agreement with mean field Hubbard calculations quali-
tatively [cf. Fig. 3(e)]. For C3, dI/dV spectra in Fig. 4(e)
reveals that two spins are also antiferromagnetic coupled
with each other but with a larger magnetic exchange energy
of 3 meV. The obtained larger magnetic exchange inter-
actions than that of C1 confirms that the magnetic coupling
can be engineered by the positions of embedded five-
membered rings [cf. Fig. 3(a)]. For C4, the positions of two
embedded five-membered rings are similar as that of C3,
but two f-NG units are more tilted with respect to each
other, giving a shorter C-C bond length within the five-
membered ring (cf. Supplemental Material [45], Fig. S11).
For C4, dI/dV spectra in Fig. 4(e) confirm the antiferro-
magnetic coupling with a slightly larger exchange energy
of 3.9 meV than that of C3 due to the reduced C-C bond
in embedded five-membered rings (cf. Supplemental
Material [45], Fig. S11).

In summary, we have demonstrated a successful syn-
thesis and characterization of atomically precise f-NGs.
Individual single f-NGs host a single net spin of S = 1/2 as
confirmed by the Kondo effect. In covalently linked {-NG
dimers, two spins are antiferromagnetically coupled with

each other, where the magnetic exchange energy can be
widely engineered by tuning the local spin density dis-
tribution near the connecting region of the dimer. These
experimental observations can be nicely reproduced by
single electron mean-field Hubbard calculations. Our study
provides clear evidences of magnetism in graphene nano-
structures, opening new opportunities for further explora-
tion of carbon-based magnetism.
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