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We study the spin-dependent thermoelectric transport through a single-molecule-magnet junction in the
sequential tunneling regime. It is found that the intrinsic magnetic anisotropy of the single-molecule
magnet can lead to gate-voltage-dependent oscillations of charge thermopower and a large violation of the
Wiedeman-Franz law. More interestingly, the spin-Seebeck coefficient is shown to be greater than the
charge-Seebeck coefficient, and a pure spin thermopower or/and a pure spin current can be obtained by
tuning only the gate voltage. It needs neither an external magnetic field or irradiation of circularly
polarized light on the molecule nor ferromagnetic leads to realize these interesting effects, indicating the
powerful prospect of single-molecule-magnet applications in spintronic devices.
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The research of high efficient heat-electricity conversion
has become an active subject currently, and great interest is
triggered in thermoelectric measurements of nanoscale
junctions [1] due to developed nanotechnology. The ther-
moelectric transport coefficients can not only provide new
insights into electronic transports, including Kondo corre-
lations, vibrational excitations, and coherent effects [2],
but also extract the information not accessible for electrical
conductance measurements. For instance, it allows one to
estimate the location of the Fermi energy [3] and even the
chemical structure [4].

In nanostructures, the thermopower (or Seebeck coeffi-
cient) changes magnitude and sign alternately each time
the Fermi level crosses the electron-hole symmetry point or
resonant quantized levels, exhibiting oscillating behaviors
with gate voltage [5,6]. The underlying physics is due to
the Coulomb blockade effect. Coulomb interactions have
also been shown to affect the efficiency of heat-electricity
conversion remarkably, described in general by a dimen-
sionless figure of merit. For macroscopic bulk samples,
there is a Wiedeman-Franz (WF) law describing the uni-
versal relation between electrical conductance G and ther-
mal conductance k, i.e., Lorenz number L = x/GT = L,
with Ly = %7 (%’*)2. Violation of the WF law is viewed as a
mechanism to enhance the thermoelectric efficiency [7].
Recent reports showed that the Coulomb blockade effect
can lead to strong violation, L >> L, in a metallic single-
electron transistor [8]. Large violation of the WF law has
also been suggested in the molecular junctions and in the
Luttinger liquids [9,10].

With the advancement of spintronics, the investigation
on interplay of spin effects and heat transport has attracted
much interest. The thermoelectric effects are shown to be
dependent on the relative magnetic configurations of fer-
romagnetic leads [6,11]. Very recently, a new concept of
the spin-Seebeck effect was proposed as an analog of the
charge-Seebeck effect, and spin voltage generated by a
temperature gradient was measured experimentally in a
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ferromagnetic Nig;Feq film [12]. However, the measured
spin thermopower in this bulk sample is so weak that it may
be overwhelmed by the accompanied charge thermopower
of several orders larger. Afterwards, Dubi and DiVentra
[13] studied a quantum dot in contact with two ferromag-
netic leads held at different temperatures and found that the
spin thermopower can be as large as the charge thermo-
power and even can exceed the latter in magnitude. In their
setup, the quantum dot is needed to be trapped between two
ferromagnetic leads and subjected to a large Zeeman split-
ting, e.g., induced by a strong external magnetic field,
which might limit the practical applications.

A single-molecule magnet (SMM), characterized by
large local spin S (e.g., S = 10 for Mnj,-ac) and large
intrinsic anisotropy, is a naturally magnetic system at low
temperatures. Since 2006 when two groups [14] trapped an
individual magnetic molecule in a nanogap to observe the
transport spectra, considerable theoretical studies have
focused on the spin-dependent electronic transport through
the SMM, including the Kondo effect [15] and the magne-
tization reversion [16,17]. So far, however, there has been
no report on thermal transport of the SMM junctions. It is
expected that the study of the thermoelectric effect, espe-
cially the spin-relevant thermoelectric coefficients, in the
SMM junctions will uncover some novel properties and
provide a powerful tool of understanding the physics of
magnetic excitations.

In this Letter, we study thermoelectric effects of the
SMM junctions in the sequential tunneling regime. It is
found that the intrinsic magnetic anisotropy, as a new type
of mechanism, can give rise to oscillations of charge
thermopower as well as a large violation of the WF law
and that the spin-Seebeck coefficient of the SMM junction
can be larger than its charge-Seebeck coefficient. More
interestingly, even though the external magnetic field is
absent and the electrodes are nonferromagnetic, one can
generate thermally a pure spin thermopower and a pure
spin current by tuning gate voltage.
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Model.—Consider a magnetic molecular junction con-
sisting of an SMM placed between two metallic electrodes
in the presence of a temperature gradient O67. Its
Hamiltonian includes the orbital and spin parts: H =
Horbit + Hspina with

Horbit = Z saka'alkg—aako' + Z (taalka—ca' + HC)

ak,o ak,o

+ Y o, + Uiy, 0
(o8

J
Hspin = _§(S+S— +S8_ sy + 2SZSZ) - DS%

Here H,; is the Hamiltonian of a typical single-molecule
transistor. al o (¥ is the creation operator for electrons in
the a = L, R leads (on the molecular orbit) with spin o
and energy €., (€9). 1 = CZ-CO. is the number operator, U
is the Coulomb charging energy, and 7, is the energy-
independent coupling between the leads and the SMM.
Hgpyi, is the spin Hamiltonian of the SMM with a giant
local spin S and a magnetic uniaxial anisotropy constant D
[16]. J represents the Hund’s exchange coupling between
the SMM spin S and electron spin s = 3,/ ¢h(Tyg/2)Cor
with 7, the Pauli matrix elements. S.. = S, * i, (simi-
larly for s. ) are spin-raising operators and S, (s,) is the z
component of the spin operator, where the z direction is
chosen along the magnetic easy axis. The magnetic anisot-
ropy perpendicular to the easy axis is shown to be smaller
than D by several orders in magnitude and so is disre-
garded generally in Hgy, [16].

It is assumed that the transport is dominated by the
sequential tunneling through the SMM level, and the co-
tunneling and direct tunneling are so weak that they can be
neglected safely. We start with the Liouville—-von Neumann
equation and obtain a set of master equations in terms of
the reduced density matrix. For the weak coupling of the
molecule dot, the master equation reduces to be a set of rate
equations [16,17]:

]
% = S (PIW,_; — PW,_)). )
f

Here P! is the probability of finding electrons in the many-
body state |i) of the SMM, and W,_.; is the transition rate
between initial state |i) and final state |f). The transition
rates can be written as a sum over the two leads and the two
spin channels: Wi, = ¥, (W2 + W277), where
Wt =Toofa(€ — € — w)l(flek]id|? stands for the
transition rate from lead « to the SMM and W7~ =
Toofale; — € — wa)lilch /)1 indicates that from the
SMM to lead a. ff =1/[1+ eles=r/ksTa] s the
Fermi-Dirac distribution, and f, = 1 — £, with T, and
M. as the temperature and chemical potential in lead «,
respectively. 'y, = 27p . |t,|> characterizes the level-
width function with p,, as the density of states at the

Fermi level of lead «.

The next step is to diagonalize Hamiltonian Hgy,, as
done in Ref. [16]. The eigenstates fall into sectors with n =
0, 1,2 electrons in the SMM, and another good quantum
number is the magnetic quantum number m, which is the
eigenvalue of the z component of the total spin, S, + s,. As
a result, the SMM eigenstates and eigenvalues are labeled
with |i) = |n, m) and €(n, m), respectively. From factor
[(flck]id|? in W, 1 it follows that there are basic selection
rules: |An| = 1 and |Am| = 1/2. Specifically, we obtain
the transition rates for spin up as

1
al* _ + _ —
W(o,m)=[1,m+<1/z)] =T/ [G(L m + 5) €(0, m) Ma]
X |Bsao)l*
1
al* _ + _ _ _
Wim-a/o=em = Fafa [6(2’ m) 6(1’ m 5) Ma]
X A -l 3)

Similar expressions for spin down can be obtained from
Eq. (3) by making an exchange between +% and —% and
that between A,, and B,,. Here the eigenenergies and the
Clebsch-Gordan coefficients A,, and B,, for the coupling of
spin angular moments s and S can be found in Ref. [16]. As
SJ is chosen large enough, the higher branch € (1, m) is
about SJ higher than the lower branch € (1, m) and can be
neglected [17].

By setting the left-hand side of Eq. (2) to zero and using
the continuity condition, one can obtain the formula for
spin-resolved current I, = 33, f(Wl.”‘_‘,’;r - W}“ﬂi_)Pi, SO
that the charge current can be evaluated by I = 1L+ 1,
and the spin current by I = I, — L. Similarly, the elec-
tronic heat flux from lead « into the molecule is derived
with the fundamental thermodynamics, I§=4%(H,) —

dt
'u“a%<2k,o-alk(raako>s yielding

1 )
6= 2 (ep = & — p)IWES — WETTIPL (4
a,if

The thermoelectric coefficients are defined from the
interplay of thermal and electrical properties. In linear
response with respect to bias-voltage difference du =
M — g and temperature gradient 67 = T; — Tk across
the system, the charge and heat currents are given by (e =
h=1) I.= Lodu+ 48T and Iy = — L 6u — L2 6T,
respectively. Thus, one can determine a set of charge
thermoelectric coefficients by taking /. = 0: thermal con-

ductance k = +(L, — L3/ L) and charge thermopower
_ L

c WLI
Similarly, a temperature gradient can induce both a spin
flow and an energy flow. Under the condition of /; = 0, the

vanishing spin current induced by spin bias 6V, and 6T

with charge conductance G, = Ly + L.

yields the spin thermopower [13] S, = ;—él with G, =
Ly — Ly,

Results.—In this section, we perform numerical calcu-
lations for Mnj,-ac with typical parameters [14]: S = 10
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and D = 0.06 meV with symmetric coupling, I',, = I,
independent of spin. At low temperatures, chosen to be
T = 1 K, the electrons in spin states cannot energetically
overcome the high anisotropy-induced energy barrier
(DS?) to enter into the opposite spin states, so that they
always stays at the potential well with m = 0 prepared
originally.

In Fig. 1(a), the charge-Seebeck coefficients S, are
plotted as a function of dot energy level g, (or gate volt-
age). For D = J = 0, .. exhibits linear behavior, which is
just the result for the usual molecular junction with vanish-
ing U in the sequential tunneling [9]. Interestingly, for
finite D and J, one finds an oscillation of S, around S, =
0 at gy = 0, two maxima of the absolute value of S, with g
deviated positively and negatively from the zero point, and
two S, vs g straight lines across the abscissa of S, = 0.
The change in sign is associated with the competition of
the heat fluxes carried by electron-type flow (g¢ < 0) and
by hole-type flow (g7 > 0). The three points of S. =0
correspond to two resonant peaks of electrical conductance
and the midpoint between the peaks.

To clarify this point, we further derive the analytic
formula for the thermopower by taking into account
only transitions between the three lowest energy states
(1S +1),(0,8), and (2, ), yielding

_ kB 61‘0662'0 + 62‘0651'0 + 62‘1
e 1 + 2e€10 + 20
with €= ,(BLT[G(I, S+3)—€e09)], e;= k,+T X
[e2,8) —e(1,S+ 1], and € = kBLT[E(Z S) — €(0, S)].

The corresponding result is shown by the dashed line in
Fig. 1(a), which is well consistent with the numerical result
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FIG. 1 (color online). (a) Charge thermopower S, for non-
magnetic molecule (D =J =0) and SMM (D = 0.06 meV,
J = 0.2 meV) with U = 0; dashed lines: analytic result from
Eq. (5); solid lines: numerical result. (b) S, and (c) Lorenz num-
ber L/L for different J and U; as functions of molecular level
gq. (d) Variation of the figure of merit ZT with J for g5 = 0.2.

above (solid line). This indicates that at low temperature,
the main contribution to the thermopower originates from
these lowest energy states. At g5 = 0, we have €(0, S) =
€2, S), and from Eq. (5), it follows that S. = 0. In this
case, the heat flux due to the transition between states
(1,8 + %) and (0, S) is compensated by that due to the
transition between (1, S + %) and (2, S), they having the
equal rate but opposite directions. If denoting 6 = €, and
Uesp = €1 — €], one finds that Eq. (5) resembles in form
the formula for thermopower with finite U, e.g., Eq. (19) in
Ref. [9]. Here u. behaves as an effective Coulomb inter-
action, and gy = — 4 (6 = —ug) and gy = % (8 = 0)
act as two resonant levels in the Coulomb blockade effect
[6,9]. However, it is emphasized that u.y is of different
physics origin, induced purely by magnetic parameters (J,
S, and D). Moreover, u.; and & are dependent on each
other, § = g, — “, which makes the midpoint of S, = 0
fixed at g = 0, regardless of magnetic parameters. In the
presence of U, the thermopower zero points located origi-
nally at gy =0 and —* are shifted to g, = —% and
— %t — U, respectively, but the zero point at g, = “
remains unchanged, as shown in Fig. 1(b). The combina-
tion of the magnetic parameters and Coulomb effect affects
the magnitude of S. via an effective Coulomb repulse
parameter u.; + U. Calculations also show that, with in-
creasing temperature, the maxima of the absolute value of
S, decays significantly and the thermopower oscillations
are suppressed due to exponential dependence of tempera-
ture, as in Eq. (5).

In Fig. 1(c), we plotted the Lorenz number L/L, as a
function of energy level g,;, where L >> L, around the
symmetry point implies a large violation of the WF law.
Even at U = 0, the large violation still appears, purely as a
consequence of the spin-selection transitions between in-
trinsic magnetic states. The inverse figure of merit, defined
as ZT = G.S2T/«, is plotted as a function of spin ex-
change energy J in Fig. 1(d). A large value of ZT indicates
a high heat-electricity efficiency for the SMM devices.
Figures 1(b)-1(d) also show the variation of S,, L/L,
and ZT with J and U, in which the enhancement of them
can be achieved by adjusting appropriate parameters.

In what follows, we focus on the spin-Seebeck effect in
the magnetic molecule system. The charge thermopower
S, and the spin thermopower S, are plotted in Fig. 2(a) and
their ratio S, /S, in Fig. 2(b). Interestingly, it is shown that,
in the vicinity of gy = 0, S, can exceed S, greatly, i.e.,
|S,/S.| > 1. Especially at &, = 0, where S, = 0, there is
only a spin-Seebeck coefficient but no charge counterpart,
indicating that a pure spin thermopower can be induced by
temperature gradient across the SMM device. With g,
departing away from g, = 0, S, becomes very close to
S., keeping |S./S,| = 1. The whole curve in Fig. 2(b) can
be fitted approximatively to the formula S./S,; = (e —
1)/(1 + 2e€10 + ¢%20),

In order to understand the underlying physics, we plot
the spin-dependent currents in Fig. 2(c) as functions of g.
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FIG. 2 (color online). (a) Charge thermopower S, and spin
thermopower S, (b) their ratio S./S;, and (¢) spin-dependent
currents Iy, charge current /.., and spin current /;, as functions
of molecular level g,

At gy = 0, the largest occupation probability is at state
(1,8 + %) because €(0,5) = €(2,5) > €(1,S + 1/2).
According to the spin-selection rule, the up-spin electron
transition is dominated by (1, S + ) — €(0, S) and down-
spin electron transition by (1, S + 1) — €(2, S). The former
is responsible for electron ejection out of the dot (from
right to left), while the latter is responsible for electron
injection onto the dot (from left to right). The resulting
current /; and /| have the same magnitude but opposite
directions, which makes the charge current /. = I; + I
vanishing but the spin current reach its maximum, resulting
in a pure spin current /; = I; — I}, as shown in Fig. 2(c). In
this case, the heat flux is generated mainly by the trans-
ferred charge, and so the heat conductance roughly follows
the electrical conductance. Since up-spin and down-spin
electrons carry exactly the same amount of heat but move
along the opposite directions, the pure spin-Seebeck coef-
ficient can be obtained at £y = 0, as shown in Figs. 2(a)
and 2(b). For g, <0, we have €(0,s) > e(1,s + 1/2) >
€(2, 5), so the down-spin transition |2, s) — |1, s + 1/2)
dominates the transport and the charge current is close to
I, roughly. The situation is just the opposite for g, > 0, in
which the charge current is close to /; roughly. It then
follows that S./S, =1 for gy >0 and S./S;, = —1 for
&g < 0. In addition, it is found that the pure spin current
can also be generated at indicated points A and B in
Fig. 2(c), but no pure spin thermopower appears there, as
shown in Figs. 2(a) and 2(b). Here the heat conductance no
longer simply follows the electrical conductance for non-
Zero g, because the heat transfer is essentially the energy
transport which is greatly relevant to the energies of the
incident electrons.

Summary.—In summary, the SMM model is applied to
study the linear-response thermoelectric effect of magnetic
molecules in the sequential tunneling regime. At low tem-
peratures, the intrinsic magnetic anisotropy of SMMs can
lead to oscillations of charge thermopower with gate volt-
age and a large violation of the WF law, behaving similarly

to the Coulomb blockade effect. Most interestingly, it is
found that the spin-Seebeck coefficient in SMMs can be
greater than the charge-Seebeck coefficient, and even a
pure spin thermopower can be obtained accompanied by
the charge thermopower vanishing. This spin-Seebeck ef-
fect is attributed to the spin-dependent transitions governed
by the spin-selection rule associated with the intrinsic
magnetic states. These spin-related behaviors cannot be
induced by the Coulomb blockade effect. In the present
SMM device, it needs neither an external magnetic field
nor ferromagnetic leads to generalize thermally the pure
spin current or/and pure spin thermopower, which is quite
different from in the nonmagnetic molecular device [13]. It
is expected that the present study of the SMM thermo-
electricity is helpful in the design of novel spintronic
devices, e.g., a heat-spin converter.
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