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ABSTRACT: The design of magnetic topological states due to
spin polarization in an extended π carbon system has great
potential in spintronics application. Although magnetic zigzag
edges in graphene nanoribbons (GNRs) have been investigated
earlier, real-space observation and manipulation of spin
polarization in a heteroatom substituted system remains
challenging. Here, we investigate a zero-bias peak at a boron
site embedded at the center of an armchair-type GNR on a
AuSiX/Au(111) surface with a combination of low-temperature
scanning tunneling microscopy/spectroscopy and density func-
tional theory calculations. After the tip-induced removal of a Si
atom connected to two adjacent boron atoms, a clear Kondo
resonance peak appeared and was further split by an applied
magnetic field of 12 T. This magnetic state can be relayed along the longitudinal axis of the GNR by sequential removal of Si
atoms.
KEYWORDS: boron substituted graphene nanoribbons, silicon atoms, AuSiX layer, scanning tunneling microscopy/spectroscopy,
spin polarization, Kondo resonance

INTRODUCTION
A magnetic state induced by spin polarization of π-electrons in
graphene has attracted tremendous interest of researchers as a
key element in spintronics.1,2 For unambiguous character-
ization, it is of central importance to employ atomically defined
extended polycyclic aromatic hydrocarbons (PAHs). To
synthesize such PAHs, on-surface reactions are a powerful
bottom-up method3,4 since their structures can be precisely
defined with designer precursors.5−7 So far, several GNRs8−13

and nanographenes14−20 were found to host spin polarized
states with most of them relying on zigzag edges to induce a
local net spin.1,8,11−15,21 Besides the physical edges, Pascual et
al., recently found that boron substitution in a GNR (B-GNR)
gives a pair of apparent zigzag edges by the rupture of the
conjugated system, consequently leading to a Kondo resonance
in the vicinity of the boron sites.22 Since the magnetic state is
completely quenched by the strong adsorption to the Au(111)
substrate,23 the measurement was conducted by lifting a single
B-GNR up from the surface as the boron site was partially
detached.22 To realize this measurement setup, a diluted B-
GNR was used,24 otherwise strong adsorption to the substrate
at the boron site prevents the manipulation.25 Nevertheless,
the magnetism induced by the imbalance of π-electrons in real

space cannot be measured in the tip-GNR-Au(111) transport
configuration, thus their spatial distribution is still unclear.
Here, we investigate the magnetic states in B-GNR on an

AuSiX intercalation layer formed on the Au(111) substrate.
Deposited Si atoms adsorbed at the centers of two boron
atoms in B-GNR, leading to the formation of one-dimensional
Si arrays. We found that the magnetic state of a pair of boron
atoms was recovered by removing the adsorbed Si atom with
the tip of a scanning tunneling microscope (STM) and/or by
contacting the Si tip at the boron sites.

RESULTS AND DISCUSSION
Since the electronic property of B-GNR is significantly
modulated by strong adsorption to the Au(111) substrate,26

we initially attempted to form a AuSiX intercalation layer for
electrical decoupling (Figure 1a).27,28 B-GNRs were first
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synthesized on a clean Au(111) by depositing 9,10-bis(10-
bromoanthracen-9-yl)-9,10-dihydro-9,10-diboraanthracene (1)
molecules and subsequently annealing at 180 °C for
debromination and 320 °C for cyclodehydrogenation,
respectively. We found a 1.35 ± 0.01 nm spaced periodic
modulation along the longitudinal axis of GNR in the STM
topography (Figure 1b), which is in agreement with previous
works.23 To form the AuSiX layer between B-GNRs and the

Au(111) substrate, Si atoms were in situ deposited on the
substrate kept at 150 °C. The Au surface was fully covered by
the homogeneous AuSiX layer. We found that single Si atoms
also adsorbed on the B-GNRs (Figure 1c), forming a
periodically aligned Si atom array, which is absent on the
pristine GNR.27 This phenomenon can be extended to wider
B-GNRs (Supporting Information (SI) Figure S1). Since the
gap between the adjacent Si atoms is also approximately 1.35

Figure 1. (a) Adsorption of Si atoms on B-GNRs formed on a AuSiX/Au(111) surface. (b) Large-scale STM topography of B-GNRs formed
on Au(111). Inset shows the close-up view of single B-GNR. (c) STM topography after depositing Si atoms on the substrate kept at 150 °C.
The lower-left and upper-right insets show closeup views of the atomically resolved AuSiX substrate and Si atoms adsorbed on B-GNR,
respectively. Simulated structure of Si adsorbed on a B−B site on B-GNR on Au(111) from (d) the top and (e) the side. (f) Same as in (e)
but considering a layer of Si atoms between the B-GNR and Au(111). (g) Simulated constant current STM image of structure shown in (f) at
a bias of 200 mV. ΔZ in the legend is given in Å. Measurement parameters: sample bias voltage V = 200 mV and tunneling current I = 3 pA
in (b), V = 200 mV and I = 10 pA in (c).

Figure 2. (a) STM topography of the B-GNR formed on AuSiX/Au(111). Three Si atoms were adsorbed on the boron sites. (b) I-Z curve
taken during the tip-induced removal of a Si atom. (c) STM topography after the manipulation, and (d) indicating 11 sites for the STS
measurement. (e) Corresponding dI/dV curves measured at 4.5 K. (f) dI/dV curves recorded in the applied magnetic fields of 0 T (black), 6
T (red), and 12 T (blue). (g) Effective half width at half-maximum (HWHM) of Kondo peaks as the function of temperature with fitting
curve (red). Insert at the top shows the temperature dependent Kondo resonance (73 curves) measured at the site (indicated by blue dot in
the inset at the bottom). (h) Constant height dI/dV map around the boron site with the recovered spin. (i) DFT calculated spatial
distribution of spin. Measurement parameters: V = 200 mV and I = 10 pA in (a), (c), and (d). V = 20 mV, I = 400 pA, Vac = 0.5 mV in (e),
(f). V = 30 mV, I = 400 pA, Vac = 0.3 mV in the inset at the top of (g). V = 0 mV, Vac = 1.0 mV in (h).
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nm (inset of Figure 1c), the Si atom apparently locates at the
boron site. Our density functional theory (DFT) calculations
indicate that the adsorption energy of 3.71 eV (see Figure 1d,e
for the structure) is high enough for Si atom to stay at the site
while the substrate was kept at 150 °C during deposition and is
about 2 eV more favorable than adsorption at carbon sites. The
Si atom adsorbed at the boron site was also observed on the
substrate partially covered by the AuSiX layer (SI Figure S2).
As shown in Figure 1f, a DFT geometry optimization reveals
no major change in the structure of the ribbon when a dense
layer of Si atoms is considered between the B-GNR and
Au(111) and a tendency of AuSiX alloy formation on the
Au(111) surface is observed (Figure 1g), as Au atoms are
pulled up to the Si layer.
Since the Si atom strongly binds to the B site and

consequently induces a large corrugation amplitude, a
significant modification to the electronic properties of B-
GNR was expected (SI Figure S3). Thus, we attempted to
remove the Si atom by tip-induced vertical manipulation
(Figure 2a). In this process, the Z feedback of the tunneling
junction was deactivated after positioning the tip at the Si site,
and subsequently setting the tip closer to the Si atom while
recording the tunneling current. Considering the fact that the
I/V converter of the tunneling current was saturated at 10 nA,
the tip was set close enough to obtain the single-atom
conductance gap and then retracted (Figure 2b). After
removing the Si atom, a brick-like contrast appeared around
the boron site in the STM topography (Figure 2c), which
significantly differs from that of B-GNR directly formed on
Au(111) as well as on AuSiX layer without any adsorbed Si
atom (SI Figure S4). A systematic scanning tunneling
spectroscopy (STS) measurement was conducted at 11
different sites of the B-GNR (Figure 2d). Besides clear peaks
at the valence and conduction band edges (SI Figure S5),
distinct zero-bias peaks were measured in the dI/dV curves
taken at the boron sites and their vicinity (Figure 2e). We
attributed the peaks to Kondo resonances, arising from the
strong interaction between net spin and conduction electrons

of the substrate.22 To further investigate the Kondo resonance,
we applied a magnetic field perpendicular to the B-GNR at 4.5
K. The zero-bias peak measured at site 4 became lower and
broader with increasing magnetic field, and finally the Zeeman
splitting was detected at 12T (Figure 2f). The high magnetic
field required for the splitting suggests that the spin state
corresponds to a pair of S = 1/2 states,

15 indicating that the
apparent zigzag edges caused by the substitution of two boron
atoms have no significant magnetic exchange with each other.
We also obtained temperature dependent zero-bias peaks at
the site indicated by the blue dot in the bottom-right inset in
Figure 2g, with drift-corrected dI/dV spectroscopy (see
Methods/Experimental section).29 The two-dimensional map
shows a significant broadening of the zero-bias peak by
increasing the temperature (top-left inset in Figure 2g). With
Frota fitting, the effective half width at half-maximum
(HWHM) and the effective temperature Teff were obtained
as a scatter plot in Figure 2g. We finally obtained a Kondo
temperature of Tk = 23 ± 3 K by fitting with the expression of

+k T k T( ) (2 )k
1
2 B eff

2
B

2 (red curve in Figure 2g). The spatial
distribution of spin on B-GNR was also shown in the constant
height dI/dV map (Figure 2h) and the two-dimensional maps
(SI Figure S6).
Previous DFT calculations have already demonstrated that

imbalanced π-electrons around the pair of B atoms induces a
net magnetic moment of 2 μB, which decays toward the
segments with only C atoms of the freestanding nanoribbon.22

Our DFT calculations show that removing one of the adsorbed
Si atoms from the freestanding Si−B-GNR also results in a net
magnetic moment of 2μB around the pair of boron atoms and
is responsible for the Kondo resonances observed in the
experiment (Figure 2i and SI Figure S7). We found no
significant ferromagnetic coupling between the apparent zigzag
edges, which is consistent with the absence of the side peaks in
Figure 2e. The distribution of the spin density in the
calculation is in excellent agreement with that in the
experiment. We found two important factors for the spin

Figure 3. (a) Schematic design and resultant DFT spin densities of the stepwise removal of Si atoms adsorbed on B-GNR by tip-induced
manipulation. The green and yellow densities in the DFT calculations are isosurfaces that correspond to spin-up and -down, respectively,
where we employed an isovalue of 4 × 10−4 a.u. (b)−(f) STM topographies of B-GNR each after the removal. (g)−(k) Corresponding dI/dV
curves measured at four different sites indicated in (b)−(f). Measurement parameters: V = 200 mV and I = 5 pA for STM. V = 200 mV, I =
100 pA, Vac = 10 mV for STS.
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state recovery: (i) Tip-induced Si removal for modification of
the local charge state. In fact, the peak was also absent at the
boron sites of GNR on AuSiX/Au if no Si atom was a priori
adsorbed at the site in the preparation (SI Figure S8), (ii)
AuSiX intercalation layer for electronic decoupling. The zero-
bias peak was also absent at the boron site of GNR directly
adsorbed on Au(111) even if the Si atom was removed by the
tip (SI Figure S9). This implies that the net spin is suppressed
due to the strong interaction between boron sites and Au
substrate. Overall, this suggests that the B−Si bond scission
changes the local charge state around the boron site, which is
stabilized by the intercalation layer at low temperature in
ultrahigh vacuum. In fact, the spin state at the boron site
without a Si atom on AuSiX/Au(111) can also be recovered by
gentle contact with a Si tip (SI Figure S10). Given the fact that
the system is insensitive to the tip-charging process (SI Figure
S11), the spin state cannot be explained by the triplet ground
state biradical caused by two-electron reduction at the boron-
doped segment.30 Rather, it seems that the apparent zigzag
edge is responsible.22 Nevertheless, this result indicates that a
combination of the AuSiX intercalation layer and the tip-
induced removal of a Si atom plays a decisive role in the spin
state recovery.
We further investigated the role of the spin recovery by the

tip-induced manipulation and found that magnetism can be
transferred along the longitudinal axis of B-GNR by stepwise
removal of Si atoms (Figure 3a). In the process, the half spin
polarization (S = 1/2) can move through the B-GNR due to the
formation of the singlet state and the creation of spin states.
Figures 3b−f show a series of STM topographies of the B-
GNR during the manipulation, in which the apparent width of
the GNR becomes larger if the spin exists (SI Figure S12). The
corresponding spatial distribution of spin for Figure 3f was
displayed in constant height dI/dV image (SI Figure S13). The
spin feature moves along with the B-GNR axis following the tip
manipulation. The corresponding dI/dV curves were measured
after each STM image (Figure 3g−k). The site hosting the
zero-bias peak was shifted by the sequential removal of Si
atoms. Note that the zero-bias peak at the edge (black dot) has
changed during the process of removing more Si atoms. The
specific mechanism is unclear, yet most probably during the
process of the Si atom removal by the tip, the interaction
between the boron sites and the underlying AuSiX substrate
change, resulting in a modification of the zero bias peak. As for
the spin transfer, we suggest a plausible mechanism is that spin
polarization between neighboring 2B sites can form a closed
shell structure, and then the remaining net spin localizes at
both ends as indicated by ellipses in Figure 3a.22 This is
supported by the DFT calculations in Figure 3a. Transfer of
half spin polarization through the B-GNR has been simulated
in the free-standing nanoribbon, which further confirmed the
electronic decoupling between the B-GNR and Au(111) by the
AuSiX layer. Hence, our results demonstrate the engineering of
spin polarization in a single B-GNR.

CONCLUSIONS
We demonstrated real space observation of spin states in B-
GNR formed on the AuSiX/Au(111) surface with low
temperature scanning tunneling microscopy. The intercalation
layer offers sufficient electronic decoupling, otherwise the
magnetic state of B-GNR directly adsorbed on Au(111) is
completely quenched. The tip-induced removal of the silicon
atoms adsorbed on the center of two boron sites leads to the

recovery of a net spin in the corresponding two-boron site. Our
DFT calculations demonstrate that the spin state is recovered
on the pair of B atoms when the adsorbed Si atom is removed
in the free-standing B-GNR, thus confirming the decoupling
from the Au(111) substrate by the AuSiX buffer layer in the
experiment. This manipulation process can be repeated with an
effective transfer of the spin site along the longitudinal axis of
B-GNR, resulting in local-probe spin engineering. We hope
that this demonstration will offer a route to the control of the
spin state in quantum materials.

METHODS/EXPERIMENTAL
Experimental Section. All the experiments were conducted with

two scanning tunneling microscopy (STM) systems under ultrahigh
vacuum environment: a homemade STM operating at 4.3 K(<1×
10−10 mbar), and a Unisoku STM operating at 4.5 K (<1× 10−10

mbar) with a maximum out-of-plane magnetic field of 16 T. Clean
Au(111) substrates were prepared by cyclic Ar+ sputtering for 10 min
and annealing at 440 °C for 10 min. 9,10-bis(10-bromoanthracen-9-
yl)-9,10-dihydro-9,10-diboraanthracene molecules were deposited on
Au(111) kept at room temperature from crucibles of a Knudsen cell,
heated at approximately 250 °C. The sample was heated to 180 °C for
debromination and 320 °C for cyclodehydrogenation, resulting in
formation of boron substituted graphene nanoribbons (B-GNRs).
Silicon atoms were deposited by a one-pocket electron beam
evaporator (SPECS GmbH) on B-GNRs/Au(111) kept at 150 °C
for fabrication of B-GNRs with adsorbed Si atoms and an AuSiX buffer
layer. STM tungsten tips were made by chemical etching. The
modulation amplitude was 10 mVac and 0.3 mVac with the frequency
510 Hz for STS measurement in homemade STM system. The
modulation amplitude was 0.5 mVac and the frequency was 830 Hz for
STS measurement in Unisoku STM system. Before the temperature
dependent dI/dV spectroscopic measurements, the liquid helium in
the cryostat was fully evaporated. Then, the temperature was gradually
increased. The nonlinear thermal drifts in the X, Y, and Z directions
were thoroughly corrected by drift-corrected dI/dV spectroscopy.
Before each dI/dV measurements, the tip was repositioned at the
adjacent site of the Si atom adsorbed on the boron site of B-GNR, by
activating an atom tracking function for 120 s. The recorded travels of
the thermal drifts in the X, Y, and Z directions during the atom
tracking were used for the feedforward compensation during the next
spectroscopic measurement. A similar protocol can be found in ref 29.
A small amount of Si atoms were deposited on Au(111) kept at

150 °C for homogeneous adsorption on B-GNR (SI Figure S2a).
Some uniformly spaced bright dots can be seen on B-GNRs in STM
image (SI Figure S2b), which are identified as Si atoms. Insert (SI
Figure S2b) shows a closeup of one B-GNR with adsorbed Si atoms,
in which the gap between neighboring Si atoms is 1.34 ± 0.01 nm, the
same as the periodic distance in pure B-GNR within the allowed error
range. Some small dark areas on Au(111) could be seen, which are
identified as AuSiX regions, consistent with recent research.27,28

Computational Section. All first-principles calculations on the
gold substrate in this work were performed using the periodic plane-
wave basis VASP code31,32 implementing the spin-polarized density
functional theory. To accurately include van der Waals interactions in
this system, we used the DFT-D3 method with Becke-Jonson
damping.33,34 Projected augmented wave potentials were used to
describe the core electrons35 with a kinetic energy cutoff of 500 eV
(with PREC = accurate). Systematic k-point convergence was checked
for all systems with sampling chosen according to the system size.
This approach converged the total energy of all the systems to the
order of 1 meV. The properties of the bulk and surface of Au were
carefully checked within this methodology, and excellent agreement
was achieved with experiments. For calculations of the ribbons on the
surface, a vacuum gap of at least 1.5 nm was used, and the size of the
gold slab (6 × 6 units cells) and ribbon length (4 × 1) were chosen to
minimize the lattice mismatch (1.4% for this combination). A 5 × 5 ×
1 k-point grid was used and the upper three layers of Au (five layers in
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total) and all atoms in the ribbon were allowed to relax to a force of
less than 0.01 eV/Å. All energies mentioned are with reference to
relaxed total energies. Atomic structure visualizations were made with
the VMD package.36 Simulated STM images were calculated using the
CRITIC2 package37,38 based on the Tersoff-Hamann approxima-
tion.39

In order to explore the development of the magnetic properties of
the B-GNR with Si atoms adsorbed, we used the VASP relaxed
structure as input for calculations of much longer ribbons. SI Figure
S7 shows an example of ribbon which has two pairs of boron atoms
with Si adsorbed and one pair without the Si. This calculation was
realized without any substrate in order to simulate the decoupling of
the B-GNR with the Au substrate intermediated by the AuSiX layer.
For these simulations we have made use of the SIESTA code40,41 with
the vdW functional of Dion et al.42 with exchange modified by J.
Klimes,̌ D. R. Bowler, and A. Michaelides (KBM, also known as
optB88-vdW functional).43 The fineness of the real reciprocal space
integration was defined by an energy cutoff of 300 Ry, while the
reciprocal space was sampled with a 2 × 1 × 1 Monkhorst−Pack
grid.44 Norm conserving Troullier-Martins pseudopotentials were
used to represent the ionic core potentials,45 while a double-ζ plus
polarization (DZP) basis set is adopted for the valence electrons. The
optimized geometry was achieved after the magnitude of the largest
force on the atoms was smaller than 0.01 eV/Å, and two vacuum
layers, perpendicular and parallel to the ribbons, of 1.5 nm were
considered so that the interaction between the ribbons were
negligible. The threshold for the self-consistency cycle was set to
10−5 eV to the density matrix elements and 10−2 eV for the
Hamiltonian matrix elements.
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Müllen, K.; Passerone, D.; Pignedoli, C.; Ruffieux, P.; Fasel, R.;
Meyer, E. Superlubricity of Graphene Nanoribbons on Gold Surfaces.
Science 2016, 351, 957−961.
(26) Carbonel-Sanroma, E.; Garcia-Lekue, A.; Corso, M.; Vasseur,
G.; Brandimarte, P.; Lobo, J.; de Oteyza, D. G.; Li, J.; Kawai, S.; Saito,
S.; Yamaguchi, S.; Ortega, J. E.; Sanchez-Portal, D.; Pascual, J. I.
Electronic Properties of Substitutionally Boron-Doped Graphene
Nanoribbons on Au(111) Surface. J. Phys. Chem. C 2018, 122,
16092−16099.
(27) Deniz, O.; Sanchez-Sanchez, C.; Dumslaff, T.; Feng, X.; Narita,
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