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Graphene can develop large magnetic moments in custom-crafted open-shell nanostructures such as
triangulene, a triangular piece of graphene with zigzag edges. Current methods of engineering graphene
nanosystems on surfaces succeeded in producing atomically precise open-shell structures, but demon-
stration of their net spin remains elusive to date. Here, we fabricate triangulenelike graphene systems and
demonstrate that they possess a spin § = 1 ground state. Scanning tunneling spectroscopy identifies the
fingerprint of an underscreened S = 1 Kondo state on these flakes at low temperatures, signaling the
dominant ferromagnetic interactions between two spins. Combined with simulations based on the
meanfield Hubbard model, we show that this S = 1 z paramagnetism is robust and can be turned into
an S = 1/2 state by additional H atoms attached to the radical sites. Our results demonstrate that z
paramagnetism of high-spin graphene flakes can survive on surfaces, opening the door to study the
quantum behavior of interacting z spins in graphene systems.

DOI: 10.1103/PhysRevLett.124.177201

In spite of their apparent simplicity, custom-crafted
graphene nanoflakes (GNFs) are predicted to exhibit
complex magnetic phenomenology [1] with promising
possibilities as active components of a new generation of
nanoscale devices [2—4]. As predicted by Lieb’s theorem
for bipartite lattices [5], certain shapes of graphene struc-
tures may accommodate a spin imbalance in the 7z electron
cloud, resulting in GNFs with a net magnetic moment.
Graphene 7 paramagnetism is more delocalized, mobile,
and isotropic than conventional magnetism from d or f
states [6] and can be electrically addressed [7,8].
Furthermore, the magnetic moments and their correlations
in GNFs can be precisely engineered through their sizes,
edge topology, or chemical doping [9-12].

The fabrication of such GNFs has been hindered due to
their high reactivity [13]. Because they are open-shell
structures, the presence of unpaired electrons (radicals)
makes the synthesis difficult. Initially, unsubstituted trian-
gulene was synthesized by dehydrogenating precursor
molecules with the tip of a scanning tunneling microscope
(STM) [14]. Very recently, triangular GNFs with larger
sizes have been synthesized through an on-surface syn-
thetic (OSS) approach [15-17], a strategy for fabricating
atomically precise graphene flakes on a metallic surface
[18-21]. Despite such progress in fabrication, the magnetic
properties of triangular GNFs on a surface have not been
demonstrated experimentally.
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Here we report the OSS fabrication of triangulenelike
GNFs and demonstrate that the GNFs have a triplet ground
state. The synthesized GNFs have reduced symmetry com-
pared to triangulene, which increases the localization of the
magnetic moments. High-resolution STM images and spec-
troscopy allow us to identify the two spin centers on the
GNFs and map their distribution. Their ferromagnetic
correlations are characterized by the spin-1 Kondo effect
[22-24], which happens due to the incomplete screening of
two coupled spins by conducting electrons of the metal
substrate. Our results also show that the strength of corre-
lations between spins depends on the distance between them.

Figure 1(a) shows the chemical structures of the GNF
characterized in the experiments, named here extended
triangulene (ETRI). This GNF has 19 carbon atoms in one
sublattice (highlighted by red circles) and 17 carbon atoms
in the other (black circles), which results in a total spin
S = 1 according to Lieb’s theorem [5]. For comparison, we
also produced the GNF in Fig. 1(b) [named as double
triangulene (DTRI)], which has 22 carbon atoms in both
sublattices and thus a spin S =0 ground state. We
synthesized these GNFs by depositing the respective
molecular precursors, shown in Figs. 1(c) and 1(d) [details
in Supplemental Material (SM) [25] ], on a Au(111) surface
at 330°C. The hot surface activates a simultaneous debro-
mination and cyclodehydogenation step that planarizes
them into their final structures.
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FIG. 1. Chemical structures and synthetic route of extended
triangulene and double triangulene. (a), (b) Atomic structures of
ETRI and DTRI, which have spin 1 and O, respectively. Red
(black) open circles denote carbon atoms that belong to different
sublattices, with the total number of carbon atoms indicated
under the structures. (c), (d) Molecular precursors 2,6-dibromo-
10-(2,6-dimethylphenyl)-9,9’-bianthracene (precursor 1) and
2,2’-dibromo-10,10’-bis(2,6-dimethylphenyl)-9,9’-bianthracene

(precursor 2) used to synthesize ETRI and DTRI, respectively.
(e), (f) STM overview images (V =0.3 V, I = 0.1 nA) of the
formed GNFs from precursors 1 and 2, respectively. The arrows
in (e) indicate the ETRI monomers created. (g), (h) Constant
height current images (V =2 mV) of ETRI and DTRI with a
CO-terminated tip.

Low-temperature STM overview images of the Au (111)
surface after deposition of precursors 1 and 2 are shown in
Figs. 1(e) and I1(f), respectively. While the reacted pre-
cursor 1, ETRI, appears on the surface mostly as monomers
and dimers in a ratio of approximately 1:7, nearly all
deposited precursors 2, DTRI, remain as monomer species.
In every case, the monomers adopt a planar configuration,
as expected for the structures in Figs. 1(a) and 1(b).
Furthermore, high-resolution STM current images using
a CO-terminated tip [34,35] [Figs. 1(g) and 1(h)] reproduce
the chemical bond structures of Figs. 1(a) and 1(b),
indicating the successful synthesis of ETRI and DTRI. It
is worth noting that the current image of DTRI shows
merely the backbone structure, as also observed in similar
symmetric systems [36], while the current image of ETRI
shows additional bright features at the edges. Considering
that these images were recorded at 2 mV, the bright features
surrounding the backbone structure indicate an enhance-
ment of the local density of states (LDOS) close to Fermi
level for the ETRI molecule.

The different shape in the images is better manifested in
differential conductance (dI/dV) spectra measured on both
types of GNFs [Fig. 2(a)]. The spectrum on ETRI shows a
pronounced and narrow (FWHM ~ 1 meV) dI/dV peak
centered at zero bias. The zero-bias peak broadens anoma-
lously fast with temperature [as described in Fig. 2(b)] and
splits with magnetic fields [Fig. 2(c)], demonstrating that it
is a manifestation of the Kondo effect [37]. A (zero-bias)
Kondo-derived resonance reflects the screening of a local

spin by conduction electrons [38] and, hence, is a direct
proof of the presence of localized magnetic moments on
ETRI even when it lies on a metal surface. On the contrary,
the spectra taken on DTRI are featureless. Furthermore,
both wide-bias range spectra and dI/dV maps reveal their
closed-shell ground state (see SM [25]).

The temperature and magnetic field dependence of the
Kondo resonances provide further insight on the nature of
the spin state of ETRI. Although the Kondo effect is
frequently described on S = 1/2 systems, it also occurs for
higher spin configurations [23,24]. For S = 1, a zero-bias
resonance reflects a partly screened spin, i.e., with only one
interaction channel with the substrate [42]. Similar to the
spin-1/2 case, the resonance broadens with temperature
[with a Kondo temperature T ~ 6 K, after Fig. 2(b); see
SM [25]] but shows a larger sensitivity to the magnetic
field [23,24]. While the Kondo resonance of a § = 1/2
system in the strong coupling regime (T < Tg) splits
linearly with magnetic fields only above a critical field
B, > 0.5kgTg/gu, 17,43], an underscreened S =1 con-
serves some magnetic moment, and its zero-bias resonance
splits already with B > 0 [23,24]. In tunneling spectra,
such a peak split should become visible as soon as the
Zeeman energy is greater than the thermal broadening
(kgT), which, at the 1.2 K of our experimental set up
corresponds to fields above 1 Tesla. If the Kondo resonance
in Fig. 2(b) were caused by an § = 1/2 state, it should
appear split in the spectra only for magnetic fields above
3.5 T. However, the peak appears split already at
B =1.5T, proving that the ETRI molecule has an
S=1 in an underscreened Kondo state on the gold
substrate [25].

The S =1 configuration of the triangular GNFs was
further supported by tip-induced manipulation experi-
ments. Because of their biradical character, the zigzag
sites show some reactivity and are frequently found
passivated by hydrogen atoms produced during the OSS
reactions [7,44]. The passivated carbon sites can be
identified in high-resolution images by their larger bond
length [45] due to the change from sp? to sp> hybridiza-
tion. The STM image in Fig. 3(a) shows the bare backbone
structure of an ETRI molecule with its characteristic bright
features missing due to two additional H atoms passivating
the zigzag sites , with its chemical structure shown in
Fig. 3(b). The corresponding dI/dV spectrum is featureless
around zero bias [black curve in Fig. 3(g)], explaining the
absence of bright features in the STM image.

We first cut off one of the passivated H atoms by placing
the STM tip on top of site no. 1 in Fig. 3(a) and ramping up
the sample bias above 1.5 V [7,44]. The H removal was
monitored by a sudden step in the tunneling current [7].
The STM image afterwards appeared with an enhanced
LDOS signal around the no. 1 site [Fig. 3(c)], and the
dI/dV spectrum on site no. 1 presented a pronounced zero-
energy peak [red Fig. 3(g)]. We identify this as § = 1/2
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FIG. 2. Kondo resonances in extended triangulene. (a) dI /dV spectra of ETRI (blue curve) and DTRI (red curve) measured at the sites
indicated by the colored crosses in the inset. (b) Temperature dependence of the Kondo resonance for an ETRI molecule. The inset plots
the half width at half maximum (HWHM) at each temperature, extracted by fitting a Frota function (red dashed lines) [39] and corrected

for the thermal broadening of the tip [40]. The plot includes the empirical expression \/ (akgT)? + (2kgTx)? [41], fitting the results
with T ~ 6 K and @ = 8.5. The temperature evolution of the zero-bias conductance, shown as SM [25], agrees with a spin-polarized
state in the Kondo regime with energy scale of a few Kelvin. (c) Magnetic field dependence of the Kondo resonance with the field
strength indicated in the figure, measured at 7 = 1.3 K. The red dashed lines show the simulated curves using a model for a spin-1
system using the code of Ref. [38]. The inset shows the dependence of Zeeman splitting of the Kondo resonance with magnetic fields,
determined from the bias position of steepest slope (indicated on the spectrum at 2.8 T). The dashed line fits the Zeeman splitting with a
g factor of 1.98 £ 0.07. The spectra in (b), (c) are shifted vertically for clarity.

Kondo resonance [7] resulting from the single radical state
recovered by the removal of the extra H atom at site no. 1
[Fig. 3(d)]. Following a similar process to cleave the second
H-CH bond at site no. 2 recovered bright current features all
around the ETRI backbone, resembling the shape of the
reference biradical structure of Fig. 1(g). The spectrum

measured again over site no. 1 now shows the Kondo
resonance with smaller amplitude and linewidth similar to
the one in Fig. 2(a), agreeing with its underscreened S = 1
state. As quantified in Fig. 3(h), the Kondo resonance of the
doubly dehydrogenated GNFs appeared repetitively with a
linewidth of about HWHM~0.7 meV, significantly smaller
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FIG. 3. Spin manipulation by electron-induced removal of extra H atoms. (a) Constant height current image (V =2 mV) of a
2H-ETRI, with its chemical structure shown in (b). (¢), (e) Constant height current image (V = 2 mV) of the same ETRI of (a) after the
electron-induced removal of one and two passivating hydrogen atoms, respectively. The arrows in (a), (c) indicate the STM tip positions
during the processes. The corresponding chemical structures are show in (d), (). (g) Comparison of dI/dV spectra taken on the three
structures at the locations noted with numbers in (a), (c), (e). (h) Comparison of the HWHM from the Kondo resonance taken on 1H-
ETRI (red data points) and ETRI (blue data points), respectively. The value of each data point is extracted by fitting the corresponding
Kondo resonances with Frota functions [39]. Different data points stand for the measurements from different molecules. (i) Comparison
of Kondo resonance taken on 1H-passivated ETRI (red curve) and ETRI (blue curve) at a magnetic field of 2.5 T. (j), (k), (I) Spin
polarization of 2H-ETRI, 1H-ETRI, and ETRI from meanfield Hubbard simulations.
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than in the singly passivated species hinting at their
different Kondo states. The spin assignment of each species
was further corroborated by comparing their response to a
magnetic field of 2.5 T. While the intermediate S = 1/2
specie did not present any detectable split of the Kondo
resonance, the biradical one exhibited a clear split, as in
Fig. 2(c), demonstrating the larger spin polarization of its
S =1 underscreened ground state.

The emergence of magnetism in ETRI is reproduced by
both meanfield Hubbard (MFH) and density functional
theory (DFT) simulations (see SM [25]). Similar to the case
of triangulene [1,46], this modified GNF presents two
(singly occupied) zero-energy modes, with a triplet ground
state clearly preferred over a singlet one by more than
60 meV (see Figs. S9 and S16). The spin polarization
[Fig. 3(1)] shows two spin centers localized at opposite
sides of the triangular GNF, with a distribution that
resembles the experimental current maps [Figs. 1(g) and
3(e)]. We note that their ferromagnetic exchange inter-
action is much larger than the Kondo energy scale
(kgTx < 1 meV), thus explaining the S = 1 underscreened
Kondo ground state found in the experiments. MFH
simulations also show that hydrogen passivation of the
radical states quenches the spins sequentially, turning ETRI
into an S = 1/2 doublet [Fig. 3(k)] or completely non-
magnetic [Fig. 3(j)], as demonstrated by the electron-
induced removal of extra H atoms in the experiments.

A paramagnetic ground state was also found on molecu-
lar dimers formed during the OSS process [as shown in
Fig. 1(e)], but their larger size crucially affects their
magnetic properties. Fig. 4(a) shows a high-resolution
image of a dimer. Two ETRI moieties are covalently linked
together [Fig. 4(b)] following the Ullmann-like C-C cou-
pling of their halogenated sites [47]. During the cyclo-
dehydrogenation step, an extra pentagonal ring is created
between them, as highlighted by a red bond in Fig. 4(b),
reducing the number of radicals of the dimer to only two.
The biradical state is experimentally demonstrated in the
SM [25].

The STM image of Fig. 4(a) also reproduces bright
features around the dimer backbone (indicated with dashed
ellipses) corresponding to the localization of the Kondo
effect: dI/dV spectra measured on either of the two show
pronounced peaks centered at zero bias [Fig. 4(c)], which
broaden with temperature [Fig. 4(d)] and magnetic field
[Fig. 4(e)]. However, these Kondo resonances broaden
faster with T than for the S =1 case of ETRI [both
compared in the inset of Fig. 4(d)] and show no split at
B =2.7T, signaling a different magnetic ground state.

Our MFH simulations of ETRI dimers like in Fig. 4(b)
confirm their biradical state, but the energy between triplet
and singlet solutions are now closer (see SM). On a surface,
a magnetic ground state probably behaves as two
noninteracting S = 1/2 spins. This explains the lack of
B-induced split and the faster broadening with 7" expected
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FIG. 4. Magnetic properties of dimers of ETRI. (a) Constant
height current image (V =2 mV) of a ETRI dimer with
its chemical structure shown in (b). (c) dI/dV spectra taken
on the dimer on the sites indicated with corresponding numbers
in (a). (d) Temperature dependence of the Kondo resonance
taken at site no.2. The spectra are shifted vertically for clarity.
The inset plots the HWHM at each temperature, extracted by
fitting a Frota function (red dashed lines) [39] and corrected for
the thermal broadening of the tip [40]. The inset includes the
simulation with the empirical expression \/(akT)? + (2kTx)?
[41], fitting the results with Tx ~7 K with @ = 15. For com-
parison, the temperature dependence of HWHM from the Kondo
resonance taken on a single ETRI monomer (gray data points) is
also shown. (e) Kondo resonance taken at location 2 at different
magnetic fields at T = 1.3 K. (f) Spin polarization of a ETRI
dimer from MFH simulations.

for S =1/2 Kondo systems [24]. The spin polarization
maps obtained from MFH simulations reproduce the bright
current regions on the dimers well [Fig. 4(f)], further
corroborating that this signal can be associated to the spin
distribution. The origin of such a small magnetic exchange
between the two radical states is related to the presence of a
pentagon between them and to the larger separation
between the two spin centers. In fact, in the absence of
this extra C-C bond, MFH simulations find a robust S = 2
ground state. Thus, pentagonal rings embedded in certain
sites of an open-shell GNF can affect its magnetic state
critically by quenching a radical state and modifying the
total spin (here by AS = 1) [48], just as extra hydrogen
atoms do [7], but their placement on a specific site can be
designed precisely during the OSS process.

In summary, we have demonstrated the magnetic ground
state of graphene flakes fabricated deterministically with a
triangularlike shape. The survival of the S = 1 state on the
metal surface is identified first through the observation of a
narrow Kondo resonance, that reacts to magnetic fields as
an underscreened spin triplet. The S = 1 state was further
confirmed through removal of hydrogen atoms by tip
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manipulation experiments, which revealed the stepwise
emergence of two spins localized at different sides of the
flakes. We note that our findings here contrast with the
absence of magnetic signals in previous studies of larger
triangulene flakes [15,16]. It is therefore an interesting
subject for future work to unveil the precise interplay
between size and symmetry of GNFs for their magnetic
state over a metal surface. Nevertheless, the existence of
GNFs with a net spin on a surface opens the door to new
investigations of their spin dynamics and coherence over
inorganic supports, which are crucial aspects for utilizing
graphene nanosystems [49] in quantum spintronic
applications.
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