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We theoretically investigate the spin-related thermoelectric properties in Cgo dimer bridged
between zigzag graphene nanoribbon electrodes using the tight-binding model, equilibrium
Green’s function method, and Landauer—Biittiker transport formalism. By applying a thermal
gradient, our proposed device could generate a notable spin thermopower. Moreover, by
switching the magnetization of the electrodes, different spin currents, and giant thermal
magnetoresistance (MR) can be achieved. Interestingly, various types of Cgy dimers also
produce a thermal MR, which is sensitively modified by the gate voltages.
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1. Introduction

For over two decades, organic molecular materials (OMMs)
have emerged as one of the attractive candidates for molecular
spintronic devices (MSDs). This attention is mainly due to the
capability of manipulating spin polarization of electrons in the
molecular junctions [1, 2]. Also, the low spin—orbit coupling
and weak hyperfine interaction in OMMSs produce the long
spin-relaxation time and spin-diffusion length [3, 4]. Fullerene
Ceo because of the ability to maintain the spin polarization of
carriers on time scales of milliseconds [5, 6] and large spin
transport on length scales about a few hundred nanometers
at room temperature [7, 8] can be a promising candidate for
organic MSDs.

In recent years, the injection and controlling of the spin
current through the fullerene Cgy sandwiched between two
magnetic or nonmagnetic electrodes have been investigated,
experimentally [8—14] and theoretically [15, 16]. In detail,
Ceo-devices produce a magnetoresistance (MR) effect, when
the magnetization of the electrodes switches from the parallel
to antiparallel configuration and vice versa. An important chal-
lenge in spin-dependent transport in these devices is the ability
to inject spins from a ferromagnetic (FM) electrode into an
organic molecular. The spin injection process in MSDs is heav-
ily influenced by the interface between organic molecules and
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spin-resolved electronic states of the FM electrode [17, 18]. A
close match between FM electrode’s Fermi energy and organic
molecule’s HOMO and LUMO can facilitate the spin injection
process. In this regard, carbon-based material can be a promis-
ing candidate as an electrode in organic MSDs [19]. There-
fore spin injection process can be guaranteed in all-carbon
junction.

Ceso anchor groups have been used as a molecular bridge
between graphene nanoelectrodes in single-molecule elec-
tronics in recent experiments [20, 21]. The results propose
that Cgo/graphene combination can be used for practical
applications in single-molecule energy-conversion devices.
Furthermore, Cgp-based molecular junctions with metallic
electrodes (i.e., Pt, Au, Ag, Ni) have been proposed to exploit
thermoelectric (TE) effects of OMMSs [22-27]. Recently,
Cgo/graphene combination have been designed as vertical
graphene—Cgp—graphene to investigate the TE effects, theo-
retically [28]. The results indicate TE effects can be improved
due to inter-junction quantum interference, mediated by the
number of parallel Cgp molecules sandwiched between the
graphene electrodes in this vertical molecular device. More-
over, the TE properties of graphene-fullerene nanodevices
were studied experimentally at different temperatures, and
the results show that the electric field can control the TE
coefficients [29]. Generally, reliable approaches to integrate
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individual or a small collection of molecules into molecular-
scale nanocircuits has been highly developed based on
carbon nanoelectrodes [20, 21]. Also, the possibility of apply-
ing gate voltage and temperature gradient across the actual
molecular junctions to measure the thermoelectric properties
has been confirmed in recent experiments [22]. Moreover, the
effects of dopant nitrogen on the TE properties of Cg bridged
between graphene nanoribbons (GNRs) have been studied
[30]. However, the possibility of generating a thermal spin
current in Cgp-based molecular junctions with GNRs have not
been investigated.

Here, we consider fullerene Cgy dimer bridged between
zigzag GNRs (ZGNRs) electrodes as a spin TE device and the-
oretically studied its thermally spin-transport effects in FM and
anti-FM (AFM) configurations. The results indicate substan-
tial variations of transmission around the Fermi level in one
of the spin channels, and the other channel is almost blocked
in the FM configuration. These manners lead to thermal spin
transport in one of the spin channels of FM configuration and
identical transport on both spin channels of AFM configura-
tion under the temperature gradient. Moreover, the maximum
value of spin thermopower (TP) is about 710 'V /K. This
device indicates giant thermal MR when the junction switches
between AFM and FM configurations. Furthermore, we have
expanded our computations for different Cgy dimers in the
presence of gate voltage. The results demonstrated that these
structures could be applied in the spin TE devices because of
the significant thermal MR effect.

2. Model and method

The Cgp dimer is produced through the energetically bond-
ing between the two Cgp molecules by a [2 + 2] photo-
cycloaddition reaction [31]. The designed spin TE device
consisting of Cgp dimer bridged between two 6-ZGNRs for
AFM and FM configurations are illustrated in figures 1(a)
and (b), respectively. We denote this structure briefly with
Z7-C60D-ZZ. Note that, in FM (AFM) configuration, both
electrodes have similar FM (AFM) spin orientation. For
example, the magnetization direction of each electrode in the
AFM configuration (ground state) is antiparallel. The FM con-
figuration can achieve by applying a magnetic field [32]. Inter-
estingly, zigzag-edges magnetism can be preserved at room
temperature [33]. To study spin TE effects, we first computed
the electronic transport using the equilibrium Green’s func-
tion approach and the Landauer—Biittiker transport formal-
ism [34, 35]. Then, we computed the thermospin coefficients
using electron transmission functions. To this purpose, the infi-
nite device is divided into three regions, namely, a scatter-
ing region, containing the Cgo dimer, which is connected to
the right (R) and left (L) semi-infinite ZGNR electrodes. The
Hamiltonian matrix describing the whole device is then given
by

H=Hc+ HL + Hr + VoL + Ver, (1)

where, Hc, Hy and Hg are the Hamiltonian matrices of the
scattering region, left, and right electrodes, respectively. Hc
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Figure 1. (a) and (b) illustrate the C¢p dimer which bridged between
two 6-ZGNR in AFM and FM configurations, respectively. Red and
blue circles represent the - and /3-spin, respectively.

is constructed in the tight-binding (TB) model limited to p.-
orbitals and written as follows

Ho=—_ tijd,dj. )
(i.j)o

Hib 1s a noninteracting (without e—e interaction) Hamiltonian,
where t;; is the nearest-neighbor hopping between p.-orbitals
and d; . (djs) is creation (annihilation) operator in the site i(})
with the spin o(a, ). In detail, the eigenvalues of the nonin-
teracting Hamiltonian of the Cgy molecule do not change in
the presence of e—e interaction, indicating that this interaction
does not have a significant effect on the electronic energy lev-
els of Cgp. Hc is a 120 x 120 matrix, regarding to 120 atomic
sites in the scattering region. We considered different values
for #;; corresponding to C—C single and double bonds length
of Cep dimer. ' ~ 2.5 eV for single and ¢ ~ 2.72 eV for dou-
ble bonds were considered, according to ¢’ /t ~ (r; /1), 1 =
1.46 A and r, = 1.4 A are single and double bonds length of
Ceo, respectively [36].

In equation (1), Vcicr) represent the hopping matrix
between the scattering region and the left (right) electrode
which is formed based on TB model. In detail, Vi (cr) is a
120 x 12 matrix, regarding to 12 atomic sites in a unit cell of
the left (right) electrode and 120 sites in the scattering region.
There is hopping only between two sites of the left (right)
electrode and the scattering region at their junction, therefore,
only two matrix elements of V¢ cr) are nonzero. Here, we set
t >~ 2.6 eV for hopping in Vcycry matrix.

Furthermore, H; and Hy are constructed in the TB model
in the presence of e—e interaction which in the mean-field Hub-
bard approximation. Thus, the spin-dependent Hy ) for a unit
cell of the left (right) electrode can be written as the following

matrix form
My 0
Hitr) = < o« 00 ), (3)
® 0 HL(R)ﬁ

where, HB?R),Q =Hya +HY and HE?R)’[, =HY + Hyp.
HY is a 12 x 12 matrix formed on the TB model with the
nearest-neighbor hopping >~ 2.6eV for a unit cell in the
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left (right) electrode. Moreover, Hy 3 is a 12 x 12 diago-
nal matrix with elements calculated based on mean-field Hub-
bard, as U(n;g)[ni, — (1/2){n;a)] for a-spin and U(n;,)[n;s —
(1/2){n;z)] for B-spin at the site i [37, 38]. U = 1.061¢ is the
on-site Coulomb repulsion between opposite spins [38, 39].
Note that different values have been considered for param-
eter U in the other studies on zigzag edges, which indicate
the obtained results based on mean-field Hubbard approxima-
tion can be slightly varied (quantitatively) when U is varied
[40, 41]. The average value of spin occupation operator (;,)
is given as

a 27 /a
)= o [ aathock, “

bands

the parameter a denotes the width of the unit cell of ZGNR
electrodes and g;,(k) is the spin-dependent electron density at
the site i. (n;,) can be solved self-consistently by an iteration
method from equations (3) and (4) [42].

The transport in two spin channel is assumed indepen-
dently, spin-flip processes can be neglected due to long spin-
diffusion length in graphene nanostructures [43] and Cg [7, 8].
The spin-resolved transmission function through the scattering
region is obtained by [44, 45]

Ty(€) = Tr [FLo()Ces O raOGEE] . (5)

where, Gc, = [(E +i0MHI — He — Do~ ZR,{J s
the Green’s function of the device, in which ZL(RM
= VCL(CR)gL(R),o(E)V(TJL(CR) is the left (right) self-energy.
Sy = [ +iI0N = HY% , — Ml TLw)o) ' is the sur-
face Green’s function of the left (right) electrode, which is
considered spin-dependent due to magnetic structure of the
electrodes. In the latter equation, ’HE}R) is the hopping matrix
between two adjacent unit cells at the left (right) electrode,
and Ty (r) is the transfer matrix of the left (right) electrode
and can be determined by iteration method [46]. Finally in
equation (5), T'Lr)(€) = —2Im [}, 4, (€)] describes the
coupling scattering region with the left (right) electrode.
For more clarity, a matrix form for the Hamiltonian of the
6-ZGNR electrodes and the scattering region is presented in
appendix A.

The thermal gradient along the device creates a differ-
ence in the spin carriers distribution around the Fermi level
of electrodes, which leads to inducing thermal spin current
across the device. Spin-resolved current across the device in
the Landauer—Biittiker formalism is obtained as [44, 47]

—+o0
L5 TOUED - et ©
where fi (r), is the Fermi—Dirac distribution of the left (right)
electrode. e, h, and Ty g, are the electron charge, the Planck
constant, and the left (right) electrode temperature, respec-
tively. Moreover, the spin TP in the linear response regime is
given as [48]

AV
AT

TP, = — = (TP, — TPy), )

where AV and AT =Ty — Tr is defined as the spin-
voltage difference induced by temperature gradient and
the temperature difference of electrodes, respectively.
Also, TP, = —(1/|e|T)(Li,/Lo,) is the spin-resolved ther-
mopower, where L, (u, T) = (—=1/h) [{Ofie, u, T)/de}(e —
w)'T,(e)de(n = 0,1) [45, 47]. Note that numerical results
show that the linear and nonlinear transport theories have a
very high agreement under condition |AT| < (7L + Tr)/2
[49]. Moreover, we define the thermally-induced MR as
MRt = (|IFM| — |IAFM|)/(|IFM| + |IAFM|) x 100 when switch-
ing from FM to AFM configuration and conversely, where
Iem (Iapm) is the induced charge current, I, = I, + I3, for
FM (AFM) configuration under temperature gradient.

3. Results and discussion

Figures 2(a) and (b) shows the spin-resolved transmission
function as red (a-spin, T,,) and blue (/3-spin, T;) filled areas
for AFM and FM configurations, respectively. As expected,
the transmission for AFM configuration is completely simi-
lar in both spin channels, as shown in figure 2(a). Interest-
ingly, the (-spin transmission for FM configuration around
the Fermi level is nearly zero, which indicates the [-spin
channel is blocked for transport, in spite of the conduc-
tive a-spin channel. The spin polarization of transmission
P = (T, —T3)/(T, + Ts) x 100 at the Fermi level is close to
100% and thus, FM configuration exhibits the half-metallic
nature at the Fermi level. Moreover, Far from the Fermi
level, the spin-polarized and narrow transmission peaks are
observed. Furthermore, the spin-resolved current spectra,
J-(e) = (f —frR)T,(e), is plotted for AFM and FM config-
urations as a function of energy at 7p, = 300 K for AT =
20 and 50 K. As can be seen, the contribution of electrons
dominates the contribution of holes in both configurations
around the Fermi level, which leads to generating the nega-
tive currents. In FM configuration, the current spectra in the
(-spin channel are much smaller compared to the a-spin chan-
nel. These behaviors can produce different spin currents in
AFM and FM configurations as a function of the temperature
gradient.

Thermally-generated spin currents I, as a function of
Ti, and AT at u = 0 is presented in figure 3 for AFM and
FM configurations of ZZ-C60D-ZZ. Applying temperature
gradient in AFM configuration is generated equal currents in
a- and S-spin channels (/, and I3), which is clearly seen in
figures 3(a) and (b). The similar currents were expected due
to the similar transmission in both spin channels of AFM con-
figuration. While, current in - and -spin channels is quite
different for FM configuration, as can be seen in figures 3(c)
and (d). The current in 3-spin channel of FM configuration
is nearly zero even with increasing 71, and A7, while the a-
spin current increases by increasing 71 and AT. These results
demonstrate the existence of a spin-filtering behavior at the
FM configuration of ZZ-C60D-ZZ, which has a perfect match
with the transmission coefficient of the a-spin channel (see
figure 2(b)). Moreover, the current in AFM configuration is
almost one order smaller than the current in a-spin channel
of FM configuration because of the difference of their current
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Figure 2. (a) and (b) show the transmission coefficient of «- and
[-spin channels in AFM and FM configurations, respectively. (c)
and (d) show the spin-resolved current spectra at 71, = 300 K for
AT = 20 and 50 K.
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Figure 3. Flowing currents from - and 3-spin channels as a
function of 71, and AT. Open and solid symbol present I, and I3,
respectively. Panels (a) and (b) for the AFM configuration, and (c)
and (d) for the FM configuration.

spectra, which is quite clear in figures 2(c) and (d). The nega-
tive sign of currents is due to the predominance of electrons to
holes, as in figures 2(c) and (d) is observed that current spectra
above the Fermi level are superior to that below.
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Figure 4. (a) a-spin and /3-spin thermopower (TP,, and TPjp) for
AFM and FM configurations, and spin thermopower (TP, wide
colored line) for FM configuration as a function of chemical
potential at 7 = 300 K. (b) and (c) thermally-induced MR as a
function of 71, and AT, respectively.

Spin-resolved and spin TP coefficients (TP,,, TP3, and TPs)
as a function of chemical potential at 7= 300K are pre-
sented in figure 4(a), for both AFM and FM cases. As can
be seen, TP, and TPy for the AFM configuration are com-
pletely the same due to the symmetry of - and /3-spin trans-
mission which lead to zero TPs. While, TP in a- and (-
spin channels for FM configuration has different values which
are shown with red dotted and blue dashed lines, respec-
tively. Therefore, TPg for FM configuration is nonzero, shown
as wide colored line in figure 4(a). Maximum value of TPg
for FM configuration is located at px ~ 0.24 eV and equal to
710 uV /K. At this chemical potential, TP, and TP are at their
maximum with the opposite sign, which leads to significant
TPs, unlike other chemical potentials. The obtained TP value
is comparable to reported values for graphene nanoribbon
devices [34, 47, 50] and all-carbon molecular junctions
[51-53]. Furthermore, this is higher than the maximum mea-
sured value of charge TP (460 1V /K) for graphene-fullerene
TE nanodevice [29]. The color of TPs curve indicates its polar-
ization, Py = (|TP,| — |TPs|)/(|TP,| + |TPg|), which repre-
sents the effect of each spin channel on TP;.

Finally, we investigate the thermally-induced MR (MRr)
because of changing the magnetization of the electrodes; from
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Figure 5. (a) Dumbbell-like system in which a pair of Cg units are linked through cyclohexa-1,4-dienyl ladder with n = 1. (b)—(d) Thermal

MR of structures I(n = 1), lI(n = 2), and IlI(n = 3), respectively, as a

FM to the AFM state. Thermal MR are plotted as a function of
Ty and AT in figures 4(b) and (c), respectively. As shown in
figure 4(b), MR is close to 100% in low temperatures of 71,
and up to about 100 K. This can happen when there is no cur-
rent in one magnetic configuration or is negligible compared
to the other configuration. In low temperatures, charge current
(the sum of a- and [3-spin currents) for AFM configuration
(Iapm) 1s almost zero and for FM configuration (Zry) is nonzero
(see figure 3), as a result, according to the MR relation, MRt
is about 100%. However, Iapm gradually increases in higher
temperatures, which lead to reduction of MRy and reaches to
approximate value of 96% at 300 K. As seen in figure 4(c),
MRt gradually decreases by increasing 71 from 200-350 K.
However, MRy has a significant value even at room temper-
ature. Furthermore, as can be seen in figure 4(c), MRy does
not change significantly with respect to temperature differ-
ence changes, so that increasing AT slightly increases MRr,
which is due to the negligible current in the AFM compared
to FM configuration at different temperatures. The MR val-
ues obtained in this study are significantly higher than those
reported in other studies, especially the experimental results.
Primarily, this discrepancy stems from the limitation of apply-
ing all the conditions of an experimental study to theoretical
computation. Also, different expressions have been proposed
for MR in the literature that can cause a discrepancy in reported
MR.

To investigate the ability to induce giant MR in Cg dimer,
we considere the other Cgy dimers. The two Cgy molecules are
linked through cyclohexa-1,4-dienyl ladders with three differ-
ent length, n = 1, 2 and 3 [54, 55]. We specify these structures
with symbols I(n = 1), lI(n = 2), and lII(n = 3). Figure 5(a)

function of AT for different gate voltages.

shows Cgp dimer with n = 1. These structures can be sta-
ble much above the room temperature [54]. Like the struc-
tures shown in figures 1(a) and (b), these Cgy dimers were
considered as the scattering region between two semi-infinite
6-ZGNRs for two FM and AFM configurations. These struc-
tures reveal the thermal MR in the absence of the voltage bias;
however, for optimizing the MR, we study the effect of dif-
ferent external gate voltages on the thermal MR. The gate
voltage covers all atoms in the scattering region, which can
be applied through the two gate stripes in the z-direction. The
gate voltage induces the potential energy U, on the on-site
term in the Hamiltonian of the scattering region. Note that
U, value in each site is proportional to its z-axis coordinate.
Therefore, the potential energy varies in the closed interval of
[—Ug, Ul €V, where the values of the beginning and end of
the interval related to the atoms with coordinates —z and z,
respectively. Thermal MR of structures I, II, and III as a func-
tion of AT for different U, are presented in figures 5(b)—(d).
Interestingly, the thermally-induced MR in all Cgy junctions
are strongly dependent on the values of U,. As can be seen, the
absolute value of thermal MR gradually decreases by increas-
ing the length of ladder for different U, . Structure I at U, = O1is
negative and gradually increases with increasing Uy, therefore
reaches nearly 100% at U, = 0.75eV but remains negative
(see figure 5(b)). Structure II at Uy = 0 has positive thermal
MR and as U, increases, first decreases at the positive val-
ues and then increases until ~ 60% at the negative values (see
figure 5(c)). Thermal MR of structure III is first reduced and
then increased as Uy rises (see figure 5(d)). Furthermore, ther-
mal MR increases with slight slope as AT increases for all of
the structures.
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Figure A.1. (a) Schematic view of the C¢y molecule with presenting single and double bonds, and (b) zigzag-edge graphene nanoribbon with

index 6.

It should be noted that the design of atomic configuration,
especially in low dimensional materials, has always been one
of the most important challenges to achieving high TE effi-
ciency. Some of these designs are aimed at engineering the
energy band structure [56, 57] to increase the Seebeck coef-
ficient, and some of them are designed to decrease thermal
conductivity, which ultimately improves TE efficiency. In this
regard, defect and bandgap engineering are strategies to reduce
the lattice thermal conductivity and enhance the Seebeck
coefficient without dramatically degrading the electronic con-
ductance in carbon nanostructures. Beside all designed con-
figurations, ours is also an excellent choice to optimize the
thermopower. Moreover, the mismatch in phonon modes of the
semi-infinite ZGNR electrode and the Cgy dimers can reduce
the phonon thermal conductivity across the junction. Further-
more, despite the simple structure of the electrodes, we get
amazing results compared to our earlier study. In detail, in
our previous study [35, 47], we investigated the spin-related
TE properties based on periodic structures of carbon nanos-
tructures, which magnetism is present throughout the system.
While structures in the present study and recently published
work [58] have been designed as a non-periodic molecular
junction which, in the later one, we could generate a spin-
dependent current. While here, based on Cg junction and
intrinsic edge magnetism in ZGNR, a giant MR in addition
to the spin current can be obtained. Moreover, contrary to our
previous study, half-metallic nature appeared for FM config-
uration in the Cgp junction, which leads to the existence of
current in one of the spin channels and could have a large
application in spin-related TE devices.

4. Conclusion

In summary, applying the equilibrium Green’s function
method and Landauer—Biittiker transport formalism, we

theoretically investigated the spin-related thermoelectric (TE)
effects in a molecular junction. This device consists of Cgg
dimer and zigzag graphene nanoribbon (ZGNR) as electrodes.
The electronic and transport properties of our proposed molec-
ular junction are susceptible to the magnetic configuration of
ZGNR electrodes. Therefore, anti-ferromagnetic (AFM) and
ferromagnetic (FM) configurations reveal the semi-conductive
and half-metallic phases, respectively. Moreover, these prop-
erties induce the different currents by an applied thermal gra-
dient in both FM and AFM configurations, which lead to
zero and nonzero spin thermopower in AFM and FM config-
urations, respectively. The proposed device indicates a giant
thermal MR behavior when switching between AFM and FM
configurations, which can preserve even at room temperature.
Furthermore, the thermal MR remarkably improves under an
external gate voltage for the other Cgqy dimers with differ-
ent lengths of cyclohexa-1, 4-dienyl ladders. Finally, obtained
results are comparable to molecular junction devices, which
show our proposed device can be deserved to be brought into
the attention, experimentally.

Appendix A. Hamiltonian matrix form

In this appendix, we present a matrix form for Hamiltonian
of the ZGNR electrodes and scattering region in the real
space. The Hamiltonian of scattering region is a 120 x 120
matrix, with respect to 120 atomic sites of Cgy dimer. Here,
we present the Hamiltonian matrix for the Cgp molecule, the
Ceo dimers being calculated similarly. A schematic view of the
Cgo molecule based on the symmetry group [59] is presented
in figure A.1(a). In this diagram, using the hopping energy of
single and double bonds (¢/,7"") and the number of each carbon
atom in the Cgy molecule, the Hamiltonian matrix in TB model
can easily be constructed as a 60 x 60 matrix
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0 f, 0 5, 0 O
Hew =0 0 45 0 #s5 0
sy 0 0 f5y 0 f5g

each carbon atom in the Cgy molecule is connected to three
atoms. Therefore, there are three non-zero elements in each
row or column of the matrix, which denoted by 7’ and ¢”. Note
that only the matrix elements are corresponding to the central
pentagonal ring of figure A.1(a) are specified. Now, we present
amatrix form for Hamiltonian of the 6-ZGNR electrodes. Con-
sider figure A.1(b), which shows the 6-ZGNR contains twelve
atomic sites per unit cell. The spin-dependent Hamiltonian for
a unit cell is given by equation (3), in which, H is provided
by the following matrix concerning figure A.1(b).

(mig)[nia — (1/2)(n1a)] 0

4,0 0 0 0
0 #g 0 0 0
0 0 &y, 0 0
0 0 O tZ,lO O ’ (A‘l)
0O 0 O 0 0
60x60
0 na 0 0 0 0 0
h1 0 ts O 0 0 O
00 0 132 0 134 0 0 0
Hoy =10 0 u3 0 nus 0 0 ;
0 0 0 154 0 Is6 0
12x12

in this matrix, 7;; ~ 2.6 eV is considered. Moreover, Hy,, in
equation (3) is written in the following matrix form

0

0 (n2g) [n2a — (1/2)(n24)1 0

HU,a =U 0 0

and Hy g is similarly formed. In addition, H{g, in the surface
Green’s function is given by the following matrix with respect
to the two adjacent unit cells in figure A.1(b)

0, 000 0 0
00 0 00 0 0
o o |00 0 00 00

He =Hr)' =10 0 53 0 0 0 0 ;
0 0 0 0 0 56 0

12x12

(A4)

here, t;; >~ 2.6 €V is considered.
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