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Double-stranded DNA (dsDNA) molecules possess a unique chirality, where chirality-induced spin
selectivity offers the promise of organic-molecule-based spintronic devices, and they have become an
interesting field of their own. When coupled to ferromagnetic leads, such systems, when driven by a
temperature gradient, are expected to manifest new thermoelectric behaviors. Herein, we investigate the
spin-related thermoelectricity of a chiral dsDNA molecular junction in terms of linear response theory and
the nonequilibrium Green’s function formalism. Not only is a strong violation of the Wiedemann-Franz
law found in the charge-Seebeck transport regime, but the spin figure of merit is also larger than unity.
More interestingly, a finite spin-Seebeck coefficient with a charge thermopower of zero can be obtained,
which may serve as a pure spin-current generator. The detailed dependence of the basic thermoelectric
quantities on the system parameters is elaborated on, and the underlying physics is presented. Our results
have substantial implications for the construction of spin caloritronic devices based on dsDNA or other
chiral molecules.
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I. INTRODUCTION

In recent years, substantial improvements have been
made in understanding the physical mechanisms of elec-
tronic transport through DNA molecules since charge
migration in DNA was first suggested by Eley and Spivey
[1]. As the genetic code of all living species, DNA has a
special double-helix structure which is made up of four
nucleotides. Four nucleobases [i.e., guanine (G), cyto-
sine (C), adenine (A), and thymine (T)] corresponding
to four nucleotides form two base pairs (G-C, A-T) via
hydrogen bonds, and the π -π overlap of the stacked
base pairs in double-stranded DNA (dsDNA) chains can
be regarded as the main conducting pathway for charge
transfer. Indeed, DNA molecules can exhibit diverse con-
duction characteristics. The experimental work of Yoo et
al. indicated that double-stranded poly(dA)-poly(dT) and
poly(dG)-poly(dC) chains behave as n-type and p-type
semiconductors, respectively [2]. Storm et al. reported that
DNA molecules have an insulating behavior [3]. Some
experimental results have demonstrated that DNA can be
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a conductor [4–7], even the proximity-induced supercon-
ductivity can be observed [8]. From the point of view of
theoretical investigations, a series of methods have been
developed to study the electronic transport behavior of
DNA molecules, such as the transfer matrix method [9,10],
the nonequilibrium Green’s function technique [11–13],
ab initio calculations [14], and so forth. It is instruc-
tive to note that, to date, DNA has played a significant
role in the design of molecular electronic devices due
to its unique versatile and programmable structure [15–
21]. What is more, recent investigations of spin-dependent
transport through DNA molecules have shown that DNA
has tremendous potential for engineering novel spin-based
electronic devices [22–29].

It is well known that the thermoelectric efficiency, char-
acterized by the figure of merit ZT = GS2T/κ for con-
ventional materials, where G is the electrical conductance,
S represents the thermopower (Seebeck coefficient), T is
the temperature, and κ denotes the thermal conductance
(which contains both electronic and phononic contribu-
tions), is relatively low due to the restrictions imposed
by the Wiedemann-Franz (WF) law. However, nanoscale
materials can overcome the WF law and exhibit bet-
ter thermoelectric performance than that of conventional
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bulk materials. Recent achievements in observation of the
thermoelectric (i.e., Seebeck) effect in nanoscale systems
(e.g., quantum dots [30–36], nanowires [37–40], graphene
[41–43], and topological insulators [44,45]) have also
invigorated intensive interest in molecular junctions [46–
49], including DNA [50–55]. By means of the Mott for-
mula and an effective model Hamiltonian for DNA, Maciá
theoretically studied the Seebeck effect in DNA coupled
to metallic leads [50–52], and found that a junction with a
DNA-based molecule exhibited significant thermoelectric
performance, which suggested that DNA could become a
novel thermoelectric material from the application point
of view. On the basis of a tight-binding (TB) ladder
model, recent work has demonstrated that quantum inter-
ferences induced by intrastrand and interstrand coupling
contribute remarkably to the thermoelectric efficiency of
the DNA molecule [53]. Although there exist some results
on the thermoelectricity of DNA molecules, these inves-
tigations usually assume that dsDNA is a linear lattice
chain based on an effective TB model. Note that dsDNA,
as an important biomolecule, has an obvious spatial struc-
ture with chirality breaking the parity symmetry. More-
over, theoretical calculations and experimental measure-
ments have unequivocally demonstrated that the chirality-
induced spin selectivity (CISS) effect in three-dimensional
dsDNA molecules significantly influences the electronic
transport process [25–27,56–61]. As a consequence, the
chiral nature of dsDNA molecules plays an important role
in any precise understanding of the spin-related thermo-
electric properties of the dsDNA molecule. The aim of
this paper is to shed light on the spin-dependent thermo-
electricity of the chiral dsDNA system, and provide deep
insights into the thermoelectric transport of dsDNA. By
tuning the parameters of a chiral dsDNA molecular junc-
tion, we demonstrate in our results that the thermoelectric
features of chiral dsDNA open up the possibility of appli-
cations of thermoelectric devices based on chiral organic
molecules.

The rest of this paper is organized as follows. We
begin by presenting details of the chiral dsDNA molecu-
lar junction under investigation, and present the approach
to studying the thermoelectric performance of the chi-
ral dsDNA system in Sec. II. In Sec. III we analyze our
numerical results, and we summarize our conclusions in
Sec. IV.

II. PHYSICAL MODEL AND FORMALISM

A. Physical model

We consider a chiral dsDNA molecule bridging two
ferromagnetic (FM) leads as depicted schematically in
Fig. 1. The full system can be described by the following
Hamiltonian:

H = Hleads + HDNA + Hso + Htun. (1)
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FIG. 1. (a) Geometry of the dsDNA connected to two FM
leads used in this work. (b) Schematic representation of right-
handed dsDNA with helix angle θ , radius r, arc length la, and
cylindrical coordinate ϕ. The stacking distance �h between two
nearest-neighbor sites is la sin θ .

Here, Hleads models the Hamiltonian of the two FM leads
and is given by

Hleads =
∑

k,σ ,ν=L,R

εkνσ a†
kνσ akνσ , (2)

where a†
kνσ (akνσ ) denotes the creation (annihilation) oper-

ator of an electron with spin σ(=↑, ↓), momentum k, and
energy εkνσ in the left (ν = L) and right (ν = R) leads.
The second term, HDNA, in Eq. (1) describes the dsDNA
molecule:

HDNA =
2∑

m=1

∑
σ

{
N∑

n=1

εmnd†
mnσ dmnσ

+
N−1∑
n=1

(tmnd†
mnσ dmn+1σ + H.c.)

}

+
N∑

n=1

∑
σ

(λnd†
1nσ d2nσ + H.c.). (3)

Here, m(= 1, 2) is the chain label, N denotes the number of
base pairs, d†

mnσ (dmnσ ) is the creation (annihilation) oper-
ator at the nth site of the mth chain of the dsDNA, and
εmn is the on-site energy. tmn and λn are the intrachain and
interchain coupling parameters, respectively.

Hso in Eq. (1) represents the spin-orbit coupling (SOC)
Hamiltonian within the chain, which comes from the
double-helix shape of the electrostatic potential of the
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dsDNA; Hso is given by Refs. [25–27]:

Hso = itso

∑
m,n

∑
σ ,σ ′

[
d†

mnσ

(
σ

(m)

n,σσ
′ + σ

(m)

n+1,σσ
′
)

dmn+1σ
′ + H.c.

]
,

(4)

where σ
(m)

n+1,σσ
′ = σz,σσ

′ cos θ − (−1)m[σx,σσ
′ sin(n �ϕ) −

σy,σσ
′ cos(n �ϕ)] sin θ , with the Pauli matrices (σx, σy , σz),

�ϕ as the twist angle between successive base pairs, θ as
the helix angle, and tso as the SOC strength. The last term,
Htun, in Eq. (1) describes the tunnel coupling between the
dsDNA molecule and the two FM leads, and it can be given
by

Htun =
∑

k,σ ,ν=L,R

[
tνa†

kνσ (d1nνσ + d2nνσ ) + H.c.
]

, (5)

where, for simplicity, the hopping-matrix elements tν
between the leads and the dsDNA are assumed to be inde-
pendent of both spin and momentum, with nL = 1 and
nR = N . The two helical chains are coupled to the left lead
at sites (1, 1) and (2, 1) and to the right lead at (1, N)
and (2, N). We choose the following representation: �† =
(d†

11↑, d†
21↑, d†

12↑, d†
22↑, . . . , d†

1N↑, d†
2N↑; d†

11↓, d†
21↓, d†

12↓, d†
22↓,

. . . , d†
1N↓, d†

2N↓); thus the coupling of the dsDNA to the
external leads can be expressed in terms of the linewidth
(coupling) matrix �ν (ν = L, R), that is, a 4N × 4N matrix.
To present the interaction between the dsDNA and two
leads, we provide some details of the linewidth func-
tion �ν . The relevant matrix element, �ν

ij σ = 2π |tν |2ρν
σ ,

describes the spin-related hybridization between the states
of the νth lead and the boundary sites of the dsDNA chain,
where ρν

σ is the density of states of electrons with spin σ

in lead ν. For the sake of simplicity, �ν
ij σ is assumed to be

constant within the electron bandwidth for transport.
For ν = L and σ =↑, �L

ij ↑ = �L(1 + pL) with (i =
j = 1); �L

ij ↑ = λ�L(1 + pL) with (i = j = 2); and �L
ij ↑ =

γL

√
�L

ii↑�L
jj ↑ = γL

√
λ�L(1 + pL) with (i = 1, j = 2) or

(i = 2, j = 1). For ν = L and σ =↓, �L
ij ↓ = �L(1 − pL)

with (i = j = 2N + 1); �L
ij ↓ = λ�L(1 − pL) with (i =

j = 2N + 2); and �L
ij ↓ = γL

√
�L

ii↓�L
jj ↓ = γL

√
λ�L(1 − pL)

with (i = 2N + 1, j = 2N + 2) or (i = 2N + 2, j = 2N +
1). In addition, for ν = R and σ =↑, �R

ij ↑ = λ�R(1 + pR)

with (i = j = 2N − 1); �R
ij ↑ = �R(1 + pR) with (i = j =

2N ); and �R
ij ↑ = γR

√
�R

ii↑�R
jj ↑ = γR

√
λ�R(1 + pR) with

(i = 2N − 1, j = 2N ) or (i = 2N , j = 2N − 1). For ν =
R and σ =↓, �R

ij ↓ = λ�R(1 − pR) with (i = j = 4N −
1); �R

ij ↓ = �R(1 − pR) with (i = j = 4N ); and �R
ij ↓ =

γR

√
�R

ii↓�R
jj ↓ = γR

√
λ�R(1 − pR) with (i = 4N − 1, j =

4N ) or (i = 4N , j = 4N − 1). �ν
ij σ = 0 otherwise.

Here, �ν and pν are the coupling constant and the spin
polarization, respectively, of the νth lead. We assume that
the magnetic electrodes are similar, i.e., �L = �R = 1 eV.
The parameters γL and γR are complex and different in the
general case, but we assume that they are real. Since λ

describes the differences in the coupling of the two edge
sites to the external leads, λ can characterize the geometri-
cal asymmetry of the system (λ = 1 implies a symmetrical
configuration). In the off-diagonal matrix elements of �ν ,
γL (γR) represents the quantum interference effects due to
the indirect coupling of edge sites via the leads, and γL <

1 (γR < 1) means the existence of destructive quantum
interference. Indeed, the couplings between the dsDNA
and the two leads can be varied in experiments; we focus
mainly on symmetrical couplings (λ = 1 and γL = γR = 1)
in the main text. The values selected for the parameters
were also used in Refs. [34,35,62,63]. Additionally, the
thermoelectric behavior of this system under the condition
of asymmetrical couplings is presented in the Appendix.

B. Theoretical formulations of thermoelectric
transport

In order to study the thermoelectric characteristics of
the chiral dsDNA-based system, we use a phenomenolog-
ical theoretical framework (viz., linear response theory) to
describe the charge current I = ∑

σ Iσ and heat (energy)
current IQ = ∑

σ I Q
σ through the dsDNA molecule device:

(
I
IQ

)
=

∑
σ

⎛
⎜⎝e2K0σ

e
T

K1σ

eK1σ

1
T

K2σ

⎞
⎟⎠ (

�V
�T

)
, (6)

where Iσ and I Q
σ are the charge and heat currents, respec-

tively, in the spin channel σ . �V and �T are the voltage
drop and the temperature difference, respectively, between
the two leads. The spin-dependent Onsager coefficients
Knσ (n = 0, 1, 2) are given by

Knσ (μ, T) = −1
h

∫
dε(ε − μ)nTσ (ε)

∂f (ε)

∂ε
. (7)

Here, f (ε) = {1 + exp[(ε − μ)/kBT]}−1 is the equilib-
rium (zero-bias) Fermi-Dirac distribution function with
chemical potential μ and temperature T. Tσ (ε) =
Tr[GA

σ (ε)�RGR
σ (ε)�L] is the spin-related transmission

coefficient for electrons of energy ε, where GR(A)
σ (ε) is the

retarded (or advanced) Green’s function of the system.
The spin-dependent thermopower Sσ is defined as the

ratio of the voltage drop �V to the temperature difference
�T under the condition of vanishing of the spin-related
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(a) (b)

(c) (d)

FIG. 2. (a) Linear conductance Gc, (b) thermal conductance κe, (c) thermopower Sc, and (d) figure of merit ZcT as functions of the
chemical potential μ for different temperatures, with pL = pR = p = 0.6, tso = 0.01 eV, and N = 10.

current, Iσ = 0:

Sσ (μ, T) =
(

�V
�T

)
Iσ =0

= − 1
eT

K1σ (μ, T)

K0σ (μ, T)
; (8)

other spin-related quantities, including the spin-resolved
conductance Gσ and spin-resolved thermal conductance
κeσ , can be calculated as

Gσ (μ, T) = e2K0σ (μ, T), κeσ (μ, T)

= 1
T

[
K2σ (μ, T) − K2

1σ (μ, T)

K0σ (μ, T)

]
. (9)

Thus, the charge and spin thermoelectric coefficients of the
system can be obtained from the following formulas:

Gc = G↑ + G↓, Gs = G↑ − G↓, (10)

Sc = S↑ + S↓, Ss = S↑ − S↓. (11)

Furthermore, the charge and spin thermoelectric figures of
merit are given by

ZcT = GcS2
c T

κe + κph
, ZsT = |Gs|S2

s T
κe + κph

, κe = κe↑ + κe↓,

(12)

where κph is the phonon contribution to the thermal con-
ductance. This term, however, will not be considered in

this paper; this mainly stems from the fact that we con-
centrate on elastic transport process, where only electrons
contribute effectively to thermal transport. In what follows,
we will use the above formulas to investigate the ther-
moelectric properties of the chiral dsDNA thermoelectric
system.

III. NUMERICAL RESULTS AND DISCUSSION

In this section we present and discuss numerical results
on the thermoelectric properties of the chiral dsDNA
molecule device. For the dsDNA, ε1n = 0 eV, ε2n =
0.3 eV, t1n = t1 = 0.12 eV, t2n = t2 = −0.1 eV, and λn =
−0.2 eV; these values come from first-principles calcula-
tions [64,65]. The helix angle and the twist angle are taken
as θ = 0.66 rad and �ϕ = π/5, and these two parame-
ters are used throughout this paper, unless it is needed
to indicate other values explicitly. Furthermore, we con-
sider a parallel (P) configuration with pL = pR = p , and an
antiparallel (AP) one with pL = −pR = p .

A. Charge thermoelectric effects

As is well known, the position of the chemical poten-
tial μ of the electrons is an important factor determining
the thermoelectric behavior of a given system. Although
μ is usually associated with the operating temperature, it
exhibits a weak temperature dependence at low tempera-
tures. Therefore, we ignore the influence of the temperature
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(a)

(b)

(c)

(d)

(e)

(f)

FIG. 3. Left column, Sc (ZcT) (solid line) and Ss (ZsT) (dotted line) as functions of the chemical potential μ for the P configuration at
different spin-orbit coupling strengths tso. Panel (b) is an enlarged image of the region in the dashed-line box in panel (a). The opposite
cases are also shown in the right column for the AP configuration. Other parameters are taken as kBT = 0.01 eV and N = 10.

on the chemical potential in studying thermoelectric prop-
erties. Moreover, μ can be manipulated in some ways,
such as chemical doping and a gating potential, to shift the
chemical potential.

To better understand the thermoelectric behavior of chi-
ral dsDNA coupled to FM leads, we first show the depen-
dence of the thermoelectric coefficients on the chemical
potential μ for selected values of temperature, as illus-
trated in Fig. 2. In fact, at zero temperature, the conduc-
tance Gc(μ) is proportional to the transmission coefficient
Tc(μ) = ∑

σ Tσ (μ) based on the Landauer formula, that
is, Gc(μ) = (e2/h)Tc(μ). As can be seen from Fig. 2(a)
(see the orange solid curve), the conductance spectra at
zero temperature clearly display two bands separated by
a well-defined band gap (here we refer to the two bands
as the highest occupied molecular orbital and the lowest
unoccupied molecular orbital in the energy spectrum), and

a series of peaks occur as the chemical potential μ (i.e.,
Fermi energy EF ) aligns with the energy of an electron
state in the dsDNA. The wave functions of the states are
approximately standing-wave cases with wave vector k,
and the oscillating transmission spectra can also be under-
stood as the result of quantum tunneling when electron
waves propagate from one lead to the other. As a result,
the period of oscillation δEF , which is equal to the energy
difference between two neighboring energy levels in the
dsDNA, is roughly determined by the relation δkFLd ≈ π .
Here the corresponding variation of the Fermi wave vec-
tor δkF is equal to the wave vector difference of the two
neighboring levels, and Ld is the geometric length of the
dsDNA.

Furthermore, one can see that the conductance becomes
suppressed as the temperature grows, since the aver-
age tunneling probability of electrons decreases with
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(a)

(b)

(c)

(d)

(e)

(f)

FIG. 4. Left column, Sc (Ss) and ZcT (ZsT) as functions of the chemical potential μ for θ = π/10. Panel (b) is an enlarged image of
the region in the dashed-line box in panel (a). Similar cases are shown in the right column for θ = 2π/5. Other parameters are taken
as kBT = 0.01 eV, tso = 0.01 eV, p = 0.6, and N = 10.

increasing temperature. The electronic thermal conduc-
tance κe displays similar behavior to the conductance Gc,
but κe [in Fig. 2(b)] is more sensitive to a change in tem-
perature, and κe increases significantly with an increase in
kBT, which arises from the fact that an increase in tem-
perature leads to a substantial enhancement of the heat
transferred by each electron. The curves of the charge
thermopower Sc as described in Fig. 2(c) are not strictly
antisymmetric with respect to the electron-hole symmetry
point near μ = 0.15 eV, where the thermopower induced
by the electrons is canceled by that of the holes and
thus the total thermopower vanishes. The asymmetry of
the thermopower curves is induced by the asymmetry of
the dsDNA-molecule structure. Note that some other zero
points (Sc = 0) can also be found in Fig. 2(c), and Sc
changes its sign alternately when μ sweeps through these
points. Thus, Sc exhibits oscillatory behavior. Indeed, two
types of carriers (holes and electrons) contribute to the See-
beck transport in each energy band. For the thermopower,

Se < 0 is generated by electrons, and Sh > 0 by holes.
Thus, the sign of Sc = Se + Sh is determined by the
absolute magnitudes of Se and Sh. Consequently, Sc < 0
(Sc > 0) means that main carriers are electrons (holes).
Notably, Sc is significantly enhanced near some zero
points, because the transmission function changes sharply
near these positions [see the zero-temperature conductance
in Fig. 2(a)], and the thermopower is also enhanced as kBT
grows. This can in principle contribute to a large figure of
merit ZcT, as shown in Fig. 2(d). It is found that a large or
even giant thermoelectric efficiency can be obtained due to
a strong violation of the WF law, and ZcT can be consid-
erably enhanced as the temperature is increased, which is
helpful for improving the thermoelectric efficiency in the
high-temperature regime. Particularly, although both the
conductance Gc and the thermal conductance κe are very
weak within a band gap [see Figs. 2(a) and 2(b)], a consid-
erable figure of merit ZcT can still be achieved, as depicted
in Fig. 2(d). This is because the contributions from Gc and
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(a)

(b)

(c)

(d)

(e)

(f)

FIG. 5. Left column, Sc (Ss) and ZcT (ZsT) as functions of the chemical potential μ for p = 0.5. Panel (b) is an enlarged image of
the region in the dashed-line box in panel (a). Similar cases are shown in the right column for p = 0.9. Other parameters are taken as
kBT = 0.01 eV, tso = 0.01 eV, and N = 10.

κe to ZcT can cancel each other [see Eq. (12)], and thus one
can obtain a strong thermoelectric efficiency. Physically,
in comparison with the electrical conductance, the thermal
conductance is suppressed more quickly within the band
gap, and then a large enhancement of Sc and ZcT can be
achieved.

B. Spin thermoelectric effects

Since the thermoelectric behavior of the chiral dsDNA
system relies on the arrangement of the FM leads, we next
analyze the spectra of the thermopower and the figure of
merit for selected SOC values in the P and AP configura-
tions. As we can see from Figs. 3(a) and 3(d), the charge
thermopower Sc does not exhibit a pronounced response
to changes in the magnetic configuration and the SOC.

As is known, the contributions from electrons and holes
mostly determine the nature of Sc, and the change in Sc
(= S↑ + S↓) with μ in different magnetic configurations is
weak with an increase in the SOC, but Ss (= S↑ − S↓), dis-
plays an evident dependence on the magnetic configuration
and the SOC [see Figs. 3(a), 3(b), 3(d), and 3(e)]. More-
over, the differences in Gc (and also κe) in the two types
of configuration are also weak (not shown). Noticeably,
the spin thermopower Ss is very sensitive to the magnetic
configuration and the SOC [see the black and red dot-
ted lines in Figs. 3(a) and 3(d)]. For a clearer illustration,
Figs. 3(b) and 3(e) show enlarged images of the regions in
the dashed-line boxes in panels (a) and (d). Interestingly,
one finds that a non-zero spin-Seebeck coefficient can be
produced with a vanishing Sc. Furthermore, the magnitude
of the pure Ss can be enhanced by increasing the SOC [see
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(a) (b)

(c) (d)

FIG. 6. Sc (ZcT) and Ss (ZsT) as functions of tso and θ for the P configuration. Other parameters are taken as μ = 0.165 eV, kBT =
0.01 eV, p = 0.7, and N = 10.

the positions indicated by arrows in Figs. 3(b) and 3(e)],
which means practically that a perfect spin-Seebeck effect
may be used to design a pure spin-current generator. The
behavior of the Seebeck coefficients (Sc and Ss) are also
reflected in the curves of the figures of merit (ZcT and
ZsT), as illustrated in Figs. 3(c) and 3(f). It is worth not-
ing that the spin figures of merit are usually larger for the
P configuration than for the AP configuration. This can be
understood from the following fact: in the P configuration,
there exists one spin channel with a high conductance [cor-
responding to a high density of states (DOS) in the two FM
leads] and one with a low conductance (corresponding to a
low DOS in the two FM leads). In turn, in the AP configu-
ration, the conductance is reduced in the two spin channels,
because a high DOS in one lead corresponds to a low DOS
in the other, and vice versa. Thus, |Gs| (not shown) and Ss
[see Fig. 3(b)] in the P configuration are larger than those
in the AP configuration, Besides, the difference between
the heat conductances in the two configurations is rather
small. As a result, the P configuration favors an increase in
Ss (ZsT).

Although similar characteristics can be displayed in
the AP configuration, the P arrangement, as a physically
valid configuration, can better show the spin-dependent
Seebeck transport; see Fig. 3. Accordingly, in what fol-
lows we focus mainly on the thermoelectricity of the P
configuration. Because the helix angle θ can characterize
the chirality of the dsDNA molecule, the thermoelectric

quantities Sc (Ss) and ZcT (ZsT) are shown in Fig. 4 as
a function of μ for different values of θ . We can observe
that Sc and ZcT versus μ are weakly sensitive to the helix
angle. In contrast, Ss and ZsT display an active response
to a change in θ , i.e., Ss and ZsT grow with increasing θ .
Nevertheless, note that the pure spin-Seebeck coefficient at
θ = π/10 is larger than that at θ = 2π/5 [see the positions
indicated by arrows in Figs. 4(b) and 4(e)]. We also note
that the variation of Ss with θ is not always monotonic for
different tso [see Fig. 6(c)], but at tso = 0.01 eV, an increase
in θ induces a decline in the chiral helical symmetry, and
thus the pure spin-Seebeck coefficient is reduced due to the
weak CISS effect.

Figure 5 shows the properties of the charge (spin) ther-
mopower Sc (Ss) as a function of μ for different polar-
izations p . It is seen that the dependence of Sc on p is
very weak, as discussed in Refs. [31] and [34], but Ss
is distinctly enhanced as p is increased. The polarization
of the FM leads can influence the spin-Seebeck transport,
because the FM reservoirs provide two kinds of unequal
spin-up and spin-down electrons. Increasing p can induce a
larger spin imbalance, and therefore the spin-Seebeck coef-
ficients will be enhanced to some extent in some regions
[see the pink lines in Figs. 5(a), 5(b), 5(d), and 5(e)]. Anal-
ogously, a finite Ss with Sc = 0 can also be achieved. It
is well known that the charge ZcT and the spin counter-
part ZsT are jointly determined by the behaviors of several
physical quantities, that is, Gc (Gs), Sc (Ss), κe, and T.
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(a) (b)

(c) (d)

FIG. 7. Sc, Ss, ZcT, and ZsT as functions of t1 and t2 for the P configuration. Other parameters are taken as μ = 0.165 eV, kBT =
0.01 eV, p = 0.7, tso = 0.01 eV, and N = 10.

Consequently, the subtle variations of ZcT and ZsT are pre-
sented in Figs. 5(c) and 5(f). As we see, both ZcT and ZsT
have maximum values that correspond to resonant struc-
tures in Sc and Ss. In particular, ZsT is sensitive to an
increase in p , and ZsT can even be larger than one [see the
pink line in Fig. 5(f)], indicating the potential application
of the dsDNA molecule in spin caloritronic devices.

C. Dependence of thermoelectric quantities on
intrinsic parameters

The chiral structural features of dsDNA molecules may
be characterized by the helicity, and the spin selectivity
resulting from the intrinsic SOC is unequivocally rele-
vant to the chirality of dsDNA molecules. Accordingly,
in order to better show how the SOC strength tso and the
helix angle θ affect the thermoelectric properties of the
dsDNA system, the charge and spin thermoelectric coef-
ficients are depicted as functions of tso and θ in Fig. 6.
When tso < 0.005, the change in Sc is not drastic with
tuning θ . In contrast, when tso > 0.005 eV, the relative
variation of Sc with θ is very pronounced. One can observe
that the red region corresponds to a strong Sc as shown
in Fig. 6(a), where tso is relatively large but θ is rela-
tively small. This can be explained as follows: A decrease
in θ means that the distance (�h = la sin θ ) in the z-axis
direction is reduced. Thus, the decreased scattering length

leads to an enhancement of the charge Seebeck transport.
Meanwhile, the large SOC significantly enhances the spin-
resolved transport. As a consequence, cooperation between
the SOC and the helix angle may in principle enhance
the thermopower Sc. As expected, in the corresponding
parameter regime, ZcT is therefore enhanced, as shown in
Fig. 6(b). The above scenarios reveal signals of how the
charge-Seebeck transport is modulated by the SOC and the
helix angle. In what follows, Ss shows a weak or monotonic
variation with θ at tso < 0.0153 eV, but at tso > 0.0153 eV,
the variation of Ss with θ shows a nonmonotonic behavior,
as shown in Fig. 6(c). Similar trends can be found in ZsT,
as shown in Fig. 6(d). The contours of Ss and ZsT can thus
reflect legible information about spin-Seebeck transport
influenced by tso and θ .

Since the intrastrand hopping integrals t1 and t2 are
experimentally tuned via stretching, the detailed depen-
dence of the thermoelectric characteristics on t1 and t2
is presented in Fig. 7. One can see that the thermo-
electric coefficients exhibit strong geometrical contours,
which nicely mirrors the various thermoelectric responses
to external mechanical operations. Moreover, the sign of
the charge Seebeck coefficient can be used to character-
ize the type of our dsDNA device, as shown in Fig. 7(a):
Sc > 0 indicates a p-type device, while Sc < 0 suggests
an n-type one, which means that the type of a dsDNA-
based thermoelectric device may be manipulated by means
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(a)

(b)

(c)

FIG. 8. (a),(b) Ss and ZsT as a function of temperature kBT
for the indicated values of spin polarization p . (c) Lorentz ratio
(L/L0) as a function of temperature kBT for the indicated val-
ues of spin polarization p . Other parameters are taken as μ =
0.165 eV, tso = 0.01 eV, and N = 10.

of the hopping integrals. We note that the signs of the
two Seebeck coefficients (Sc and Ss) can be changed from
positive to negative, which implies that it is possible to
obtain a pure spin-Seebeck coefficient (i.e., Ss retains a
finite value with Sc = 0) in some special regimes of (t1,
t2) space. In addition, ZcT can reach a sizeable value, as
illustrated in Fig. 7(c), which is a direct consequence of the
hopping integrals enhancing the thermoelectric efficiency.
Our results offer a practical route towards harnessing exter-
nal ways to tailor the thermoelectric performance of a
dsDNA-based device.

D. Influence of temperature

In Figs. 8(a) and 8(b), we illustrate the temperature
dependence of Ss and ZsT. One can see that the two
thermoelectric quantities display nonmonotonic behavior
with increasing temperature, and there exist valleys and

(a)

(b)

FIG. 9. (a) Spin-dependent conductances Gσ and charge con-
ductance Gc as a function of the inverse of the temperature
kBT. (b) Spin-dependent thermopowers Sσ and charge (spin)
thermopower Sc (Ss) as a function of temperature kBT. Other
parameters are taken as μ = 0.165 eV, tso = 0.01 eV, p = 0.7,
and N = 10.

peaks in the curves of Ss and ZsT, respectively, around
kBT = 0.01 eV. With increasing polarization p , the ampli-
tudes of the corresponding valleys and peaks are also
enhanced, which means that the strong spin imbalance of
carriers due to the large spin polarization of the leads can
stimulate a spin-Seebeck transport process, as discussed
above in relation to Fig. 5. Since nanoscale systems usu-
ally cause a violation of the WF law, we show the Lorentz
ratio L/L0 [in units of (e/kB)2] as a function of temperature
kBT for selected values of p in Fig. 8(c), where L = κe/GcT
and L0 = π2k2

B/3e2. Analogously to Ss and ZsT, L/L0 as a
function of kBT displays a nonmonotonic lineshape, and
strongly exceeds 1, indicating a breakdown of the WF law.

We notice that an abrupt variation of the spin ther-
mopower |Ss| occurs near kBT = 0.01 eV, as depicted in
Fig. 8(a). The underlying reasons can be understood as fol-
lows. From a mathematical point of view, according to the
well-known Mott formula for the thermopower

Sσ = −π2k2
B

3e2 T
∂ ln Tσ (ε)

∂ε

∣∣∣∣
μ

, (13)

Sσ grows linearly versus kBT at low temperatures. Increas-
ing the temperature can drive more carriers to participate
in the thermoelectric transport. Simultaneously, the Fermi-
Dirac distribution around the chemical potential becomes
smeared with a further increase in temperature, and thus
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(a)

(b)

(c)

FIG. 10. (a),(b) Ss and ZsT as a function of temperature kBT for
different N . (c) Lorentz ratio L/L0 as a function of temperature
kBT for different N . Other parameters are taken as μ = 0.165 eV,
tso = 0.01 eV, and p = 0.7.

leads to the reduction of the magnitude of −∂f (ε)/∂ε,
which weakens Sσ . Thereby, the interplay of the above two
factors leads to an optimal temperature in the curves of
Ss = S↑ − S↓. Furthermore, the features of Ss can also be
reflected in the curves of ZsT and L/L0 according to ZsT ∝
S2

s and L = κe/GcT = S2
c/ZcT, as shown in Figs. 8(b) and

8(c).
In order to further reveal the fundamental physics

around the characteristic temperature kBT = 0.01 eV, we
first depict the conductances (Gσ and Gc) as a function of
1/kBT in Fig. 9(a). Note that if the spin degree of free-
dom is not considered (under the conditions of θ = π/2,
tso = 0, and p = 0), a characteristic temperature still exists
(not shown here). Therefore, a simplified effective model is
utilized to capture the main physical elements of the char-
acteristic temperature. At low temperatures, the tunneling

conductance reads approximately

GT
c ≈ G0

(
t0

ε0 − μ

)2N
�L�R

t20
, (14)

where the quantum of conductance is G0 = e2/h, the
chemical potential is μ = 0.165 eV, the mid energy of the
nearest band is ε0 = 0.45 eV, one fourth of the width of the
nearest band is t0 = 0.075 eV as illustrated in Fig. 2(a),
and the DNA-lead couplings are �L = �R ∈ [0.3, 1] eV.
At high temperatures, the ballistic conductance is deter-
mined by the number of carriers in the bands and can be
expressed as

GB
c ≈ G0N0 exp

{−|ε0 − μ|
kBT

}
, (15)

where the number of states in the nearest energy band is
N0 ≈ N . At the transition temperature TBT, where GT

c ≈
GB

c , we get

kBTBT ≈ |ε0 − μ|
2N ln(|ε0 − μ|/t0)

≈ 0.01 eV, (16)

which is appropriately displayed in Fig. 9(a). Thus, the
characteristic temperature originates from a transition from
tunneling to ballistic transport in the dsDNA when the
chemical potential is located near the middle of the energy
gap [55]. One can also see that the characteristic tem-
perature depends mainly on the length of the DNA, the
width of the nearest energy band, and the distance between
the chemical potential and the nearest energy band of the
DNA. By means of Eqs. (8) and (11), the thermopower is
obtained correspondingly, as shown in Fig. 9(b). At low
temperatures, the thermopower is governed by Eq. (13),
which results in a linear dependence of the thermopower
on the temperature. As kBT approaches the transition
temperature, ballistic transport becomes dominant and
the thermopower jumps from the low-temperature linear
behavior to the high-temperature inverse behavior, and
thus the thermopower exhibits an abrupt variation. The
high-temperature inverse behavior (viz., Sσ ∝ 1/kBT) is
caused by the thermal broadening in the ballistic regime
[32–34,48,55].

Finally, how the length N of the dsDNA molecule affects
the thermoelectricity in terms of Ss, ZsT, and L/L0 is pre-
sented in Fig. 10. One can observe dips and peaks that are
analogous to those in Fig. 8. The detailed descriptions of
the above-mentioned physical mechanisms also pertain to
this case. As illustrated in Fig. 10, the positions of the dips
and peaks are shifted towards higher temperatures with
decreasing N . Similar observations are also presented in
Ref. [46]. Note that stronger spin-Seebeck transport can be
realized at higher temperatures for shorter dsDNA chains,
as shown in Figs. 10(a) and 10(b). Meanwhile, a strong
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violation of the WF law also emerges at high temperatures
[Fig. 10(c)]. This may provide a possibility of improving
the conversion of heat to electricity by tuning the operating
temperature and the length of the dsDNA.

IV. CONCLUSIONS

The CISS effect originating from the intrinsic features
of chiral molecules unequivocally induces spin-dependent
thermoelectric transport when a chiral molecule coupled
to external leads is driven by a temperature difference. In
this paper, we explore the thermoelectric properties of a
chiral dsDNA molecule attached to two FM leads. The
underlying physics of the oscillating peaks in the conduc-
tance as a function of the chemical potential is elaborated
on. In some special regimes, both the thermopower and
the figure of merit have large values, and even a giant
thermoelectric efficiency can be obtained, which implies
a strong violation of the WF law. When the configuration
of the magnetic leads is varied from parallel to antiparal-
lel, similar characteristics also occur but are inconspicuous
compared with the parallel configuration. Specifically, we
concentrate on the spin analogs of the thermopower and
figure of merit (the so-called spin-Seebeck coefficient and
spin figure of merit), and find that the two spin thermo-
electric quantities are evidently related to the SOC, the
helix angle, and the spin polarization of the leads. Inter-
estingly, a finite spin-Seebeck coefficient with a vanishing

charge-Seebeck coefficient can be obtained; moreover, the
pure spin-Seebeck coefficient has an explicit dependence
on the chiral nature of the dsDNA. From the application
point of view, this may be utilized to construct a spin-
current generator. Besides, the spin figure of merit may be
larger than unity, which is linked to the strong asymmetry
of the two spin channels.

We also investigate the behavior of the charge and spin
thermoelectric quantities as functions of the SOC and the
helix angle, and find that cooperation between the SOC
and the helix angle may enhance the thermoelectric trans-
port. The explicit dependence of the thermopower and
figure of merit on the intrastrand hopping integrals for the
dsDNA demonstrates that the intrinsic nature of dsDNA
molecules can provide a promising ingredient for tuning
the thermoelectric performance via experimental means.
Furthermore, a stronger spin polarization of the leads and
longer dsDNA favor the enhancement of the spin ther-
moelectric quantities, and the WF law can be overcome.
Meanwhile, the physics behind the characteristic temper-
ature, where an abrupt variation of several thermoelectric
quantities occurs, is presented.

As far as the practical realization of this chiral-dsDNA
thermoelectric model is concerned, it may be possible
to fabricate such a dsDNA molecular junction via cur-
rent advanced techniques in nanoscience and organic
molecular electronic materials. Our results may contribute
to an in-depth understanding of spin-related Seebeck

(a) (b)

(c) (d)

FIG. 11. (a),(b) Ss and Sc as a function of temperature kBT for different γL at fixed λ = 1.0 and γR = 0.5. (c),(d) Ss and Sc as a
function of temperature kBT for different γL at fixed λ = 0.5 and γR = 0.5. Other parameters are taken as μ = 0.165 eV, tso = 0.01 eV,
p = 0.7, and N = 10.
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transport through chiral molecules, and be beneficial
for the application of thermoelectricity based on chiral
molecules.
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APPENDIX THERMOELECTRIC FEATURES IN
THE PRESENCE OF ASYMMETRICAL

COUPLINGS

The Seebeck coefficient is of high significance, specif-
ically in the context of thermoelectricity. Therefore, we
present mainly the Seebeck coefficients of the dsDNA
magnetic junction under the condition of asymmetrical
couplings here. Under the condition of structural symmetry
(λ = 1.0) and imperfect interference (γR = 0.5), Ss and Sc
are illustrated in Figs. 11(a) and 11(b) as functions of kBT
for the indicated values of γL. One observes that Ss and
Sc exhibit nonmonotonic behavior. The physics behind the
peaks or valleys in the curves of the thermopowers can be
qualitatively understood from the explanations for Figs. 8

(a)

(b)

FIG. 12. (a) At fixed γL = 0.5, Ss as a function of λ for different
γR. (b) At fixed γL = 0.5, Sc as a function of λ for different γR.
Other parameters are taken as μ = 0.165 eV, tso = 0.01 eV, p =
0.7, kBT = 0.01 eV, and N = 10.

and 9. Note that the matching ratio γ = γL/γR between the
indirect coupling factors γL and γR can be used to adjust Ss
and Sc. As can be seen from Fig. 11(a), Ss first increases
with γ for γ ≤ 1 and then decreases with further increase
in γ for γ > 1. Remarkably, the sign of Ss can be altered by
adjusting γ . We can observe that the magnitudes of |Sc| are
enhanced with an increase in γ , as shown in Fig. 11(b). For
a geometrical asymmetry (λ = 0.5) and imperfect inter-
ference (γR = 0.5), similar properties are explicitly shown
in Figs. 11(c) and 11(d). The subtle differences between
Ss and Sc for the indicated values of λ originate from the
geometrical difference of this system.

In order to further reveal how the geometrical parame-
ter λ influences the features of the thermopower under the
condition of imperfect quantum interference, Ss and Sc are
presented as functions of λ for selected values of γL and γR
in Figs. 12(a) and 12(b), respectively. For small values of λ

(strong asymmetry), Ss increases with increasing matching
ratio γ ′ = γR/γL, while for large values of λ (strong sym-
metry), Ss decreases with increasing matching ratio γ ′. It
is interesting to note that the sign of Ss can be adjusted
by tuning γ ′. In contrast to Ss, we find that the asymptotic
geometrical symmetry of this system (i.e., λ is close to 1)
is advantageous for enhancing Sc with a strong γ ′.
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