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Thermal spin transport properties of magnetic Cas
monomolecular devices
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In this paper, we conduct a theoretical investigation on the thermal spin transport properties of three devices based on
magnetic C2s monomolecular, using the non-equilibrium Green’s function combined with density functional theory. By
applying a temperature field, we observe that these devices lead to a spin-dependent Seebeck effect; some devices also
embody spin-dependent Seebeck diode effect and negative differential resistance effect. The physical mechanism was
explained using the Fermi-Dirac distribution and spin transmission spectrum. These interesting effects suggest that these

three devices can be used as new spin nanodevices.
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1. Introduction

Molecular spintronic devices, in which molecules are
used as spin transport channels, have been attracting the
attention of researchers. Spin caloritronics, the
combination of spintronics with thermoelectrics, examines
the interaction between heat flow, spin current, and charge
current in materials [1-8]. Spin caloritronics has attracted
increasing attention since it holds promise for the next
generation of electronic devices, enhanced functionality
and improved performances, in high-density information
storage and quantum computing [9-11]. Recently, many
researchers have mainly focused on fullerenes and their
derivatives, Ceo, C2, Czs, and so on [12-18]. The Cys
molecule consists of a tetrahedral cage with four unpaired
electrons in a A, open-shell ground state of T4 symmetry
[19-22]. Experimental and theoretical investigations have
mainly focused on the stability, electronic structure, and
superconductivity of Cys and its derivatives. Andrey et al.
reported the structure, electronic properties, and
intercalates of Cyg fullerites, and it showed that their
properties could be tuned by intercalation with Zn, Ti, and
K [19]. Xu et al. reported the transport spin polarization of
Cas molecular junctions, and it showed that the transport
spin polarization could be tuned effectively by the gate
voltage[23]. However, to date, the research on small
fullerene molecules has been limited. To the best of our

knowledge, the thermal spin transport properties of Cgs
molecular junctions are yet to be reported.

In this paper, magnetic C,s monomolecular devices
are fabricated by attaching a Czs molecule to the Au(111)
surface with sulfur atoms. We studied the thermal spin
transport properties of these magnetic C,g monomolecular
devices by temperature field. The results show that the
spin-dependent Seebeck effect (SDSE), spin-dependent
Seebeck diode effect (SDSD), and negative differential
resistance effect (NDR) exist in the magnetic Cys
monomolecular devices.

2. Model and theoretical method

The magnetic Cps monomolecular devices were
fabricated by attaching a Czs molecule to an Au(111)
surface with sulfur atoms. The Czs molecule with Tqg
symmetry has four hexagons and twelve pentagons. There
are three types of inequivalent carbon atoms, which were
labeled as Ci, C,, and Cs, respectively, as shown in Fig.
1(a). The calculated local atomic magnetic moment of Cy,
Co, and C3z atoms is 0.26, -0.07, and 0.45 pg, respectively.
The molecular magnetic moment of Cys is predicted to be
4 pg [23-25]. Fig. 1(b)-(d) depicts these three types of
carbon atoms of the Cys molecule were attached to the
Au(111) surface with sulfur atoms, and the devices were
each denoted as DEV1, DEV,, and DEV3 respectively.
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Fig. 1. (a) The geometry structure of the C2s molecule with Ta symmetry top view, the red, blue and green balls stand for three

types of inequivalent carbon atoms, named as Ci1, C2 and Cs, respectively. The model of the magnetic C2s monomolecular device
(b) DEV1, (c) DEV:2 and (d) DEV3 (color online)

In this paper, the calculations performed using the
non-equilibrium Green’s function (NEGF) combined with
the density functional theory (DFT), which is contained in
the Atomistix ToolKit (ATK) package [26-28]. The core
electrons were described by using norm-correlation
pseudo-potentials, and the Local-density approximation
(LDA) was used in the exchange-correlation potential
[29,30]. A single-polarized basis set was used with a cutoff
energy of 150 Ha and a Monkhorst-Pack k-point grid of
1x1x100. The convergence parameters for optimization
were 1x107° eV for total energy tolerance and 0.005 eV/A
for maximum force tolerance. The spin-dependent current
is given by[31]
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where is denote the spin-up (spin-down) current,

fLr(E,TLr)is the equilibrium Fermi distribution for the left
(right)  electrode. TT(i)(E) is the spin-resolved

transmission, defined as
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where GR® is the retarded (advanced) Green’s function of
the central region and T' ) is the coupling matrix of the
left (right) electrode.

3. Results and discussion

To study the thermal spin transport properties of the
magnetic Czs monomolecular devices, we applied a
temperature field to the left and right electrodes of the
device without an external bias voltage. The temperatures
of the left and right electrodes were denoted by T, and Tk,
respectively. The T. was always higher than Tg, and the
left and right
electrodes was defined as AT=T.-Tz. The thermal

temperature difference between the

spin-dependent currents were denoted by spin-up currents
(I") and spin-down currents (I'), the total spin current was
denoted by Is (Is= 1I"- 1Y), and the net charge current was
denoted by Ic (Ic= 1T+ I4).

Fig. 2 shows the relationships between the currents (I,
IY, Is,and Ic) and T, for DEV:, DEV,, and DEV3, where AT



Thermal spin transport properties of magnetic C2s monomolecular devices 301

was set to 20, 40, and 60 K, respectively. Fig. 2(a) shows
the spin-dependent currents as a function of T, for DEV;.
We found a negative I" appeared and a positive I¥ was
present at the same time, and the magnitude of I' was
almost the same as I'. It showed that an SDSE existed in
DEV: [32-34]. Moreover, I" and 1! increased with Ty, then
decreased with increasing T_ after reaching a certain
temperature, indicates a spin-dependent negative
differential resistance effect appeared. I and Is followed
similar trends, as shown in Fig. 2(b)-2(c), which means a
spin-dependent negative differential resistance effect
(NDR) appeared [32-36]. At the same time, ¢ << I, it
means spin current plays a significant role.

Fig. 2(d) shows the thermal spin-dependent currents
(I"and 1Y), Is and I, as a function of T. for DEV,. These
results showed that the device has a threshold temperature
T, N0 spin-dependent current existed when T < Tw. When
T.> Tw, a positive 1" and a negative I' appeared, indicates
an SDSE occurred. However, the I increased with T, then
decreased with increasing T after reaching a peak at

approximately T, = 200 K, which shows an NDR
appeared. Moreover, 1T was slightly bigger than I!. Due to
I and I' flowing in opposite directions, and SDSE is
generated by the spin-dependent currents induced by a
temperature gradient. These results showed that I
increased with the competition between 1" and I, as shown
in Fig. 2(e), Is increased sharply from zero to
approximately T. = 200 K, which embodied an SDSD, as
shown in Fig 2(f).

Fig. 2(g) shows the thermal spin-dependent currents,
Is and I, as a function of T. for DEVs. When T, < T,
there is not spin-dependent current, and when T. > Tw, a
negative I and a positive I appeared simultaneously. The
thermal spin-dependent currents increased with T..
Moreover, I¥ was a litter bit bigger than I'. SDSE and
NDR are generated by the spin-dependent currents. These
results indicated that I increased with the competition
between I" and IY, as shown in Fig. 2(h), and Is increased
sharply from zero when T. exceeded T, which embodied
an SDSD, as shown in Fig. 2(i).
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Fig. 2. The relationships between the thermal spin-depend currents, the total spin currents, the net charge currents and Tv. of (a)-(c)
DEV;y, (d)-(f) DEV2, and (g)-(i) DEV3 (color online)
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To explain the mechanism of these interesting
phenomena, we examined the transport spectra of these
three devices, as shown in Fig. 3. When T_ # Tg, the
distributions of the carriers in the left and right electrodes
differed, as per the Fermi-Dirac distribution. The number
of electrons above the Fermi level and holes below the
Fermi level increased with AT. Because T, > Tgr, both
electrons and holes moved from the left electrode to the
right electrode, which formed a negative electron current I,
and a positive hole current Iy. The spin-dependent current
is determined by the transmission coefficient of the system
and the difference of the Fermi-Dirac distributions
between the left and right electrodes. When the
transmission spectrum was symmetric, Il and Iy canceled
each other, which resulted in I = 0. In this case, the
transmission spectra were asymmetric about the Fermi
level. For DEV1, DEV,, and DEV3, the main transmission
peaks of the spin-up channel were below the Fermi level,
and the main transmission peaks of the spin-down channel
were above the Fermi level, as shown in Fig. 3. Thus, the
holes could move from the left electrode to the right
electrode, which formed a positive IT. Additionally, the
electrons could move from the left electrode to the right
electrode, which formed a negative I!. There were many
transmission peaks of the spin-up and spin-down channels
above the Fermi level, so electrons moved from the left

electrode to the right electrode. A peak of the negative
thermal spin-down currents existed in DEV1, as shown in
Fig. 3(a). Similarly, the three main transmission peaks of
the spin-down channel were above the Fermi level.
Meanwhile, the two main transmission peaks of the
spin-down channel were near the Fermi level. Some holes
and electrons were near the Fermi level, so the holes and
electrons moved from the left electrode to the right
electrode, which formed a positive I' and negative I¢,
respectively. However, the transmission peak below the
Fermi level was larger than above the Fermi level. As a
result, the peak of the positive thermal I! existed in DEV,
as shown in Fig. 3(b). Similarly, a main transmission peak
of the spin-down channel existed above and below the
Fermi level, owing to the positive thermal spin-down
currents and negative thermal spin-up currents in DEV3, as
shown in Fig. 3(c). The peak of the spin-up channels
extended further below the Fermi surface, and the
spin-down channels extended above the Fermi surface, but
the magnitude of spin-up and spin-down channels are
different, which resulted in a competition between I" and
IY, with the flows in opposite directions. The result was a
single-spin differential resistance effect existed in DEV:
and DEV3, and an SDSE existed in the DEV;, DEV», and
DEVs.
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Fig. 3. Transmission spectra of (a) DEV1, (b) DEV2, and (c) DEV3 (color online)
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We examined the transmission pathway and
electrostatic difference potential of these three devices, as
shown in Fig. 4. The magnitude of the electrostatic
difference potential is illustrated by the color, where a

darker color corresponds to a larger magnitude. The

transmission pathway is illustrated by the volume of the
arrow, and the color represents the direction. The
transmission pathways showed that the spin electrons
could easily pass to these three devices.

Fig. 4. Transmission pathway and electrostatic difference potential of (a) and (d) for the DEV1, (b) and (e) for the DEV?, (c) and (f) for

the DEVs3, respectively (color online)

4. Conclusion

In this paper, we studied the thermal spin transport
properties of magnetic Czs monomolecular devices by
temperature field. The relationships between the thermal
spin-depend currents, the total spin currents, the net charge
currents and T. of all three devices are obtained. The
spin-dependent Seebeck effect appears in all three devices.
Some devices also embody a spin-dependent Seebeck
diode effect and a negative differential resistance effect.
The physical mechanism was explained using the
Fermi-Dirac distribution and spin transmission spectrum.
We also examined the transmission pathway and
electrostatic difference potential of these three devices. In
summary, the results suggest that these three devices can
be used as new spin nanodevices.
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