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ABSTRACT: The low spin—orbit coupling and weak hyperfine interactions
make organic radicals promising components used in molecular spintronics.
Triphenylmethyl (TPM) is the first stable carbon-centered organic radical
discovered more than a century ago. Here, we use scanning tunneling
spectroscopy to study quantum transport through single TPM radicals that
are attached to a Au(111) electrode via atomic contacts of Ni atoms. The
transport exhibits a Kondo resonance, evidencing that the unpaired electron
of the radical forms a spin singlet with the itinerant electrons of the electrode.
Density functional theory calculations reveal an indirect Kondo screening
mechanism: the itinerant electrons couple with the radical 7 electron via the
d orbitals of the Ni atoms. These results envision a new way to regulate the
spin transport of organic radicals using atomic contacts in solid-state

spintronic devices.

B INTRODUCTION

As the prototypical carbon-centered radicals (CCRs), triphe-
nylmethyl (TPM) radicals have been studied extensively due to
their high thermal stability, kinetic persistence, and spectro-
scopic activity since the first isolation by Gomberg in 1900."
TPM radicals exhibit a narrow and intense EPR spectrum with a
long spin relaxation time,” which is highly relevant to their
applications as spin polarization agents for dynamic nuclear
polarization.” TPM derivatives have also been used as
antioxidants,” dopants in molecular semiconductors’ and
molecular electronics.”” Furthermore, tris(4-substituted)-
TPM radicals are used as building blocks for the formation of
metal—organic frameworks (MOFs) comprising spin—lattices,”
which provide a great potential of TPM to develop molecular
magnetic structures with different spin topologies.”

The high stability and long spin relaxation time make the
CCRs a promising agent for molecular spintronics.”'" In single-
molecule spintronic devices, the spin relaxation and coherence
times are further prolonged since the spins are relatively isolated
with reduced spin—spin and spin—lattice interactions.'”""
Understanding the quantum transport of CCRs at a single-
molecule level is essential for designing CCR-based spintronic
devices. In this regard, studying the spin transport of molecular
junctions containing TPM radicals is highly relevant. Using the
break-junction technique, several groups revealed that the
unpaired spin in TPM radicals preserved upon interaction with
metal electrodes and coherently couples to the metal electrons,
forming a many-body Kondo singlet state.'*~'* These findings
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open the door toward CCR-based single-molecule spintronics
devices."”

In the break-junction experiments, the detailed configuration
of the molecule—metal contacts is elusive since the contacts are
inaccessible or uncontrollable. It is well-known, however, that
contacts play key roles in single-molecule transport. In this work,
we apply scanning tunneling microscopy and spectroscopy to
study the transport through single TPM radical junctions with
well-defined molecule—metal contacts. Tris(4-carbonitrile)-
TPM (termed TPM thereafter) coordinates with Ni atoms to
form a MOF on a Au(111) surface. In this structure, each TPM
is anchored by three Ni atoms on the Au(111) surface, forming
single-molecule junctions of TPM-Ni;. Spatially resolved
tunneling spectroscopy at submolecule precision, comple-
mented with density functional theory (DFT) calculations,
reveals that the unpaired spin of the singly occupied molecular
orbital (SOMO) of the TPM radical couples with the
conduction electrons of the Au(111) substrate via the Ni
atoms. The quantum transport process through the TPM radical
is mediated with a Kondo singlet, which involves the conduction
electrons of the Au(111) surface, the d orbitals of the Ni atoms,
and the 7 orbitals of the TPM CCR. We propose that the
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Figure 1. (a) STM image (—1V, 50 pA) showing a 2D MOF assembled from Ni and TPM on a Au(111) substrate. (b, c) High-resolution STM images
(—0.1V, 100 pA) acquired before and after a tip manipulation at the location of the flash sign. This small bias voltage is rationally chosen to minimize
the effect of electronic structure changing. (d) Fully relaxed atomic structure of a 2 X 2 Ni-TPM MOF supercell containing one d-TPM and three TPM
molecules. Gray, white, blue, green, yellow, and red spheres represent C, H, N, Ni, Au, and dehydrogenated C atoms, respectively. (e) Side views of
fully relaxed atomic structures of free-standing d-TPM (left panel) and TPM (right panel) molecules. (f) Side view of the fully relaxed atomic structure
of the Ni-TPM MOF shown in (d). (g) Theoretically simulated constant-current STM image of the 2 X 2 MOF supercell. The bias voltage simulated is
—0.1V, and the isosurface value used to plot the isosurface contour is 2 X 1077 e/Bohr’. Features observed in this image are robust in varying isosurface
values, as shown in the Supplementary Figure 2.
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Figure 2. (a) Topographic STM (—0.1V, 100 pA) image and (c) STS map (f= 727 Hz, I = 1000 pA, and V,,,, = 10 mV) acquired at 0.49V for d-TPM.
(b) Site-specific dI/dV spectra (f= 727 Hz, I = 1000pA, and V,,,, = 10 mV) acquired at sites marked in (a) following the same color code. (d) Spin-
polarized theoretical DOS for TPM (top panel) and d-TPM (bottom panel) molecules adsorbed on Au(111), respectively. DOS peaks corresponding
to HOMO and LUMO in the up- (light red) and down-spin (dark blue) components are labeled with H,, and L, for the up-spin and Hy, and Ly, for
the down-spin. Six characteristic peaks are denoted as states S1 to S6, following the same color code of spin-up and spin-down. (e) Slab cleaved at 3.5 A
over the central carbon from the wave function norm of state S6 (0.31 eV).

quantum transport properties of TPM CCR can be tuned by la is an STM image showing that the TPM molecules feature a
replacing Ni by other transition metals with different d orbital triangular cone shape, and they form a triangular lattice. The
configurations, which may open new opportunities to control lattice vectors, 1.43 + 0.03 nm in length, are oriented along the
the spin-dependent transport in single-molecular CCR [01—1] directions of the Au(111) surface, matching a 5 X S
junctions. supercell of the Au(111) atomic lattice. A large-scale STM image
(Supplementary Figure 1) shows nearly defect-free large

B RESULTS AND DISCUSSION domains of the Ni-TPM MOF. A structural model of the Ni-
Tris(4-carbonitrile)-TPM molecules self-assemble with Ni TPM MOF is overlaid onto the STM image in Figure la,
atoms on a Au(111) surface to form a Ni-TPM MOF. Figure illustrating that each Ni atom is coordinated with three
B https://doi.org/10.1021/jacs.5c09680
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Figure 3. Kondo resonance of d-TPM. (a) STM image (—0.1V, 100 pA) and (b) site-specific dI/dV spectra (f= 727 Hz, I = 1000 pA, and V= 0.5
mV) acquired at the positions marked by the color dots in (a). (c) dI/dV spectra (f = 727 Hz, I = 3000 pA, and V,,,, = 0.5 mV) measured at different
temperatures. (d) Temperature dependence of I fitted with the Fermi-liquid model. (e) Map of ZBP intensity (=727 Hz, I = 3000 pA, and V,,,; = 0.5
mV) overlaid with a Ni-TPM model. Top (f) and side (g) views of isosurface contours for the theoretical spin density distribution of d-TPM-Ni,
adsorbed on the Au(111) substrate. The light red and dark blue colors represent spin-up and spin-down densities, respectively. The isosurface value is 4
X 107* e/Bohr’. The white arrows in (g) illustrate the charge transfer from the substrate to the molecule.

carbonitrile (CN) ligands in a 3-fold Ni-CNj coordination. A
DFT-optimized structural mode is plotted in the black-solid box
in Figure la (details in Supplementary Figure 3). The central
carbon atom (termed as c-C) sits at a top site of the Au(111)
atomic lattice, while the Ni atoms are positioned at the hollow
sites of Au(111). In the DFT-relaxed structure, the Ni—N bond
exhibits a length of 1.89 A, within the range of Ni—N
coordination bonds (1.87~2.11 A),"® while each Ni atom sits
2.39 A over the Au-surface. The TPM molecules adopt a
propeller conformation with three phenyl rings rotated by 52°
around the C—C bonds that link the phenyls to the central
carbon.

We applied an STM tip-manipulated dehydrogenation
reaction to the molecule highlighted with the lightning symbol
in Figure 1b, removing the hydrogen atom sitting over the
central carbon atom.'”~>° This manipulation transforms the
TPM into a CCR (termed d-TPM), accompanied by a
topographic change from a triangular cone shape to a three-
lobed triangle shape, as shown in Figure lc. The apparent
molecular height decreases from 1.84 A (TPM) to 1.21 A (d-
TPM). We used DFT to analyze the dehydrogenated structure
by constructing a 10 X 10-Au(111) supercell containing one d-
TPM and three TPM molecules. Figure 1d shows the fully
relaxed structure of the supercell in which the dehydrogenated c-
C atom is slightly magnified and colored in red. The Ni atoms
and the d-TPM molecule reside in different vertical heights, as
illustrated by a side view of their atomic structure shown in
Figure 1f. The dehydrogenation lowers the ¢-C from 5.15 to 4.40
A above the surface. This height reduction of 0.75 A is consistent
with the apparent height change of 0.64 A observed
experimentally. In addition, the angle between the phenyl ring
plane and the substrate surface decreases from 52° in TPM to
35°in d-TPM. Conformationally, d-TPM is flatter than TPM, as
illustrated in the models shown in Figure le. These structural
changes corroborate that c-C undergoes a transition from the sp*

to sp” hybridization. The enhanced planarity of d-TPM can be
ascribed to the p, orbital of the c-C in the sp* hybridization
tending to be aligned parallel with the 7 orbitals of the three
surrounding phenyl rings. The rotation of the d-TPM observed
in Figure 1c is associated with the conformational and electronic
changes discussed above. The Ni atoms directly bonding to d-
TPM nearly maintain their height of ~2.39 A above the Au(111)
substrate, indicating that the dehydrogenation has minimal
influence on the Ni-CNj; coordination and Ni—Au adsorption. A
simulated STM image shown in Figure 1g displays that the TPM
molecules feature a central protrusion, while the d-TPM
molecule features a three-lobed triangle with a lower center
and slightly rotated counterclockwise with respect to the
neighboring TPM molecules. The simulated image is com-
parable to the STM topographic images.

We applied scanning tunneling spectroscopy (STS) to probe
the electronic characteristics of d-TPM. Figure 2b plots site-
specific dI/dV spectra acquired at the sites indicated in Figure 2a
with the same color. The spectra acquired at the TPM and at the
Au(111) surface are comparable, indicating that the TPM does
not possess distinctive electronic states within the measured
energy range (—1.0 to 1.3 V). In contrast, d-TPM exhibits a
prominent peak at 0.49 V at the three lobes of the molecule. The
molecular center shows a weak peak at the same energy, which
might be contributed by the states at the three neighboring
lobes. Apparently, dehydrogenation introduces a new state.
Figure 2c depicts an STS map acquired at 0.49, revealing that
this new state spatially displays a three-lobe feature spatially.

The upper and lower panels of Figure 2d show the DFT-
calculated densities of states (DOSs) of the TPM and the d-
TPM molecules adsorbed on the Au(111) surface, respectively.
For the TPM molecule, the highest occupied molecular orbital
(HOMO) is located deeper than —2.3 eV respect to the Fermi
level, and the lowest unoccupied molecular orbital (LUMO) is
placed around 1.5 eV higher than the Fermi level. This over 3.8
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eV gap is consistent with the featureless dI/dV spectrum
acquired at the TPM molecule within the range of —1.0 to 1.3V
(Figure 2b, gray). The up- and down-spin states are nearly
degenerate for the adsorbed TPM molecule. However, the free-
standing d-TPM radical has only one electron occupying the
original HOMO of TPM, splitting the two spin components of
the original HOMO. This spin-splitting leads to a spin-polarized
singly occupied molecular orbital (SOMO) and a net local
magnetic moment of 1.00 py for the free-standing d-TPM
(Supplementary Figure 4).

The spin-dependent DOS of the adsorbed d-TPM radical
(lower panel of Figure 2d) shows that the SOMO and the
corresponding singly unoccupied molecular orbital (SUMO)
further hybridize with Ni and Au states, giving rise to multiple
spin-polarized states near the Fermi level. The spin-up
component (red solid line) has three major d-TPM—Ni-Au
hybridized states below the Fermi level, namely S1 (peaked at
—1.32 eV), S2 (peaked at —0.69 eV) and S3 (peaked at —0.27
€V). The spin-down component (blue solid line) has an
occupied state S4 (peaked at —0.94 €V) and two unoccupied
states S5 (peaked at 0.08 eV) and S6 (peaked at 0.31 eV). The
occupation of S4, a hybridized SUMO—Ni-Au state, reduces the
net magnetic moment on d-TMP from 1.00 yp in the free-
standing form to 0.41 yp in the adsorbed form. Note that the
direct electronic hybridization between the SOMO/SUMO of
d-TPM and the d states of Ni (-d hybridization) polarizes the
Ni atoms, inducing a local magnetic moment of ~0.51 uy on
each Ni atom next to the d-TPM radical (Supplementary Figure
5). A DFT-simulated image of state S6 is shown in Figure 2e,
whose three-lobe shape matches the state experimentally
observed at 0.49 V (Figure 2c).

We next carried out tunneling spectroscopy measurements to
study the quantum transport properties through d-TPM with a
submolecular resolution. Figure 3b shows the site-specific dI/dV
spectra acquired at the three lobes (color in green, red, and pink)
and the center of a d-TPM radical (color in blue), as marked
with the colored dots in Figure 3a. Every spectrum acquired on
d-TPM displays a distinct zero bias peak (ZBP). This feature is
absent in spectra acquired on the TPM (gray curve) or Au(111)
(orange curve). The ZBPs in these dI/dV spectra can be fitted
using a Fano-Frota line shape,m’22 revealing a half-width at half-
maximum (I") of 4.3 & 0.3 meV, we also fitted them using a Fano
line shape as a reference (details in Supplementary Figures 6).
We acquired temperature-dependent spectra, as plotted in
Figure 3c. Figure 3d shows the temperature-dependent peak
width (") of the ZBPs. A Kondo temperature Ty of 40.8 + 2.6 K
and an empirical parameter @ = 10.3 + 0.3 are derived by fitting
these data using the equation of the Fermi-liquid model (the
detail of the fitting is shown in Supplementary Note 1). Given
the presence of local magnetic moments and the temperature-
dependent peak broadening, we, therefore, attribute the ZBP to
a Kondo resonance originated from the many-body Kondo
singlet state comprising the residual local magnetic moment of
the d-TPM radical and the itinerant electrons of the Au(111)
substrate.'”** 7

Figure 3e shows the dI/dV mapping of ZBP intensity,
representing the spatial distribution of the Kondo cloud. The
observed high-intensity area displays a three-lobe feature with
the ZBP signal at the three phenyl rings being stronger than that
at the c-C. A careful inspection reveals that the ZBP intensity
maxima are located at the side C—C bonds of the phenyl rings.
A DFT-calculated spin density map of d-TPM shown in Figure
3f,g, however, reveals that c-C has the largest spin density (local

magnetic moment of 0.17 ug), while the spin density at each
phenyl-carbonitrile arm is smaller (integrated local magnetic
moment of 0.08 pg). (Supplementary Figure S). In most
previous studies of m-radical Kondo resonance, the Kondo
clouds were found to spatially coincide with the corresponding
spin density distributions of the SOMO or SUMO.**™*" Here,
our observation that the Kondo cloud does not match the spin
density distribution suggests different Kondo screening
mechanisms.

At a temperature below the Kondo temperature, conduction
electrons from the Au substrate are prone to screen the local
magnetic moments by introducing a state of the minority spin at
the Fermi level, forming a Kondo singlet with the local magnetic
moment. As shown in the spin density map (Figure 3f), spin-up
is the majority spin, and the local magnetic moment is primarily
contributed by the d-TPM radical and the three neighboring Ni
atoms. The magnetic moments on Ni atoms can be directly
screened by spin-down electrons of the Au substrate through
overlap of wave functions. However, as revealed in the side view
of the spin density (Figure 3g), the d-TPM radical interacts with
the Au(111) substrate through three coordinating Ni atoms,
forming a d-TPM-Ni; molecular junction. At this junction, the
molecular backbone of the d-TPM radical, including the ¢-C
atom and three phenyl rings, is essentially isolated from the
substrate. As a result, direct screening of the z-radical local
magnetic moment by the substrate electrons is suppressed due
to the large spatial separation. As an alternative, indirect
screening through three Ni atoms plays a significant role in
screening the s-radical local magnetic moment of d-TPM.

To elucidate the indirect screening mechanism, we analyze
the hybridization among the projected density of states of d-
TPM 7 states, Ni d states, and the Au substrate states (Figure
4a), whereas Figure 4b shows the wave functions of states S1 to
S6 (first marked in Figure 2d) exhibiting the SOMO or SUMO-
like character. Figure 4a shows that states S1, S3, and S6
hybridize negligibly with the Au substrate states. This
conclusion is further corroborated by their real-space wave
function norm maps, depicted in Figure 4b, which reveal

a8 [—o=0056eV S3 ! aTPm| b [T

LDOS (arb. u.)
f
£

Figure 4. Hybridization between the molecular orbitals of d-TPM, Ni d
orbitals, and Au substrate states. (a) Spin-polarized, atom and orbital
decomposed local density of states (LDOS) of the whole d-TPM
molecule (top panel), of its nearest-neighbor Ni atom (middle panel),
and of the Au atom below the Ni atom (bottom panel). Variable ¢ in the
top panel specifies the width of electronic smearing used in plotting the
curves. Six states S1 to S6 are marked in the top panel. Three horizontal
dashed lines separate the spin-up and spin-down curves. (b) Top view
of isosurface contours for the wave function norms of states S1—S6. The
isosurface value is 5 X 10™° e/Bohr’.
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minimal substrate contributions to these states. Thus, we argue
that electron tunnelling probability through states S1, S3, or S6
is significantly suppressed. In contrast, states S2, S4, and SS form
hybridized states that combine the SOMO or SUMO, the Ni d-
states, and the Au substrate states. Figure 4b confirms the Au-
derived contributions to their wave function norm maps.
Therefore, these three states dominate charge transport through
the d-TPM-Ni; junction. Interestingly, the two occupied states
S2 and S4 exhibit appreciable charge densities distributed
around the edges of the three phenyl rings, coinciding with the
observed ZBP intensity maxima located at the edges of the
phenyl rings.

Notably, state S5 is particularly interesting because it resides
only 0.08 eV from the Fermi level at the I" point. This state is
dispersive across the Brillouin zone, exhibiting a partially
occupied band (Supplementary Figure 7), which is pinned
around the Fermi level by the surface states of the Au substrate.
Therefore, once the Kondo resonance emerges in the spin-down
component, these spin-down conduction electrons from the Au
substrate can readily populate state SS through the Ni bridging,
injecting additional spin-down electrons into the molecular
backbone and thereby further quenching the local magnetic
moment on d-TPM. Moreover, a complementary screening
route may also work in which spin-down electrons accumulate in
Au surface states directly beneath the d-TPM-Ni; complex,
forming a magnetic dipole.

B CONCLUSION

In summary, we have studied the quantum transport properties
through a neutral CCR molecule in a single-molecule junction.
We demonstrate that the local magnetic moment of the CCR is
mostly preserved in the junction, as evidenced by the presence of
a fully screened spin-1/2 Kondo resonance. Substantiated with
DEFT analysis, we attribute the formation of the Kondo singlet to
multiple mechanisms, including direct screening by the Au
substrate and indirect screening via the Ni atomic contacts and
magnetic dipoles. The findings reported here open an avenue
toward regulating spin-dependent transport through organic
radicals by the choice of specific atomic contacts. Furthermore,
the stability of the neutral CCR makes these radicals an excellent
platform for studying Kondo physics of complex structures such
as Kondo lattice.*"*

B EXPERIMENTAL METHODS

Sample Preparation and Measurement. All the synthesis and
measurements are carried out under an ultrahigh vacuum environment
(base pressure <5.0 X 107'° mbar) equipped with a CreaTec low-
temperature STM. A single-crystalline Au(111) substrate was cleaned
via repeated Ar" sputtering and annealing cycles. Tris(4-carbonitrile)-
TPM molecules were sublimated from a Knudsen cell at 155 °C and
deposited onto the Au(111) substrate. Ni atoms were evaporated using
direct current heating. After deposition, the sample was annealed at 135
°C for 1S min. All the STM and STS data were acquired at 5.3 K.
Differential conductance spectra were acquired using the lock-in
technique with a root-mean-square (rms) amplitude of 0.5 mV. As a
reference, the I-V curves of the differential conductance spectra are
numerically derivatized to obtain the absolute value conductance
referring to zero conductance (Supplementary Figure 8).

Tip Manipulation. The tip was moved above the center of the TPM
molecule. Then, the bias and tunnel current were set as V=3.5V, I =
300 pA, and the bias was gradually increased to 4.0 V until the current
reading suddenly dropped.

DFT Calculations. DFT calculations were performed using the
generalized gradient approximation for the exchange-correlation
potential, the projector augmented wave method,*** and a plane

wave basis set, as implemented in the Vienna ab initio simulation
package (VASP).* van der Waals interactions were considered at the
DFT-D3 level for all calculations, using the Perdew—Burke—Ernzerhof
(PBE) functional.*® The kinetic energy cutoff for the plane-wave basis
was set to 400 eV, and a vacuum layer of around 16 A was adopted to
model the TPM-Ni/Au(111) system in all calculations. For the TPM-
Ni/S X S-Au(111) supercell, a k-mesh of 3 X 3 X 1 was used for both
geometric optimization and electronic structure calculations. For the
TPM-Ni/10 X 10-Au(111) supercell, due to the larger size of the
system, a k-mesh of 1 X 1 X 1 was adopted for geometric optimization
and electronic structure calculations. During the structural relaxation
process, the bottom three layers of Au atoms were fixed, and the surface
Au and molecules were relaxed until the residual force on each atom was
less than 0.05 eV/A. Our STM image simulations were carried out using
the Tersoff-Hamann (T-H) approximation. The core formula is

Lo Y ly()P8(E, — Ey)

in which, I represents the tunneling current, y,(7,) denotes the wave
functions of the sample at the tip position (r,)."”
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