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ABSTRACT: Organic radicals are promising building blocks for 
molecular spintronics. Little is known about the role of unpaired 
electrons for electron transport at the single molecule level. Here, 
we examine the impact of magnetic fields on electron transport in 
single oligo(p phenyleneethynylene) (OPE) based radical mo 
lecular junctions, which are formed with a mechanically 
controllable break junction technique at a low temperature of 
4.2 K Surprisingly huge positive magnetoresistances (MRs) of 16 
to 287% are visible for a magnetic field of 4 T, and the values are 
at least 1 order of magnitude larger than those of the analogous 
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pristine OPE (2-4%). Rigorous analysis of the MR and of current-voltage and inelastic electron tunneling spectroscopy 
measurements reveal an effective reduction of the electronic coupling between the ClllTent carrying molecular orbital and the 
electrodes with increasing magnetic field. We suggest that the large MR for the single radical molecular junctions might be 
ascribed to a loss of phase coherence of the charge carriers induced by the magnetic field. Although further investigations are 
required to reveal the mechanism underlying the strong MR, our findings provide a potential approach for tuning charge 
transport in metal molecule junctions with organic radicals. 
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Molecule based spintronics, which combines the molec 
ular spin degree of freedom with molecular electronics, 

has attracted considerable attention for exploiting functional 
logic and memory devices through a bottom up process. 1

-
7 

Purely organic radicals, which consist of light elements such as 
H, C, N, 0, and S, are promising materials for device 
applications.8

-
10 The reason is that these molecules possess low 

spin-orbit coupling due to the light component elements, as 
opposed to, e.g., many transition metal comple:xes.ll'12 This 
property is expected to realize long spin relaxation times in the 
radical molecules, which is beneficial for molecular spintronics 
devices. Furthermore, the magnetism induced by localized 
magnetic moments, which originates from unpaired electrons, 
leads to versatile magnetic properties such as paramagnetic, 
ferromagnetic, and antiferromagnetic behaviors. 13

-
16 Such spin 

systems reveal physical aspects that differ fundamentally from 
bulk materials built up from spin polarized molecules. Little is 
known about the impact of magnetic moments on the charge 
transports in radical molecules at the single molecule level, in 
contrast to the many reported results on 3d ~ins in magnetic 
molecules containing transition metal atoms.1 - w 

Some ex.amples have recently been reported on the 
interaction between localized electronic moments and con 
duction electrons, the so called Kondo resonance, in single 
radical molecules by means of scanning tunneling spectroscopy 
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(STS) and the mechanically controllable break junction 
technique (MCBJ).21 

-
24 Several stable radical molecules, 

including nitronyl nitroxide radicals, 19 verdazyl radicals1
20 and 

phenylmethyl radicals,22 were employed in these studies. In all 
cases, obvious Kondo resonance peaks were observed, thus 
demonstrating that unpaired electrons act as spin impurities. 
However, so far the detection of a Kondo resonance remains 
their only manifestation in single radical molecular junctions. 
Much less attention has been paid to other charge transport 
phenomena such as magnetoresistance (MR) effects and 
magnetic field induced variation of inelastic electron tunneling 
(lET), whereas abundant results have been reported for 
transition metal complexes. 25

-
28 Further understanding of the 

role of unpaired electrons in radical molecules and the 
manipulation of charge transport are challenging requirements. 

In this letter, we evaluate the charge transport properties in 
single radical molecules by a MCBJ technique at a low 
temperature of 4.2 K under magnetic fields perpendicular to 
the transport direction (Figure 1a). In this study, stable and 
neutral radical molecules based on an oligo(p phenyleneethy 
nylene) (OPE) backbone, { 4 [{[2,5 bis(4 sulfanylphenyl[eth 1 
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yn 2 yl])phenyl]carbonyl}(methyl)amino] 2,2,6,6 tetramethyl
piperidin 1 yl}oxidanyl (TEMPO OPE 1), are placed on a
freestanding gold (Au) bridge made with a standard lithography
technique (Figure 1b).29,30 The process used to synthesize the
radical molecules and the details of the experimental
procedures are described in the Supporting Information. A
feature of the radical molecules is that they are composed of an
OPE backbone molecule, which is archetypical in the field of
molecular electronics and offers coherent charge transport
between two electrodes through Au−S bonds.31−33 In addition,
the orbital of the unpaired electron on the TEMPO radical is
not conjugated with the π orbitals of the OPE backbone

molecule; that is, the radical part is considered to be electrically
isolated from the main transport channel. This property makes
it possible to preserve the localization of the unpaired electron
on the molecules. Moreover, Kohn−Sham density functional
theory (KS DFT) calculations (carried out in the absence of a
magnetic field) suggest that the radical molecules bridging
between Au electrodes have two possible configurations (see
Figures S1−S5). In one structure, the TEMPO radical is
oriented toward one of the thiols and can thus potentially
interact directly with a Au electrode. This suggests that despite
the electronic decoupling from the OPE backbone, the radical
may affect charge transport under magnetic fields. Calculations

Figure 1. Experimental setup. (a) A scanning electron microscope image of a MCBJ sample with Au freestanding bridges. A schematic illustration of
single molecule junctions for (b) TEMPO OPE and (c) pristine OPE. Magnetic fields are applied perpendicular to the sample plane for the charge
transport measurements.

Figure 2. Transport properties of Au−TEMPO OPE−Au molecular junctions. (a) Conductance traces in breaking process of TEMPO OPE
molecular junctions. (b) Conductance histograms of TEMPO OPE molecular junctions. (c) A typical I−V characteristic of a TEMPO OPE single
molecule junction. The solid red line indicates a fitting curve calculated with the single level model (eq 1). (d) Experimental and symmetrized IET
spectra (d2I/dV2)/(dI/dV) at a molecular junction. The red line is given by the point symmetric function, ( f(x) − f(−x))/2. The respective
vibration peaks are assigned with reference to IETS, infrared, and Raman spectroscopy measurements of OPE and TEMPO radical molecules.
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with Grimme’s dispersion correction also imply that the sterical
interaction between the TEMPO radical unit and the OPE
backbone may be strong enough to induce a tilt of one of the
phenyl rings (Figure S1−S4).
In this study, we observed considerably large positive MRs

from TEMPO OPE molecules when a magnetic field was
applied perpendicular to the samples. The change in resistance
was more than an order of magnitude larger than that of the
analogous nonradical OPE molecule (Figure 1c), obtained via
deprotection of S,S′ [1,4 phenylenebis(ethyne 2,1 diyl 4,1
phenylene)]diethanethioate and investigated under the same
conditions. Our detailed analysis of current−voltage (I−V)
measurements and inelastic electron tunneling spectroscopy
(IETS) measurements suggested that the large MR from radical
molecules may be induced by a loss of coherence of the
electron transport with increasing magnetic field amplitudes.
These results imply that the unpaired electron may contribute
to the localization of π orbitals in TEMPO OPE molecules,
which would provide a new physical approach for tuning the
charge transport via radical molecules.
First, we evaluated the fundamental charge transport

properties through Au−TEMPO OPE−Au junctions without
magnetic fields, complemented by conductance histograms and
I−V and IETS measurements. All measurements were
performed at a low temperature of 4.2 K. The single molecular
junctions were formed by repeatedly breaking and reforming
Au contacts. Figure 2a shows some typical opening curves of
the junctions in the range of 3 to 10−6 G0, where G0 = 2e2/h is
the conductance quantum, e is the elementary charge, and h is
Planck’s constant. Clear plateaus appeared in the range of 10−4

to 10−3 G0 after breaking the Au single atom contacts. The
lengths of the pronounced plateaus were estimated to be 1.5−
2.0 nm, which is in good agreement with that of the OPE
backbone (2.07 nm).31,33 Subsequently we obtained the
conductance histogram shown in Figure 2b. Here, the
histogram was constructed from all opening traces of the
junctions and shows a single, broad maximum at 6.0 ± 3.8 ×
10−4 G0. The conductance value is also close to those for OPE
molecules with Au−S bonds (3.7 ± 2.0 × 10−4 G0 for our
measurement (Figure S12) and 1.2−2.8 × 10−4 G0 for the
values in literature).31,33−35 Further statistical information on
the experiments is summarized in the Supporting Information.
I−V measurements were carried out to obtain an insight into

the charge transport mechanism of TEMPO OPE junctions.
The I−V curves were analyzed with the single level model,
which is widely used to describe the charge transport via π
conjugated molecules despite the simplified assumption that
the current is carried by one molecular orbital.36−38 In this
model, the I−V curve is given by eq 1 with the Landauer
formula.
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where e is the electron charge, h is Planck’s constant, and f(E) is
the Fermi−Dirac distribution function. The transmission
function, T(E,V), is given by the Breit−Wigner formula in
eqs 2 and 3.
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Here, E0 indicates the energy of the current carrying molecular
orbital (in general, the HOMO or the LUMO) relative to the
Fermi energy, EF, of the metal electrodes, which can adopt both
signs, E0 > 0 for the LUMO and E0 < 0 for the HOMO. We
note that the functional form of the resonance means that the
sign of E0 cannot be determined, i.e., strictly speaking, |E0| is
determined by fitting eq 1 to the experimentally observed I−V
curves. ΓL and ΓR represent coupling constants for the left and
right electrodes, respectively. The degree of asymmetry in the
coupling is defined by α = ΓL/ΓR or ΓR/ΓL, where the
numerator has a smaller value than the denominator. The
closer proximity of the highest occupied molecular orbital
(HOMO, around −6.3 eV; see Figure S6) to the assumed
Fermi level of −5 eV compared with the lowest occupied MO
(LUMO; around −2.5 eV) suggests that it is reasonable to use
such a single level model, but it should be kept in mind that the
location of EF cannot be determined with certainty from our
calculations, as the description of metal−molecule interfaces is
a challenge for DFT, and adsorbate layer effects are not taken
into account by the theoretical description of a single molecule
on which our analysis is based. The assumption of the single
level model is further justified by the fact that transmission
function is well described by a Lorentzian line shape close to
the Fermi energy (see Figure S7).
We evaluated 130 I−V curves form TEMPO OPE junctions,

of which 113 curves were well fitted by the single level model.
Figure 2c shows a typical I−V curve for a contact with 7.4 ×
10−4 G0. The curve was well fitted by a model whose
parameters were an energy level of |E0| = 0.49 eV and coupling
constants of ΓL = 6.6 meV and ΓR = 6.8 meV. The coupling
symmetricity factor, α = ΓL/ΓR, was calculated to be 0.97,
revealing that the molecule is symmetrically connected to both
electrodes. These estimated parameters agree well with those
reported for OPE molecules (|E0| = 0.50 ± 0.15 eV, Γ = 8.4 ±
4.2 meV).33 The DFT calculations on the electronic structure
of the TEMPO OPE and the local transmission contributions
of the junctions suggest that the current flows through the OPE
backbone in the TEMPO OPE molecule; the HOMO works as
conductive channel (Figures S6−S9). For further information
on the charge transport, a statistical analysis of the I−V curves
is given in Figure S13.
IETS measurements were performed to identify excited

vibrational modes for TEMPO OPE junctions. Here, we
measured the spectra of 50 different junctions recorded on
2018 opening traces after complete reclosure of the junctions
and on five samples. Figure 2d shows a representative IET
spectrum with a positive bias voltage for a molecular junction
and one that has been symmetrized by the following point
symmetric function, y = [f(x) − f(−x)]/2. Here, the IET
spectrum was symmetrized, and all of the peaks were observed
at the same bias voltages in both the raw and symmetrized
spectra.38 In addition, the amplitude of the IETS signals (d2I/
dV2) was normalized by that of dI/dV to compensate for the
change in conductance. The spectrum over the entire voltage
range is described in Figure S14. We assigned the pronounced
peaks to specific vibrational modes in the TEMPO OPE
molecules by comparison with those of OPE and the derivatives
(Figure S15). We also referred to infrared and Raman
spectroscopy measurements of TEMPO radical molecules for
the assignment of N−C vibrations39−41 and compared them
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with vibrational spectra calculated by DFT (Figures S10 and
S11). The detected vibrational peaks are summarized in Table
S1. The detection of characteristic vibrational peaks in the
TEMPO OPE molecules, e.g., N−C, CO stretching modes,
and benzene ring vibrations, provides further verification that
the current passes through a single TEMPO OPE molecule.
We now turn to the discussion of the charge transport under

a magnetic field, namely MR measurements and the Kondo
resonance effects on single molecule junctions of the radical.
Figure 3 shows typical MR curves for TEMPO OPE junctions

in different conductance ranges, where magnetic fields were
applied perpendicular to the sample plane. The magnetic field
sweep rate was fixed at 400 mT/min. The resistance was
measured at a DC voltage of 30 mV to be close to the linear
regime but outside possible zero bias anomalies and to avoid
current driven rearrangements during measurements. For
comparison, MR curves obtained from OPE junctions are
also displayed in the same figure. We observed remarkably large
positive MRs, and the value is at least 1 order of magnitude
larger than that of nonradical OPE molecules, despite the fact
that both molecules have a similar molecular structure. The
magnetoresistance histogram from TEMPO OPE and OPE
junctions is given in Figure S16. Here, the MRs were measured
at 23 junctions for TEMPO OPE, out of which 17 junctions
(74%) indicated large MR values of more than 16% at 4 T. The
maximum value was 287%. The other junctions revealed the
same shape of MR curves; however, the amplitudes were 2−6%.
The average value of all observed MRs was estimated to be
43.7% at 4 T, in contrast to 2.2% for OPE junctions. In
addition, it is notable that the MR curves from TEMPO OPE
junctions revealed a saturation and subsequent decrease at a
high magnetic field of 4 T to 6 T (Figures S17a and S18).
Similar behavior is also observed for OPE and Au atom
junctions (Figure S17b,c), which shows that the shape of the
MR traces is not a unique feature of TEMPO OPE junctions.

In some of the dI/dV curves, we observe zero bias anomalies
that resemble Kondo resonances, as recently reported by
Frisenda et al. for single molecule junctions of polychloro
triphenylmethyl (PTM), a molecule bearing a radical in its
conduction path at very low temperature.24 In our case, the
width of the zero bias anomaly is much larger than that
reported in ref 24 and would correspond to a Kondo
temperature of ∼360 K. Furthermore, the peaks did not split,
even by the application of magnetic fields up to 5 T (see Figure
S19). This result is in agreement with results from the DFT
calculations, which suggest that the TEMPO radical part is
electrically only very weakly coupled to the main transport
channel (Figures S8 and S9). Therefore, we do not expect to
observe the Kondo effect in the TEMPO OPE junctions.
Measurements in a wider temperature range and at much
higher magnetic fields would be required to verify the presence
or absence of the Kondo effect.
Next, we discuss possible origins of the large MR of the

TEMPO OPE junctions. Such huge MRs have not been
reported in single molecule junctions to date. For example, in
the study by Frisenda et al. on PTM junctions,24 no MR
measurements were reported. Recently, some examples have
been reported on charge transport through organic materials
under magnetic fields. Sugawara et al. demonstrated negative
MRs for Au nanoparticles linked by a nitronyl nitroxide radical
molecule, where the current was assumed to flow through
radical molecules bridging between Au particles.42,43 The
negative MRs are explained by a reduction of spin flip
scattering. This is because magnetic fields define a preferable
orientation for localized spins, and therefore, the spin flip
scattering of conductive electrons is restricted by an increasing
magnetic field. Meanwhile, in our case, only positive MRs were
visible, and therefore, this spin flip scattering model is unlikely.
In addition, Au surfaces have been reported to be magnetized
through Au−S bonds, which may affect the charge transport
through a bridged molecule.44,45 On the one hand, such a spin
polarization effect is unlikely to dominantly contribute to the
variation in MRs because only a small change in the MRs was
observed for OPE junctions, despite the fact that the molecule
has the same Au−S bonds. On the other hand, a facilitation of
Au−S spin polarization through the presence of the radical
cannot be fully excluded. Furthermore, the overall transmission
calculations clarify that the TEMPO OPE molecules do not
work effectively as spin filters because the radical parts are
located far from the backbone molecules, resulting in virtually
equal transmission probabilities for majority and minority spins
(Figure S7). The same conclusion has been pointed out in the
theoretical study of the spin filtering effects of stable radical
groups, including nitronyl nitroxide and tert butylphenylnitr
oxide radicals, which are similar to that of our molecule.46,47

However, markedly large positive MRs (10% at 10 mT) have
been demonstrated in pure organic thin films and molecular
wires with nonmagnetic electrodes such as Au and tin doped
indium oxide electrodes.48−50 In these studies, the positive MRs
are interpreted by the hyperfine interaction between conductive
electrons and nuclear spins of molecules during the electron
hopping conduction, whereas the MRs appeared at the
magnetic field of a few Tesla in our case, and the amplitude
is much larger than that of hyperfine fields of typical organic
molecules (2−6 mT).48,49 The Zeeman splitting of molecular
orbitals also cannot explain the MRs obtained from TEMPO
OPEs because of the marginal change in MRs for OPEs. Hence,
a different mechanism from those already proposed for organic

Figure 3. Magnetoresistance curves from TEMPO OPE molecular
junctions. For comparison, the curves from pristine OPE are shown in
the same figure and with the same scale. The magnetic fields were
applied up to ±4 T, starting at 0 T, increasing to +4 T (black),
returning to 0 T (red), decreasing to −4 T (blue), and finally returning
to 0 T (magenta). The resistances are shown as [R(B) − R(0)] × 100/
R(0) (%), where R(B) and R(0) are respective resistances at maximum
magnetic fields and at 0 T. Please note that individual curves are
shifted vertically for better visibility.
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molecules is required to explain the origin of the positive MR in
our study.
To understand why such a huge MR appeared for TEMPO

OPE molecules, we performed I−V measurements under
different magnetic fields (Figure S20a). The I−V curves were
analyzed with the single level model described by eqs 1−3.
Panels a and b of Figure 4 show the changes in the conductance

and fitting parameters, |E0|, ΓL, and ΓR, as a function of the
magnetic field. The conductance was reduced by 62% when the
magnetic field was increased to 5 T, corresponding to a 162%
positive MR. This conductance change is caused by a strong
decrease in the coupling constants, which dropped markedly to
almost 50% as the magnetic field increased to 5 T. In contrast,
the slight decrease in the energy level from 0.5 to 0.4 eV with
increasing magnetic field reveals a certain improvement of the
level alignment between the molecular orbital and the Fermi
level of the electrodes, and this would result in an increase of
conductance if the coupling constants were independent of the
magnetic field. A similar tendency was observed in the other
junctions. Another example is shown in Figure S21. In the
junction, the change in |E0| was estimated to be 3%. In contrast,
the variations in ΓL and ΓR amounted to 20%. These results
clarify that the huge MR for TEMPO OPE molecules is
dominantly induced by a reduction in the coupling strength
between the current carrying molecular orbital and the
electrodes. For comparison, equivalent experiments were
made with OPE molecules. No variation was observed in I−
V curves with magnetic fields (Figure S20b). These results
indicate that the unpaired electron plays an essential role in the
change in the orbital coupling between molecules and
electrodes.
Here, we consider possible origins for the observed reduction

in the coupling strength under magnetic fields. Prior to the
discussion, it should be noted that the junction region would be
surrounded by many molecules because of their deposition
from a solution, and their possible contribution to the charge
transport via the bridged molecule should not be ignored,

although only one molecule is electrically contacted to both
sides of the electrodes.16,51 A possible mechanism would be the
change of conformation of a molecule under a magnetic field.
Structural changes caused by magnetic fields are well known in
transition metal complexes, and the effect is employed to
control molecular orientation in grown films.52,53 Here, the
magnetic moments of surrounding molecules might induce a
magnetic distortion of the electrodes. The second reason could
be a variation of the electronic structure, e.g., by narrowing the
Breit−Wigner resonance, which might be caused by a change of
the π orbital system induced by the attached radical group.
Another possible electronic effect would be the loss of the
phase coherence of the conduction electrons in the metal
electrodes. Because constructive quantum interference contrib
utes to the transport, the reduction of phase coherence might
cause an increase of the resistance.54,55 Because similar changes
of |E0|, ΓL, and ΓR were visible when the molecules were
subjected to tensile stress by gradually displacing the electrodes
(Figure S22), an additional experiment is required to dispel this
effect. To this end, we evaluated the development of the IETS
with magnetic fields and compared the result with the
development with stretching because the IET signals are
sensitive to changes in molecular vibrations and intensities
caused by changes in both the geometrical and electronic
structures.
Figure 5a shows symmetrized IET spectra in different

magnetic fields varying from 0 to 5 T. The IETS peak positions
remained almost unchanged, but a clear attenuation of the peak
intensities was visible. This result manifests that the change of
the electronic structure in the molecule is more dominant than
that of the molecular conformation. Figure 5b shows the

Figure 4. Magnetic field dependence of the charge transport through
an Au/TEMPO OPE/Au single molecule junction. Change in (a)
conductance and (b) energy level position, |E0|, and coupling
constants, ΓL and ΓR, as a function of magnetic field.

Figure 5. Magnetic field dependence of the inelastic transport
properties of an Au/TEMPO OPE/Au junction. (a) Symmetrized
IET spectra in different magnetic fields up to 5 T. (b) The change in
peak intensities for representative vibration modes as a function of
magnetic field. Here, the intensities are normalized to those without a
magnetic field.
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variation in the intensities of representative vibrational peaks.
Here, the peak intensities are normalized by those without a
magnetic field. All of the molecular vibrational peaks were
suppressed by increasing the magnetic field. In particular, the
peak intensities for benzene ring vibrations and the side group
(υ(N−C) and υ(CO)) were definitely reduced. The Au
phonon mode peak also decreased, although the variation is
quite small (less than 10%). Such suppression of the vibration
peaks was not seen in the IET spectra for OPE junctions
(Figure S24). The corresponding peak intensities fluctuated
with a deviation of only 20%, regardless of magnetic fields.
In addition, a very distinct behavior was observed when a

molecular junction was stretched (Figure S22). We observed a
pronounced increase of the peak intensity of the longitudinal
optical phonon of the Au−Au bonds, which is a typical
behavior of atomic chains and molecular junctions. A similar
tendency was demonstrated in our previous results on Au 1,6
hexanedithiol molecule Au junctions.38 No such large change in
Au−Au optical phonons was visible when the magnetic field
was increased. In addition, the peak intensities attributed to the
stretching vibration of CC bonds and benzene ring
vibrations were enhanced by increasing the electrode displace
ment, while the peak positions remain unchanged.
These differences provide clear evidence that the con

ductance reduction in a magnetic field is not caused by a
change in geometry of the junctions but by a variation in the
electronic structure. To be more specific, we suggest the
following model. The magnetic field confined electronic wave
functions, as known in mesoscopic physics.56 In the present
system, this localization has a 2 fold effect; first, it confines the
π−orbitals of the molecule, thereby reducing their coupling
with the conduction electrons of the electrodes. Second, the
magnetic field acts on the conduction electrons of the metal
electrodes themselves, leading to dephasing, as known from,
e.g., weak localization studies.54,55 Although no clear weak
localization feature is visible in the magnetoconductance due to
its small amplitude, this loss of decoherence would be reflected
in the reduction of the IET amplitudes. However, both effects
should also be active in OPEs without the radical. Therefore,
we consider that the presence of the localized magnetic
moments of the unpaired radical electron might amplify the
dephasing effect, the localization effect, or both. This
amplification idea is supported by the observation of similar
functional shapes of the MR traces of the TEMPO OPE and
the pristine OPE junctions. In this respect, our DFT
calculations suggest that the unpaired electrons may be located
spatially quite close to the Au surface, that the TEMPO radical
unit may induce a tilt of the phenyl ring in the OPE backbone
in the initial state, or both. Thus, the radical part may influence
conductance although it is considered to be electronically
decoupled from the π system of the OPE backbone (Figures
S1−S6). Such specific configurations may facilitate the
dephasing of conduction electrons in Au electrodes by the
local magnetic moments and the confinement of the π orbitals
in the radical molecules under magnetic fields. Further
investigation is necessary to clarify the mechanism.
In summary, we investigated electron transport through

single TEMPO OPE molecular junctions under magnetic fields
by a MCBJ technique at 4.2 K. Substantially large positive MRs
of 16 to 278% were observed at 4 T, in contrast to those of
nonradical OPE molecules, which exhibited MRs in the range
of 2−4%. A detailed analysis based on I−V and IETS
measurements with magnetic fields provided clear evidence

that the large MRs for TEMPO OPE were caused by reducing
the coupling of the current carrying molecular orbital with the
metal electrodes. These results suggest that the confinement of
π−orbitals in magnetic fields may be caused or enhanced by the
magnetic moment of an unpaired electron on the TEMPO
OPE molecules. Therefore, our finding offers a possible new
approach to manipulate the charge transport in organic radical
molecules.
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