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ABSTRACT: Organic radicals are neutral, purely organic
molecules exhibiting an intrinsic magnetic moment due to the
presence of an unpaired electron in the molecule in its ground
state. This property, added to the low spin−orbit coupling and
weak hyperfine interactions, make neutral organic radicals good
candidates for molecular spintronics insofar as the radical
character is stable in solid state electronic devices. Here we
show that the paramagnetism of the polychlorotriphenylmethyl
radical molecule in the form of a Kondo anomaly is preserved
in two- and three-terminal solid-state devices, regardless of
mechanical and electrostatic changes. Indeed, our results demonstrate that the Kondo anomaly is robust under electrodes
displacement and changes of the electrostatic environment, pointing to a localized orbital in the radical as the source of
magnetism. Strong support to this picture is provided by density functional calculations and measurements of the corresponding
nonradical species. These results pave the way toward the use of all-organic neutral radical molecules in spintronics devices and
open the door to further investigations into Kondo physics.
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Organic free radicals were first synthesized in the 1900s
and recently have been explored as building blocks for

magnetic materials.1−3 Thanks to the unpaired electron, these
molecules are paramagnetic in their neutral state and have low
spin−orbit coupling and weak hyperfine interactions due to
their all-organic composition. Because of these properties,
absent in transition metal-based magnetic compounds, organic
radicals have recently attracted attention in molecular
spintronics,4,5 where long spin coherence times are required
to preserve the information encoded in the electronic spin.
A number of studies on transport through organic radicals

have lately appeared both on assemblies as well as individual
molecules. An example of the first type can be found in refs
6−8, where a self-assembled monolayer of radical molecules is
studied employing a conductive AFM. Investigations on
individual molecules have been only focused on scanning
tunneling spectroscopy studies of the Kondo effect in π-
extended organic radical molecules physisorbed on surfa-
ces.9−11 However, a demonstration that a neutral organic
radical molecule can retain its magnetic moment when
integrated in a solid-state device, a crucial step toward future
spintronics applications, is so far absent, which is in contrast to

analogous results reported for molecules containing transition
metals.12

In this Letter, we report on the detection of the unpaired
spin of a neutral and stable polychlorotriphenylmethyl (PTM)
radical molecule combining for the first time two and three-
terminal solid-state devices. The detection is based on the
observation of a Kondo resonance, arising from the many-body
interaction between the conduction electrons and the magnetic
impurity.13,14 Kondo temperatures TK of about 3 K are
extracted and found to be rather independent of the elastic/
inelastic conductance background and mechanical displacement
of the junction, which is in contrast with other molecular
families.12,15 In addition, measurements on the nonradical
PTM-αH counterpart show no Kondo signatures. These
observations strongly support the picture that the magnetic
impurity originates from the radical unpaired electron: a
magnetic impurity well-protected against variations of the
molecular arrangement and weakly coupled to the electron bath
in the leads. This intrinsic Kondo effect in a neutral molecule
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should be contrasted to the one observed in other organic
molecules15−19 where the magnetism is induced by a
delocalized charge added with a gate voltage or by electron
transfer from the leads, that is, in molecular systems that are
charged and not intrinsically paramagnetic in their neutral state.
This Kondo effect should also be contrasted with the one
observed in transition metal-based molecules.12,20,21 Kondo
physics in these molecules arises from 3d orbitals making the
Kondo temperature sensitive to external stimuli like stretch-
ing12 or voltage.21 Moreover, for spintronics purposes 3d
orbitals of transition metals are expected to contribute more to
the spin decoherence of the flowing electrons compared to the
p orbitals of organic radicals.
A schematic of the PTM radical molecule is presented in

Figure 1a. The unpaired electron is mainly located in the

trivalent central carbon atom, shielded by three chlorinated
phenyl rings arranged in a propeller-like configuration that
provide stability against chemical reactions (see ref 22 and
references therein). Two additional thiophene rings are
bonded, through ethylene bridges, to the triphenylmethyl
backbone and serve as linkers to the gold electrodes (Au−S
interactions). The ideal physical arrangement of the molecule
between the source and drain electrodes and the associated off-
resonant transport schematic are depicted in Figure 1b. We can
identify a spin-unpolarized background transport channel
(black arrows) through the highest occupied molecular orbital
(HOMO) and a spin-flipping Kondo-mediated transport
channel (red arrows). This additional channel arises from the
singly occupied molecular orbital (SOMO) and is responsible
for the paramagnetism.
Measurements on the molecule were performed in two

complementary setups: the two-terminal mechanically con-

trolled break junction (MCBJ) and the three-terminal electro-
migrated break junction (EMBJ) setups, respectively depicted
schematically in Figure 1c,d. MCBJs allowed for a study of the
Kondo feature on a large number of samples as a function of
electrode displacement. More extended detailed measurements
as a function of temperature, magnetic field, and gate voltage
were conducted with the EMBJs.

Results. Mechanically Controlled Break Junctions. Low-
temperature I−V measurements are carried out on PTM
molecular junctions formed with MCBJ nanoelectrodes. Here a
large number of single-molecule junctions and different
molecule−metal configurations can be studied by repeatedly
breaking up the electrodes and pushing them together. We have
measured in total 86 junctions in the presence of the PTM
radical from which 31 formed molecular junctions. Interest-
ingly, 20% of the molecular junctions showed a zero-bias peak
in the differential conductance dI/dV. Figure 2a shows the

zero-bias conductance, extracted from I−Vs at the correspond-
ing position, as a function of the electrode displacement for two
different PTM radical junctions. Both conductance traces show
a plateau at 1 G0 due to transport through a single Au atom,
indicating atomically sharp electrodes. For conductance values
below 1 G0, the molecular junctions exhibit plateaus; this
nonexponential decay with the interelectrode distance signals
the presence of a molecule. At displacements of about 0.5 nm,
both junctions exhibit an abrupt jump to conductance values

Figure 1. Two and three-terminal PTM radical-based devices. (a)
Sketch of the neutral PTM radical molecule. The radical center resides
on the carbon atom located in the middle of three chlorinated phenyl
rings and is marked with a red circle. (b) Simple model of the energy
levels/orbitals involved in the transport through the molecule. The
HOMO orbital accounts for the spin-unpolarized background
transport (black arrows), the radical-deriving SOMO orbital is the
source of spin-correlated transport (red arrows). Below, the ideal
arrangement of the molecule between source (S) and drain (D)
electrodes is shown. (c) Two-terminal mechanically controlled break
junction device. (d) Three-terminal electromigrated break junction
transistor.

Figure 2. Two PTM radical samples showing a Kondo resonance
investigated with mechanically controlled break junctions. (a)
Conductance versus displacement traces for two different junctions
measured with MCBJ. Each data point is extracted from an individual
I−V. (b) Differential conductance traces measured at displacements
indicated by the arrows in (a). Measurements are taken at T ≈ 6 K.
The dashed line corresponds to a different measurement on a PTM
radical in EMBJ at T ≈ 4.5 K. The trace is offset vertically. The
FWHM and the conductance levels are comparable with both
techniques. The slight variations in the peak width and the noise
level may be due to coupling fluctuations at the molecule/metal
interface while stretching.
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below the noise level of 10−6 G0, indicating the rupture of the
molecular junction. The fluctuations observed in conductance
around the 10−2 G0 value are to be assigned to atomic
rearrangements at the metal/molecule interface or inside the
molecule.23,24 The current I is measured versus bias voltage V at
every step of the junction stretching and thereafter dI/dV is
obtained by taking the numerical derivative with respect to V.
Figure 2b shows three examples at the positions marked by the
colored arrows in Figure 2a. All traces show a zero-bias
anomaly that persists along the stretching of the junction even
if the average conductance background changes. Such
mechanical stability indicates that the origin of the zero-bias
anomaly is intrinsic to the PTM radical molecule and is not
sensitive to stretching-dependent variations of the interface
between the anchoring groups and the electrodes, in contrast to
refs 12 and 15.
As a reference, we have also measured 95 junctions in the

presence of the nonradical αH counterpart. Molecular junctions
are formed in 30 cases, making the junction formation
probability approximately the same for the radical and
nonradical species and equal to 35%. In contrast to the radical
molecule, the nonradical one shows no zero-bias peak in all the
cases, see Supporting Information. In this way we can ascribe
the origin of the zero-bias resonance to an intrinsic property of
the radical molecule, as compared to the nonradical one.
Provided that the only difference between radical and
nonradical molecule lies in the open or closed shell electronic
structure, it is reasonable to assign the zero-bias feature to the
presence of the unpaired electron in the radical. In order to
verify the Kondo character of this zero-bias resonance,
measurements in temperature and magnetic field are carried
out.
Electromigrated Break Junctions. To investigate in more

detail the zero-bias resonance we have employed the EMBJ
setup. With this setup, we perform low-noise measurements at
temperatures ranging from T ≈ 30 mK to T ≈ 4.5 K, magnetic
fields up to 8 T, and gate voltage. Nanojunctions are prepared
following the electromigration method.25,26 This technique,
together with device fabrication, preparation, and deposition of
the molecular solution, is described in Methods section. We
record the formation of 25 molecular junctions out of the 126
measured devices. From those, a zero-bias peak in dI/dV
appears in 11 samples. Differential conductance measurements
as a function of the gate voltage showed off-resonant transport
in the entire accessible gate window, see Supporting
Information. This is a fingerprint of a substantial HOMO−
LUMO gap. In Figure 3, the temperature and magnetic field
characterization for two samples are presented. Figure 3a,b
shows dI/dV spectra at different temperatures. A zero-bias
resonance is clearly visible. In Figure 3c,d, the corresponding
conductance at V = 0, dI/dV|V=0, is plotted as a function of
temperature on a logarithmic scale. The typical temperature
dependence expected from a Kondo resonance is observed,
ranging from the intermediate (weak coupling) T ≈ TK to the
low-energy (strong coupling) regime for T ≪ TK, where the
asymptotic value of dI/dV|V=0 is reached. For a direct
comparison between traces shown here in the weak coupling
regime and those measured with the MCBJ in Figure 2, we
refer the reader to the Supporting Information. We notice here
the three-order of magnitude difference in the conductance
values observed between sample A and sample B. In addition,
in Figure 3b two side shoulders weakly dependent on
temperature are visible; such steplike features, occurring also

at higher harmonically spaced bias values, are observed in about
50% of the measured samples. The harmonic spacing together
with their nonexponential temperature dependence indicate a
vibrational origin.27,28

A fit to the formula describing the conductance G as a
function of the temperature for spin-1/2 Kondo29
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yields TK = 3.6 K and TK = 2.6 K for the first and second
samples, respectively. In 1, G0 is the conductance in the T → 0
limit, Gb is the background contribution, and TK is defined so
that G(TK) − Gb = G0/2. From the lower temperature spectra
(T ≪ TK) of Figure 3a,b, that is, the data points in the flat
region of Figure 3c,d, an independent estimation of the Kondo
temperature can be obtained. Fitting the Kondo peak with a
Lorentzian, the Kondo temperature is extracted from the full

Figure 3. Two PTM radical samples exhibiting Kondo resonance
investigated with electromigrated break junctions. (a,b) dI/dV traces
(1G0 ≈ 77 μS) of the radical for temperatures indicated in the panels.
(c,d) Peak height (dI/dV|V=0), extracted from (a,b), as a function of
temperature on a logarithmic scale. The solid lines are fits to a spin-1/
2 Kondo with parameters G0 = 3.8 nS, Gb = 3.1 nS, and TK = 3.6 K for
(c) and G0 = 3.1 nS, Gb = 5.6 nS, and TK = 2.6 K for (d) (see text).
(e,f) dI/dV color map measured as a function of the magnetic field B
and bias voltage V at T = 590 mK and T = 25 mK, respectively. Black
dashed lines mark the onset of Kondo splitting. (g,h) dI/dV spectra
extracted from (e,f) with a regular spacing of ΔB = 0.4 T. The Kondo
peak is seen splitting at Bc ≈ 1.2 T and Bc ≈ 1.6 T, respectively, as
black dashed traces indicate.
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width at half-maximum (ΓK) of the Lorentzian according to ΓK
≈ 2√2kB TK.

30 The obtained values 3.0 and 3.1 K are in
agreement with those deduced from the fit to 1.
In Figure 3e,f, the magnetic field dependence of dI/dV in the

strong coupling regime (T ≪ TK) is shown. Suppression and
subsequent Zeeman splitting of the Kondo resonance are
observed. An estimation of the g-factor from the Zeeman
energy in magnetic field yields g ≈ 2.0 ± 0.2. Figure 3g,h
displays regularly spaced (ΔB = 0.4 T) linecuts extracted from
Figure 3e,f. At Bc ≈ 1.2 T and Bc ≈ 1.6 T, respectively, the
onset of the Kondo resonance splitting is visible, as marked by
the dashed lines in Figure 3e,f. These values are consistent with
the expected critical magnetic field given by Bc ≈ 0.5kBTK/
(gμB),

31 above which splitting of the Kondo peak should be
observed. Particularly insightful is the field-dependence in
Figure 3h, where the Kondo resonance is observed evolving on
top of the two side shoulders in an independent way. This
behavior further supports the idea of a distinct origin for the
two features.
The measurements in the EMBJ setup show a Kondo state in

the strong coupling regime in which the three different
perturbations all show the expected behavior.10 This provides a
sound estimation of the Kondo temperatures involved.
Interestingly, the conductance levels dI/dV|V=0 of the two
samples shown in Figure 3 exhibit a three-order of magnitude
difference due to an increase of the background conductance Gb
with a similar G0/Gb ratio in both cases.
Discussion. To corroborate the experimental findings, we

carried out density functional theory (DFT) calculations to
model the ground state electronic properties of the PTM
radical. We employed the B3LYP hybrid functional32 with a
triple-ζ basis set incorporating polarization and diffuse
functions for all atoms. Orbital energies were obtained after
first optimizing the structure of the radical molecule in free
space using spin-unrestricted calculations with no symmetry
constrains. The Gaussian 09 code33 was used throughout.
Optimization of the molecule together with Au atoms to mimic
the presence of the electrodes does not show significant
variations in the geometric or electronic structure (see
Methods). Figure 4 shows the calculated energy level diagram
of the valence orbitals of the PTM radical molecule for the two
spin channels α and β. HOMO and LUMO exhibit spin

degeneracy, while SOMO and LUMO-β are spin-polarized.
The experimental Fermi energy of gold lies close to the middle
of the SOMO−LUMO-β energy gap (2 eV). The radical
unpaired electron in the SOMO is therefore responsible for the
magnetic properties of the system. The proximity of the Fermi
level to the HOMO and SOMO occupied levels makes them
the most relevant for transport, yielding an hole-mediated off-
resonant conductance pathway. The large gap and the position
of the Fermi energy are in agreement with the off-resonant
transport experimentally observed in the whole gate voltage
range, see Supporting Information. The large gap is also
consistent with the stability of the Kondo resonance under
external variations of the electrostatic environment.
A comparison between the iso-surfaces of the SOMO and

the HOMO shows the former as mostly localized on the radical
carbon atom with a small component on the backbone and the
latter as fully delocalized over the molecular backbone with a
considerable weight on the thiophene groups. Worth noticing is
the two-lobed p-like shape of the SOMO, indicating a weak
hybridization of the atomic orbital and its strong atomic
character. Within this framework, we can propose a coherent
picture to account for the transport through the PTM radical
molecule observed in the experiments. The HOMO provides
the spin-independent conductance background, while the
SOMO is responsible for the Kondo-correlated phenomena.
The strong localization of the SOMO in the carbon protected
by the three chlorinated phenyl rings makes the Kondo
resonance stable and reproducible in different samples and
under stretching. To complete the analysis, DFT calculations
using the same model were conducted for the PTM-αH
nonradical molecule and the stretched PTM-radical molecule.
The energy diagram and isosurfaces of the relevant orbitals are
reported in the Supporting Information. The calculations for
the PTM-αH nonradical reveal the presence of a fully occupied
HOMO with the absence of a SOMO level and its unpaired
electron spin. These findings are again in accordance with the
experimental absence of Kondo features in the PTM-αH-
formed junctions. For the stretched PTM-radical molecule, the
energy of the SOMO varies only slightly throughout the
stretching. This is in line with the localized character of the
SOMO and the experimental findings (see Supporting
Information).

Conclusion. Summarizing, we contacted a neutral organic
radical molecule in both two and three-terminal solid-state
devices. We demonstrate that the magnetic moment of the
PTM-radical open-shell system is preserved upon interaction
with the metal electrodes and robust against mechanical/
electrostatical changes at the electrode-molecule interface. We
do this by measuring in mechanically controlled break junctions
as well as electro-migrated break junctions a statistically
significant presence of fully screened spin-1/2 Kondo features
that are insensitive to the electrode displacement and
background conductance. We attribute the source of the
paramagnetism to the unpaired electron located in the radical
carbon center and we substantiate the picture with DFT
calculations. Measurements on the closed-shell αH nonradical
molecule show no Kondo correlations and therefore corrob-
orate the relation between radical center and magnetic
properties. The findings reported here open up the way toward
the use of all-organic radical molecules in spintronics devices.
From a more fundamental point of view, the overall stability of
the unpaired electron of the radical molecule makes it an
excellent platform for further investigation on Kondo physics.

Figure 4. Density functional theory calculations. DFT energy level
diagram for the two spin channels α and β of the PTM-radical
molecule. The orange line indicates the theoretical Fermi energy of
gold. HOMO and SOMO levels are depicted together with their
relative isosurfaces.
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Methods. Synthesis of PTM Radical and PTM-αH. The
PTM-αH molecule has been synthesized using a Wittig-type
coupling between polychlorinated triphenylmethane bis-
phosphonate and the 1-thiophenecarboxaldehyde. Treatment
of PTM-αH with tetrabutylammonium hydroxide promotes the
removal of the acidic proton at the αH position to give the
corresponding carbanion that was subsequently oxidized with
p-chloranil giving the desired PTM radical.
Preparation of the Solution. The molecular solutions are

prepared in a glove-box dissolving 1.8 mg of PTM radical or
PTM-αH in 2 mL of nitrogen saturated dichlorobenzene [c = 1
mM].
Mechanically Controlled Break Junctions (MCBJ). The

mechanically controlled break junctions experiment is
performed in vacuum (p = 1.0 × 10−7 mbar) at liquid He
temperature. The molecular solution is drop-casted onto the
MBCJ sample, whose fabrication is describe elsewhere,34,35 and
the setup is evacuated and cooled down to liquid He
temperature. Measurements begin with a metallic constriction,
characterized by a conductance of 10 G0 that, by bending the
substrate, can be stretched until it breaks in two nanoelectrodes
facing each other, which can eventually be bridged by a
molecule. The nanoelectrodes position can be controlled, and
by uniting them one can form a new metallic constriction,
allowing the exploration of many different junction config-
urations. During the stretching of the wire, performed in steps
of 10 pm, we measure I−V characteristics for each position and
control the bending with a feedback on the current/
conductance.
Electro-Migrated Break Junctions (EMBJ). Measurements in

the electromigrated break junctions are carried out in vacuum
(p < 1.0 × 10−3 mbar) in a dilution fridge with a base
temperature of 30 mK. Magnetic fields up to 8 T can be applied
to the sample. The molecular solution is drop-casted onto a Si/
SiO2 chip containing an array of 24 Au bridges 100 nm wide,
400 nm long, and 12 nm thick with an Al/Al2O3 local gate
underneath. A nanogap is produced by feedback-controlled
electromigration25 of each of these bridges. As the bridge
conductance reaches 3−4 G0, electromigration is stopped and
the wire is let self-break at room temperature.26 The molecular
solution is evaporated while evacuating the chamber and the
sample is cooled down. All measurements are performed in dc
with low-noise homemade electronics.
DFT Calculations. The molecular geometries of both the

radical (spin unrestricted) and the H (closed shell) were
optimized with no symmetry constraints using density
functional theory as implemented in the Gaussian 09 code.33

In all cases, the B3LYP32 hybrid exchange-correlation func-
tional and a triple-ζ 6-311++G(d,p) basis set including
polarization functions on all atoms was employed. Different
configurations of the PTM molecule, corresponding to different
possible orientations of the CC-linked thyophene rings were
tested in both its radical and αH forms. The lowest energy
configurations were then used to extract the reported orbital
energies. Optimizations of the PTM molecules with Au atoms
placed near the two sulfur atoms to mimic the presence of gold
contacts were found to very slightly stabilize all orbital energies
by 0.05−0.1 eV. The significant dispersive contribution to the
Au−S interaction was taken into account through use of the
DFT-D2 method.36 The interaction strength between a single
Au atom and a S atom of the PTM was found to be 0.16 eV.
Reported results are those from calculations without Au atoms.
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