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It is known that the quantum mechanical ground state of a nanoscale junction has a significant impact on
its electrical transport properties. This becomes particularly important in transistors consisting of a single
molecule. Because of strong electron-electron interactions and the possibility of accessing ground states
with high spins, these systems are eligible hosts of a current-blockade phenomenon called a ground-state
spin blockade. This effect arises from the inability of a charge carrier to account for the spin difference
required to enter the junction, as that process would violate the spin selection rules. Here, we present a
direct experimental demonstration of a ground-state spin blockade in a high-spin single-molecule transistor.
The measured transport characteristics of this device exhibit a complete suppression of resonant transport
due to a ground-state spin difference of 3=2 between subsequent charge states. Strikingly, the blockade can
be reversibly lifted by driving the system through a magnetic ground-state transition in one charge state,
using the tunability offered by both magnetic and electric fields.

DOI: 10.1103/PhysRevLett.122.197701

Quantum transport through nano-objects is an important
research direction comprising different phenomena, some
of which could potentially be used for spintronics [1–3] and
quantum computing [4–6] applications. Intriguing exam-
ples of quantum transport phenomena include blockades of
electric current. Various physical phenomena are involved
in the underlying mechanisms of these blockades: the
current in double quantum dots can be inhibited by the
Pauli exclusion principle [7–9], vibrational transitions in
molecular junctions and quantum dots can be suppressed
by the Franck-Condon blockade [10–12], and in junctions
with superconducting electrodes there may be no low-
energy transport as a result of the superconducting energy
gap [13,14]. These blockade mechanisms all occur in
combination with the Coulomb blockade, which results
from the energy level spacing ΔE and the energy costs of
charging a weakly coupled nano-object, i.e., the charging
energyU. The Coulomb blockade can be overcome as soon
as the energy of an electron in one electrode exceeds the
addition energy Eadd ¼ ΔEþ U. Then, electrons can
sequentially travel from one electrode to the other via
the nano-object. In every sequential electron tunneling
(SET) event, the charge of the object changes by an
elementary charge and the spin typically by 1=2, due to
the added or removed electron.
Here, we study an exceptionally clear manifestation of

the blockade phenomenon that occurs when the ground-
state spin of subsequent charge states differs by more than
1=2. SET transitions between these ground states are

forbidden by the spin selection rules and Coulomb block-
ade peaks are suppressed [15–17]. We refer to this effect as
a ground-state spin blockade (GSSB). One of the necessary
requirements for a GSSB is a high-spin ground state, i.e.,
S > 1, in one of the charge states. This requirement is hard
to obtain for top-down quantum dots and, in the few earlier
demonstrations of a GSSB, neither the full suppression of
the Coulomb blockade peaks nor control over the blockade
was achieved [18,19]. For molecules, high-spin ground
states can be tailored by chemical design, making them
promising candidates for observing a GSSB. In this trans-
port study, we provide experimental evidence for a com-
plete GSSB in a high-spin single-molecule junction. With
an external magnetic field, the blockade can be reversibly
lifted by driving the molecule in one charge state through a
magnetic ground-state transition. The presence of a GSSB
puts constraints on the allowed transitions and is used as a
diagnostic tool to determine the ground state and excited
states of the molecule.
The measurements were carried out with the device

sketched in Fig. 1(a). A single molecule is embedded in a
circuit with two gold electrodes in which dc current (I) is
measured as a function of the applied voltage difference
between the electrodes (the bias voltage V) and the voltage
applied to a capacitively coupled gate electrode (Vg). The
junction is formed by room-temperature electromigration
[20] and self-breaking [21] of a gold nanowire. A dilute
solution of the molecules is drop casted on a chip with 24
electromigrated junctions on which, after pumping away

PHYSICAL REVIEW LETTERS 122, 197701 (2019)
Editors' Suggestion

0031-9007=19=122(19)=197701(5) 197701-1 © 2019 American Physical Society

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.122.197701&domain=pdf&date_stamp=2019-05-14
https://doi.org/10.1103/PhysRevLett.122.197701
https://doi.org/10.1103/PhysRevLett.122.197701
https://doi.org/10.1103/PhysRevLett.122.197701
https://doi.org/10.1103/PhysRevLett.122.197701


the solution and cooling down the sample (T ≈ 40 mK),
three junctions show a Coulomb blockade with addition
energies in the typical regime of molecular junctions, i.e.,
Eadd > 100 meV. The tunnel couplings and energy level
alignments cannot be controlled by this technique and
depend on the way the molecule is trapped inside the
junction. One of the three samples shows the right
combination of a small tunnel coupling, which allows
for high-resolution spectroscopy, and a level alignment
close to the Fermi level of the electrodes, such that the
molecule can be charged within the accessible gate-
voltage range. The molecule in the junction is a pyridine-
functionalized Mn(III) Anderson polyoxometalate [22],
which is sketched in Fig. 1(a). Its properties and synthesis
are discussed in the Supplemental Material [23].
In Fig. 1(b), the two top panels show differential

conductance (dI=dV) maps of the device as a function
of V and Vg, at zero magnetic field and at 8 T. For clarity,
we first discuss the map at 8 T, which looks like a common
dI=dV map of a Coulomb-blockaded system containing a
single object, here, a molecule. The regions labeled N and
N − 1 are regions in which the charge of the molecule is
fixed and SET processes are suppressed. Inside these
regions, transport is governed by cotunneling (COT)
processes, which appear as horizontal lines. The two
slanted lines forming the crosslike shape are the edges
of the Coulomb diamonds and their point of incidence at
zero bias is the charge degeneracy point. The bottom right
panel shows that this point appears as a peak in the linear-
conductance gate trace, i.e., the dI=dVjV¼0 as a function of
Vg. In the top and bottom regions of the dI=dV map, the
charge of the molecule can fluctuate, allowing for SET
processes to occur. The top SET region contains slanted
lines starting from the left Coulomb edge at V ¼ 0.9 mV
and, less intense, at V ¼ 0.3 mV, both moving towards the
top right. These lines correspond to SET processes involv-
ing excited states.
Remarkably, in the map at 0 T, the charge degeneracy

point is absent: slanted lines are present, but they do not
cross at zero bias. At any gate voltage, the linear conduct-
ance is suppressed and only SET lines at finite voltages are
present. This shows that transitions between the ground
state of N and the ground state of N − 1 are blocked. The
complete suppression can be seen more clearly in the zero-
bias trace presented in the corresponding bottom panel,
which in contrast to the 8 T trace shows no peak. All the
slanted lines in the map appear at finite-bias voltages
and mark transitions involving at least one excited state:
the SET line starting at V ¼ 0.7 mV coincides with a
COT line at that same bias voltage, which implies that
their excitation energies are equal and involve the same
excited state. Similarly, the COT lines at V ¼ �0.1 mV in
N connect to two SET lines starting at the same bias
voltages. Another faint COT line appears at V ¼ −0.5 mV
in N − 1, closer to zero bias than its counterpart at positive

bias. This asymmetry suggests that the corresponding
excitation energy is influenced by the bias voltage. The
region N − 1 also contains a zero-bias line, which resem-
bles a Kondo resonance [28].
The striking difference between the maps at 0 and 8 T in

Fig. 1(b) is the presence of the charge degeneracy point; the
complete suppression of this point at 0 T is completely
lifted at 8 T. To study the blockade mechanism in more
detail, we show two dI=dV maps in a larger gate and
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FIG. 1. (a) Sketch of the molecule, gold electrodes, and
measurement circuit. The molecule consists of a Mn(III) center
(purple) surrounded by six MoO6 octahedra, which connect on
both sides to pyridine-based ligands. Electric current (I) through
the molecule is recorded as a function of bias voltage (V) and gate
voltage (Vg). (b) (Top) dI=dV maps at zero magnetic field (left)
and at 8 T (right). At 0 T, no SET lines corresponding to
transitions between the ground states of N and N − 1 are present,
as a result of ground-state spin blockade. At 8 T, these lines do
appear and the blockade is lifted. (Bottom) dI=dV traces at zero
bias, showing a charge degeneracy peak at 8 T and its complete
suppression at 0 T.
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bias-voltage range in Fig. 2, both recorded at 0 T. In
Fig. 2(a), the same features as in Fig. 1(b) can be observed,
along with a broad horizontal line at V ¼ −3 mV and
additional SETexcitation lines at higher bias. The Coulomb
edges at negative bias change slope at the two coincidences
with the broad horizontal line. This feature shows striking
similarities with the simulated transport data presented in
Ref. [29], where a singlet-triplet ground-state transition line
in a double-quantum-dot model is studied. The energies of
the ground states separated by this line have a different
dependence on bias voltage, causing their corresponding
Coulomb edges to have different slopes.
The gate- and bias-voltage dependence of the ground-

state transition line is shown in Fig. 2(b) where the transport
data are presented for an evenwider gate-voltage range. The
dashed brackets in this figure mark the gate-voltage range of
Fig. 2(a). Figure 2(b) reveals that the ground-state transition
line, indicated by the arrow, extends towards positive-bias
voltages and has an anomalous parabolic shape (see
Supplemental Material for a more detailed analysis [23]).
Three regions with different ground states can be distin-
guished, separated by the parabola and the Coulomb edges.
We label the regions (i)–(iii), where (i) and (ii) belong to the
charge state N − 1, and (iii) belongs to the charge state N.
In both (ii) and (iii), a pair of COT lines appears at
V ¼ �0.1 mV, symmetrically positioned around zero bias.
In (i), a pair of gate-voltage dependent COT lines is present,
starting atV ¼ �0.1 mV aroundVg ¼ −2 V,moving away
from zero bias as Vg is increased. The excitation energy of
this COT line thus depends on the gate voltage.

Next, we investigate the magnetic-field dependence of
the parabolic ground-state transition line. Figure 3(a) shows
four maps in the same bias- and gate-voltage range as in
Fig. 2(b), at different magnetic fields. By increasing the
magnetic field, the parabola moves towards higher bias
voltages, and the dI=dV along the line changes in magni-
tude and sign. For an increasing part of the line, the dI=dV
turns negative; i.e., the current goes down by increasing the
bias voltage at the transition from (ii) to (i).
The fact that the ground-state transition line moves

upwards with magnetic field implies that the total spin
of the ground state in region (ii) is larger than in region (i);
upon increasing the magnetic field, the ground state with
higher spin becomes energetically more favorable and the
transition occurs at higher bias voltages. Above 4 T, region
(ii) moves across zero bias at the charge degeneracy point,
which lifts the GSSB at this point. The parabola thus marks
the transition from a spin-blockaded region (i), to a region
where the blockade is lifted (ii).
To identify the spin states in N − 1, we focus on the

magnetic-field dependence of the dI=dV spectrum inN − 1
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FIG. 2. dI=dV maps at 0 T in a wide bias- and gate-voltage
range. (a) dI=dV map showing the same features as in Fig. 1(b),
along with a ground-state transition line at V ¼ −3 mV and
additional SET excitation lines with different slopes. The SET
lines at negative bias change slope at the ground-state transition.
(b) dI=dV map in a larger gate window, where the region marked
by dashed brackets is the region shown in (a). The dark parabolic
feature indicated by the arrow is the ground state transition line in
(a). Three different regions with different ground states are
separated by the discontinuity and the parabola, labeled (i),
(ii), and (iii). The excitation energy of the COT excitations in (i)
are tunable by the gate voltage.
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FIG. 3. (a) dI=dV maps of the same region as Fig. 2(b), at
different magnetic fields. The parabolic line separating the two
spin ground states in N − 1 moves upwards by increasing the
magnetic field as the high-spin state becomes energetically more
favorable. (b) Magnetic field dependence of the dI=dV spectrum
at Vg ¼ −1.0 V. One line originating from the excited multiplet
crosses zero bias at B ¼ 5 T and becomes the new ground state
above this field. The two ground states are separated by the
slanted line indicated by the arrow. (c) Simulated dI=dV spectra
for a system of a spin-1=2, tunnel coupled to two reservoirs, and
exchange coupled to a spin-3=2, with a V-dependent exchange
coupling.
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(see Supplemental Material [23] for a discussion on the
spectrum of charge state N, which includes Refs. [24–27]),
recorded at a fixed gate voltage Vg ¼ −1 V [see Fig. 3(b)].
The Kondo-like peak at zero bias splits linearly in two in a
magnetic field, which verifies the presence of a degenerate
ground state at 0 T. The COT excitations at V ¼ þ0.7 and
V ¼ −0.4 mV split in three and appear asymmetric in
position and intensity. The fact that these excitations split
in three implies that the corresponding excited state is a spin
multiplet with a larger spin than the ground state; this can be
deduced from the spin selection rules forCOTprocesses [17].
Moreover, the spin selection rules impose additional con-
straints, which lead to the conclusion that the spin difference
between the excited state and the ground state is one.
At about 5 T, one excitation from the excited spin

multiplet crosses zero bias, which at that point becomes the
new spin ground state. The two regions with different
ground states are separated by the slanted line indicated by
the arrow. These regions correspond to (i) and (ii) in
Fig. 2(b), labeled accordingly in Fig 3(b). The finite slope
of the ground-state transition line results from the influence
of the bias voltage on the associated excitation energy. This
is also reflected by the asymmetry in bias voltage at which
the multiplet excitations appear.
A model explaining the main features of the experimental

data can now be constructed. The observed spin excitations
occur at relatively low bias voltages (∼1 mV), which
suggests that they are not related to spin reconfigurations
of the Mn center itself, as for spin-crossover molecules
[30,31]; the energies of these transitions are typically orders
of magnitude larger. Rather, we propose a model in which
we invoke a weakly coupled spin, exchange coupled to the
high-spin center. This spin is possibly residing on the
ligands of the molecule, as in other molecular systems
[5,32] and we will refer to it as the ligand spin. We present a
simulation of this system’s spin-excitation spectra, based on
Ref. [33] in Fig. 3(c) (see Supplemental Material for a
description of the simulation [23]).
The ground state (GS) and excited state (ES) in the

simulation of N − 1 (N) are sketched on the left-hand
(right-hand) side in Fig. 4, where red arrows represent the
ligand spins, green arrows represent the spins of the Mn
center, and yellow spheres represent the gold atoms of the
electrodes. The observed SETand COT transitions between
the states are indicated by the solid and dashed black
arrows, respectively. In the transition from charge state
N − 1 to N, the added electron is likely to reside on the
metal center, changing the oxidation state from Mn4þ to
Mn3þ, as illustrated in Fig. 4. This charge transition of the
Mn center occurs in solutions of this compound, as shown
by cyclic voltammetry measurements [22]. The spin of the
Mn center in N would then match the spin measured in
crystals of this type of compound [34], namely S ¼ 2.
For a GSSB to occur in this system, the ground-state spin

should change by more than 1=2 upon charging. This can

happen if the added charge not only contributes with its
intrinsic spin, but its presence also changes the sign of the
exchange coupling from antiferromagnetic to ferromag-
netic, further increasing the total spin by one. Such a
transition of the exchange coupling is observed, and it is
marked by the parabolic ground-state transition line in
N − 1. We performed a model calculation to show that for
this molecular system there exists a realistic scenario under
which a sign change of the exchange coupling occurs (see
Supplemental Material [23]).
The total spin of states (i) and (iii), as shown in Fig. 4, are

1 and 5=2, respectively, which amounts to a spin difference
of 3=2. SET transitions between these ground states are
thus rendered forbidden, as indicated by the red cross in
Fig. 4. At high magnetic fields, the high-spin state
(ii) (S ¼ 2) becomes the ground state for N − 1, lowering
the ground-state spin difference to 1=2, whereby the GSSB
is lifted.
This work shows that the act of charging a nanoscale

object is not merely a consecutive filling of the lowest
unoccupied orbitals, whereby the spin changes by �1=2.
Rather, the act of charging can have a strong influence on
the internal exchange couplings of the object, to a degree
that ground-state transitions cannot be realized by single
charge carriers. The presence of a GSSB is not restricted to
single-molecule systems: every nano-object with a spin
S > 1 can potentially host this effect under the right
conditions. A thorough understanding of the GSSB is
therefore of essence in research directions where high-spin
devices are increasingly gaining interest, such as spin-
tronics [1–3] and quantum computing [4–6].
In summary, we have demonstrated a GSSB in a single-

molecule junction, which can be reversibly lifted by driving
the system through a magnetic ground-state transition with
an external magnetic field. The blockade results from a sign

Mn4+ Mn3+

GS

ES

i

ii

iii

iv

S > 1/2

SET

C
O

T

Charge N-1 Charge N

FIG. 4. Diagram showing the four states of different charge and
spin, where the red and green arrows correspond to the ligand
spin and the spins in the Mn center, respectively. The observed
SET and COT transitions are represented by solid and dashed
arrows, respectively. The red cross indicates the blocked SET
transition. For charge stateN − 1, S ¼ 1 (i) and S ¼ 2 (ii), and for
charge state N, S ¼ 5=2 (iii) and S ¼ 3=2 (iv).
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change of the exchange coupling upon charging, which
causes the ground-state spin of subsequent charge states to
differ by more than 1=2. This work demonstrates how the
act of charging can induce a magnetic phase transition in a
high-spin device by which resonant transport is completely
suppressed.
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