
Giant Magnetoresistance in Carbon Nanotubes
with Single-Molecule Magnets TbPc2
Igor V. Krainov,†,‡ Janina Klier,¶,§ Alexander P. Dmitriev,† Svetlana Klyatskaya,¶ Mario Ruben,¶,∥

Wolfgang Wernsdorfer,¶,⊥,# and Igor V. Gornyi*,¶,†,§

†Ioffe Institute of the Russian Academy of Sciences, 194021 St. Petersburg, Russia
‡Lappeenranta University of Technology, P.O. Box 20, 53851 Lappeenranta, Finland
¶Institut für Nanotechnologie, Karlsruhe Institute of Technology, 76021 Karlsruhe, Germany
§Institut für Theorie der Kondensierten Materie, Karlsruhe Institute of Technology, 76128 Karlsruhe, Germany
∥Institut de Physique et Chimie des Materiaux (IPCMS), CNRS-Universite ́ de Strasbourg, 67034 Strasbourg, France
⊥Physikalisches Institut, Karlsruhe Institute of Technology, 76128 Karlsruhe, Germany
#Institut Neél, CNRS and Universite ́ Grenoble Alpes, 38000 Grenoble, France

*S Supporting Information

ABSTRACT: We present experimental results and a theoretical
model for the gate-controlled spin-valve effect in carbon
nanotubes with side-attached single-molecule magnets TbPc2
(Terbium(III) bis-phthalocyanine). These structures show a
giant magnetoresistance up to 1000% in experiments on single-
wall nanotubes that are tunnel-coupled to the leads. The
proposed theoretical model combines the spin-dependent Fano
effect with Coulomb blockade and predicts a spin−spin
interaction between the TbPc2 molecules, mediated by
conducting electrons via the charging effect. This gate-tuned
interaction is responsible for the stable magnetic ordering of the inner spins of the molecules in the absence of magnetic
field. In the case of antiferromagnetic arrangement, electrons with either spin experience the scattering by the molecules,
which results in blocking the linear transport. In strong magnetic fields, the Zeeman energy exceeds the effective
antiferromagnetic coupling and one species of electrons is not scattered by molecules, which leads to a much lower total
resistance at the resonant values of gate voltage, and hence to a supramolecular spin-valve effect.

KEYWORDS: carbon nanotubes, TbPc2 magnetic molecules, supramolecular spin-valve effect, giant magnetoresistance,
Coulomb blockade

M olecular spintronics1−6 encompasses the abilities to
characterize, manipulate, and read out the molecular
spin states of nanosystems down to the single-

molecule level. Further device miniaturization and the need to
effectively interface organic and inorganic materials for
biomedical and nanoelectronic applications are the driving
forces to this field.7 Single-molecule functionality on short time
scales can be realized8−16 by using state-of-the-art optical and
electronic techniques.
More specifically, single-molecule magnets (SMM) provide a

promising way to realize nanometer-scale structures with a
stable spin orientation.5 SMMs are formed by an inner
magnetic core with organic ligands as a surrounding shell.17,18

The ligands can be tailored to bind them on surfaces or into
molecular junctions.19−24 Delocalized bonds in SMMs, which
can enhance their conducting properties, often have the
function to strengthen magnetic interactions of the core ions.
The variety of shapes and sizes of SMMs as well as the

possibility of selective substitution of ligands can conveniently
customize the coupling of SMMs to the environment.25

Moreover, the magnetic properties can be changed without
modifying the structure by replacing the magnetic ions in
SMMs.26 Although the deposition of SMMs on surfaces or
between leads may affect their magnetic properties,25,27 in the
sense of their low structural versatility, SMMs prevail over
nonmolecular nanosystems which typically show large size and
anisotropy distributions. Compared to magnetic nanoparticles,
SMMs have crucial advantages that they are extremely
monodisperse and can be investigated in molecular crystals.
Importantly, SMMs unify the archetypal macroscale proper-

ties of a magnet with quantum features of a nanoscale object.
An impressive variety of quantum effects in SMMs, observable
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up to very high temperatures thanks to the progress in
molecular designs, ranges from Berry-phase interference and
quantum coherence to quantum tunneling of magnetization.
While the study of SMMs has already led to strong impact on
spintronics,3 yet more striking results are expected in the course
of further developing design of devices based on individual
SMMs.
In contact with nanostructures, SMMs may strongly modify

their transport properties. A remarkable example of such an
effect is the giant magnetoresistance (GMR) that was observed
in a carbon nanotube (CNT) with side-attached magnetic
molecules TbPc2.

10,28,29 The GMR effect has great potential for
different applications, for example, sensors, magnetic memory,
and others. Materials with GMR are characterized by the size of
the structure and the ratio [G(B) − G(0)]/G(0), where G(B)
and G(0) denote the conductance with and without magnetic
field, respectively. Reproducible sharp jumps of the con-
ductance of the CNTs tunnel-coupled to the leads were
observed with a slow variation of magnetic field that oriented
the magnetic moments of the molecules parallel to each other.
Varying the gate voltage, the GMR effect in nanotubes can
reach 1000%. By its manifestations, this spin-valve effect is
similar to the phenomenon of GMR in thin metal films with
magnetic contacts, which, in turn, is one of the most prominent
and widely used in practice phenomena in the field of
spintronics. A similar spin-valve effect was observed in thin
graphene strips with SMMs30 and in CNTs with permalloy
contacts.31

Nanostructures involving SMMs, such as molecular quantum
dots coupled to metallic leads, were addressed theoretically in a
number of works. In particular, a possible read-out for the local
spin orientation via the measurement of the spin current,32

asymmetries in the Coulomb diamonds and Kondo peaks,33

and the spin-blockade effect associated with a change of
magnetic anisotropy34 were discussed. For a single-wall CNT
with a single side-attached molecule, it has been argued that the
tunnel magnetoresistance may depend on the exchange
interaction between the CNT and the SMM.35 In ref 36, a
mechanism of the spin-valve effect for (effectively infinite)
CNTs with SMMs was proposed. However, the GMR and

peculiar nonlinear transport observed experimentally in tunnel-
coupled CNTs with several SMMs still lack a comprehensive
theoretical explanation.
In this paper, we discuss both the experimental and

theoretical aspects of electronic transport through CNTs with
side-attached TbPc2 SMMs. We propose a theoretical model
that accounts for the interplay of the following main
ingredients: (i) spin-dependent resonant scattering of conduct-
ing electrons on the bound state inside a molecule (Fano
resonance)36−38 and (ii) Coulomb blockade39 inside the CNT.
Specifically, the electronic states on molecules give rise to the
spin-dependent resonant suppression of the transmission of
conducting electrons. The Coulomb interaction between
electrons inside the nanotube leads to Coulomb blockade,
with the linear transport blocked for the antiparallel orientation
of molecule spins at all values of gate voltage. The developed
theory predicts a long-range interaction between SMMs, which
is responsible for the stable magnetic ordering of the inner
spins of the molecules, and explains the GMR in nanotubes
with TbPc2 molecules.
Remarkably, the sign and the strength of the molecular spin−

spin interaction can be varied by the gate voltage, thus implying
that the arrangement of SMMs spins and, more generally, the
magnetic properties of supramolecular nanostructures can be
efficiently manipulated by external gates. This gate-controlled
spin-valve effect allows designing SMM-based devices with
engineered local gates. Demonstration of a superior flexibility of
chemistry with respect to the tuning and controlling the
properties of the molecules (spin, anisotropy, redox potential,
response to light and electrical field, etc.) is expected to lead to
further breakthroughs in the field of quantum electronics and
spintronics.

RESULTS AND DISCUSSION

Structure of Single-Molecule Magnets. In this work, we
focus on the particular SMM, TbPc2 double decker, see Figure
1(a). The TbPc2 molecule consists of a terbium(III) ion with
4f 8 electrons in the inner shell, which have a total angular
momentum 3 and a total spin 3. The metal ion is coordinated
by an organic ligand possessing an easy axis. Strong spin−orbit

Figure 1. (a) Scheme of the single molecule magnet TbPc2. The spins of the ion (J = 6) and the “resident” electron on the ligands (S = 1/2)
are shown by the pink and black arrows. (b) Energy diagram of TbPc2 in external magnetic field applied in the direction of the easy axis. The
ground state has two spin projections ±6.
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coupling leads therefore to a total angular momentum J = 6. At
low temperatures, the magnetic moment of terbium has only
two projections on the easy axis, Jz = ± 6, because of a strong
magnetic anisotropy caused by interaction40 with the two
phthalocyanine (Pc) ligands, Figure 1(b).
In addition, terbium has a nuclear spin 3/2, leading to a

hyperfine interaction with electrons of the inner shell. The
nuclear spin of SMM can be effectively read out by
conductance measurements40,41 on a structure where TbPc2
is directly coupled to the leads. This hyperfine interaction can
be controlled by applying a gate voltage.42 Terbium spin J can
change its projection through the spin-phonon coupling.43

Furthermore, quantum Einstein−de Haas effect44 was observed
with these molecules.
The phthalocyanine ligands in TbPc2 possess an electronic

state with spin S = 1/2.18 Due to a strong Coulomb interaction
between particles with opposite spins,14 only one spin
orientation is occupied.45 This localized spin S is coupled by
the exchange interaction42 to the terbium spin J of 4f electrons.
Experimental Results. In this Section, we outline the most

salient experimental findings showing the giant magneto-
resistance effect in the linear transport through a CNT, as
well as the peculiar differential conductance in the regime of
Coulomb blockade.
In Figure 2, we present a typical conductance measurement

performed in magnetic field that was varied in time at the fixed

gate voltage (Vg = −4.63 V) and vanishing source-drain voltage
(linear response, Vsd → 0). The sweep rate of magnetic field is
70 mT·s−1. The blue curve shows the conductance for
increasing B from negative values to positive and the red
curve for the sweep in the opposite direction.
The asymmetry of the conductance jumps with respect to B

→ −B is caused by the finite sweep rate. At negative magnetic
fields, the ground spin state of Tb is Jz = +6, see Figure 1(b).
For a sufficiently fast sweep of magnetic field, the molecule spin
continues residing on the Jz = +6 branch, which at positive
magnetic fields corresponds to an excited state, until a
relaxation process takes place that flips the Tb spin. The
main source of relaxation is associated with the spin-phonon
coupling in TbPc2 molecule.43 At the same time, for relatively

low sweep rate, quantum tunneling of magnetization by
Landau−Zener mechanism becomes important.28

The maps of the differential conductance in units of
conductance quantum G0 = e2/h as a function of source-drain
and gate voltage are shown in Figure 3 for zero magnetic field

and in Figure 4 for the static magnetic field, B = 1 T. The
measurements were performed by sweeping the source-drain
voltage Vsd at a given value of the gate voltage Vg and then
changing Vg. Coulomb diamonds in these maps indicate the
presence of Coulomb blockade caused by strong electron−
electron interaction between electrons in CNT. From the
extrapolation of Coulomb diamonds we estimate the charging
energy in CNT as EC ≈ 20 meV. Another important
observation is that the conduction regions are rather
homogeneous, which indicates that the broadening of single-
particle energy levels in the CNT is relatively strong.
Remarkably, at zero magnetic field (Figure 3), the

conductance at zero Vsd is suppressed for all values of Vg,
and the transport gap δVsd ∼ 1 ÷ 2 meV is observed.10 This is
in contrast to the conventional CB maps in quantum dots,46

where the linear conductance is finite at resonant values of Vg.
In the CB map obtained for strong magnetic field (Figure 4),

Figure 2. Linear-response conductance at fixed gate voltage Vg =
−4.63 V in units of quantum conductance G0 as a function of
dynamically swept magnetic field (sweep rate: 0.07 T/s). Blue
curve: forward sweep from −0.7 to 0.7 T; red curve: backward
sweep.

Figure 3. Coulomb blockade maps at zero magnetic field in the
plane of source-drain voltage Vsd and gate voltage Vg. The
differential conductance G = dI/dVsd is given in units of quantum
conductance G0.

Figure 4. Coulomb blockade maps as in Figure 3, now in a static
magnetic field, B = 1 T.
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the transport gaps are closed at certain values of the gate
voltage. This fact is emphasized by the zoom pictures of the
Coulomb blockade map for the gate voltage range near Vg ∼

1.25 V in Figure 5 (zero B) and Figure 6 (B = 1 T).

In Figure 7, we present the conductance as a function of the
source-drain voltage at fixed gate voltage Vg = 1.27 V with and
without static magnetic filed. This plot demonstrates the GMR
effect of the order of 1000%: the conductance drops from G(B
= 1 T) = 0.14 G0 to G(B = 0) = 0.006 G0. We note in passing
that the center of the low-conductance window is shifted from
Vsd = 0 to the right by 0.5 ÷ 1 meV.
Apart from the GMR observed at Vg = 1.25 ÷ 1.3 V, another

important experimental feature is a weaker spin-valve effect for
other values of the gate voltage in Figures 3 and 4, for example,
for Vg = 0.335 V, as demonstrated in Figure 8. Both with and
without magnetic field, the linear conductance is of the same
order as the zero-field conductance in Figure 7. We emphasize,
however, that the zero-B linear conductance in Figure 8 is still
lower than the conductance at B = 1 T. Thus, we arrive at the
conclusion that the experimentally observed magnetoresistance
depends on the gate voltage, i.e., is a gate-controlled
supramolecular spin-valve effect. Note also, that the region of
suppressed conductance (the “transport gap”) in Figure 8 is
narrower for B = 1 T.

It is worth noting that a similar gate dependence of the
magnitude of spin-valve effect can be found already in ref 10.
Specifically, in Figures 2a and 2b of ref 10, one can see the
strong spin-valve effect (GMR) at gate voltages Vg = −4.6 V
and Vg = 2.6 V, where the transport gap closes in strong
magnetic field. For other values of gate voltages in Figures 2a
and 2b of ref 10, e.g., at Vg = −4.4 V, a weak spin-valve effect
was observed, with a transport gap in the CB map apparently
persisting also in strong B. In what follows, we will explain the
origin of GMR and the gate dependence of the molecular spin-
valve effect.

Theoretical Model. Fano Resonance in a Double-Barrier
Structure. The TbPc2 SMM has a delocalized state on its
ligands which was observed by Raman measurements47 and
found in various density-functional calculations.36,45 When
SMMs are attached to the CNT, tunneling takes place between
the electronic states of the CNT and the state localized on
ligands and these states hybridize. The hybridization of
conduction electrons with a localized state leads to the Fano
resonance,36−38 which strongly affects the transport through the
CNT with side-attached molecules.
To introduce this phenomenon, we first consider the case of

one-dimensional electrons with parabolic spectrum in a one-
dimensional infinite channel (Figure 9). Electrons in the
channel are tunnel-coupled to a single localized state with

Figure 5. Zoom into Coulomb blockade map around Vg = 1.25 at
zero magnetic field. The differential conductance is given in units
of G0.

Figure 6. Zoom into Coulomb blockade map around Vg = 1.25 at B
= 1 T.

Figure 7. Conductance as a function of the source-drain voltage Vsd

at fixed gate voltage Vg = 1.27 V in units of G0. Blue curve: B = 0;
red curve: B = 1 T.

Figure 8. Conductance as a function of the source-drain voltage Vsd

at fixed gate voltage Vg = 0.335 V in units of G0. Blue curve: B = 0;
red curve: B = 1 T.
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energy E0 on the side-attached molecule. The level localized on
the molecule acquires a finite broadening ΓM because of the
coupling between the CNT and the molecule. The transmission
coefficient for electrons with wave-vector k (energy Ek) through
such a system38 is presented in Supporting Information. The
scattering off the localized state suppresses the transmission
through the channel in the energy window Ek ∼ (E0 − ΓM, E0 +
ΓM).
The Fano blocking of the transport by the side-attached

molecule is due to the destructive interference of the electronic
wave that passes directly without scattering and the wave that
visits the molecule and jumps back to the channel (paths 1 and
2 in Figure 9, respectively). Exactly at the resonance Ek = E0,
the scattering phase for path 2 is π, which leads to zero
transmission (the sum of the two waves vanishes: eikx + eikx+iπ =
0). Accordingly, the reflection coefficient reaches maximum
(unity) at the resonance. As a result, the side-attached level acts
as an effective barrier whose transparency depends on the
energy of scattered electrons.
The importance of Fano resonances for transport through a

nanotube with SMMs was pointed out in ref 36. However, the
consideration of that paper was restricted to the case of infinite
(no tunnel coupling to the leads) systems and hence did not
describe the full set of the experimental observations. As we are
going to show below, the crucial ingredient of the theoretical
model is Coulomb blockade caused by the charge quantization
in a finite-length CNT with sufficiently high contact resistance.
In the next step, we calculate the transmission coefficient of a

nanotube of length L coupled to the leads, in the presence of a
Fano state (upper panel in Figure 10). The two barriers that
separate the nanotube from the leads are characterized by the
transmission and reflection coefficients = −, 1L,R L,R L,R

(here the subscript “L” stands for the left barrier, “R” for the
right). The Fabry−Peŕot-type interference inside the CNT
leads to the Breit−Wigner resonances in the transmission
through the structure at energies corresponding to the
quantization energy for infinite barriers.
To illustrate the physics of the double-barrier system with the

Fano state, it is instructive to consider the classical case, when
dephasing (see Supporting Information) between barriers is
sufficiently strong so that the single-particle levels inside the
nanotube overlap. At the same time, we assume that the typical
time ℏ/ΓM that a particle spends on the localized Fano state is
shorter than the dephasing time and hence the Fano quantum
interference is not destroyed. The transmission coefficient

BMB for the structure “barrier−molecule−barrier” (BMB) can
be calculated in a classical manner with the use of the quantum
expression for the transmission and reflection amplitudes (see
Supporting Information) of the Fano state on the molecule:

=
−

− + Γ

E E

E E

( )

( )
k

k M
BMB BB

0
2

0
2

BB
2

(1)

=
−1

BB
L R

R L (2)

The equation for BB describes the classical transmission for
the two barriers without molecule, see the Supporting
Information. In comparison with the infinite channel, the effect
of the two barriers in eq 1 manifests itself in the two aspects.
First, the energy window of suppressed transmission due to

Fano effect reduces to ∼ − Γ + ΓE E E( , )k M M0 BB 0 BB .

Second, the resulting transmission probability M is multiplied
by the transmission coefficient for the two barriers, BB. In the
lower panel in Figure 10, the classical transmission coefficient
for the CNT with one Fano center is presented.
In the general case of arbitrary dephasing (including the zero-

dephasing case), the structure of the total transmission
probability BMB is similar to eq 1 in the sense that the
double-barrier transmission coefficient is modulated by the
Fano-resonance envelope. For the case of symmetric barriers,
the transmission coefficient of the whole structure is presented
in Supporting Information. The analysis of the general solution
is relegated to future work. What is important for us is that the
presence of the Fano state substantially suppresses the
transmission through the whole system in the range of energies
Ek ∼ (E0 − Γ0, E0 + Γ0) around E0 of the width Γ0 controlled by
both the strength of the coupling ΓM and the transmission
probability BB for the two barriers. In the presence of two and
more molecules, the overall picture remains the same: in the
range of Fano-resonance energies, the transmission is strongly

Figure 9. Schematic illustration of the origin of the Fano resonance
in transmission though an infinite one-dimensional channel (tube)
with a tunnel-coupled localized state (red level) on a molecule. The
destructive interference of waves passing the molecule without
visiting it (path 1) and visiting the Fano state (path 2) leads to a
vanishing transmission for electrons with the resonant energy (Ek =
E0).

Figure 10. (Upper panel) Schematic illustration of the Fano setup
with the one-dimensional channel coupled to the leads by tunneling
barriers. (Lower panel) Transmission coefficient for this setup as a
function of the carrier energy Ek in the classical case (strong
dephasing). The red curve shows the transmission BMB for the
structure with barriers and one molecule, the black one shows the
transmission for two barriers without the molecule ( BB). The
chosen parameters are as follows: the energy of the localized state
is E0 = 50 meV; the transmission coefficients across the contacts to
the leads are = = 0.17L R ; the hybridization of conducting
electrons with the Fano state is characterized by ΓM = 30 meV.
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suppressed. In other words, the molecules can be considered as
strong barriers for electrons in this energy range. At the same
time, away from the Fano resonance, molecules do not
essentially affect the transport.
Including Spin: Splitting of Fano Resonances. Let us now

discuss the role of the electron and molecule spins in the
transport through the CNT-SMM structure. Localized
electronic states on Pc ligands of the SMM are characterized
by a large Coulomb energy U0. Another important fact is the
presence of ferromagnetic exchange interaction42 between
electrons localized on ligands and 4f electrons of terbium.
The exchange interaction is described by

̂ = ̂ · ̂V A J S( )ex (3)

where J and S are the spins of terbium and of localized
electrons, respectively. The exchange interaction constant A has
a value of around −0.2 meV. In this case, we can write the
energy of spin-up and spin-down electrons on Pc (E↑ and E↓,
respectively) as

= ± +↑ ↓ ↓ ↑E E AJ U n/2
z, 0 0 , (4)

Due to the strong repulsive Coulomb interaction U0,
tunneling into TbPc2 is hardly possible for an electron if the
SMM has been already occupied by an electron of opposite
spin. The direction of the spin of a localized electron is
determined by the spin of Tb via the exchange interaction. The
orientation of the terbium spin itself is discussed later. Due to
magnetic anisotropy of the SMMs, we can fix the magnetic
moment of the molecule in one direction and analyze its effect
on electron scattering. A schematic diagram illustrating these
aspects is presented in Figure 11.

The transmission of an electron through a molecule with
given spin J depends on electron’s energy and spin. In what
follows, we assume the following hierarchy of the energy scales
in our model:

Δ ≪ ≲ Γ ≪E UC 0 0 (5)

Here, Δ is the level spacing of these levels and EC ∼ e2/L is the
Coulomb interaction energy between the electrons in the CNT.
For the CNT length L ∼ 300 nm, the single-particle level
spacing is about Δ ∼ 1 ÷ 2 meV, and the Coulomb charging
energy is EC ∼ 15 ÷ 20 meV. The Fano level broadening Γ0 ∼

10 ÷ 20 meV can be estimated from the conductance map of

transport through a single molecule.42 This means that a few
levels of size quantization fall into in region with bad
transmission. The value of the repulsive Coulomb energy on
Pc ligands, U0 ∼ 100 meV, was calculated in ref 45.
If the Fermi level is located, for example, in the energy band

of poor transmission for electrons with spin-up orientation (see
the left part of Figure 11), a single molecule splits the nanotube
into two quantum dots (QDs) for this type of carriers. Indeed,
for spin-up electrons near the Fermi level (i.e., for those
electrons that are involved in transport) there are three barriers:
two tunneling barriers connecting the CNT to the source and
drain contacts and the effective barrier created by the molecule.
At the same time, spin-down carriers near the Fermi level are
unaffected by the presence of the single molecule and hence
feel only the two outer tunneling barriers that form a single
QD.
For the minimal model of two molecules, we therefore

encounter a “spin-valve effect” emerging because of the spin-
dependent Fano resonances, similar to the one described in ref
36. Specifically, for the antiparallel orientation of the two SMM
spins, conducting electrons with either spin projection
experience the resonant backscattering by the SMM and the
transport is suppressed for all electrons. When the two
molecular spins are parallel, conducting electrons with one
spin projection see the two Fano barriers inside the CNT and
are blocked even stronger. However, electrons with the
opposite spin are not affected by either of the molecules,
which should lead to a higher conductance of the system.
The difference between our model and that of ref 36 is in the

presence of strong tunneling barriers separating the CNT and
the leads. As a result, the CNT can be considered as a sequence
of quantum dots whose number depends on the spins of
carriers and molecules. Specifically, the parallel orientation of
the two SMM spins in Figure 11 results in the breaking the
CNT into three QDs for the spin-up carriers, while the spin-
down carriers feel only one QD. For the antiparallel SMM
spins, both spin-down and spin-up carriers see two QDs, being
blocked by one of the molecules.
The splitting of the CNT into quantum dots is depicted in

Figure 12. Hereinafter, we assume that the Fermi level is
located in the lower energy band in Figure 11, i.e., the

Figure 11. Schematic diagram of electron scattering on TbPc2.
When a spin-up electron occupies the localized state on the ligand,
two regions of bad transmission for electrons are formed due to
exchange interaction with Tb spin.

Figure 12. Scheme of quantum dots for electrons in the CNT with
energies close to the Fermi energy. The CNT effectively breaks into
quantum dots depending on spin orientation of the electrons and
molecules. The Fermi level lies in the region of bad transmission
for the parallel carrier and SMM spins.
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transmission through the SMMs is suppressed for carriers with
the spin parallel to the molecule spin. This assumption can be
satisfied by varying gate voltage if the capacitances of the CNT
and the molecule are not identical.
It is important to emphasize that the simple picture with the

suppression of the transmission by spin-dependent Fano
resonances presented at Figure 12 cannot explain all the
experimentally observable phenomena without the inclusion of
the Coulomb interaction. The presence of several QDs in the
system strongly affects the transport properties of the structure
because of the charging effects characteristic of Coulomb
blockade. In particular, as we are going to show below, the
Coulomb interaction gives rise to magnetic ordering of SMM
spins in zero magnetic field, which is necessary for the
explanation of the spin-valve effect. Below, the interaction
effects are analyzed in detail.
Coulomb Blockade. Including Coulomb Interaction. As

has been discussed in the previous section, SMMs may split the
CNT into several QDs and the Coulomb interaction between
electrons, as well as the charge quantization in the QDs, should
become important for the transport properties of the structure.
Coulomb blockade (CB) was observed in pure CNTs (see, e.g.,
ref 48) and needs to be taken into account in the analysis of
transport in nanotubes with magnetic molecules. Due to CB,
the conductance is strongly suppressed for certain ranges of the
gate voltage Vg and of the source-drain voltage Vsd, as seen in
the CB maps in Figures 3 and 5. Below we construct the CB
maps for our model where the configuration of QDs in the
CNT is determined by spins of SMMs.
Before going into the discussion of the role of CB in

transport through CNTs with magnetic molecules, we remind
the reader the basics of CB in the simplest case of a single
quantum dot. The Coulomb interaction in a finite electronic
system is responsible for the emergence of the energy scale EC
referred to as the charging energy. In the process of electron
tunneling into the quantum dot, the energy conservation
condition involves this interaction energy. As a consequence,

transport through a quantum dot can be blocked by the
Coulomb interaction: in order to pass through the dot, an
electron should overcome the charging energy. The phenom-
enon of CB can be described by means of an equivalent
electrostatic scheme,39 where the charging energy is encoded by
introducing the capacitors, as illustrated for a single quantum
dot in Figure 13a.
Quantitatively, the CB effects are characterized by the free

energy of the system.49 For a single quantum dot it reads (for
the zero source-drain voltage Vsd) as

=
+

+ +
F N V

eN C V

C C C
( , )

( )

2( )
1 g

g g
2

g L R (6)

where N is the number of electrons on the dot, Cg is the
capacitance between the dot and the gate, and CL,R are the
capacitances between the dot and the leads. In the linear-
response regime, i.e., for Vsd → 0, by changing the number of
electrons in the QD, one gets generically different values of the
free energy,

< + −F N F N F N( ) ( 1), ( 1)1 1 1

and electrons cannot tunnel across the QD.
For certain “resonant” values of the gate voltage Vg*, however,

the addition of an extra electron to the QD does not lead to the
change in the free energy: F(N, Vg*) = F(N + 1, Vg*). The linear
conductance through the QD is finite for these values of Vg. For
a finite source-drain voltage, the resonant conditions for the
free energy of the system are described by the boundaries of the
“Coulomb diamonds” in the Coulomb map, with forbidden
(Coulomb-blocked) regions shown in blue color in Figure 13c.
When the change of N in the course of tunneling to and from
the QD is allowed by the energy conservation at a finite source-
drain voltage, the current through the system can be finite (red
regions in Figure 13c).
We now turn to the crucial difference between the CB

transport through a single QD and two or more QDs, which is

Figure 13. (a) Equivalent electrostatic scheme for a single quantum dot; (b) Equivalent electrostatic scheme for a double quantum dot; (c)
and (d) Typical Coulomb-blockade maps for the single and double quantum dots, respectively, at T = 0. Blue and red regions correspond to
the zero and finite current, respectively.
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a cornerstone of the strong spin-valve effect in our setup. For a
system consisting of more than one QD, the conditions for the
boundaries of CB diamonds are rather complex. Generically,
Coulomb maps for a double-dot system49,50 (see the equivalent
scheme in Figure 13b) show finite transport gaps around zero
source-drain voltage for all values of Vg. In other words, the red
regions above and below Vsd = 0 do not touch each other (the
blue regions are not separated from each other unlike in Figure
13c) as illustrated in Figure 13d, where we present a typical
Coulomb map for two QDs.
The main difference between the single-dot and double-dot

systems is that, in the latter case, to contribute to the overall
current an electron needs to tunnel to the first QD, then to the
second QD, and then to the lead. As a result, the transport
conditions for the double QD should account for the difference
in energies for adding an electron to the first and second dot
and for the possibility of electron tunneling between the two
dots. A finite linear-response conductance at Vsd → 0 requires
equal free energies F2 for configurations with different numbers
of particles in QDs:

= + = +F N N V F N N V F N N V( , , ) ( 1, , ) ( , 1, )2 1 2 g 2 1 2 g 2 1 2 g

(7)

It is known49,50 that double-dot systems can show no
transport gap only in the fully symmetric setup: any asymmetry
fully blocks linear transport at zero temperature. In a generic
case, the conditions (eq 7) are not fulfilled and hence a
transport gap opens for a double QD at all values of the gate
voltage. By varying the gate voltages, the differences between
the free energies in eq 7 can be minimized, which establishes
the magnitude of transport gaps eδVsd = ΔF2dots as a function of
Vg, see Figure 13d.
To obtain the CB maps for the CNT with two SMMs, one

needs to calculate the free energy39,49 of configurations with
different molecular spin orientations (parallel, ↑↑, and
antiparallel, ↑↓) shown in Figure 12. We express the free
energy as a function of the number of electrons in the QDs,
{N}i = {N1, N2, N3, N4}, the gate and source-drain voltages, the
charging energy EC, and a dimensionless function ϕαβ with α =
↑,↓, β = ↑,↓:

ϕ

ϕ

=

=

αβ αβ

αβ

⎛
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⎜
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eV

E

eV

E

E N U U

({ } , , ) { } , ,

({ } , , )

i C i
C C

C i

g sd
g sd

g sd (8)

where Ug, Usd denote the dimensionless gate and source-drain
voltages (measured in units of EC = e2/L). Furthermore, all the
capacitances are normalized to the CNT length Ci → Ci/L. The
positions of the two molecules, x1, x2, belong to the range (0,
1). We present the derivation and the explicit expressions for
ϕ↑↑ and ϕ↑↓ in Supporting Information.
The capacitances that are associated with the gate are

proportional to QD length, Cig ∼ li, while the capacitances
between the QDs and leads are determined by the spatial
overlap between them, CiR,L ∼ lR,L (in experiment, the metallic
contacts cover the ends of the CNT). The capacitances
between the QDs with different spins are determined by their
spatial overlap. The capacitances between the QDs in the
channel with the same electron spin are written as Cij ≃ κlilj/(li
+ lj). Here we use a phenomenological parameter κ that
characterizes the electrostatic properties of the molecules and
can be determined by atomistic numerical simulations of a

SMM attached to the CNT. In what follows, we will use κ as
the only fitting parameter of the model.
The significance of parameter κ can be understood in terms

of the difference between a single-dot and double-dot system.
The double-dot energy F2(N1, N2) in the limit κ → ∞ reduces
to the energy of a single-dot system, F1(N1 + N2) with Cg = C1g

+ C2g. Therefore, the fitting parameter associated with
capacitances between molecules needs to be large κ ∼ 20 ÷

30. Experimental values of the transport gaps δVsd ∼ 1 ÷ 2 meV
≪ EC are small compared to the charging energy, thus justifying
the assumption that κ ≫ 1. The calculated gaps, δ(eVsd) =
ECδUsd ∼ 1 ÷ 2 meV, are in a good agreement with the
experimental observation. Hereinafter, we take for the
capacitors associated with the leads lL,R = 0.2, but the results
are not too sensitive to this parameter.
Figures 14 and 15 illustrate the CB for antiparallel and

parallel spins of molecules, respectively, for the two molecules

located at x1 = 0.2 and x2 = 0.6. We obtain the regions where
current can flow in terms of the current channels, see
Supporting Information. We introduce the function

V V( , )g sd , which indicates how many distinct configurations

{N}i of electron numbers in QDs participate in transport. The
function V V( , )g sd is equal to zero if there are no conducting

Figure 14. Calculated current map V V( , )g sd at zero magnetic field

in terms of current channels. Positions of molecules: x1 = 0.2, x2 =
0.6; κ = 25.

Figure 15. Calculated current map V V( , )g sd at magnetic field

above critical Bc for the same parameters as in Figure 14.
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states (transport is blocked) and equal to an integer number,
= ≥M 1 otherwise, where M is the number of config-

urations {N}i contributing to the current (the number of open
current channels).
One sees in Figure 14 that for the antiparallel spin

orientation of the molecules there is a gap around Vsd = 0 for
all values of the gate voltages Vg. This is analogous to the
presence of the transport gap for a double-dot system, see
Figure 13d. Indeed, as discussed above, for each spin projection
of electrons the CNT breaks into two QDs, see the lower panel
in Figure 12.
In the case of CNT with SMMs having the parallel molecular

spin orientation (upper panel in Figure 12), transport gaps are
closed at some values of Vg as for the single-dot CB, Figure 13c.
Thus, at such values of the gate voltage one encounters a strong
spin-valve effect. However, generically, one has a more complex
system of coupled QDs instead of the conventional single-QD
system. The electrostatic interaction between electrons tunnel
through the single QD 4 with electrons in QDs 1, 2, and 3
renders the transport conditions for the QD 4 dependent on
the population of the other three QDs (those with electrons of
the opposite spin). As a result, in contrast to the simplest
single-dot case (Figure 13c), not all transport gaps get closed in
the CB map, as seen in Figure 15.
The origin of this feature is associated with the change of

electron numbers in the (nonconducting) QDs 1, 2, and 3 by
varying gate voltage. With changing gate voltage near the
degeneracy point (where the free energies for {N}i and {N}i +
14 should be equal), electron numbers N1, N2, or N3 may
change and hence affect the free energy in such a way that the
transport condition for QD 4 in this range of Vg is no longer
fulfilled at Vsd → 0. This feature is fully consistent with the
existence of weak spin-valve effect observed for some values of
Vg, see Figures 3 and 4.
Interaction between Molecular Spins. In the previous

section, it was shown that different configurations of molecular
spins lead to different QDs systems with different free energies.
Let us now discuss the orientation of the molecular spins that,
in turn, determines the spin orientation of localized electrons
on the ligands. We define the interaction energy between the
spins of the electrons localized on the ligands as the free energy
difference between antiparallel and parallel spin orientation,

= −↑↓ ↑↑E x x V F F( , , )SS 1 2 g (9)

The positions of the two molecules are again x1 and x2. The
interaction is caused by the repulsive Coulomb interaction in
the presence of the Fano scattering in the energy region near
the localized molecular state.
The interaction between localized spins shows a non-

monotonous behavior as a function of the molecule positions,
as depicted in Figure 16 (the interaction energy ESS(x1, x2, Vg)/
EC is presented in units of charging energy in this plot).
Specifically, Figure 16 demonstrates the dependence of
interaction energy ESS on the position of the second molecule
x2 with the first molecule being fixed at x1 = 0.2 and two
distinct values of the dimensionless gate voltages (see plot). It
is seen that for Ug = 1, the interaction between molecules,
mediated by the conducting electrons in the CNT, is of the
antiferromagnetic type independently of the position of the
second molecule. This corresponds to the experimental
observation of the low conductance in zero magnetic field
(recall that for the antiparallel orientation of molecular spins

both spin-up and spin-down electrons see two QDs, lower
panel of Figure 12).
The typical interaction energy is of the order of ESS ∼ 0.1 ÷

0.2 meV. At the same time, one sees that at different value of
the gate voltage, Ug = 1.5, the effective spin−spin interaction
between the molecules can be either antiferromagnetic or
ferromagnetic, depending on the position of the second
molecule. Figure 17 demonstrates the dependence of the

spin−spin interaction on the gate voltage for the fixed positions

of the molecules, x1 = 0.2 and x2 = 0.6. Here, for almost all gate

voltages the interaction is of the antiferromagnetic type and is

in a good agreement with the experimental value of ∼1 K which

is indicated by the thin blue dashed line at Figure 17.

In finite magnetic fields, we can describe the CNT with

SMMs by an effective spin Hamiltonian:

Figure 16. Interaction energy between localized spins as a function
of position x2 with fixed x1 = 0.2 and κ = 25 for two values of the
gate voltages. Negative (positive) values correspond to the
antiferromagnetic (ferromagnetic) interaction.

Figure 17. Interaction energy (red curve) between localized spins
as a function of gate voltage Ug at fixed positions of the molecules,
x1 = 0.2 and x2 = 0.6, and κ = 25. Negative (positive) values
correspond to the antiferromagnetic (ferromagnetic) interaction.
The dashed blue line corresponds to the interaction energy
estimated from experiment. Inset: Schematics of the gated CNT
with two TbPc2.
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where gT = 1.5 and gS are g-factors of terbium and localized
electrons, respectively. To simplify the model, the terms
describing the Zeeman energy of electrons localized on Pc can
be omitted because of their small spin in comparison with the
spin of terbium.
In this Hamiltonian, we assume that molecules have an easy

axis in z direction. Due to the strong repulsive Coulomb
interaction U0 acting on the ligands of the molecule, the spin of
the localized electrons S1,2 is forced to align in z direction. With
the effective Hamiltonian (eq 10), one can obtain the
characteristic magnetic field at which the Zeeman energy
exceeds the interaction energy ESS, so that for stronger fields the
molecular spins become parallel. Under the assumption of an
applied magnetic field in z direction, the critical field is

μ
= ∼ ÷B

E

g J
0.2 0.3 Tc

SS

B T (11)

This value is again in a good agreement with the experimental
data showing the jumps of the conductance when the magnetic
field is swept from −1 to 1 T, see Figure 2.
Conductance and GMR. For the analysis of the conductance

in the regime of CB, one of the most powerful approaches is
based on kinetic equations for the distribution function of the
QD system.46,50 In our case, we address the regime of a finite
source-drain voltage, where the kinetic equations cannot be
solved exactly, in contrast to the linear regime of ref 46. At the
same time, we focus on the low-temperature regime T ≪ Δ

which is relevant to the experiment. In this regime, the
tunneling current can be obtained without solving kinetic
equations by calculating the current-channel function

V V( , )g sd (Figures 14 and 15).

The antiparallel orientation of molecular spins corresponds
to the vanishing magnetic field, while the parallel alignment of
the spins is realized for magnetic fields above the critical one, B
> Bc. We set the location of the molecules to x1 = 0.2, x2 = 0.6
and choose κ = 25. For antiparallel configuration, the
conductance is strongly reduced in the region of the zero
source-drain voltage due to Coulomb blockade. The transport
gap δVsd ∼ 1 ÷ 2 meV that opens at zero B is clearly seen in
Figure 14, in agreement with experimental observation, Figure
3.
As was pointed out above, not all transport gaps are closed

for the parallel SMMs spin orientation. If the gate voltage
corresponds to the closing of the gap in magnetic field above
critical, a strong spin-valve effect (i.e., the GMR) emerges, as in
Figure 7. If the gap in magnetic field is open, it is typically
smaller than the one at B = 0 (Figures 14 and 15), thus leading
to a weak spin-valve effect, as in Figure 8 (a nonzero linear
conductance is associated with finite temperature and level
broadening). Thus, the Vg dependence of the strength of the
spin-valve effect is explained by the developed theoretical
model. The Coulomb interaction plays here a crucial role:
without the CB effects, no transport gap would be possible
when all SMM spins are aligned by the strong magnetic field.
The value of conductance can be estimated in the case of a

few open channels, ∼ 1, which is realized for a small source-
drain voltage eVsd ≲ 0.3 EC. The molecule transparency M is

much larger than the transparency of the barriers L,R (for

energies not too close to the resonant energy, see Figure 10),
yielding

∼
+

G

G0

L R

L R (12)

In Figure 18, the conductance as a function of source-drain
voltage is shown for Ug = 1.33. The red dashed curve depicts

the conductance at B = 0 (antiparallel SMM spins) and the blue
curve corresponds to a magnetic field above the critical
magnetic field Bc (parallel SMM spins). The GMR effect,
clearly seen in Figure 18, is due to the opening of the transport
gap at zero magnetic field, see Figure 14, caused by the
antiferromagnetic arrangement of molecular spins. The shift of
the low-conductance window with respect to Vsd = 0 following
from our model is again consistent with the experimental
observations, Figure 7.

CONCLUSIONS

To conclude, we have presented experimental data and the
theoretical model for the giant magnetoresistance effect (spin-
valve effect) and Coulomb blockade in carbon nanotubes with
side-attached molecular magnets. The proposed theoretical
model explains qualitatively the giant magnetoresistance (cf.
Figures 7 and 18) as well as the structure of Coulomb
diamonds (cf. Figures 3, 4 and 14, 15) in the nonlinear
transport in CNTs with side-attached SMMs.10,28,29 The same
ideas and framework can be generalized to describe the spin-
valve effect in other nanostructures.30,31 Below we summarize
the main ingredients of the developed theory:

• The phthalocyanine ligands in TbPc2 magnetic molecules
have localized electronic states near the Fermi level (S =
1/2 state in Figure 1). These states are assumed to be
well coupled to the electronic states of the nanotube.

• The exchange interaction between the electrons localized
on the molecule and the electrons in the Tb shell
combined with the strong repulsive Coulomb interaction
on the ligands splits the localized states for spin-up and
spin-down electrons (Figure 11).

Figure 18. Linear conductance at zero T as a function of source-
drain voltage at Ug = 1.33. The red dash curve corresponds to the
absence of magnetic field (antiparallel molecules spins), the blue
curve is associated with a finite magnetic field above the critical
one, Bc (parallel molecules spins). The molecules are located at x1 =
0.2, x2 = 0.6 and κ = 25.
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• The Fano resonance induced by the side-attached
molecules gives rise to a strong backscattering of
electrons (Figure 10) in the energy window whose
position depends on the relative orientation of electron
and molecule spins, Figure 11.

• We consider a minimal model with two magnetic
molecules attached to the carbon nanotube, where the
Fano-resonance backscattering breaks up the nanotube
into four quantum dots. Specifically, the nanotube is seen
either as a single quantum dot and three quantum dots
(parallel orientation of SMM spins) for spin-up and spin-
down electrons, or as two quantum dots for each spin
species of electrons (antiparallel SMM spins), Figure 12.

• Different energies of the configurations with parallel and
antiparallel spins of the molecules lead to an effective
magnetic interaction between the TbPc2 spins, Figure 16.
The sign of this interaction may depend on the positions
of SMMs and can be tuned by the gate voltage.

• The spin-valve effect emerges for such gate voltages that
provide the antiferromagnetic arrangement of the
molecule spins. In zero external magnetic field, the
spins of the molecules are antiparallel. Both spin-up and
spin-down electrons tunnel through double quantum
dots. The Coulomb blockade leads to a strongly
suppressed conductance at zero source-drain voltage
for all gate voltages, Figure 14.

• By applying external magnetic field, the spins of the
molecules become parallel, when the Zeeman energy
overcomes the effective antiferromagnetic coupling. For
electrons with one spin orientation, the system acts as a
triple quantum dot and the transport is blocked.
However, electrons with the opposite spin see just a
single quantum dot and the Coulomb-blockade gap
closes at certain values of the gate voltage Vg, Figure 15.
The configuration with a single quantum dot for
electrons with this spin orientation provides then a
lower resistance (Figure 18), thus leading to the spin-
valve effect.

• The strength of the spin-valve effect depends on
positions of molecules on the CNT and on the gate
voltage through the charging energy of the system. For
certain “resonant” values of the gate voltage, the effect is
particularly strong and results in GMR.

Importantly, the developed theory predicts the existence of
long-range interactions between SMMs mediated by the
charging effects in a CNT. We have demonstrated that this
effective spin−spin interaction (including its sign) depends on
the gate voltage and positions of SMMs, see Figures 16 and 17.
Furthermore, for the antiferromagnetic alignment of the SMM
spins, the magnitude of the magnetoresistance also depends on
the value of the gate voltage (cf. Figure 7 and Figure 8), thus
giving rise to a gate-controlled spin-valve effect. This implies that
the orientation of SMMs spins and the magnetic properties of
supramolecular structures can be manipulated electrostatically
by external gates, in particular, by engineering the nanostruc-
tures with multiple local gates.
The experimental realization of this effect in systems with

controlled deposition of SMMs would be an important step in
the direction of establishing molecular quantum spintronic
devices in the community of nanoelectronics. In view of the fast
evolution of the field of quantum systems, with such subfields
as superconducting quantum circuits, trapped ions, quantum-

dot circuits, NV centers in diamond, and P-ions in Si being
prominent examples, the ability of manipulating the localized
degrees of freedom by electronic means becomes an urgent
general challenge. For this purpose, supramolecular chemistry
can supply powerful and affordable tools to tailor quite complex
molecular devices, allowing proof-of-principle experiments on a
“molecular quantum processor”.

METHODS

Single-wall carbon nanotubes of a diameter about 1.2 nm were grown
by the laser ablation method. They were dispersed in 1−2 mL
dichloroethane and sonicated for 1 h. A droplet of this suspension was
deposited onto a degenerately doped p-type silicon wafer with a
surface oxide of width about 450 nm. CNTs were located by atomic
force microscopy with respect to predefined markers. Then, they are
contacted with 50 nm-thick Pd by standard electron-beam lithography
with a contact spacing of L ∼ 300 nm.

TbPc2 SMMs were synthesized as reported in ref 51. Supra-
molecular grafting was carried out by drop casting a solution of TbPc2
diluted in dichloromethane with molarity 108 mol·l−1 onto the sample.
After 5 s, the sample was rinsed in dichloromethane and dried under
nitrogen flow. Residual dichloromethane was removed by a second
rinse with isopropanol.

Samples with high resistance (>100 kΩ) at room temperature were
selected. The conductance measurements were carried out in a He3/
He4 dilution refrigerator with a base temperature of 30 mK. The
magnetic field in the sample plane was provided by a magnet
generating up to 1 T. Electrical measurements of interest were made
using a Stanford Research Systems SR-830-DSP lock-in amplifier or an
ADwin real-time data acquisition system. About 20% of all samples
showed the magnetoresistance effect and were subsequently studied in
detail.
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