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Atomically precise graphene nanoflakes called nanographenes have emerged as a promising platform to
realize carbon magnetism. Their ground state spin configuration can be anticipated by Ovchinnikov-Lieb
rules based on the mismatch of z electrons from two sublattices. While rational geometrical design achieves
specific spin configurations, further direct control over the 7z electrons offers a desirable extension for
efficient spin manipulations and potential quantum device operations. To this end, we apply a site-specific
dehydrogenation using a scanning tunneling microscope tip to nanographenes deposited on a Au(111)
substrate, which shows the capability of precisely tailoring the underlying z-electron system and therefore
efficiently manipulating their magnetism. Through first-principles calculations and tight-binding mean-
field-Hubbard modeling, we demonstrate that the dehydrogenation-induced Au—C bond formation along
with the resulting hybridization between frontier z orbitals and Au substrate states effectively eliminate the
unpaired 7z electron. Our results establish an efficient technique for controlling the magnetism of

nanographenes.
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The magnetism of nanographenes rooting from the
underlying z-electron systems has garnered significant
attention from the fields of physics, chemistry, and nano-
technology by virtue of their long coherence time, negligible
magnetic anisotropy, and great scalability of carbon-based
nanomaterials [1-5]. For an extended period, the synthesis
and characterization of magnetic nanographenes have posed
significant challenges owing to their high reactivity. Recent
advancements in on-surface synthesis have enabled the
fabrication of a number of prototypical quasi-zero-
dimensional (0D) magnetic nanographenes on a Au(111)
surface, like Clar’s goblet [6], [n]-triangulenes [7-9], and
[n]-rThombenes [10,11], which have been characterized with
respect to their magnetic ground states and spin excitations
by means of scanning tunneling microscopy (STM) and
inelastic electron tunneling spectroscopy (IETS) [12].
Additionally, coupled spin systems achieved through cova-
lent connections between these 0D building blocks have also
been realized [13-16], offering promising platforms for
spin-based quantum information processing.

In general, the ground state magnetization of nano-
graphenes can be anticipated using the Ovchinnikov-
Lieb rule: S = |N4 — Ng|/2, where S represents the total
spin, and N4 and N correspond to the numbers of carbon
atoms residing on the A and B sublattices of the honeycomb
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structure [17,18]. As a result, a sublattice imbalance gives
rise to unpaired 7 electrons and therefore a net magneti-
zation, as in the triangulene family [7-9]. Additionally, for
nanographenes with balanced sublattices, unpaired z elec-
trons may also exist owing to topological frustration, as in
Clar’s goblet [19], or due to sufficiently strong correlation
effects, like in [n]-thombenes [11]. Given the pivotal role
that z electrons play in the magnetism of nanographenes, it
is imperative to have the capability to manipulate the
z-electron system in order to exert control over the
magnetism.

Here, by leveraging the atomic-scale manipulation
capabilities of STM, we realized precise tailoring of the
z-electron system in Clar’s goblet (hereinafter referred to as
goblet) and [3]-triangulene via selective tip-induced dehy-
drogenation, which allows us to efficiently manipulate their
ground state magnetization. Utilizing first-principles cal-
culations and a modified tight-binding mean-field-Hubbard
(TB-MFH) approaches, we elucidate that the dehydrogen-
ation-induced Au—C bond leads to the realignment of
frontier 7 orbitals through strong hybridization with the
Au substrate states. This, in turn, triggers the redistribution
of related unpaired z electrons, resulting in the removal of
one unpaired z electron with each dehydrogenation proc-
ess. From the perspective of the z-electron system, this

© 2024 American Physical Society
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dehydrogenation is equivalent to directly removing the
dehydrogenated carbon site in a TB-MFH model. As a
result, selective tip-induced dehydrogenation offers a pre-
cise engineering approach for manipulating the spin con-
figuration of nanographenes.

Figure 1(a) shows the structure of a goblet (I) which has
balanced sublattices. The low-energy spin physics of such
nanographenes can be qualitatively captured by a TB-MFH
model [6,20]:

H="H, +H, +Hy.
My =—t; > el 2,
(id)o

where t; = 2.7 eV and t; = 0.27 eV are the first- and third-
nearest-neighbor hopping parameters, U = 3.2 eV is the
Coulomb repulsion between electrons occupying the same
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FIG. 1. Effect of removing specific carbon sites on the ground
state magnetization of a goblet. (a)—(c) Sublattice-resolved
schematic representations, the spin density of the ground states,
and the energy spectra of a goblet (I), and a goblet with one (II)
and two (III) eliminated carbon sites. Dashed circles represent the
removed sites. The magnetization values of selected carbon sites
are given in units of yB. Red and blue denote opposite spin
alignments, and the circle size is proportional to the magnetiza-
tion value. H,, and H,, denote the kinetic terms considering the
nearest-neighbor and the third-nearest-neighbor hoppings, re-
spectively. ‘H represents the TB-MFH Hamiltonian. ZM denotes
zero mode.

site, 1; , = c;aci,a is the occupation number operator, and
(i, j) and ({(i, j))) indicate the restriction of sites i and j to
the first- and third-nearest neighbors, respectively. The
calculated spin density of I shows a clear spatial and
sublattice polarization associated with two unpaired z
electrons arising from topological frustration [see Fig. 1(a)].
From the viewpoint of the energy spectrum, each unpaired
7 electron gives rise to one zero mode (ZM) when consid-
ering only the kinetic term ;. Enabling also 73 leads to an
energy splitting of these ZMs due to hybridization between
them [21]. Further including the Coulomb repulsion U
renders this hybridization energetically unfavorable, result-
ing in a large gap separating the created singly occupied and
unoccupied spin-polarized molecular orbitals (SOMOs and
SUMOs). Based on the ground state spin polarization and
the energy spectrum, we can conclude that structure I has
an S = 0 singlet ground state which has been confirmed by
the observation of singlet-triplet spin excitation in IETS
measurements [6].

A sublattice imbalance arises in structure II by removing
one carbon site from I [Fig. 1(b)]. In this case, the ZM from
the minor sublattice is missing; therefore, no splitting is
present after involving the #; channel. The TB-MFH
calculation indicates an S = 1/2 ground state with a
spin-polarized orbital residing at the majority sublattice
of the undefective side. Further removal of the site on the
opposite terminus results in a closed-shell structure (III),
where all the remaining 7 electrons can be paired up and no
spin-polarized orbital is left [see Fig. 1(c)].

The above analysis created a pathway toward manipu-
lating spin configurations of nanographenes by intention-
ally inducing carbon vacancies at specific sites. To date,
two processes observed in STM experiments have shown
the ability to tailor the z-electron system of nanographenes,
effectively creating carbon vacancies: hydrogenation and
pinning the unpaired 7 electron to the elbow position of the
herringbone reconstruction of Au(111) [6,22,23]. However,
the former does not allow the engineering of a specific
spin site, and the latter has stringent geometrical restric-
tions. To date, a precisely controllable method is still
missing. As an efficient method for manipulating the
geometric and electronic structure of molecules, tip-
induced dehydrogenation has been reported to be able to
create substantial geometrical distortions in benzene rings
or cobalt phthalocyanine on the metal surface through the
formation of a C—metal bond with the substrate [24-26].
Recent findings have shown its potential to affect the end
states of seven-atom-wide armchair graphene nanoribbons
on Au substrate [27,28]. Considering the decisive role of
the z-electron system in determining the ground state
magnetization of nanographenes, and the capability of
tip-induced dehydrogenation in tuning the hybridization
of the carbon sites and therefore the z-electron system, we
considered it worth exploring the influence of dehydro-
genation on the spin configurations in nanographenes.
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FIG. 2. Tip-induced dehydrogenation of a goblet. (a) and
(b) STM topography and nc-AFM frequency shift images of an
OSD goblet on Au(111). For STM topography: Vy;,s = —0.12 V,
I =500 pA. (c) The current discontinuity in the /-V curve
indicates the breaking of the C—H bond. (d) Sequential
tip-controlled dehydrogenation of the pristine goblet to the
OSD goblet and then to the BSD goblet on a Au(111) surface.
Parameters: Vi, = —0.05V, [, =500 pA for all three
images. (e)—(g) Sequentially measured IETSs on corresponding
structures shown in (d). Al IETSs are taken by W tip with V4 =
2 mV (681 Hz). I, = 500 pA for (e) and I, = 600 pA for
(f) and (g). All data are taken at 4.5 K. Scale bars: 0.5 nm.

Figures 2(a) and 2(b) display the structural character-
izations of a one-side dehydrogenated (OSD) goblet
on a Au(l11) surface. As evidenced by the noncontact
atomic force microscopy (nc-AFM) images in Fig. 2(b),
the dehydrogenated side of the molecule bends toward the
substrate, which is featured by a “big eyes” motif in the
corresponding STM image. The [-V (current-voltage)
curve shown in Fig. 2(c) indicates the typical signature
of C—H bond breaking manifested by a sudden drop in
the current with increasing the bias voltage (details of
dehydrogenation in Methods [29]). By successively dehy-
drogenating both sides of a goblet, OSD and both-sides
dehydrogenated (BSD) goblets can be obtained as shown
in Fig. 2(d). The IETS measurements were performed
on the molecule at different stages of the sequential
dehydrogenation. For the pristine goblet, symmetric steps
at ~+ 23 meV are observed [Fig. 2(e)], which has pre-
viously been rationalized as the excitation from the singlet
ground state to the triplet excited state [6]. Notably, for the
OSD goblet, the IETS spectra taken on the dehydrogenated
side exhibit a featureless profile compared to the back-
ground (gray curve), while spectra obtained from the
unmodified side exhibit a sharp zero bias peak without
spin excitation steps [Fig. 2(f)], similar to those observed
in the case of the one-side hydrogenated goblet and the

elbow-passivated goblet reported previously [6], proving
the S = 1/2 nature of the OSD goblet on a Au(111) sur-
face. Interestingly, this result aligns with the TB-MFH
calculations for structure II [Fig. 1(b)], where the ground
state exhibits an S = 1/2 configuration and the spin-
polarization predominantly extends at the unmodified side.
This indicates that the effective role of tip-induced dehy-
drogenation is the removal of the dehydrogenated carbon
site. As expected, further dehydrogenating the mirror carbon
site erases the remaining unpaired z electron, and therefore
results in a featureless IETS spectrum [see Fig. 2(g)].

To elucidate the mechanism of the tip-induced dehydro-
genation and establish a direct connection with the removal
of the dehydrogenated carbon sites illustrated in Fig. 1, we
employed density functional theory (DFT) calculations as
the initial step. The optimized structure of the OSD goblet
on a Au(111) slab is illustrated in Fig. 3(a), where the
dehydrogenated carbon binds to a Au atom from the
substrate with a bond length of 2.11 A. This results in a
geometrical bending of the molecule toward the substrate,
in line with the experimentally observed nc-AFM image
[Fig. 2(c)]. The simulated nc-AFM image based on this
structure fits the experimental result very well and hence
confirms the validity of this structural model (see Fig. S2 in
Supplemental Material [29]). Based on the optimized
structure, the ground state spin density of an OSD
goblet on Au(111) is calculated. As shown in Fig. 3(a),
the spin barely remains on the dehydrogenated side of the
goblet, while it is hardly affected on the other side compared
with the pristine case [see Fig. S3 in Supplemental Material
[29]]. This can be understood through inspection of the
spin-resolved projected density of states (PDOS) shown in
Fig. 3(b). The frontier orbitals with opposite spin polar-
izations on the dehydrogenated side (upper panel, light
brown states) realign and pair up in energy above the Fermi
level (E), while those on the unmodified side (upper panel,
light purple states) are barely affected, akin to the pristine
case [Fig. 3(b) lower panel]. As a result, the original
unpaired 7z electron at the dehydrogenated side loses its
spin polarization and is essentially transferred into the Au
substrate, in accordance with the observed spin passivation.
Experimentally, the realignment of the frontier orbitals at the
dehydrogenated side shown in Fig. 3(b) is confirmed by
dI/dV spectra [Fig. 3(c)], where the original SOMO and
SUMO peaks are replaced by a broad peak above the E.
The spectrum taken on the unmodified side is similar to that
of the pristine goblet except for the spin-related inelastic
features near the E,. The dI/dV maps of the SOMO and
SUMO for both OSD and pristine goblets further confirm
this local change of the frontier orbitals.

To unveil the underlying mechanism driving this orbital
realignment, we concentrated on the frontier z orbitals of
the pristine goblet and tracked their evolution after one-side
dehydrogenating and hybridizing with varying numbers of
Au adatoms in the freestanding case. As depicted in
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FIG. 3. (a) Optimized structure of an OSD goblet on a Au(111)
slab. DFT-calculated ground state spin density is also shown.
Only part of the Au atoms are shown here (see Fig. S1 in
Supplemental Material for the complete model [29]). Carbon:
black spheres. Au and H: large and small white spheres. The
spatial distribution of magnetization is denoted by red and blue
isosurfaces of spin density. The magnetization of selected carbon
sites is given in units of uB. (b) Spin-resolved PDOS of the
carbon atoms highlighted by corresponding colors for both the
OSD goblet (upper panel) and pristine goblet (lower panel) on
Au(111). (c) Experimental dI/dV spectra [l = 600 pA,
Vimod = 10 mV (681 Hz)] and dI//dV maps [(I, = 500 pA,
Vinod = 10 mV (681 Hz)] of an OSD and a pristine goblet.
The positions for taking these spectra are labeled via color-coded
dots. Scale bars: 0.5 nm.

Fig. 4(a), the energy gap between the frontier z orbitals on
the dehydrogenated side (| a* and ta*) reduces progres-
sively upon bonding with an increasing number of
Au adatoms, owing to their pronounced hybridization with
the Au adatoms (details in Fig. S4 of Supplemental
Material [29]). In contrast, the gap between frontier z
orbitals at the unmodified side (1'5* and |b*) shows
minimal variation, due to their minor hybridization with
Au. Meanwhile, the spin polarization at the dehydrogen-
ated side of the goblet exhibits strong leakage toward the
Au adatoms, lowering the energy of the system by
diminishing the overlap with the radical at the unmodified
side. In the limit of a large quantity of Au atoms, namely,
the Au substrate case, these effects would lead to the
pairing of [a* and fa* in energy above the Fermi level
(EFr), as confirmed by the spin-resolved frontier orbitals of
the OSD goblet on Au(111) [Fig. 4(b)] (see details in
Fig. S5 of Supplemental Material [29]). Consequently, no
singly occupied spin-polarized orbital remains on the
dehydrogenated side, and the formerly unpaired 7 electron
on this side transfers into the Au substrate.

To confirm this orbital-pairing and charge-redistribution
picture, we switched back to the TB-MFH model but
employed a positive charge transfer +e to the molecule,
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FIG. 4. (a) DFT-calculated spin-resolved frontier z orbitals of a
freestanding pristine goblet (| a, | b, 1b, and 1a), along with the
variations in their energy differences after one-side dehydrogen-
ating and hybridizing with different numbers of Au adatoms (1, 3,
5, and 19 Au atoms in cluster form). For the Au clusters: Au—Au
bond length is the same as that in the Au crystal, and the Au—C
bond length is the same as the OSD goblet in the Au(111) surface
case. The corresponding orbitals after hybridizing with Au are
denoted as a* and b*. The ground state spin densities in the 1Au,
3Au, and 19Au cases are shown in the insets. (b) Spin-resolved
frontier orbitals of the OSD goblet on Au(111). The orbitals are
labeled based on the result of a freestanding OSD goblet
by removing the Au(111) slab. HOMO and LUMO: the highest
(lowest) occupied (unoccupied) molecular orbital. (c) Schematic
illustration of simulating an OSD goblet on Au(111) by using
a modified TB-MFH model: introducing a variation in on-site
energy (AE) at the simulated dehydrogenated carbon site and
providing a global positive charge. (d) Spin density and spin-
resolved energy spectrum calculated by the modified TB-MFH
model.

instead of directly removing the dehydrogenated carbon
sites [see Fig. 4(c)]. To differentiate between the dehydro-
genated and unmodified sides of a goblet in the model, we
introduced a positive on-site energy AE = 0.4 eV at one
carbon site to simulate the effect of the dehydrogenation-
induced Au—C polar covalent bond (details in Fig. S6 of
Supplemental Material [29]). This AE also ensures that the
removed 7z electron originates from the simulated dehy-
drogenated side of the goblet. The calculated ground state
spin density and the spin-resolved frontier z orbitals by this
modified TB-MFH model exhibit a quantitative agreement
with the DFT results [compare Fig. 4(d) with Figs. 3(a)
and 4(b)]. Notably, the orbital realignment and ground state
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spin density are insensitive to the value of AE (Fig. S6 in
Supplemental Material [29]). Likewise, using +2e charge,
we reproduced the closed-shell nature of the BSD goblet on
Au (see Fig. S7 in Supplemental Material [29]). These
findings validate that the hybridization facilitated by the
dehydrogenation-induced Au—C bond pairs the two spin-
polarized orbitals on the dehydrogenated side and effec-
tively eliminates the unpaired 7z electron on this side. This
outcome aligns with the effect of removing the dehydro-
genated carbon site as depicted in Fig. 1, enabling precise
tailoring of the magnetism of goblets.

The versatility of this dehydrogenative tailoring
approach has been further demonstrated through its appli-
cation to [3]-triangulene (37). Pristine 37 has an imbal-
anced sublattice (N4, = 10 and Nz = 12) and therefore a
ground state with § =1 [30,43,44]. By selectively dehy-
drogenating specific carbon sites of 37, we obtained
structures 37-H and 37-2H, respectively [see Figs. 5(a)
and 5(b)]. Their ground state magnetization can be antici-
pated by the Ovchinnikov-Lieb rules: S = 1/2 for 37-H
and closed shell for 37-2H, which are consistent with the
TB-MFH results by using either direct removal or the
modified treatments [Figs. 5(e) and 5(f)]. These predictions
are confirmed by the IETS taken on respective structures, as
shown in Figs. 5(c) and 5(d). Remarkably, the intensities of
the Kondo resonance peaks observed at different positions
on 37-H are consistent with the spin density calculated
using the TB-MFH model, as depicted in Fig. 5(e).
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FIG. 5. Dehydrogenative tailoring of the z-electron system in
[3]-triangulene. (a) and (b) Schematics and the corresponding
topographic images for different dehydrogenative structures:
3T-H (a), 3T-2H (b). (c) and (d) IETSs taken on 37-H and
3T-2H, respectively. The positions of the spectra are marked by
colored-coded dots. I, = 600 pA, Voq =2 mV (681 Hz). (e)
and (f) TB-MFH calculated ground state spin densities for 37-H
and 37-2H, respectively. Both direct removal and modified
treatments are used. Scale bars: 0.5 nm.

In conclusion, our study has demonstrated the feasibility
of tailoring z-electron systems and manipulating the
magnetization of nanographenes through tip-induced
dehydrogenation. The formation of the Au—C bond after
dehydrogenation and the resulting hybridization contribute
to the effective tailoring, which, in terms of the z-electron
system, is equivalent to directly removing the dehydro-
genated carbon site in the TB-MFH model.
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