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Pauli spin blockade in double molecular magnets
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The Pauli spin blockade effect in transport through two, coupled in series, single molecular magnets weakly
attached to external leads is considered theoretically. By using the real-time diagrammatic technique in the
lowest-order perturbation theory with respect to the coupling strength, the behavior of the current and the shot
noise is studied in the nonlinear response regime. It is shown that the current suppression occurs due to the
occupation of highest-weight spin states of the system. Moreover, transport properties are found to strongly
depend on parameters of the double molecular magnet, such as the magnitude of spin, internal exchange
interaction and the hopping between the molecules. It is also demonstrated that the current suppression may
be accompanied by negative differential conductance and a large super-Poissonian shot noise. The mechanisms

leading to those effects are discussed.
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I. INTRODUCTION

Transport properties of individual large-spin molecules
exhibiting magnetic anisotropy, such as single molecular
magnets (SMMs), have recently attracted considerable atten-
tion [1-5]. This is due to the fact that such nanosystems are con-
sidered to be important for future information technology [6—8]
and in molecular spintronics [5]. The current flowing through a
single molecular magnet depends greatly on the intrinsic prop-
erties of the molecule and the quality of coupling to external
leads [4]. When the coupling is relatively weak, single-electron
charging effects become relevant [9-12], whereas in the strong
coupling regime, the electronic correlations can give rise to
the Kondo effect [13—18]. Transport characteristics of single
magnetic molecules have already been extensively studied,
both experimentally [19-29] and theoretically [30-36], and are
thus relatively well-understood. However, this is not necessar-
ily the case for more complex molecular structures, which can
exhibit further interesting properties, such as current suppres-
sion and negative differential conductance (NDC) [37-39].
One important example is a system built of two single
molecular magnets [40—46]. In particular, it was shown that
by changing the orientation of magnetic moments of two
molecules attached to metallic leads, one can generate a
spin-valve-like effect, in which the magnitude of the current
depends on the mutual orientation of SMMs’ spins [41,42].
Furthermore, an all-electrical control of molecules’ magnetic
moments and an extreme tunnel magnetoresistance in double
molecular magnets were also predicted [45,46]. Although
transport properties of double molecular magnets have recently
attracted certain attention, there are still several aspects that
undoubtedly require further investigations.

In this paper, we in particular study the transport behavior
of two, coupled in series, single molecular magnets weakly
attached to external leads, focusing on the Pauli spin blockade
regime. The Pauli spin blockade was observed in double
quantum dot systems [47-49] and the mechanism leading
to it was already extensively studied [50-56]. The blockade
develops when the double dot becomes occupied by a triplet
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state. Then, an electron from one quantum dot cannot tunnel
to the second dot, since the Pauli exclusion principle prevents
from having two equal-spin electrons on the same level
and, consequently, the current becomes blocked. Here, we
investigate the effect of Pauli spin blockade in the case of
double molecular magnets. The calculations are performed
with the aid of the real-time diagrammatic technique [57] in
the lowest-order perturbative expansion with respect to the
tunnel coupling to the leads. Each molecule is characterized
by its spin number and magnetic anisotropy. It is assumed that
transport takes place through the lowest unoccupied orbital
levels (LUMO) of the molecules, which are exchange-coupled
to the core spins of SMMs [11,12]. We study the bias
dependence of the current and the shot noise for different
intrinsic parameters of magnetic molecules. We show that the
Pauli spin blockade in double molecular magnets is associated
with occupation of the corresponding highest-weight spin
states of the system. Moreover, its range and magnitude
depends greatly on the exchange interaction between the
LUMO level and core spin of each molecule, as well as on
the hopping between the molecules and the size of SMMs’
spins. In addition, we demonstrate that contrary to double
quantum dots [47], the current suppression occurs for both
positive and negative bias polarization when the exchange
coupling is of antiferromagnetic type. We also show that the
current suppression is accompanied with a negative differential
conductance and a large super-Poissonian shot noise.

The paper is organized in the following way. In Sec. II,
we describe the model Hamiltonian and method used for
calculations. Section III contains the numerical results on the
current and shot noise, where the effects of different exchange
coupling (Sec. Il A), hopping between SMMs (Sec. IIIB),
and magnitude of SMMs’ spins (Sec. III C) are thoroughly
discussed. The paper is summarized in Sec. IV.

II. MODEL AND METHOD

We consider a system built of two single molecular magnets
coupled to each other and to external metallic leads, as
sketched in Fig. 1. The molecules are modeled by giant spin
Hamiltonians and it is assumed that transport of electrons
occurs through the lowest unoccupied molecular orbitals of
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FIG. 1. Schematic of the considered system. It consists of two
molecular magnets with spin S, (r = L, R), coupled to each other via
hopping matrix elements ¢ and to the left and right metallic leads with
coupling strengths I'; and I'g, respectively. The energy of orbital level
of left (right) molecule is denoted by e,g) and Jp gy describes the
exchange interaction between the electrons occupying given orbital
level and the internal spin of given molecule. The bias voltage is
applied symmetrically to the system, (1, — ug = eV.

SMMs. Consequently, the total Hamiltonian has the following
form:

H = Hycud + Hpsmm + Hrun, (D

where the first term describes the noninteracting electrons in

the leads,
Hieaa = Z Z&‘rkcikgcrko» ()

r=L,R ko

with cj,m (crko) being the creation (annihilation) operator of

an electron with spin o, momentum k and energy &, in the
lead r. The second term of the Hamiltonian H describes the
two coupled single molecular magnets and is given by

Hpsvmm = Z Hum +1 Z(dzgdm, + dLGdL(,)

r=L,R o
+U'(npy +npy)(ngy +ngy). (3)

Here, d, is the creation operator for an electron with spin o
on the molecular orbital of rth SMM with the corresponding
energy &, and n,, = djadm. The Coulomb correlations
between the two molecules are described by U’, while ¢
denotes the hopping matrix elements between the SMMs.
The Hamiltonian Hg,;, models the rth SMM and is given
by [11,12,30,32]

HerM = &MNys + Urannr¢ - Jrsr'sr - DrSrzz’ (4)

where U, describes the Coulomb correlations in the molecule,
J, is the exchange interaction between the core spin of
the molecule characterized by spin operator S, and spin
of electron occupying the corresponding LUMO level, s, =
%ZW, dl G,od.o, with & being the vector of Pauli spin
matrices. The uniaxial magnetic anisotropy of rth SMM is
described by D, and S,, is the zth component of the rth
molecule’s spin. Although the two molecules can, in principle,
be different, for the sake of clarity, in the following we assume
that they have equal spins S; = Sg = S and can be modeled
by the same parameters, i.e., Uy = Ugr =U, Jp = Jgp = J,
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and D; = Dp = D. The last term of the total Hamiltonian
describes the tunnel-coupling between the molecular magnet
dimer and the leads. It is given by

Hryuy = Z Z vr(cjkgdra + d:acrk(r) , (5)

r=L,R ko

where v, denotes the respective tunnel matrix elements.
The strength of the coupling between the lead r and the
LUMO level of rth molecular magnet can be expressed as
I, =2mp, vrz, where p, is the density of states of lead r. In
the following, we assume that the system is symmetrically
coupled, I')y =T'g =T/2, and the voltage drop is applied
symmetrically between the left and right leads, u; — ug =
eV, see Fig. 1.

In this paper, we study the nonequilibrium transport
properties of considered molecular magnet dimer assuming
weak coupling to the leads. The current can be then cal-
culated perturbatively in the tunnel-coupling strength I' by
employing the real-time diagrammatic technique [57-60]. In
our considerations, we take into account the lowest-order
of perturbation expansion, which corresponds to sequential
tunneling processes. First, we need to determine the elements
W, of the self-energy matrix W, which describe transitions
between many-body states |y ) of the system, where |x) is an
eigenstate of the double molecular magnet Hamiltonian (3),
Hpsmm|x) = &, 1x). The off-diagonal elements of this matrix
are given by [58,59]

Wi = Z [F;x +F;’x]’ (6)

r=L,R

where

Fr =21 pofiley — el (xldl, X (D

and f.(e) = 1/[e®#)/T 4 1] is the Fermi-Dirac distribution
function of lead » with u, denoting the corresponding electro-
chemical potential and the Boltzmann constant kg = 1. The
quantity F v 18 givenby Eq. (7) with f,(¢) replaced by the hole
distribution function 1 — f,.(¢). On the other hand, the diagonal
elements of matrix W are giyen by Wx.x. == > sy Wiy In
the steady state, the occupation probabilities P, of many-body
states |x) can be found from [58,59]

(WP), =T6,,,, (8)

where P is the vector of probabilities and W is equal to W
with one row corresponding to yo modified so as to take into
account the normalization condition. The current can be then
calculated from the equation [58,59]

e
I = —Tr{W'P}, 9
o r{ } (&)

where

I _ R L L R
Wl =Fr, —Fb, +FL, —FE (10)

for off-diagonal matrix elements and W; o =0for x = x'.
In addition to the current, we also analyze the tzehaAVior of
the zero-frequency shot noise, [61] S; = ffooo dt[{(I()1(0)) +
(f (O)f (1)) — (f Y21, where [ is the current operator. The shot
noise can provide additional information about the transport
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processes, which is not contained in the averaged current
I. Within the real-time diagrammatic technique, S; in the
lowest-order expansion in the coupling strength I" can be found
from [58]

2
S, = %Tr{W”P + WPWP), (11)

where the matrix elements of W'/ are givenby W/, = (1/2 —

8,4 )Wy and the quantity P can be found from WP = Q,
with the elements of Q given by Q, , = (P, — 8,/,)(1 —
8,'y,)- Having found the shot noise, we can determine the
Fano factor F = §;/Sp, which describes the deviation of §;
from the Poissonian shot noise given by Sp = 2e|I| [61].

III. RESULTS AND DISCUSSION

To begin with, let us recall the main mechanism responsible
for the occurrence of the Pauli spin blockade in serial double
quantum dot systems [47,51,52]. When at equilibrium the
level of the left dot is half-filled (¢, ~ —U/2) while the
doubly occupied state of the right dot is close to the Fermi
energy of the leads (eg &~ —U), for finite capacitive coupling
between the dots (here we assume U’ = U/2) the ground
state of the double dot is a delocalized spin singlet. The
energy of this state is, however, very close to the energy
of triplet states, single-electron states and other two-electron
singlets. The corresponding excitation energies are in fact of
the order of the considered thermal energy. Therefore, with
increasing the bias voltage, u; — ugr = eV > 0, the electrons
starts tunneling from the left to the right lead. For negative
bias, the first Coulomb step in the current occurs, while for
positive bias, there is only a small maximum in the current,
since the tunneling processes become suppressed very fast
with increasing eV. This happens when the spin of electron
in the left dot is the same as that of an electron occupying
the right dot. The system gets then trapped in a triplet state
and the current becomes blocked, since the electron from
the left dot cannot tunnel to the right dot due to the Pauli
exclusion principle, provided the next orbital level is not
accessible for transport within the considered bias range. This
blockade is referred to as the Pauli spin blockade [47]. It
can be explicitly seen in Fig. 2(a), which shows the bias
voltage dependence of the current calculated for different
values of the hopping parameter . When the bias voltage
increases further, the current raises around eV =~ U, but then
suddenly drops again. This suppression is now related to a
full occupation of the doubly occupied state of the left dot,
which forbids the electrons from the left lead to enter the left
dot. The current is thus suppressed due to a charge blockade.
We note that when more levels are accessible for transport
in each dot, the range of bias voltage where the blockade
occurs may be changed [47,53]. The situation is completely
different when the voltage is reversed. For negative bias
voltages, the occupation of singly occupied states increases
and the blockade is lifted since tunneling due to doubly and
singly occupied states is allowed. With further increase of
negative bias voltage, there are next steps in the current and
the i — v characteristic displays typical Coulomb staircase for
eV <0 [9,47]. As shown theoretically [51,52], the triplet
blockade can be weakened with increasing ¢, because the
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FIG. 2. The bias voltage dependence of (a) the current / and
(b) the Fano factor F calculated for different values of hopping
between the LUMO levels, as indicated, in the case of J = 0. The
parameters are: U' = —g; = 0.5, g = —1 and T = 3I' = 0.03 in
units of U = 1. The current is plotted in units of Iy = eI /A.

occupation of the triplet state, and thus the blockade itself,
strongly depends on the ratio of 2t/ Ae, where Ae = ¢ — ¢,
see Fig. 2(a). Moreover, in the transport region where the
suppression of the current due to the triplet occupation occurs,
the Fano factor becomes larger than unity, indicating super-
Poissonian shot noise [53,59,62—-64]. This can be seen in
Fig. 2(b), which displays the bias dependence of the Fano
factor for different hoppings ¢. For reversed bias voltages, the
shot noise is generally sub-Poissonian, which is typical for
Coulomb-correlated sequential transport [61,65-67]. When
the hopping parameter is increased, the current in the blockade
regime increases. The Fano factor becomes then slightly
suppressed, however, the shot noise is still super-Poissonian,
see Fig. 2.

In the following, we analyze the current and shot noise of
two, coupled in series, single molecular magnets, as described
by the Hamiltonian (3), focusing on the Pauli spin blockade
regime. In this context, Fig. 2 will serve as a reference in
understanding how the transport properties change compared
to double quantum dot systems. We discuss the results in the
case of both ferromagnetic and antiferromagnetic exchange
coupling J between the molecules’ core spins and the LUMO
levels. In the former case, the total spin S}"‘ of rth molecule
tends to be increased, S©* = S + s, while in the latter case, the
spinislowered S = |S — s|. As shownrecently for one SMM
coupled to ferromagnetic contacts [12], the type of exchange
interaction can have a large impact on the current flowing
through the system. Although in the considered model the
leads are nonmagnetic, one can still expect a strong impact
of the exchange interaction J on the transport behavior, since
the blockade regime is determined by an appropriate spin con-
figuration of the system. Therefore we study the dependence
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FIG. 3. The bias voltage dependence of (a) the current and
(b) the Fano factor for different values of the ferromagnetic (J > 0)
exchange coupling between the LUMO level and core spin of each
molecule, as indicated. The parameters are the same as in Fig. 2 with
D/U =0.05,¢t/U =0.05, and § = 3/2.

of transport characteristics on both the strength and sign of
exchange interaction. We then assume constant | J | and analyze
the effect of different hopping between the molecular magnets.
While most of the calculations are performed for hypothetical
molecules with spin § = 3/2 [2,68] and uniaxial magnetic
anisotropy D/U = 0.05, we eventually also consider the effect
of different SMM spin on transport properties. We would also
like to emphasize that the two molecules are assumed to be
equal and the asymmetry necessary to obtain asymmetric i-v
characteristics is introduced by finite orbital level detuning,
which can be experimentally realized by appropriate gating.

A. The effects of different exchange coupling J

The bias voltage dependence of the current and Fano factor
for different values of exchange interaction J between the
LUMO level and the SMM core spin S is shown in Fig. 3.
This figure was calculated in the case of ferromagnetic type
of exchange interaction, while the corresponding case with
antiferromagnetic J is displayed in Fig. 4. Let us first discuss
the behavior in the case of J > 0. For relatively small values
of J, see the curves for J/U < 0.1 in Fig. 3(a), the bias
dependence is similar to the double quantum dot case shown
in Fig. 2. However, after a closer inspection, one can see
that in the case of finite J there is no negative differential
conductance associated with the spin blockade, although the
current is still suppressed. In fact, NDC is only present for
very low values of J, J/U < 0.1. On the other hand, the
second NDC associated with the maximum in the current
around eV /U = 1 does not disappear with increasing J, but
only moves toward larger values of e V. Interestingly, for finite
J, a large current suppression occurs also for negative bias
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FIG. 4. The same as in Fig. 3 calculated in the case of antiferro-
magnetic exchange interaction (J < 0).

voltage. Nevertheless, this suppression is not associated with
negative differential conductance, which is present only for
positive bias voltage, see Fig. 3(a).

To understand the behavior of the current in the case of finite
J, in Fig. 5 we show the bias dependence of the expectation
values of the SMM’s occupation numbers, n, = ZG Nros
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FIG. 5. The bias voltage dependence of (a) the expectations
values of the left and right SMM’s occupation, (n;) and (ng),
and (b) the corresponding spin expectation values calculated in the
case of ferromagnetic exchange interaction, J/U = 0.3. The other
parameters are the same as in Fig. 3.
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the spin operator of each molecule S!** =S, +s,, the total
spin of double molecular magnet S = S + S, and the
expectation value of (S - S%'). This figure was calculated
for one selected value of J, namely, J/U = 0.3. First, let us
recall that for ferromagnetic exchange interaction, the total
spin of each molecule is increased, S'°" = S + s. However,
the total spin of double molecular magnet S*' depends on the
effective exchange interaction between the molecules, Jy g,
which is generated by finite hopping 7. Depending on the
bias voltage and parameters, the sign of J; g o (S¥' - S%') can
change. As can be seen in Fig. 5(b), for positive bias voltage,
ranging from zero to the first maximum around eV /U ~ 1,
(SP'- 8% > 0and consequently J, g is of ferromagnetic type.
The total spin of double molecular magnet is then enhanced to
S = 2(S + s) and the system is trapped in the highest-weight
spin states, |1, S') = |2,£2(S + 5)), where n = Y, n, is
the total electron number, while S} is the zth component
of the total spin. Because of that, the tunneling of electrons
through the LUMO levels is blocked. With increasing the
bias voltage, a small maximum in the current occurs, see
Fig. 3(a). This is due to finite occupancy of single electron
states |1,£(2S + s)), which allow for sequential transport
processes through the system. However, further increase of
the bias voltage results again in the current suppression and
associated NDC. This behavior results from an enhanced
occupancy of two-electron states |2,£2S), with the LUMO
level of the left molecule doubly occupied and the right
molecule being empty, see Fig. 5(a). In this case, the electrons
from the left lead cannot tunnel to the left SMM and the
current becomes suppressed. This scenario holds for finite
ferromagnetic exchange interaction J/U 2 0.1, see Fig. 3(a).
As can be seen in the figure, increasing J results only in a
change of the range of bias voltage where the two blockades
occur, while the mechanisms responsible for those current
suppressions remain the same.

As can be seen in Fig. 3(a), for negative bias voltage the
current decreases with increasing the exchange interaction J.
This suppression is associated with an enhanced occupation
of the two electron states |2,0), with two electrons occupying
the right LUMO level, see Fig. 5(a). In the following we will
refer to the states with S} = 0 as to singlet states. In such a
case, the current is blocked because no electron can tunnel to
the right SMM from the right lead. This current suppression is
thus very similar to the one occurring for positive bias voltage
for eV 2 U. The fact that the blockade for negative bias
voltage is not perfect is associated with finite occupation of
other molecular states, which allow for tunneling of electrons
through the system. We also note that for negative bias
voltage, (S - S') < 0, and the effective exchange interaction
between SMMs is of antiferromagnetic type, see Fig. 5(b).
Consequently, the system is mostly occupied by two-electron
singlet states.

Different transport behavior is also revealed in the bias
voltage dependence of the Fano factor, which is shown in
Fig. 3(b). When F = 1, the shot noise is Poissonian and
transport is due to uncorrelated-in-time tunneling events [61].
In the sequential tunneling regime, the shot noise is typically
sub-Poissonian with F' < 1, since tunneling processes are
correlated by the charging energy [65,66]. On the other hand,
super-Poissonian shot noise (F > 1) may occur in transport
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FIG. 6. The same as in Fig. 5 calculated for J/U = —0.3.

regions where the current is suppressed by trapping the
system in certain states, which gives rise to large current
fluctuations [53,59,64]. One should also note that F' becomes
infinite at zero bias, since the current then vanishes, while the
shot noise is given by thermal noise [61]. All these values of
the Fano factor can be observed in the bias dependence of
F displayed in Fig. 3(b). We first note that when J is finite,
the shot noise is much enhanced compared to the double dot
case shown in Fig. 2. Moreover, for considerable exchange
interaction J, large current fluctuations can be observed in
the whole range of considered bias voltage, see Fig. 3(b).
For positive bias voltage, the shot noise is generally super-
Poissonian with F 2> 1, irrespective of the value of J. The
current is there suppressed due to either trapping in high-spin
states or by Coulomb correlations and size quantization. For
negative bias voltage, when J/U < 0.1, which corresponds
to the situation when the spins S are relatively weakly
coupled to LUMO levels, the shot noise is sub-Poissonian
with F' ~ 1/2, which is characteristic of sequential tunneling
transport regime. Nevertheless, with increasing the value of
J, the current becomes suppressed and the system exhibits
super-Poissonian shot noise, see the curves for J/U > 0.1 in
Fig. 3(b). However, despite the above general observations,
the dependence of F on eV for a particular value of J is very
complex. In particular, inside the blockade regimes a large
super-Poissonian shot noise can be observed for certain bias
voltages. The range of bias voltage changes with increasing J,
such that for fixed eV the Fano factor varies in a nonmonotonic
way with J, see Fig. 3(b).

The bias voltage dependence of the current and Fano factor
in the case when the exchange interaction between the LUMO
level and core spin of each molecule is of antiferromagnetic
type is shown in Fig. 4, while the corresponding expectation
values calculated for J/U = —0.3 are shown in Fig. 6. Now,
J < 0 tends to lower the spin of each molecule, such that
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St = |S — 5|, see Fig. 6(b). Consequently, transport does
not occur through highest-weight spin states, but through
molecular states with lower spin values. First, we note that
similar to the ferromagnetic-J case, when |J|/U 2 0.1, the
current is suppressed with increasing the bias voltage, but
there is no negative differential conductance around the zero
bias, see Fig. 4(a). This suppression is now related to an
enhanced occupation of singlet states |2,0) with two electrons
occupying different LUMO levels (singlet forms between
electrons occupying LUMO levels), which increases with
raising |J| (J < 0). At some finite bias voltage, the current
exhibits a maximum, which moves toward larger eV with
increasing J. This maximum is associated with a relatively
low but finite occupation of one-electron states. Nevertheless,
with further increase of the bias voltage, again the two-electron
states become mainly populated, but now with two electrons
occupying the left LUMO level, see Fig. 6(a). This effectively
blocks tunneling through the system and the current drop is
accompanied with a pronounced NDC, see Fig. 4(a). This
situation is qualitatively similar to the case of ferromagnetic
exchange interaction. The current blockade is accompanied
by large current fluctuations, with ¥ > 10 in the case of
J/U = —0.5, see Fig. 4(b). The bias dependence of F is
however more systematic compared to the ferromagnetic-J
case. At low bias voltage, the Fano factor generally increases
with raising |J|, while for larger bias voltages, F' only
slightly depends on J and takes values slightly exceeding
unity.

When the bias voltage is reversed and the antiferromag-
netic coupling between the LUMO level and core spin of
each molecule becomes strong, the system exhibits negative
differential conductance, see Fig. 4(a). At low bias voltage
the system is occupied by the states |2,0) and |2,4(S — s)),
with each LUMO level being singly occupied, and the current
is blocked, see Fig. 6. The range of bias voltage where this
is the case extends with increasing J. When the bias voltage
is lowered further, one-electron states become available for
transport and the current starts increasing. However, this
is accompanied by gradual enhancement of occupation of
two-electron singlet states |2,0), with two electrons located
in the right molecule [cf. Fig. 6(a)], which results in the
current suppression again. Consequently, it leads to a small
maximum in the absolute value of the current and considerable
negative differential conductance, see Fig. 4(a). As can be
clearly seen in the figure, the current suppression is enhanced
with increasing | J |. Moreover, NDC occurs when the coupling
between the LUMO level and core spin is relatively strong, see
the curves for J/U < —0.2 in Fig. 4(a). In the suppression
regime, where NDC is present, the shot noise is super-
Poissonian with F ~ 1.5, see Fig. 4(b), and otherwise, for
[J|/U < 0.1, the shot noise is sub-Poissonian. We also note
that the Fano factor exhibits a maximum with F' ~ 6 at low
bias voltages for any finite value of J. This maximum occurs
just at the onset of step in the current, see Fig. 4(b). As already
mentioned above, the system is then mostly occupied by states
|2,0) and |2,4(S — s)) with one electron on each molecule.
However, when the voltage approaches the threshold value,
there is a small finite occupation of single-electron states,
which allow for the current flow and result in large current
fluctuations.
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FIG. 7. The bias voltage dependence of (a) the current and
(b) the Fano factor for different values of the hopping parameter
t, as indicated, in the case of ferromagnetic exchange interaction.
The parameters are the same as in Fig. 3 with J/U = 0.3.

‘We note that the shot noise in the Pauli spin blockade regime
is super-Poissonian even for J = 0, however, its value reaches
F = 1.6, cf. Fig. 2(b). On the other hand, when the exchange
coupling J is finite, the shot noise becomes much enhanced,
irrespective of the type of exchange interaction. Moreover,
contrary to the double dot case, the shot noise becomes super-
Poissonian for reversed bias voltage, cf. Figs. 3(b) and 4(b).
We notice that a very large super-Poissonian shot noise was
predicted recently in a system consisting of a quantum dot spin
valve with an attached magnetic impurity [68].

B. The effect of different hopping between SMMs

In this section, we analyze how changing the hopping
between the molecular magnets affects the transport charac-
teristics. In analysis we assume constant exchange interaction
between the LUMO level and core spin of each molecule,
|J|/U = 0.3. The bias voltage dependence of the current and
Fano factor for different values of ¢ in the case of ferromag-
netic exchange interaction is shown in Fig. 7, while Fig. 8
presents the transport behavior in the case of antiferromagnetic
exchange interaction. The first observation is that the current
depends monotonically on # and becomes generally suppressed
with decreasing the value of hopping 7. Contrary to the double
dot case [cf. Fig. 2(a)], now the suppression occurs both in
the Pauli spin blockade regime for positive bias as well as for
negative bias voltage. While the bias voltage dependence for
eV > 0 is qualitatively similar to the case of ferromagnetic
and antiferromagnetic J, with a maximum in the current
around eV /U = 1.6, which increases with increasing ¢, this
is not the case for eV < 0. For negative bias voltage, when
J > 0, the current varies monotonically with eV, whereas for
J < 0, the dependence is nonmonotonic when /U < 0.075,
see Figs. 7(a) and 8(a). This difference can be understood by
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FIG. 8. The same dependence as in Fig. 7 calculated in the case
of antiferromagnetic exchange interaction J/U = —0.3.

analyzing different states taking part in transport. In the case
of ferromagnetic exchange interaction, for negative bias the
system is mainly occupied by two two-electron singlet states
with doubly occupied right dot. There is also relatively small
occupation of one-electron states, which enable for tunneling
through the system. On the other hand, in the case of J < 0,
at low negative bias voltage the system is occupied by two
states |2,£2(S — s)) with two electrons on the right molecule.
When the voltage is lowered, just after the step in the current,
the system becomes mainly occupied by one singlet state
|2,0), again with two electrons occupying the right molecule.
Because of that, the current becomes suppressed and the
system exhibits negative differential conductance. The NDC
disappears with increasing ¢, see the curve for /U = 0.1 in
Fig. 8(a), because the occupation of the singlet state decreases
with 7.

Let us now discuss the behavior of the Fano factor. For
ferromagnetic exchange interaction and positive bias voltage,
the Fano factor hardly depends on the magnitude of ¢. The only
dependence can be visible around the zero bias voltage, where
F exhibits a peak for /U = 0.1, see Fig. 7(b). For negative
bias voltage, the dependence on ¢ is already more pronounced.
One can see that in the low bias voltage regime where the
current is suppressed, the shot noise takes super-Poissonian
values and F becomes enhanced with increasing . When
finite current flows through the system, this dependence is
just opposite. For large ¢, the shot noise is sub-Poissonian
and becomes super-Poissonian with decreasing the value of 7.
The current suppression with 7 reveals thus in an enhanced
shot noise, see Fig. 7(b). When the exchange interaction
J is antiferromagnetic, the shot noise depends strongly on
t for both positive and negative bias voltages. In the spin
blockade regime, the Fano factor exceeds unity for all values
of ¢ considered and increases with raising the hopping ¢, see
Fig. 8(b). For voltages where the maximum in the current
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FIG. 9. The dependence of (a) the current and (b) the Fano factor
on the applied bias voltage calculated in the case of ferromagnetic
exchange interaction for different values of SMM spin S. The
parameters are the same as in Fig. 3 with J/U = 0.3.

occurs, this dependence is opposite, i.e., Fano factor decreases
with increasing ¢. On the other hand, in the blockade region for
eV /U 2 2, F very weakly depends on ¢. Qualitatively, similar
behavior can be observed for negative bias voltage. The Fano
factor increases (decreases) with increasing ¢ in the blockade
regime (out of the blockade regime, for eV/U < —0.6), see
Fig. 8(b).

C. The effect of different spin of SMMs

Finally, we study the bias dependence of the current and
Fano factor for different values of molecules’ spin S. The
corresponding transport characteristics are shown in Figs. 9
and 10 for the case of ferromagnetic and antiferromagnetic J,
respectively. These curves were calculated assuming /U =
0.05 and |J|/U = 0.3. In the case of ferromagnetic exchange
interaction, for positive bias voltage, the system is occupied
by the highest-weight two-electron states and the current is
suppressed. The suppression region clearly depends on the
magnitude of SMM spin S. First of all, with increasing S,
the low bias voltage regime where the current is suppressed
becomes extended. This can be seen as a gradual shift of the
maximum in the current for positive bias to larger values of
eV, and an increase of the absolute value of the threshold
voltage for negative bias, see Fig. 9(a). Moreover, foreV < 0,
increasing S results in a general suppression of the current.
To understand this behavior, we recall that in this transport
regime the system is mainly occupied by singlet states |2,0)
with two electrons on the right molecule. There is also some
finite occupation of one-electron states (with one electron on
the right SMM) and three-electron states (with one electron
on the left molecule and two electrons on the right one).
Increasing the value of S leads to an increase of occupation of
two-electron singlet states at the cost of one and three-electron
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FIG. 10. The same dependence as in Fig. 9 calculated for
antiferromagnetic exchange interaction J/U = —0.3 between the
LUMO level and molecule’s core spin.

states. Consequently, the current becomes suppressed when the
molecules have larger spin, see Fig. 9(a). A similar tendency
can be observed in the case of antiferromagnetic exchange
interaction, see Fig. 10(a). The mechanism leading to the
corresponding behavior of the current was already discussed
in previous sections and will not be repeated here. However,
we would like to notice that while negative differential
conductance for positive bias is always present, for negative
bias it occurs only for molecules with large enough spin, see
the curve for S = 3/2 in Fig. 10(a).

As far as the Fano factor is concerned, in the case of
ferromagnetic exchange interaction, increasing the spin of
the molecules results in a general enhancement of current
fluctuations, see Fig. 9(b). For negative bias, the noise is super-
Poissonian when S > 1, while for positive bias voltage, F 2> 1
for all values of S considered. The maximum Fano factor
F = 4 occurs in the case of § = 3/2 for positive bias around
the maximum in the current. When the exchange interaction
between the LUMO level and core spin of each SMM is of
antiferromagnetic type, we observe a greatly enhanced Fano
factor, see Fig. 10(b). First, there is an enhancement of the shot
noise in the low bias voltage regime for eV < 0, especially in
the case of S = 3/2. The reason for this behavior is related
to the fact that when the spin is increased, the occupation
of one-electron states is lowered and the fluctuations of the
current increase. Second, there is a large super-Poissonian
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shot noise in the blockade regime for eV > 0, but now it
occurs for § = 1/2 and decreases with increasing the spin of
SMMs, see Fig. 10(b). In the case of S = 1/2, for J < 0, the
total spin of each molecule is a singlet and, consequently, at
low bias voltage the system is fully occupied by one singlet
state |2,0), with one electron on each LUMO level. When the
bias voltage is increased, this occupation slowly decreases and
thermally-activated transport processes occur. However, since
the occupation of this singlet state is still close to unity, it
results in large current fluctuations. On the other hand, when
the spin S is larger, at zero bias there is a finite occupation of
more than just a single state. Consequently, the shot noise is
still super-Poissonian, but the Fano factor takes smaller values
with increasing S.

IV. SUMMARY

We have studied the transport properties of two single
molecular magnets in serial geometry weakly coupled to
external leads. Each molecule was modeled by a single orbital
level exchange-coupled to the core spin of the molecule
exhibiting uniaxial magnetic anisotropy. The calculations were
performed by using the real-time diagrammatic technique in
the lowest order of perturbative expansion with respect to the
tunnel coupling. We focused on the transport regime where the
current flowing through the system was blocked by the Pauli
exclusion principle. When the spins of electrons occupying
the LUMO level of each molecule were the same, the electron
tunneling through the system became suppressed. In the case
of a double molecular magnet, the current suppression was
triggered by appropriate occupation of the high-spin molecular
states of the system.

In particular, we studied how transport properties in the
Pauli spin blockade regime depend on both the sign and
strength of exchange interaction J between the LUMO level
and core spin of each molecule, as well as on the hopping
between the molecules and the magnitude of SMMs’ spin.
We showed that, depending on intrinsic parameters of double
molecular magnet, the blockade could be greatly modified.
First, negative differential conductance due to the Pauli
blockade effect was not present for large exchange interaction,
although the current was still suppressed. Second, we found
that the current could be also suppressed when the bias voltage
was reversed, and this suppression was accompanied by NDC
when J was of antiferromagnetic type. Moreover, we showed
that in the transport regime where the current suppression
occurred, the shot noise was super-Poissonian and the Fano
factor could take fairly large values.
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